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 Plants are the primary source of “most of our food, fuel, fi bers, fabrics, and 
pharmaceuticals”. Stresses (biotic and abiotic) are the major threats to plants, 
being the primary cause of crop yield losses worldwide. On the other hand, 
with the global population expected to reach nine billion by 2050, an increase 
in crop productivity and quality will be needed to meet the requirements. 
Each of the 29 chapters of this  PlantOmics: The Omics of Plant Science  book 
opens a door to exciting cutting-edge omics approaches and their applications 
to meet the future demands. 

 The fl ow of the chapters in the book is highly scientifi c and strategically 
organized to be easy to go. It starts with the topic omics approaches in model 
plants and their applications in improvement of maize and rice like major 
cereal crops. Chapters   2    ,   3    , and   4     describe very important technologies such 
as spectroscopy (NIR, MIR, Raman), next generation sequencing (NGS), and 
functional genomics and their applications in current plant science. Chapters 
  5     and   6     deal with technical advancements and applications of cyto- 
mutagenomics and epigenomics in crop improvement. Chapter   7     gives a 
detailed account on plant miRNA biology, associated technologies, and their 
tailor-made applications to improve plant stress response. 

 Each topic dealt in Chaps.   8    ,   9    ,   10    ,   11    ,   12    ,   13    ,   14    ,   15    ,   16    ,   17    ,   18    ,   19    ,   20    , 
  21    ,   22    ,   23    ,   24    , and   25     is a unique imprint of this book. These chapters cover 
well established and several budding omics areas in plant science such as 
Plant Proteomics, Metabolomics, Glycomics, Lipidomics, Secretomics, 
Phenomics, Cytomics, Physiomics, Signalomics, Thiolomics, Organelle Omics, 
Micromorphomics, Microbiomics, Cryobionomics, Nanobiotechnology, and 
Plant Pharmacogenomics. Each of these chapters describes the latest technol-
ogies and applications of the respective omics in a very comprehensive way; 
therefore, they are up to date, easy to understand, and can be spontaneously 
adopted to expand the area of our research and development. 

 Chapters   26    ,   27    , and   28     deal with computational and systems biology 
approaches in plant science making the book more useful to any kind of plant 
biology research, whether in a wet lab or  in silico . The last chapter (Chap.   29    ) 
is very brief but interesting where the editors have provided valuable insights 
on the future directions of omics and plantomics. They have proposed several 
new areas in omics which we must explore towards development of an inte-
grated meta-omics strategy to ensure the world and earth’s health and related 
issues. 
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 Overall, it is a great effort by Dr. Barh, his editorial team, and 90 expert 
contributors from 15 countries to make this highly resourceful, up-to-date, 
thought provoking, and worthwhile unique book for students and researchers 
in the fi eld of cutting-edge plant omics sciences. I highly recommend the 
book for keeping you up to date in the fi eld. 

 Professor      Ana     Paulina     Barba     de la     Rosa    ,  PhD  
 Molecular Biology Division 
Head, Unit of Proteomics and Molecular Biomedicine 
 Instituto Potosino de Investigación 
Científi ca y Tecnológica (IPICyT), Mexico 
 President, Mexican Proteomics Society, Mexico  
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 The term “ omics ” depicts completeness. In the last two decades, the term has 
been suffi xed with several biological topics to provide complete information 
on the subject. With the advent of new technologies, the arena of “ omics ” is 
increasing rapidly. However, most of the currently available books that deal 
with omics technologies and their applications are mainly focused on animal 
system. To fi ll this gap, we have introduced this  PlantOmics: The Omics of 
Plant Science  book to provide a complete spectrum of plant related omics to 
the students and researchers working in the fi eld of cutting-edge plant molec-
ular biotechnology. Equal focus has been given to the technological advance-
ments as well as their specifi c applications. Therefore, the book provides a 
comprehensive account of the state-of-the-art latest developments and trends 
of  omics  approaches in plant science. Several topics have also highlighted the 
integrative omics strategies enabling the cost-effective development of supe-
rior plants for various purposes. 

 The book consists of  29 chapters  written by  90 experts  from  15 countries  
that represent three-fourths of the globe. In the introductory chapter (Chap.   1    ), 
Dr. Agrawal and colleagues have described the omics of model plants where 
genomics, proteomics, transcriptomics, and metabolomics of model plants 
such as  Arabidopsis , rice, and maize are dealt in detail. Further, this chapter 
also provides how these technology derived knowledge can be used for 
transgenomics, mapping for biotic and abiotic stresses, and marker assisted 
selection for crop improvement. In Chap.   2    , Dr. Cozzolino’s group has given 
a nice overview on the most commonly used spectroscopy techniques such as 
NIR, MIR, and Raman in plant omic analysis. To make the chapter more 
resourceful, Dr. Cozzolino has also demonstrated instrumentations and ana-
lytic software for these spectroscopy techniques. The hot topic, next genera-
tion sequencing (NGS), its technologies, various platforms, algorithms, and 
 de novo  assembly, annotation, and analysis of plant genome are given by Dr. 
Tiwary in Chap.   3    . Chapter   4    , by Dr. Jha and his colleagues, provides a com-
prehensive account of techniques associated with plant functional genomics 
and their applications. Drs. Talukdar and Sinjushin in Chap.   5     have described 
various techniques of cytogenomics and mutagenomics and their cost effec-
tive applications in plant breeding and biology. This chapter has also high-
lighted the mutations that cause alterations in antioxidant defense response to 
withstand diverse abiotic stresses to reveal intrinsic cellular and metabolic 
events towards sensitivity of seed plants to salinity, drought, metal toxicity 
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and other stresses, prospecting to formulate effective breeding strategies in 
different agro-climatic conditions. Epigenomics technologies and their 
potential applications in crop improvement are summarized in Chap.   6     by 
Drs. Shafi q and Khan. Especially, this chapter highlights the roles of chromatin 
remodeling mechanisms in response to environmental stimuli and their role 
in crop improvement. Chapter   7    , by Dr. Boopathi, on Plant miRNomics gives 
a comprehensive account to explain how the miRNAs fi ne tune the gene 
expression and play key roles in developmental timing and patterning of 
structures in response to external and internal stimuli in plants. This chapter 
also provides how the miRNAs can be used to improve plant stress responses. 
Chapter   8    , by Dr. Agrawal and his group, describes the recent technological 
progresses in plant proteomics and highlights the achievements made in 
understanding the plant proteomes and their applications. In Chap.   9    , Dr. 
Sangwan and colleagues explain various technology platforms in plant 
metabolomics research and how the metabolomics is used in monitoring and 
assessing gene functions, stress responses, and to characterize post-genomic 
processes from a broad perspective along with the challenges the domain is 
facing. Dr. Khurana’s group in Chap.   10     overviews the chemistry and tech-
nologies in plant glycomics. This chapter also gives summary of applications 
of glycomics in biopharming and several biological processes such as plant 
signaling, stress responses, and immunity. In the next chapter (Chap.   11    ), 
Dr. Namasivayam elucidates the chemistry and analytic technologies, lipid 
signaling in plants, lipidomes in plant defense mechanisms, and several other 
aspects of plant lipidomics. The comprehensive mechanisms regulating 
constitutive and induced secretome of diverse plants and their habitat along 
with technological approaches are discussed by Dr. Yadav and her group in 
Chap.   12    . In Chap.   13    , Dr. Rahman and colleagues give a detailed account on 
integrated-omics approaches in phenomics and its applications in plant and 
agriculture. Chapter   14    , by Drs. Davies and Stankovic, describes how novel 
methods based on super-fast and super- resolution microscopy can be used in 
describing proteins, nucleic acids, cytoskeleton, and small molecules of 
major interest to plants. In Chapter   15    , Dr. Karpiński and colleagues educate 
us on plant physiomics. The chapter provides insights on how the combined 
molecular-physiological events drive plant growth, development, acclimati-
zation, and defense responses. Dr. Vian et al., in Chap.   16    , have introduced 
the term “Signalomics” and have shown how novel methods can be used to 
analyze systemic signals including electrical and hydraulic signals in plants. 
In Chap.   17    , Dr. Talukdar and colleagues elucidate the use of latest cutting-
edge functional genomics tools to understand the plant thiol metabolism from 
source (soil) to sink (grains) in diverse arenas of “thiolomics”. The next three 
chapters (Chaps.   18    ,   19    ,   20    ) are dedicated to organelle omics. Chapter   18    , by 
Dr. de Luna Valdez et al., explores how chloroplasts organize their genomes 
and regulate their transcriptomes, proteomes, and metabolomes, trying to 
focus on classical  knowledge and reviewing new datasets obtained through 
large-scale research projects and systems approaches that shed light on 
 chloroplast functionality under the chloroplast omics chapter. In Chap.   19    , 
Dr. Khan summarizes the developments from plastid genomics to gene 
expression and briefl y describes how transplastome facilitates expression of 
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vaccines, therapeutics, and plantibodies, in addition to tailoring agronomic 
traits in plants. Plant mitochondrial omics (Chap.   20    ), by Dr. Mustafa and his 
colleagues, describes a detailed account on regulation of mitochondrial genes 
at transcriptional, post- transcriptional (splicing and RNA editing), transla-
tional, and post- translational levels in omics perspective. Chapter   21     describes 
“Micromorphomics”, a term coined by Dr. Tulika Talukdar to explain how 
plants combat environmental stresses through collective morphological mani-
festations in their organs architectures. Chapter   21     is dedicated to micro-
biomics. In this chapter, Dr. Sharma’s team has discussed technologies to 
identify new groups of microorganisms involved in plant diseases from 
microbiome of rhizosphere and roles of microbiome in plant health and 
related areas. Drs. Martinez-Montero and Harding in Chap.   22     
(Cryobionomics) intend to explore the connections between stability and 
cryogenic/non-cryogenic stress factors with a view to aiding protocol 
improvement, optimization, and validation for plant genetic resources con-
servation with several examples. Chapter   24    , by Dr. Kazi and colleagues, 
focuses on the development and use of “nanotechnology” for formulating 
agriculturally important chemicals (fertilizers) with more useful properties 
and their direct delivery as well as their applications in various agricultural 
sectors. Chapter   25    , by the same group, systemically analyzes the recent 
developments in plant pharmacogenomics and its contributions in the fi eld of 
molecular and pharmaceutical sciences. Dr. Somvanshi and colleagues in 
Chap.   26     have attempted to describe several machine learning approaches 
and their applications in plant biology in a very simple way. Similarly, in 
Chap.   27    , Dr. Sarika’s team has emphasized on a number of applications of 
bioinformatics in agriculture in view of functional genomics, data mining 
techniques, genome-wide association studies, high-performance computing 
facilities in agriculture, and various bioinformatics tools/databases important 
for breeders, biotechnologists, and pathologists. Chapter   28     (Plant systems 
biology), by Drs. Bhardwaj and Somvanshi, describes recent insights and 
advancements in systems biology approaches in order to understand how 
plant systems work. In the brief concluding chapter (Chap.   29    ), we, the editors, 
have proposed several omics terms under “ Futuromics ” centraling Plantomics 
to direct the future perspectives of plant omics in meta-omics era. 

 We believe that this book will be a valuable resource to all who are working 
on cutting-edge plant omics. We appreciate your comments and suggestions 
to improve the next edition.  

    Nonakuri ,  India      Debmalya     Barh    
   Faisalabad ,  Pakistan      Muhammad     Sarwar     Khan   
    Raleigh ,  NC ,  USA      Eric     Davies       
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   Abstract  

  The multiple omics tools and strategies like 
high-throughput genome-scale genotyping 
platforms such as whole-genome re-sequenc-
ing, proteomics, and metabolomics provide 
greater opportunities to dissect molecular 
mechanisms and the discovery of key genes in 
developing ideal genotypes in the changing 
climate scenario. The last decade has seen 
rapid advances in functional genomic research 
globally. Most of the efforts involve construc-
tion of technological and resource platforms 
for high-throughput DNA sequencing, gene 
identifi cation, and physical and genetic map-
ping; functional analysis of genomes for agro-
nomic traits and biological processes; and 
identifi cation and isolation of functional 
genes. The functional genomic research aims 
to understand how the genome functions at the 
whole-genome level, whereas proteomics 
looks for the systematic analysis of the protein 
population in a tissue, cell, or subcellular 
compartment. Metabolites are the end prod-
ucts of cellular process, and they show the 
response of biological systems to environmen-
tal changes. The current trend in metabolomic 
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studies is to defi ne the cellular status at a 
 particular time point of development or physi-
ological status. These techniques complement 
other techniques such as transcriptomics and 
proteomics and depict precise pictures of the 
whole cellular process. The growing number 
of sequenced plant genomes has opened up 
immense opportunities to study biological 
processes related to physiology, growth and 
development, and tolerance to biotic and abi-
otic stresses at the cellular and whole plant 
level using a novel systems-level approach. 
The “omics” approach integrates genome, 
proteome, transcriptome, and metabolome 
data into a single data set and can lead to the 
identifi cation of unknown genes and their reg-
ulatory networks involved in metabolic path-
ways of interest. This will also help in 
understanding the genotype–phenotype rela-
tionship and consequently help to improve the 
quality and productivity of crop plants for the 
food and nutritional security of millions of 
human populations.  

  Keywords  

   Arabidopsis    •   Maize   •   Rice   •    Zea mays    •    Oryza 
sativa    •   Functional genomics   •   Phenomics   • 
  Transcriptomics   •   Proteomics   •   Metabolomics   
•   MAS   •   QTL   •   Transgenics  

        Introduction 

 The last decade has seen rapid advances in func-
tional genomic research globally. Most of the 
efforts involve construction of technological and 
resource platforms for high-throughput DNA 
sequencing, gene identifi cation, and physical and 
genetic mapping; functional analysis of genomes 
for agronomic traits and biological processes; 
and identifi cation and isolation of functional 
genes. The overall goal of functional genomic 
research is to understand how the genome func-
tions at the whole-genome level. Similarly, pro-
teomics looks for the systematic analysis of the 
protein population in a tissue, cell, or subcellular 
compartment. It enables correlations to be drawn 

between the range of proteins produced by a cell 
or tissue and the initiation or progression of a 
stress or normal metabolism. Metabolites are the 
end products of cellular process, and they show 
the response of biological systems to environ-
mental changes. The current trend in metabolo-
mic studies is to defi ne the cellular status at a 
particular time point of development or physio-
logical status. These techniques complement 
other techniques such as transcriptomics and pro-
teomics and depict precise pictures of the whole 
cellular process. The growing number of 
sequenced plant genomes has opened up immense 
opportunities to study biological processes 
related to physiology, growth and development, 
and tolerance to biotic and abiotic stresses at the 
cellular and whole plant level using a novel 
systems- level approach. The “omics” approach 
integrates genome, proteome, transcriptome, and 
metabolome data into a single data set and can 
lead to the identifi cation of unknown genes and 
their regulatory networks involved in metabolic 
pathways of interest. This will also help in under-
standing the genotype–phenotype relationship.  

     Arabidopsis thaliana  

    Genomics 

  Arabidopsis thaliana  is an excellent model organ-
ism for the analysis of complex biological 
 processes in plants using molecular and biotech-
nological techniques. The frontiers of plant sci-
ence, like other branches of the life sciences, 
have been dominated by genomics over the past 
25 years. Many research laboratories are cur-
rently putting intensive efforts to isolate 
 Arabidopsis  genes of biological importance using 
map-based cloning strategy. Although genetic 
linkage (Koornneef et al.  1983 ) and recombinant 
inbred line (RIL) maps (Lister and Dean  1993 ) 
have been reported, the construction of accurate 
physical maps of the chromosomes will be highly 
advantageous not only for the genomic sequenc-
ing but also for map-based gene cloning (Ward 
and Jen  1990 ). Hence, a complete physical map 
of the  Arabidopsis  genome should be greatly 
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advantageous for cloning the genetic loci of 
interest as well as sequencing the entire genome. 
Hence, yeast artifi cial chromosome (YAC)-based 
physical maps of chromosomes 2 (Zachgo et al. 
 1996 ) and 4 (Schmidt et al.  1995 ) of  A. thaliana  
have been constructed by several workers. Based 
on the sizes of the YACs and their coverage of the 
chromosome, the length of chromosome 2 was 
estimated to be at least 18 Mb. Sato et al. ( 1998 ) 
presented physical map of the entire chromo-
some 3 which was constructed by ordering the 
clones from YAC, PI, TAC, and BAC libraries 
using the information from the sequences of vari-
ous DNA markers and the terminal sequences of 
the clones. The sizes of the centromeric regions 
of  Arabidopsis thaliana  chromosomes 1, 2, and 3 
were determined by construction of their physi-
cal maps on the basis of restriction analysis 
(Hosouchi et al.  2002 ). The sizes of the geneti-
cally defi ned centromeric regions were deduced 
to be 9 megabases (Mb), 4.2 Mb, and 4.1 Mb, 
respectively (chromosome 1, from markers 
T22C23-t7 to T3P8-sp6; chromosome 2, from 
F5J15-sp6 to T15D9; chromosome 3, from 
T9G9-sp6 to T15M14) (Copenhaver et al.  1998 ). 
Mitochondrial genomes in higher plants are char-
acterized by their high fl exibility and variation in 
size and structure. The mitochondrial genome of 
 A. thaliana  was physically mapped using cosmid 
and YAC clones and was found to contain 372 kb 
size which was relatively large (Klein et al. 
 1994 ). The presence of this comparatively large 
mitochondrial genome in a plant with one of the 
smallest nuclear genome showed that different 
size constraints act upon the different genomes in 
plant cells.  A. thaliana  is known to contain 
approximately 1,000 copies of 5S rDNA per hap-
loid genome, and they occur in tandem arrays 
(Campell et al.  1992 ). The 5S ribosomal RNA 
genes were mapped to mitotic chromosomes of 
 Arabidopsis thaliana  by fl uorescence in situ 
hybridization (FISH) by Murata et al. ( 1997 ). 

  Arabidopsis thaliana  is widely used as a 
model for the study of many aspects of plant biol-
ogy. Because of its small genome size (125 Mb), 
it was chosen as the subject of the fi rst plant 
genome sequencing project, an effort that was 
completed.  Arabidopsis thaliana  was the fi rst 

plant, and the third multicellular organism after 
 Caenorhabditis elegans  (The  C. elegans  
Sequencing Consortium  1998 ) and  Drosophila 
melanogaster  (Adams et al.  2000 ), to be com-
pletely sequenced (The  Arabidopsis  Genome 
Initiative  2000 ). Since systematic sequencing 
was completed in late 2000, the genome sequence 
has undergone several rounds of reassembly, hole 
patching, and extension into un-sequenced 
regions. One of the major features of the 
 Arabidopsis  genome revealed by the genome 
sequence was the extent of gene duplication and 
segmental duplications, which was surprising 
given the expectation of a functionally compact 
genome. Approximately 60 % of the genome was 
thought to be derived from a single duplication 
event, possibly of the entire genome (The 
 Arabidopsis  Genome Initiative  2000 ). The exten-
sive work carried out based on the  Arabidopsis  
genome sequence also supports interpretations of 
the evolution of the vertebrate lineage that pro-
pose a central role for genome duplications 
(Wolfe  2001 ). Comparison of  Arabidopsis  
sequences with genomic sequence from the 
closely related  Brassica oleracea  (Chinese cab-
bage) identifi ed regions of high similarity that 
either identifi ed putative new genes or extended 
existing gene models. About 30 % of these new 
genes encoded a transcript. About 25 % of the 
originally predicted genes had no supporting evi-
dence such as an EST match or reasonable simi-
larity of their putative peptide sequence to any 
other protein. The decreasing cost along with 
rapid progress in next-generation sequencing and 
related bioinformatics computing resources has 
facilitated large-scale discovery of SNPs in 
 Arabidopsis  species. Large numbers and genome- 
wide availability of SNPs make them the marker 
of choice in partially or completely sequenced 
genomes. The complete nucleotide sequence of 
the chloroplast genome of  Arabidopsis thaliana  
has been determined (Sato et al.  1999 ). The 
genome as a circular DNA composed of 154,478 
bp containing a pair of inverted repeats of 26,264 
bp, which are separated by small and large single 
copy regions of 17,780 bp and 84,170 bp, respec-
tively. Cao et al. ( 2011 ) presented the fi rst phase 
of the project, based on population-scale sequenc-
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ing of 80 strains of  A. thaliana  populations drawn 
from eight regions throughout the species’ native 
range. They found common small-scale polymor-
phisms as well as many larger insertions and 
deletions in the  A. thaliana  pan-genome. 

 A major goal in evolutionary biology is to 
identify the genetic basis of adaptive trait varia-
tion. In the model plant species  Arabidopsis 
thaliana , studies are now being performed 
exploiting natural variation as a powerful alterna-
tive to classical mutant genetics (Koornneef et al. 
 2004 ), in particular to identify genes underlying 
important quantitative trait variation. Benjamin 
et al. ( 2010 ) studied combined analysis of 
genome-wide association (GWA) study with tra-
ditional linkage mapping in order to detect the 
genetic bases underlying natural variation in 
fl owering time in ecologically realistic condi-
tions in the plant  Arabidopsis thaliana . It involved 
phenotyping of nearly 20,000 plants over 2 win-
ters under fi eld conditions in a temperate climate. 
Simon et al. ( 2008 ) studied phenotyping of nearly 
20,000 plants over 2 winters under fi eld condi-
tions, including 184 worldwide natural acces-
sions genotyped for 216,509 SNPs and 4,366 
RILs derived from 13 independent crosses cho-
sen to maximize genetic and phenotypic diver-
sity. The results showed that combined linkage 
and association mapping clearly outperforms 
each method alone when it comes to identifying 
true associations. Kuittinen et al. ( 1997 ) described 
a quantitative trait locus (QTL) mapping experi-
ment for fl owering time in  Arabidopsis . Five to 
seven QTLs affecting fl owering time were found 
in a BC 1  population derived from the Finnish 
Naantali genotype and the German strain Li-5. In 
a different population, consisting of 165 RILs, 
Alonso-Blanco et al. ( 1997 ) found four QTLs 
affecting the fl owering time. Several loci exhibit-
ing variation in complex traits (quantitative trait 
loci or QTLs) have been cloned. Examples 
include using linkage disequilibrium (LD) to fi ne 
map the  FRI  and  FLC  loci controlling fl owering 
time (Hagenblad et al.  2004 ). Natural variation in 
hypocotyl responses to light was shown to be due 
to polymorphisms in phytochrome light recep-
tors. Affymetrix expression arrays have also been 
used for genotyping; total genomic DNA from 

recombinant inbred lines (RILs) made from a 
cross of Col and Ler was hybridized to the ATH1 
Affymetrix array, and recombination events were 
identifi ed. Marker and QTL information obtained 
from a segregating population can be used for the 
design of effi cient breeding strategies. Marker- 
assisted selection (MAS) has been advocated as a 
useful tool for rapid genetic advance in the case 
of quantitative traits (Lande and Thompson  1990 ; 
Knapp  1994 ,  1998 ). Berloo and Stam ( 1999 ) 
described an experiment using RILs of  A. thali-
ana  with an objective to compare an MAS breed-
ing strategy, using molecular marker and QTL 
information, with conventional breeding meth-
ods, based on phenotype only. Selection based on 
marker and QTL information gave approximately 
the same result as selection based on phenotype. 
The relative high heritability of fl owering time in 
 Arabidopsis  facilitated successful phenotypic 
selection. The difference in selection result that 
was anticipated to be in favor of the marker- 
assisted approach was therefore not observed.  

    Functional Genomics 

 With the availability of complete genome 
sequences of several organisms, the focus has 
shifted from structural genomics to functional 
genomics, specifi cally in plants where the com-
plete genomic sequences are becoming available 
( Arabidopsis  and rice). A variety of approaches 
are used to clone and gather information about the 
function(s) of gene(s). Among these, insertional 
mutagenesis has been extensively used for clon-
ing genes, promoters, enhancers, and other regu-
latory sequences from  Arabidopsis . Strategies 
used for cloning and characterization depend 
upon the information available about the gene or 
its product. Expressed sequence tags (ESTs) and 
microarray-based techniques are some of the 
powerful approaches in this direction. 

 A comprehensive molecular-marker-based 
linkage map exists for  Arabidopsis , and the map- 
based cloning of genes conferring specifi c phe-
notypes will become even easier with the 
availability of genomic sequence information. 
Jun et al. ( 2011 ) conducted whole-genome 
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sequencing of  A. thaliana  populations. Here they 
described the majority of common small-scale 
polymorphisms as well as many larger insertions 
and deletions in the  A. thaliana  pan-genome, 
their effects on gene function, and the patterns of 
local and global linkage among these variants. 
The plant hormone auxin, typifi ed by indole-3- 
acetic acid (IAA), regulates a variety of physio-
logical processes, including apical dominance, 
tropic responses, lateral root formation, vascular 
differentiation, embryo patterning, and shoot 
elongation. Okushima et al. ( 2005 ) employed a 
functional genomic strategy that involves the 
identifi cation of T-DNA insertion in the ARF 
gene family members to elucidate some of the 
biological functions of the ARF transcription fac-
tors. Most of the single  ARF  T-DNA insertion 
mutants fail to show an obvious growth pheno-
type. However, double mutants, such as arf7 and 
arf19, showed a strong auxin phenotype that 
results in the absence of lateral root formation 
than neither the arf7 nor arf19 single mutant 
expresses. The completion of the whole-genome 
sequence of  Arabidopsis thaliana  has made it 
possible to explore the phytochemical genomics 
in this species by determining gene-to-metabolite 
correlation through the comprehensive analysis 
of metabolite accumulation and gene expression. 
Takayuki et al. ( 2007 ) proposed a strategy that 
involves the integrated analysis of metabolic pro-
fi ling, transcriptome coexpression analysis, and 
the sequence similarity analysis of genes, fol-
lowed by the reverse genetics and biochemical 
approaches of narrowed-down candidate genes 
for a particular reaction or regulation. TILLING 
(Targeting Induced Local Lesions IN Genomes) 
is a reverse genetic method that can be employed 
to generate allelic series of induced mutations in 
targeted genes for functional analyses. To date, 
TILLING resources in  Arabidopsis thaliana  are 
only available in accessions Columbia and 
 Landsberg erecta . 

 A permanent collection of 3,509 independent 
EMS mutagenized M2 lines was developed in  A. 
thaliana  accession C24 by Lai et al. ( 2012 ). 
Using the TILLING method identifi ed a total of 
73 mutations, comprising 69.6 % missense, 29.0 
% sense, and 1.4 % nonsense mutations. 

Duplication of chromatin following DNA 
 replication requires spatial reorganization of 
chromatin domains assisted by chromatin assem-
bly factor CAF-1. Nicole et al. ( 2006 ) tested the 
genomic consequences of CAF-1 loss and the 
function of chromatin assembly factor CAF-1 in 
heterochromatin formation and suggested that 
CAF-1 functions in heterochromatin formation. 
They also suggested the CAF-1 is required only 
for the complete compaction of heterochromatin 
but not to maintain transcriptional repression 
of heterochromatic genes. Extensive work in 
T-DNA tagging of  Arabidopsis  has become 
 possible because of improvements in techniques 
for  Agrobacterium- mediated transformation. 
Recently, 150,000 transformed plants carrying 
225,000 (1.5 insertion per line) independent 
T-DNA integration events were generated and 
precise locations determined for >88,000 loci by 
the Salk Institute for Biological Studies (Alonso 
et al.  2003 ). Analysis of the insertion site 
sequences revealed that insertional mutations had 
been created in ~74 % of the annotated 
 Arabidopsis  genes.  

    Proteomics 

 Sequencing of complete genomes has advanced 
our understanding of biological systems, mostly 
by enabling a broad range of technologies for the 
analysis of gene functions and by providing 
information about the theoretical protein-coding 
capacity of organisms. Proteomics has been 
defi ned as “the systematic analysis of the protein 
population in a tissue, cell, or subcellular com-
partment” and is often associated with two- 
dimensional electrophoresis (2-DE). The concept 
of “proteome” (for PROTEin complement 
expressed by a genOME, Wilkins et al.  1996 ) has 
been emerged recently as a consequence of ques-
tions raised from several genome and post- 
genome projects. The fi rst plant large-scale 
proteomic work was published in  Arabidopsis.  
The  Arabidopsis  proteome map provides a 
detailed map of 14,867 organ-specifi c proteo-
typic peptides, which accounts for the diverse 
composition of protein samples and confers 
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higher sensitivity to proteotypic peptide selection 
for targeted and quantitative proteomics. 

 In terms of proteomics in plants,  Arabidopsis  
is currently a unique system. Tom et al. ( 2006 ) 
mapped the  Arabidopsis  organelle proteome. In 
their study, the density gradient distributions of 
689 proteins from  Arabidopsis thaliana  were 
determined, enabling confi dent and simultaneous 
localization of 527 proteins to the endoplasmic 
reticulum, Golgi apparatus, vacuolar membrane, 
plasma membrane, mitochondria, and plastids. In 
plants, progress has been made in determining 
the proteomes of organelles such as chloroplasts, 
mitochondria, and peroxisomes. Alison et al. 
( 2005 ) described the fi rst proteomic analysis of 
plant ( Arabidopsis thaliana ) nucleoli, in which 
they identifi ed 217 proteins. This allows a direct 
comparison of the proteomes of an important 
nuclear structure between two widely divergent 
species: human and  Arabidopsis.  The compari-
son identifi ed many common proteins, plant- 
specifi c proteins, proteins of unknown function 
found in both of the proteomes and proteins that 
were nucleolar in plants but non-nucleolar in 
human. In two proteomic studies in  Arabidopsis , 
one examining programmed cell death in cell cul-
tures (Swidzinski et al.  2004 ) and one comparing 
basal and R gene-mediated defense in leaves 
(Jones et al.  2004 ), differentially accumulating 
proteins were represented by only a small num-
ber of relatively abundant proteins, many of 
which were also transcriptionally regulated dur-
ing the responses. In 2004, three proteomic stud-
ies of the  Arabidopsis  vacuole were published, 
two using suspension-cultured cells (Shimaoka 
et al.  2004 ; Szponarski et al.  2004 ) and one using 
mature plants (Carter et al.  2004 ). 

 The  A. thaliana – P. xylostella  interaction is a 
model system used to investigate insect resis-
tance in plants, in particular the analysis of induc-
ible defense mechanisms. Richard et al. ( 2010 ) 
investigated the physiological factors affecting 
feeding behavior by larvae of the insect,  Plutella 
xylostella , on herbivore-susceptible and 
herbivore- resistant  Arabidopsis thaliana . The 
leaves of 162 recombinant inbred lines (RILs) 
were screened to detect genotypes upon which 
 Plutella  larvae fed least ( P. xylostella  resistant) or 

most ( P. xylostella  susceptible). The combined 
results suggest that enhanced production of ROS 
may be a major pre-existing mechanism of 
 Plutella  resistance in  Arabidopsis . To assemble a 
high-density  Arabidopsis  proteome map, Katja 
et al. ( 2008 ) performed 1354 LTQ (linear trap 
quadrupole) ion-trap mass spectrometry runs 
with protein extracts from six different organs. 
The resulting data fi les were analyzed with two 
search algorithms, PeptideProphet (6) and 
PepSplice (7). They identifi ed 13,029 proteins 
with 86,456 unique peptides originating from 
790,181 tandem mass spectrometry (MS/MS) 
spectrum assignments at a false-discovery rate 
below 1 %. 

 Through tandem mass spectrometry, 
Kleffmann et al. ( 2004 ) identifi ed 690 different 
proteins from purifi ed  Arabidopsis  chloroplasts. 
Most proteins could be assigned to known pro-
tein complexes and metabolic pathways, but 
more than 30 % of the proteins have unknown 
functions, and many are not predicted to localize 
to the chloroplast. The combined shotgun pro-
teomics and RNA profi ling approach is of high 
potential value to predict metabolic pathway 
prevalence and to defi ne regulatory levels of gene 
expression on a pathway scale. Proteomic analy-
sis of glutathione S-transferase of  A. thaliana  
identifi ed 20 GSTs at the protein level with a 
combination of GST antibody detection, LC-MS/
MS analysis of 23030 Kda proteins and 
 glutathione affi nity chromatography (Pia et al. 
 2004 ). Peltier et al. ( 2004 ) presented a simple, 
fast, and scalable off-line procedure based on 
three-phase partitioning with butanol to fraction-
ate membrane proteomes in combination with 
both in-gel and in-solution digestions and mass 
spectrometry. This should help to further acceler-
ate the fi eld of membrane proteomics and 
revealed new functions of the thylakoid mem-
brane proteome of  Arabidopsis thaliana.   

    Metabolomics 

 The “omics” approach integrates transcriptome 
and metabolome data into a single data set and 
can lead to the identifi cation of unknown genes 
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and their regulatory networks involved in meta-
bolic pathways of interest. Masami et al. ( 2007 ) 
reported the discovery of two R2R3-Myb tran-
scription factors that positively control the bio-
synthesis of GSLs in  Arabidopsis thaliana  by an 
integrated omics approach. Combined transcrip-
tome coexpression analysis of publicly available, 
condition-independent data and the condition- 
specifi c (i.e., sulfur defi ciency) data identifi ed 
 Myb28  and  Myb29  as candidate transcription fac-
tor genes specifi cally involved in the regulation 
of aliphatic GSL production (Fig.  1 ).  

 The circadian clock is an endogenous timer 
that anticipates and synchronizes biological pro-
cesses to the environment. Traditional genetic 
approaches identifi ed the underlying principles 
and genetic components, but new discoveries 

have been greatly impeded by the embedded 
redundancies that confer necessary robustness to 
the clock architecture. Brenda and Steve ( 2013 ) 
studied the regulation, and mechanistic connec-
tivity between clock genes and with output pro-
cesses has substantially broadened through 
genomic, transcriptomic, proteomic, and metabo-
lomic approaches. Although much evidence sup-
ports the regulation of metabolites by the clock 
(Farre and Weise  2012 ), few studies have under-
taken a global analysis. The metabolomes of the 
two arrhythmic clock mutants d975 (the triple 
mutant for PRR9, PRR7, and PRR5) and 
CCA1-OX (overexpressor of CCA1) have been 
compared. While both mutants have similar gen-
eral morphology, their underlying metabolite 
profi les are quite distinct. Prieurianin (Pri) and 

  Fig. 1    Coexpression analysis of aliphatic GSL biosyn-
thetic genes and transcription factors.  Yellow  and  red  
points indicate genes encoding enzymes and transcription 
factors, respectively. Transcripts from  AtIMD1  and 
 AtIMD3  and those from  CYP79F1  and  CYP79F2  were 

cross-hybridized to the same probe sets on an ATH1 
microarray used in AtGenExpress and hence are indistin-
guishable. Lengths of the lines are valueless in these dis-
plays (Masami et al.  2007 )       
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prieurianin acetate (Pri-Ac) were identifi ed as 
two related compounds that caused period short-
ening, dampening, and reduced expression of 
GI::LUC and CCA1::LUC. In addition to affect-
ing circadian expression, both Pri and Pri-Ac 
caused polarity alterations in different cell types 
that suggested actin cytoskeletal defects. 

 A metabolite fi ngerprinting of crude extracts 
of  A. thaliana  using  1 H nuclear magnetic reso-
nance (NMR) spectroscopy and multivariate sta-
tistics has been tested for the rapid analysis of 
unfractionated polar plant extracts, enabling the 
creation of reproducible metabolite fi ngerprints 
(Ward et al.  2003 ). Salt stress is one of the most 
important factors limiting plant cultivation. Many 
investigations of plant response to high salinity 
have been performed using conventional tran-
scriptomic and/or proteomic approaches. Hence, 
the functions of the complex stress response 
pathways are yet to be determined, especially at 
the metabolic level. Kim et al. ( 2007 ) analyzed 
primary metabolites, especially small polar 
metabolites such as amino acids, sugars, sugar 
alcohols, organic acids, and amines, by GC-MS 
and LC-MS at 0.5, 1, 2, 4, 12, 24, 48, and 72 h 
after a salt-stress treatment with 100 mM NaCl 
being the fi nal concentration. The results also 
suggest the co-induction of glycolysis and 
sucrose metabolism as well as co-reduction of 
the methylation cycle as long-term responses to 
salt stress. Metabolic profi ling analyses were per-
formed to determine metabolite temporal dynam-
ics associated with the induction of acquired 
thermotolerance in response to heat shock and 
acquired freezing tolerance in response to cold 
shock (Fatma et al.  2004 ). This investigation pro-
vides new insight into the mechanisms of plant 
adaptation to thermal stress at the metabolite 
level, reveals relationships between heat- and 
cold-shock responses, and highlights the roles of 
known signaling molecules and protectants. Ralf 
et al. ( 2009 ) studied the putative  A. thaliana  FLS 
gene family using a combination of genetic and 
metabolic analysis approaches. They presented 
evidence that fl avonol glycosides found in the 
fl s1-2 mutant are synthesized in plants by the 
FLS-like side activity of the LDOX enzyme. It is 
a prerequisite to obtain structural information for 

the isolated metabolites from the plant of interest. 
Ryo et al. ( 2009 ) isolated metabolites of 
 Arabidopsis  in a relatively nontargeted way, aim-
ing at the construction of metabolite standards 
and chemotaxonomic comparison. In addition, 
35 known compounds, including six anthocya-
nins, eight fl avonols, one nucleoside, one indole 
glucosinolate, and four phenylpropanoids and a 
derivative, together with three indoles, etc., were 
also isolated and identifi ed from their spectro-
scopic data. Nuclear magnetic resonance (NMR) 
has become a key technology in plant metabolo-
mics with the use of stable isotope labeling and 
advanced heteronuclear NMR methodologies. 
Jun et al. ( 2004 ) performed multidimensional 
heteronuclear NMR analysis of metabolic move-
ment of carbon and nitrogen nuclei in  Arabidopsis 
thaliana.  The investigations made by Masami 
et al. ( 2004 ) for gene-to-metabolite networks 
regulating sulfur and nitrogen nutrition and sec-
ondary metabolism in  Arabidopsis , with integra-
tion of metabolomics and transcriptomics, they 
carried out the transcriptome and metabolome 
analyses, respectively, with DNA microarray and 
several chemical analytical methods, including 
ultrahigh-resolution Fourier transform-ion cyclo-
tron MS.   

    Rice 

 Rice is a model crop plant for genomic study 
because:
    1.    It has one of the smallest genomes in crop 

plants, i.e., 390 MB;   
   2.    It has huge economic importance;   
   3.    It is the fi rst genome of crop plants sequenced 

with high precision;   
   4.    Large amounts of genetic stocks are avail-

able to the research community;   
   5.    Rice is rich in germplasm resources includ-

ing the cultivated forms and its wild relatives 
which are maintained in germplasm banks;   

   6.    Rice genome shares collinearity with other 
members of the grass family like corn and 
wheat;   

   7.    The information available on genetic studies 
is huge;   
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   8.    High-effi ciency transformation technology 
is available and has gained widespread 
utility;   

   9.    Almost every rice-producing country has 
very intensive breeding programs; and   

   10.    Large-scale ESTs and insertional mutants 
are available in rice     

    Genomics and Synteny 

    Genetic and Physical Mapping 
 Brondani et al. ( 2001 ) constructed a genetic map 
with 162 PCR-based markers (155 microsatel-
lite- and 7 sequence-tagged site markers) using a 
backcross population derived from the cross  O. 
glumaepatula , accession RS-16 from the 
Brazilian Amazon Region x  O. sativa  BG-90-2, 
an elite rice inbred line. The map included 47 
new simple sequence repeat (SSR) markers 
developed from an  O. glumaepatula  genomic 
library enriched for AG/TC sequences. All SSR 
markers were able to amplify the  O. sativa  
genome, indicating a high degree of SSR fl ank-
ing region conservation between  O. glumaepat-
ula  and  O. sativa  species. The map covered 
1,500.4 cM, with an average of one marker every 
10 cM. Despite some chromosomes being more 
densely mapped, the overall coverage was similar 
to the other maps developed for rice. The advan-
tage to construct SSR-based map is to permit the 
combination of the speed of the PCR reaction and 
the codominant nature of the SSR marker, facili-
tating the quantitative trait loci analysis and 
marker-assisted selection for rice breeding pro-
grams. Temnykh et al. ( 2001 ) developed a set of 
200 Class I SSR markers and integrated into the 
existing microsatellite map of rice, providing 
immediate links between the genetic, physical, 
and sequence-based maps. This contribution 
brings the number of microsatellite markers that 
have been rigorously evaluated for amplifi cation, 
map position, and allelic diversity in  Oryza  spp. 
to a total of 500. Yamamoto et al. ( 2001 ) devel-
oped a BC 1 F 3  population and constructed an 
RFLP linkage map. The map was constructed 
using data from 187 plants and 116 RFLP mark-
ers. They compared the chromosomal locations 

of putative QTLs in their study with those in 
other studies. They found that several QTLs for 
these traits, showing a correlation with pheno-
typic values, were mapped in the same chromo-
somal regions. Kennard et al. ( 2000 ) presented 
the fi rst genetic map of wild rice ( Zizania palus-
tris , 2n = 2x = 30), a native aquatic grain of North 
America. The map is composed principally of 
previously mapped RFLP genetic markers from 
rice ( Oryza sativa , 2n = 2x = 24). The map is 
important as a foundation for genetic and crop 
improvement studies, as well as a reference for 
genome organization comparisons among spe-
cies in  Gramineae . A comparative mapping 
approach with rice is especially useful because 
wild rice is grouped in the same subfamily, 
 Oryzoideae , and no other mapping comparison 
has yet been made within the subfamily. As rice 
is the reference point for mapping and gene clon-
ing in cereals, establishing a consensus map 
within the subfamily identifi es conserved and 
unique regions. The genomes of wild rice and 
cultivated rice differ in total DNA content (wild 
rice has twice that of rice) and chromosome pairs 
(wild rice = 15 versus rice = 12). Rice genome 
sequence is available and is the fi rst genome of 
crop plants sequenced with high precision.  

    BAC Library 
 A comparison of expressed sequence tag (EST) 
database from different plants can reveal the 
diversity in coding sequences between crop spe-
cies, both closely related and distantly related. 
Bacterial artifi cial chromosomes (BACs) are very 
useful for physical mapping, gene location, clon-
ing, sequencing, and gene discovery in crop 
plants. Tao et al. ( 2001 ) developed a genome- 
wide BAC-based map of the rice genome. The 
map consists of 298 BAC contigs and covers 
419 Mb of the 430-Mb rice genome. They found 
that the contigs constituting the map are accurate 
and reliable. Particularly important to profi ciency 
were (1) a high-resolution, high-throughput DNA 
sequencing gel-based electrophoretic method 
for BAC fi ngerprinting, (2) the use of several 
complementary large-insert BAC libraries, and 
(3) computer-aided contig assembly. It has been 
demonstrated that the fi ngerprinting method is 
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not signifi cantly infl uenced by repeated 
sequences, genome size, and genome complexity. 
Use of several complementary libraries devel-
oped with different restriction enzymes mini-
mized the “gaps” in the physical map. They 
observed that a clonal coverage of 6.0–8.0 
genome equivalents seems to be suffi cient for the 
development of a genome-wide physical map of 
95 % genome coverage. Their study indicates 
that genome-wide BAC-based physical maps can 
be developed quickly and economically for a 
variety of plant and animal species by restriction 
fi ngerprint analysis  via  DNA sequencing gel- 
based electrophoresis.  

    Synteny 
 The development of genetic and linkage map in 
many crop species has positional similarity, and 
information in one crop species will lead to better 
understanding of crop evolution and functioning 
of genes in other crop species. This “synteny” 
allows advances made in one species to have 
spillover impact in another. Snape et al. ( 2001 ) 
illustrated how genes for vernalization response 
and cold tolerance on chromosomes 5A and 5D 
of wheat have been identifi ed and located. They 
advocated that their relationships to genes in 
other species, such as barley and rice, could be 
characterized through comparative mapping 
approaches, leading to strategies for their isola-
tion using rice genomic tools. Smilde et al. ( 2001 ) 
developed a set of 88 rice expressed sequence 
tags previously mapped on rice chromosome 1 in 
the cross “Nipponbare” x “Kasalath.” They used 
these markers for comparative mapping in a cross 
of the barley. About one-third of the markers 
were polymorphic between “Igri” and “Franka.” 
These polymorphisms were mapped, and most of 
these (56 %) confi rmed that rice chromosome 1 
and barley chromosome 3H are syntenous. The 
markers that were not fi tting in the collinear order 
were distributed randomly across the barley 
genome. The comparative maps of barley chro-
mosome 3H and rice chromosome 1 comprise in 
total 26 common markers covering more than 95 
% of the genetic length of both chromosomes. A 
30-fold reduction of recombination is seen 

around the barley centromere, and synteny may 
be interrupted in this region. In their study, the 
good overall synteny on a mesoscale (1–10 cM) 
justifi es the use of rice as a platform for map- 
based cloning in barley. 

 Dubcovsky et al. ( 2001 ) demonstrated collin-
earity of a large region from barley ( Hordeum 
vulgare ) chromosome 5H and rice ( Oryza sativa ) 
chromosome 3 by mapping of several common 
restriction fragment length polymorphism clones 
on both regions. One of these clones, WG644, 
was hybridized to rice and barley bacterial artifi -
cial chromosome (BAC) libraries to select 
homologous clones. A comparison of the rice and 
barley DNA sequences revealed the presence of 
four conserved regions, containing four predicted 
genes. The four genes are in the same orientation 
in rice, but the second gene is in inverted orienta-
tion in barley. The fourth gene is duplicated in 
tandem in barley but not in rice. Comparison of 
the homeologous barley and rice sequences 
assisted the gene identifi cation process and 
helped determine individual gene structures. 
General gene structure (exon number, size, and 
location) was largely conserved between rice and 
barley and to a lesser extent with homologous 
genes in  Arabidopsis thaliana . Similarly, a major 
rust ( Puccinia melanocephala ) resistance gene 
identifi ed in a self-progeny of the sugarcane cul-
tivar R570 was known to be linked to a marker 
revealed by the sugarcane probe CDSR29. 
Asnaghi et al. ( 2000 ) used synteny relationships 
between sugarcane and three other grasses in an 
attempt to saturate the region around this rust 
resistance gene. Comparison of sugarcane, sor-
ghum, corn, and rice genetic maps led to the 
identifi cation of homeologous chromosome seg-
ments at the extremity of sorghum linkage group 
D, rice linkage group 2, maize linkage group 4, 
and in the centromeric region of maize linkage 
group 5.  

    Gene Expression 
 The rice blast ( Magnaporthe grisea ) resistance 
gene  Pi b is a member of the nucleotide-binding 
site (NBS) and leucine-rich repeat (LRR) class of 
plant disease resistance genes and belongs to a 
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small gene family. Wang et al. ( 2001 ) isolated 
and characterized a  Pi b homologue (PibH8) from 
rice cultivars Tohoku IL9, Nipponbare, Kasalath, 
Koshihikari, and IR24 and extensively investi-
gated the expression of the  Pi b gene family (Pib, 
PibH8, HPibH8-1, and HPibH8-2) under various 
environmental and chemical treatments. RNA gel 
blot analysis revealed that their expression was 
regulated dramatically by environmental signals, 
such as temperature, light, and water availability. 
Their expression was also induced by chemical 
treatments, such as jasmonic acid, salicylic acid, 
ethylene, and probenazole. Their fi ndings sug-
gest that expression of the  Pi b gene family is 
upregulated by environmental conditions that 
would favor pathogen infection. 

  Gene Expression for Salt Tolerance 
 Kawasaki et al. ( 2001 ) investigated transcript 
regulation in response to high salinity for salt- 
tolerant rice (var. Pokkali) with microarrays 
including 1,728 cDNAs from libraries of salt- 
stressed roots. NaCl at 150 mM reduced photo-
synthesis to one-tenth of the prestress value 
within minutes. Hybridizations of RNA to micro-
array slides probed for changes in transcripts 
from 15 min to 1 week after salt shock. Beginning 
15 min after the shock, Pokkali showed upregula-
tion of transcripts. Approximately 10 % of the 
transcripts in Pokkali were signifi cantly upregu-
lated or downregulated within 1 h of salt stress. 
The initial differences between control and 
stressed plants continued for hours but became 
less pronounced as the plants adapted over time.   

    QTL Mapping and Tagging 
of Useful Genes  
   Yield and Yield Components 
 Moncada et al. ( 2001 ) used an advanced back-
cross breeding population to identify quantitative 
trait loci (QTLs) associated with eight agronomic 
traits in a BC 2 F 2  population derived from an 
interspecifi c cross between Caiapo, an upland 
 Oryza sativa  subsp.  japonica  rice variety from 
Brazil, and an accession of  Oryza rufi pogon  from 
Malaysia. They concluded that the advanced 
backcross QTL analysis offers a useful germ-

plasm enhancement strategy for the genetic 
improvement of cultivars adapted to stress-prone 
environments. They observed that 56 % of the 
trait-enhancing QTLs identifi ed in this study 
were derived from  O. rufi pogon . This fi gure is 
similar to the 51 % of favorable QTLs derived 
from the same parent in crosses with a high- 
yielding hybrid rice cultivar evaluated under irri-
gated conditions in a previous study. Similarly, Li 
et al. ( 2001 ) analyzed the quantitative trait loci 
(QTLs) responsible for the area, perimeter, 
length, width, and length-width ratio of the fl ag 
leaf and the second and third upside-down leaves 
of a doubled-haploid population of 117 lines 
derived from a cross between  Oryza sativa  var. 
 indica  (Zhaiyeqing 8) and var.  japonica  (Jingxi 
17) cultivars based on the genetic linkage map of 
243 molecular markers. All the traits were con-
tinuously distributed with transgressive segrega-
tion in the population. For the fl ag leaf, 12 QTLs 
were mapped in 8 intervals of 4 chromosomes 
including 3 QTLs for leaf area, 2 each for leaf 
perimeter and length, and 5 for ear length-width 
ratio. The QTLs accounted for 9–27.8 % of phe-
notypic variation. For the second upside-down 
leaf, 18 QTLs were mapped for 5 leaf morpho-
logical traits in 11 intervals of 5 chromosomes 
including 3 QTLs for leaf area, 4 each for leaf 
perimeter and length, 2 for leaf width, and 5 for 
length-width ratio. The mapped QTLs accounted 
for 9.1–24.7 % of phenotypic variation. Heading 
time (HT, days from sowing to heading) is an 
important agronomic trait in rice. Physiologically, 
HT can be divided into two stages: vegetative 
growth time (VGT) and reproductive growth time 
(RGT). Zhou et al. ( 2001 ) in a study mapped 
HT-related QTLs based on the performance of 
HT, VGT, and RGT. An  indica  (cv. Gui 
630)/ japonica  (cv. Taiwanjing) doubled-haploid 
population and a corresponding RFLP map were 
constructed for the study. They used methods of 
composite interval mapping and multiple-trait 
composite interval mapping to map QTLs. A 
total of 19 QTLs were mapped on all 12 rice 
chromosomes with the exception of chromo-
somes 1 and 4. Their results showed that (1) more 
QTLs could be detected by partitioning HT into 
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VGT and RGT; (2) the genetic variation of HT 
was largely attributed to VGT; and (3) the two 
component stages were relatively independent in 
terms of QTL effects, suggesting that the ratio 
between VGT and RGT could be genetically 
adjusted without apparently altering HT.  

   Mapping for Abiotic Stresses 
 Abiotic stresses like drought tolerance, cold tol-
erance, mineral defi ciency, mineral toxicity, and 
submergence tolerance are few major issues in 
rice. 

   Drought Tolerance 
 Drought is one of the main abiotic constraints in 
rice. A deep root system contributes effi ciently 
in maintaining the water status of the crop 
through a stress period. Ali et al. ( 2000 ) under-
took an experiment to map QTLs associated 
with fi ve root traits using RFLP and AFLP 
markers in an RIL population developed from 
two  indica  parents, IR58821-23-B-1-2-1 and 
IR52561-UBN- 1-1-2. A genetic linkage map of 
2,022 cM length was constructed comprising 
303 AFLP and 96 RFLP markers with an aver-
age marker space of 5.0 cM. QTL analysis  via  
interval mapping detected 28 QTLs for these 
fi ve root traits, which were located on chromo-
somes 1, 2, 3, 4, 6, 7, 10, and 11. Individual 
QTLs accounted for between 6 and 27 % of the 
phenotypic variation. Similarly, Zhang et al. 
( 2001 ) constructed a genetic linkage map con-
sisting of 315 DNA markers and identifi ed a 
total of 41 QTLs for osmotic adjustment and 
root traits and individually explained 8–38 % of 
the phenotypic variance. A region on chromo-
some 4 harbored major QTLs for several root 
traits. In another study, Shen et al. ( 2001 ) identi-
fi ed QTLs affecting root parameters in a dou-
bled-haploid population of rice derived from the 
cross, IR64/Azucena.  

   Cold Tolerance 
 Norin-PL8 is a cold-tolerant variety of rice 
( Oryza sativa ) that was developed by introgress-
ing chromosomal segments from a cold-tolerant 
 javanica  variety, Silewah. The QTLs for cold tol-
erance of Norin-PL8 was earlier detected on 

chromosomes 3 and 4. For fi ne mapping those 
genes, Saito et al.  2001  developed a set of near- 
isogenic lines (NILs) from recombinants in the 
segregating population. From their study, they 
concluded that there are at least two QTLs for 
cold tolerance, tentatively designated as Ctb-1 
and Ctb-2, in the introgression on chromosome 4. 
The map distance between Ctb-1 and Ctb-2 was 
estimated to be 4.7–17.2 cM. Similarly, Takeuchi 
et al. ( 2001 ) performed QTL analysis with 
doubled- haploid lines (DHLs) to identify the 
chromosomal regions controlling cold tolerance 
(CT) at booting stage of rice ( Oryza sativa  var. 
 japonica ). Three QTLs controlling CT (qCT-1, 
qCT-7, and qCT-11) were mapped to chromo-
somes 1, 7, and 11, respectively. The QTL with 
the largest effect, qCT-7, was mapped to chromo-
some 7 and explained 22.1 % of the total pheno-
typic variation, while qCT-1 and qCT-11 
explained approximately 5 % each. For all of the 
QTLs, alleles from Koshihikari increased the 
degree of CT.  

   Flood and Submergence Tolerance 
 The inheritance and expression of traits associ-
ated with submergence stress tolerance at the 
seedling stage are genetically complex. Using 
AFLP markers, Sripongpangkul et al. ( 2000 ) 
could identify several genes/QTLs that control 
plant elongation and submergence tolerance in a 
recombinant inbred rice population. The most 
important gene was QIne1 mapped near sd-1 on 
chromosome 1. The Jalmagna (the deepwater 
parent) allele at this locus had a very large effect 
on internode elongation and contributed signifi -
cantly to submergence tolerance under fl ooding. 
The second locus was a major gene, sub1 (t), 
mapped to chromosome 9, which contributed to 
submergence tolerance only. The third one was a 
QTL, QIne4, mapped to chromosome 4. Toojinda 
et al. ( 2003 ) exploited naturally occurring differ-
ences between certain rice lines in their tolerance 
to submergence and used QTL mapping to 
improve understanding of the genetic and physi-
ological basis of submergence tolerance. Three 
rice populations, each derived from a single cross 
between two cultivars differing in their response 
to submergence, were used to identify QTL asso-
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ciated with plant survival and various linked 
traits. Several major QTLs determining plant sur-
vival, plant height, stimulation of shoot elonga-
tion, visual tolerance score, and leaf senescence 
are each mapped to the same locus on chromo-
some 9. These QTLs were detected consistently 
in experiments across all years and in the genetic 
backgrounds of all three mapping populations. 
Secondary QTLs infl uencing tolerance were also 
identifi ed and located on chromosomes 1, 2, 5, 7, 
10, and 11. These QTLs were specifi c to particu-
lar traits, environments, or genetic backgrounds. 
All identifi ed QTLs contributed to increased sub-
mergence tolerance through their effects on 
decreased underwater shoot elongation or 
increased maintenance of chlorophyll levels or 
on both. Septiningsih et al. ( 2009 ) developed 
mega varieties of rice with Sub1 introgression 
that are submergence tolerant. They observed 
that all mega varieties with Sub1 introgression 
had a signifi cantly higher survival rate than the 
original parents. An intolerant Sub1C allele com-
bined with the tolerant Sub1A-1 allele did not 
signifi cantly reduce the level of tolerance, and the 
Sub1C-1 expression appeared to be independent 
of the Sub1A allele; however, even when Sub1C-1 
expression is completely turned off in the pres-
ence of Sub1A-2, plants remained intolerant. 
They concluded that the Sub1 provided a sub-
stantial enhancement in the level of tolerance of 
all the sensitive mega varieties to submergence.  

   Salt Tolerance 
 Prasad et al. ( 2000 ) mapped QTLs controlling 
various rice seedling traits conferring salt toler-
ance by using a doubled-haploid population 
derived from the cross between IR64 and 
Azucena. Seven QTLs were identifi ed (threshold 
LOD _2.00) for seedling traits under salt stress, 
i.e., two for seed germination (%), one for seed-
ling root length (cm), three for seedling dry mat-
ter (mg), and one for seedling vigor. Among the 
seven QTLs, four were located on chromosome 
6. A QTL analysis for root length on chromo-
some 6 that was fl anked by RFLP markers RG162 
and RG653 exhibited a very high phenotypic 
variance of 18.9 % and a peak LOD score of 
2.852.  

   Mapping for Biotic Stresses 
 Many diseases like bacterial blight, blast, and 
sheath blight are the major diseases in rice. Genes 
responsible for resistance against those diseases 
have been exhaustively worked, mapped, and 
used in breeding programs. Some of the initial 
examples are given here. Ammiraju et al. ( 2000 ) 
identifi ed molecular markers linked to a bacterial 
blight resistance gene from a rice cultivar (Ajaya), 
which is nonallelic to other known recessive 
genes conferring resistance to Indian pathotype I 
of  X. oryzae  pv.  oryzae . Similarly, Che et al. 
( 2003 ) in a study used an F 2  rice population from 
a cross between “4011” and “Xiangzaoxian19” 
and identifi ed fi ve molecular markers, including 
three RFLP markers converted from RAPD and 
AFLP markers and two SSR markers to link with 
the sheath blight-resistant gene. This dominant 
resistant gene was named as Rsb 1 and mapped 
on rice chromosome 5. Ahn et al. ( 2000 ) reported 
the chromosomal localization and molecular 
mapping of this blast resistance gene and desig-
nated it as  Pi -18, which confers resistance to 
Korean isolate KI-313 of the blast pathogen. 
RFLP analysis showed that  Pi -18 was located 
near the end of chromosome 11, linked to a single 
copy clone RZ536 at a distance of 5.4 cM and 
that this gene was different from  Pi -1 (t). An 
allelism test revealed that this gene was also dif-
ferent from  Pi -k. A study by Fukuoka and Okuno 
( 2001 ) detected two QTLs for blast resistance on 
chromosome 4, and one QTL was detected on 
each of chromosomes 9 and 12. The phenotypic 
variation explained by each QTL ranged from 7.9 
to 45.7 % and the four QTLs explained 66.3 % of 
the total phenotypic variation. The resistance 
gene, designated pi21, was mapped on 
 chromosome 4 as a single recessive gene between 
RFLP marker loci G271 and G317 at a distance 
of 5.0 cM and 8.5 cM, respectively. Similarly, 
Fujii et al. ( 2000 ) mapped the Pb1 locus for the 
panicle blast resistance on rice chromosome 11 
using RFLP markers. The Pb1 locus was mapped 
in the middle part of the long arm of chromosome 
11. This locus was closely located at 1.2 cM from 
three RFLP markers: S723, CDO226, and C189. 
Although based on linkage analysis they deter-
mined that S723, CDO226, and C189 were 
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located at the same locus, graphical genotyping 
analysis, using many progeny cultivars, revealed 
that S723 was the closest marker to Pb1 among 
these three. 

 The major insect pests of rice includes brown 
planthopper, whitebacked planthopper, stem 
borer, and stem rot. Some of the initial examples 
of mapping insect pest resistance are given. 
Yamasaki et al. ( 2000 ) working on brown plan-
thopper phenotyped a set of 71 rice recombinant 
inbred lines (F 11 ) derived from a cross between a 
 japonica  cultivar Asominori with ovicidal 
response and an  indica  cultivar IR24. In compos-
ite interval mapping for GWL and EM with 293 
RFLP marker loci, two QTLs each on the long 
arm of chromosome 1 (1 L) and the short arm of 
chromosome 6 (6S) were detected for both GWL 
and EM. The 6S QTL explained 72.1 and 85.1 % 
of the phenotypic variations for GWL and EM, 
respectively. The QTL on 1 L explained 19.8 and 
17.8 % of the phenotypic variations for GWL and 
EM, respectively. Murai et al. ( 2001 ) constructed 
a high-resolution linkage map as a foundation for 
map-based cloning of the bph2 locus. An 
advanced mapping population derived from a 
cross of “Tsukushibare” (susceptible) with 
“Norin-PL4” (an authentic bph2-introgression 
line) was used. Through bulked segregant analy-
sis and linkage analysis, bph2 was located within 
a 3.2-cM region containing eight AFLP markers. 
One marker (KAM4) showed complete co- 
segregation with bph2, and bph2 was mapped 
within a 1.0-cM region delimited by KAM3 and 
KAM5, two fl anking markers. Huang et al. 
( 2001 ) conducted a molecular marker-based 
genetic analysis of the BPH resistance of B5, a 
highly resistant line that derived its resistant 
genes from the wild rice,  Oryza offi cinalis . Their 
study revealed two genomic regions on chromo-
somes 3 and 4, respectively, that contained genes 
for BPH resistance. These two loci were further 
assessed by quantitative trait locus analysis 
resolved to a 14.3 cM interval on chromosome 3 
and a 0.4 cM interval on chromosome 4. 
Similarly, working on WBPH, Ma et al. ( 2002 ) 
studied a rice population consisting of 90 F 3  lines 
from TN1/Guiyigu to analyze the linkage 
between DNA markers and a new gene Wbph 6(t) 

conferring resistance to the whitebacked plan-
thopper. They mapped the Wbph 6(t) gene onto 
the short arm of rice chromosome 11, with a dis-
tance of 21.2 cM to the SSLP marker RM 167. 

 The Chinese rice cultivar Duokang #1 carries 
a single dominant gene Gm-6 (t) that confers 
resistance to the four biotypes of Asian rice gall 
midge ( Orseolia oryzae ) known in China. Katiyar 
et al. ( 2001 ) performed bulked segregant analysis 
on progeny of a cross between Duokang #1 and 
the gall midge-susceptible cultivar Feng Yin 
Zhan using RAPD method. The RAPD marker 
OPM06 (1400) amplifi ed a locus linked to Gm-6 
(t). The locus was subsequently mapped to rice 
chromosome 4 in a region fl anked by cloned 
RFLP markers RG214 and RG163. Fine mapping 
of Gm-6(t) revealed that markers RG214 and 
RG476 fl anked the gene at distances of 1.0 and 
2.3 cM, respectively. Another gall midge resis-
tance gene, Gm-2, mapped previously to chro-
mosome 4, is located about 16 cM from Gm-6 (t), 
to judge by data from a segregating population 
derived from a cross between Duokang #1 and 
the Indian cultivar Phalguna that carries Gm-2. 
Sardesai et al. ( 2002 ) identifi ed an AFLP marker 
SA598 that is linked to Gm7, a gene conferring 
resistance to biotypes 1, 2, and 4 of the gall 
midge. A set of PCR primers specifi c to an RFLP 
marker, previously identifi ed to be linked to 
another gall midge resistance gene Gm2, also 
amplifi ed a 1.5-kb (F8LB) fragment that is linked 
to Gm7. Gm7 is a dominant gene and nonallelic 
to Gm2. Hybridization experiments with clones 
from a YAC library of Nipponbare revealed that 
Gm7 is tightly linked to Gm2 and is located on 
chromosome 4 of rice. The germplasm line 87-Y- 
550 (PI566666) inherited its resistance to stem 
rot from the wild species  Oryza rufi pogon . Ni 
et al. ( 2001 ) made four crosses of 87-Y-550 
(resistant donor) with susceptible lines. One 
AFLP marker showed signifi cant association 
with stem rot resistance and accounted for 45.0 
% of the phenotypic variation in 59 progenies. 
This marker was mapped on rice chromosome 2 
between the RFLP markers RZ166 and RG139 
by using F 2  reference population information. 
With the strategy of selective genotyping com-
bined with a parental survey, two microsatellite 
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markers, RM232 and RM251, on chromosome 3 
were found to be associated with stem rot resis-
tance and accounted for 41.1 % and 37.9 % of the 
phenotypic variation, respectively. 

 Meta-analysis of QTLs combines the results 
of several QTL detection studies and provides 
narrow confi dence intervals for meta-QTLs, 
permitting easier positional candidate gene 
identifi cation. It is usually applied to multiple 
mapping populations but can be applied to one. 
Khowaja et al. ( 2009 ) reported a meta-analysis 
of drought- related QTLs in the Bala × Azucena 
mapping population that compiled data from 13 
experiments and 25 independent screens provid-
ing 1,650 individual QTLs separated into 5 trait 
categories: drought avoidance, plant height, 
plant biomass, leaf morphology, and root traits. 
A heat map of the overlapping 1-LOD confi -
dence intervals provides an overview of the dis-
tribution of QTLs. The heat map graphically 
illustrates the genetic complexity of drought 
related traits in rice. Formal meta-analysis on 
chromosome 1, where clusters of QTLs for all 
trait categories appear close, established that the 
 sd1  semidwarfi ng gene coincided with a plant 
height meta- QTL, that the drought avoidance 
meta-QTL was not likely to be associated with 
this gene, and that this meta-QTL was not pleio-
tropic with close meta-QTLs for leaf morphol-
ogy and root traits. On chromosome 5, evidence 
suggests that a drought avoidance meta-QTL 
was pleiotropic with leaf morphology and plant 
biomass meta- QTLs but not with meta-QTLs 
for root traits and plant height 10 cM lower 
down. A region of dense root QTL activity 
graphically visible on chromosome 9 was dis-
sected into three meta- QTLs within a space of 
35 cM. The confi dence intervals for meta-QTLs 
obtained ranged from 5.1 to 14.5 cM with an 
average of 9.4 cM, which are approximately 180 
genes in rice.    

    Marker-Assisted Selection 
 In order to pyramid the useful genes into a single 
genotype useful for Indian condition, Singh et al. 
( 2001 ) pyramided three BB resistance genes, 
xa5, xa13, and Xa21, into cv. PR106, which is 
widely grown in Punjab, India, using marker- 

assisted selection. Lines of PR106 with pyra-
mided genes were evaluated after inoculation 
with 17 isolates of the pathogen from Punjab and 
six races of Xoo from the Philippines. Genes in 
combinations were found to provide high levels 
of resistance to the predominant Xoo isolates 
from the Punjab and six races from the 
Philippines. They also evaluated the pyramided 
lines under natural conditions at 31 sites (includ-
ing Ludhiana, Jalandhar, Ferozepur, and Sangrur) 
in commercial fi elds during 1999. The combina-
tion of genes provided a wider spectrum of resis-
tance to the pathogen population prevalent in the 
region. Similarly, Sanchez et al. ( 2000 ) trans-
ferred three bacterial blight (BB) resistance 
genes, xa5, xa13, and Xa21, to IR65598-112 and 
two other sister lines IR65600-42 and IR65600- 96 
(new plant type, NPT) rice lines  via  marker-aided 
backcrossing. The BC 3 F 3  NILs having more than 
one BB resistance gene showed a wider resis-
tance spectrum and manifested increased levels 
of resistance to the Xoo races, compared with 
those having a single BB resistance gene. Results 
for two F 2  populations and the progeny testing of 
their F 3  lines showed that MAS reached an accu-
racy of 95 and 96 % of identifying homozygous 
resistant plants for xa5 and xa13, respectively. 
Their results demonstrated the usefulness of 
MAS in gene pyramiding for BB resistance, par-
ticularly for recessive genes, such as xa5 and 
xa13, that are diffi cult to select through conven-
tional breeding in the presence of a dominant 
gene such as Xa21. Similarly, Siangliw et al. 
( 2003 ) crossed three submergence-tolerant 
 cultivars, FR13A, IR67819F2-CA-61, and 
IR49830- 7-1-2-2, with KDML105. Transferring 
the major QTL for submergence tolerance was 
facilitated by four backcrossings to the recipient 
KDML105. Molecular markers tightly linked to 
the gene(s) involved were developed to facilitate 
molecular genotyping. They demonstrated that 
individuals of a BC 4 F 3  line that retained a critical 
region on chromosome 9 transferred from toler-
ant lines were also tolerant of complete submer-
gence while retaining all the agronomically 
desirable traits of KDML105. Few successful 
commercial cultivars released in India using 
marker-assisted backcrossing are given below. 
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   Commercial Release of MAS-Derived 
Varieties in India 
   Improved Samba Mahsuri 
 Sundaram et al. ( 2008 ) introgressed three major 
bacterial blight resistance genes ( Xa 21,  xa 13, 
and  xa 5) into Samba Mahsuri (BPT5204), a 
medium slender grain  indica  rice variety, popu-
lar with farmers and consumers of India. Samba 
Mahsuri is susceptible to several diseases and 
pests, including bacterial blight (BB). They 
used PCR- based molecular markers in a back-
cross breeding program to introgress the genes 
from a donor line (SS1113) in which all the 
three genes were present in a homozygous con-
dition. A selected BC 4 F 1  plant was selfed to gen-
erate homozygous BC 4 F 2  plants with different 
combinations of BB resistance genes. Under 
conditions of BB infection, the three-gene pyra-
mid lines exhibited a signifi cant yield advantage 
over Samba Mahsuri which was later on released 
for commercial cultivation.  

   Improved Swarna 
 Swarna is one of the most popular rice varieties 
in India producing a high yield, good grain eat-
ing quality and requires 25 % less nitrogen, as 
widely claimed by the farmers. Released in 
Andhra Pradesh in 1982, it spread across the 
subcontinent and into Bangladesh, where it was 
never offi cially released. It is now the number 
two variety during the wet season in India. The 
research began in the 1970s when fl ood-resis-
tant varieties of rice were identifi ed in India. 
Researchers then crossed and improved the tol-
erant characteristics to produce higher-yielding 
rice varieties, which can withstand up to 17 
days of complete submergence. Using MAS, 
this single trait of interest was transferred into 
commercially valuable rice variety Swarna 
without losing useful characteristics—such as 
high yield, good grain quality, or pest and dis-
ease resistance. The fi rst variety developed, 
Swarna-Sub1, showed high survival under sub-
merged conditions compared to the original 
variety Swarna and gave yield advantages of 
one to three tons per hectare over Swarna when 
submerged.     

    Next-Generation Sequencing 

 NGS technology is based on massive parallel 
sequencing as opposed to the Sangers sequencing 
technology. They rely on the amplifi cation of 
single isolated DNA molecules and their analysis 
in a massive parallel way. Hundreds of thousands 
or even tens of millions of single-stranded DNA 
molecules are immobilized on a solid surface 
such as glass slides or on beads, depending on the 
platform used. The commercially available NGS 
platforms used for plant genome sequencing 
include Roche/454 FLX and the Illumina/Solexa 
Genome Analyzer and the Applied Biosystems 
SOLiD System. 

 Next-generation sequencing (NGS) is a pow-
erful tool for the discovery of domestication 
genes in crop plants and their wild relatives. 
Re-sequencing of domesticated and commercial-
ized genotypes can identify regions of low diver-
sity associated with domestication and adaptation. 
The sequence data can be used to design species- 
specifi c PCR primers. Novel allelic variations in 
close or distant relatives can be characterized by 
NGS. By using NGS populations of large number 
of individuals can be screened rapidly. NGS also 
supports in effi cient identifi cation and capture of 
novel genetic variation from related species. 
NGS allows whole-genome analysis to determine 
the genetic basis of phenotypic differences. This 
helps in the facilitation of recombination of traits 
which are agronomically important both in culti-
vated and wild relatives. NGS provides very large 
amounts of DNA sequence data normally with 
short repeats. As the technology continues to 
develop, the amount of data and the length of the 
reads are increasing (Varshney et al.  2009 ). NGS 
gives an opportunity to explore genetic variation 
among plants and their wild relatives in a better 
way than the earlier technologies. It also allows 
the most complex plant genome to be studied and 
understood. 

 Rice was the fi rst crop to have a reference 
genome sequence and was a model for the use of 
NGS. Even if lots of information is available in 
rice in relation to its origin and evolution, the ori-
gin of rice is complex and involves movement of 
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genes between species and groups like  indica  and 
 japonica  types (Sang and Ge  2007 ). Whole- 
genome re-sequencing of rice genotypes has 
allowed analysis of domestication genes identi-
fi ed in areas of low diversity in the genome as a 
result of human selection. This approach has 
shown that both  japonica  and  indica  rice share 
common areas of low diversity possibly due to 
introgression from one population to the other 
following selection. NGS of wild rice population 
has recently been used to identify the distinctness 
of Asian and Australian wild rice populations. 
NGS also provides new tools for the evaluation 
of grain quality (Henry  2011 ). 

 Using existing genetic and genomic resources 
and tools (mutants, transgenics, cytogenetic 
stocks, and genomic resources), rice researchers 
were able to rapidly integrate and apply genome 
sequence information to understand rice genome 
structure and evolutions as well as to discover 
and mine genes, including those underlying com-
plex traits of agricultural importance. Members 
of the large gene families [viz., transcription fac-
tors, peptide transporters, kinases, nucleotide- 
binding leucine-rich repeats (NB-LRRs), 
microRNAs, and germins] have been discovered 
through genome-wide surveys, enabling their 
cellular functions to be dissected and their roles 
in plant growth and development to be eluci-
dated. In another example genome sequence- 
enabled identifi cation and positional cloning of 
genes responsible for traits selected during 
domestication, including the seed-shattering 
trait, led to the identifi cation of molecular 
changes selected during domestication (Feuillet 
et al.  2010 ; Izawa et al.  2009 ). Rice is now rich in 
tools for mapping and breeding, including high- 
density SSRs, comprehensive SNPs, insertion–
deletion polymorphism (IDPs), and 
custom-designed (candidate gene) marker for 
marker-assisted breeding. One of the outcomes 
of the NGS in rice for rice genome sequencing 
has been the development of a comprehensive 
collection of SNPs. Fukuoka et al. ( 2009 ) used 
sequence-based markers from the blast disease 
resistance gene  pi 21 region to identify recombi-
nants between  pi 21 and another gene located 37 
kb apart that confers poor eating quality. With the 

information available from NGS, rice varieties 
with both durable resistance against blast and 
good eating quality were combined.  

    Expressed Sequence Tags (ESTs) 
and Flanking Sequence Tags (FSTs) 

 Kim et al. ( 2013a ,  b ) while working with rice 
observed that transcript levels of the fl owering 
repressor  Ghd7  were decreased while those of its 
downstream genes,  Ehd1 ,  Hd3a , and  RFT1 , were 
increased. Sequencing the known fl owering- 
regulator genes revealed mutations in  Ghd7  and 
 OsPRR37  that cause early translation termination 
and amino acid substitutions, respectively. 
Genetic analysis of F 2  progeny from a cross 
between cv. Kitaake and cv. Dongjin indicated 
that those mutations additively contribute to the 
early-fl owering phenotype in cv. Kitaake. They 
generated 10,000 T-DNA tagging lines and 
deduced 6,758 fl anking sequence tags (FSTs), in 
which 3,122 were genic and 3,636 were inter-
genic. Among the genic lines, 367 (11.8 %) were 
inserted into new genes that were not previously 
tagged. Because the lines were generated by 
T-DNA that contained the promoterless  GUS  
reporter gene, which had an intron with triple 
splicing donors/acceptors in the right border 
region, a high effi ciency of  GUS  expression was 
shown in various organs. Sequencing of the 
GUS-positive lines demonstrated that the third 
splicing donor and the fi rst splicing acceptor of 
the vector were extensively used. Similarly, Priya 
and Jain ( 2013 ) constructed a database, 
RiceSRTFDB, which provided comprehensive 
expression information for rice TFs during 
drought and salinity stress conditions and various 
stages of development. This information will be 
useful to identify the target TF(s) involved in 
stress response at a particular stage of 
development.  

    Functional Genomics 

 The last decade has seen rapid advances in rice 
functional genomic research globally. Most of 
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the efforts can be summarized into three fronts: 
(1) construction of technological and resource 
platforms for high-throughput gene identifi ca-
tion, (2) functional genomic analysis of agro-
nomic traits and biological processes, and (3) 
identifi cation and isolation of functional genes 
(Jiang et al.  2011 ). The overall goal of rice func-
tional genomic research is to understand how the 
genome functions by deciphering the information 
conserved in the sequences, including genes and 
regulatory elements at the whole-genome level. 
DNA microarray and expression profi ling infor-
mation of gene expression profi le is useful in 
many ways for functional genomic studies. The 
temporal and spatial patterns of the gene expres-
sion can be studied by the transcript abundance 
of a gene in multiple tissues. This will give infor-
mation whether the gene expression is constitu-
tive or tissue specifi c. The expression pattern of 
the gene would provide clue to understanding the 
gene function. 

 Zhang et al. ( 2007 ) proposed Green Super 
Rice as a new goal for rice breeding. On the 
premise of continued yield increase and quality 
improvement, Green Super Rice should possess 
resistances to multiple insects and diseases, high 
nutrient effi ciency, and drought resistance, prom-
ising to greatly reduce the consumption of pesti-
cides, chemical fertilizers, and water. With the 
further advancement of functional genomics in 
rice, it is anticipated that more genes for these 
traits will be available for the development of 
Green Super Rice. The ideal situation of varietal 
development is breeding according to designed 
blueprints to breed for cultivars to meet the 
diverse needs of global rice production for high 
yield, superior quality, multiple resistances, and 
high nutrient use effi ciency. However, compared 
to other crops, especially corn, with major com-
mercial breeding programs, breeding application 
of genomic technology has been rather limited in 
rice, despite more advances made in sequencing 
and functional genomic research in rice than in 
any other crops. At present, high-throughput and 
low-cost technologies based on the massive 
sequence information should be developed for 
breeding applications, in the forms of multiple 
sets of oligonucleotide chips to meet the needs of 

rice breeding programs, such as  indica  vs.  japon-
ica . With the tremendous efforts and rapid prog-
ress in functional genomic research, rice should 
be expected to be the fi rst crop for practicing 
breeding by design. 

    Transgenic for Genomic Studies 
 Insertion mutants are valuable resources, espe-
cially when their insertion positions are anno-
tated into a chromosome. This allows one to 
identify the knockout mutants in a given gene. 
Systemic phenotyping of the insertion mutants 
can be used to determine the phenotypic altera-
tion that co-segregates with the insertion element. 
Mutants can also be used for the verifi cation of 
functional analysis for a map-based cloned gene. 
Transposon tagging and cloning using  Ac/Ds  sys-
tem and other transposable elements is a novel 
way to understand gene function and cloning new 
genes in crop plants. T-DNA insertional muta-
genesis is the most successful way of developing 
population for genomic studies.  

    T-DNA Insertional Mutagenesis 
for Functional Genomics in Rice 
 Efforts have been made to discover the functions 
of plant genes. Most of the strategies have been 
based on genetic approaches such as mutant 
identifi cation and map-based gene isolation. A 
large number of sequenced rice genes of unknown 
function have been revealed by large-scale analy-
sis of expressed sequence tags (Yamamoto and 
Sasaki  1997 ). Thus, the development of a sys-
tematic method for discovering the biological 
functions of these genes has become extremely 
important. Insertion of transposon has been 
employed for functional studies in several spe-
cies. The insertion of T-DNA is a random pro-
cess. Insertional mutagenesis is the most suitable 
method for the systematic functional analysis of 
a large number of genes in the context of the 
whole plant. This system allows the production 
of many mutant lines at one time and the induced 
mutations can be easily detected by PCR. In 
 Arabidopsis , whose entire genomic sequencing 
has been completed in the past few months, sev-
eral insertional mutagens like T-DNA,  Ac/Ds , 
and  En/Spm  have been employed. The inserted 
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genes are stable over generations (Azpiroz- 
Leehan and Feldmann  1997 ). The mutant popula-
tions induced by these mutagens are being used 
for forward and reverse genetics. Rice plants are 
larger than  Arabidopsis  plants; hence, it is not 
easy to handle thousands of transgenic rice plants 
in a greenhouse. For rice, therefore, the use of 
endogenous insertional mutagens is desirable. 
Recent comprehensive studies on bacterial artifi -
cial chromosome (BAC) end sequences have 
revealed that the rice genome contains many 
kinds of transposable elements. Most of them, 
however, may not be active, because none of the 
spontaneous waxy mutations were caused by the 
insertion of transposable elements. Hirochika 
and his group have shown that a rice retrotrans-
poson,  Tos17 , is highly active during tissue cul-
ture and that the activation of  Tos17  is responsible 
for tissue culture-induced mutations (Hirochika 
et al.  1996 ). The unique features of  Tos17  suggest 
that it can be used for forward and reverse genetic 
studies. At present many newer methodologies 
are available for screening T-DNA or transposon 
insertions within known genes and recovering 
sequences fl anking the insertions (Cooley et al. 
 1996 ; Frey et al.  1998 ; Okushima et al.  2005 ). 
Reporter genes as insertional elements have been 
utilized to aid in the identifi cation of insertions 
within functional genes. The GUS gene is the 
most frequently used gene as reporter gene 
because of the accurate detection of its gene 
products. 

 Jeon et al. ( 2000 ) produced 11,090 primary 
transgenic rice plants that carry a T-DNA inser-
tion producing 18,358 fertile lines. They observed 
that approximately 65 % of the population con-
tains more than one copy of the inserted 
T-DNA. The transgenic plants contained an aver-
age of 1.4 loci of T-DNA inserts. They carried out 
the histochemical GUS assay in the leaves and 
roots from 5,353 lines and observed that 1.6–2.1 
% of the tested organs were GUS positive in the 
tested organs. They also observed that the GUS 
expression patterns were organ or tissue specifi c 
or ubiquitous in all parts of the plant. Kohli et al. 
( 2001 ) developed a population of transgenic 
indica rice lines ( Oryza sativa  var.  indica  culti-
vars Bengal and Pusa Basmati) containing the 

autonomous Activator transposon (Ac) from 
maize. A transposon excision assay, which uses 
the reporter green fl uorescent protein (GFP) gene 
driven by the ubiquitin promoter, was employed 
to monitor Ac excision in various tissues. In their 
experiment, twenty percent of transformed cal-
luses displayed uniform GFP activity, indicating 
very early Ac excision, while later excision in 
another 40 % of calluses was revealed by mosaic 
GFP activity. They observed that 12 % of all 
amplifi ed tags display homology to genes or 
ESTs—fi ve times more than would be expected 
on the basis of random transpositional insertion. 
They advocated that the “Tagged Transcriptome 
Display” (TTD) technique, using a population of 
Ac insertion-tagged lines, represents a conve-
nient approach for the identifi cation of tagged 
genes involved in specifi c processes, as revealed 
by their expression patterns.   

    Proteomics 

 Proteomics is the scientifi c discipline which stud-
ies proteins and searches for proteins that are asso-
ciated with traits like disease by means of their 
altered levels of expression and/or posttransla-
tional modifi cation between control and disease 
states. It enables correlations to be drawn between 
the range of proteins produced by a cell or tissue 
and the initiation or progression of a disease state 
and the effect of therapy (Isabel et al.  2013 ). 

    Abiotic Stresses 
 In recent past, numerous studies in crop pro-
teomics were conducted using different geno-
types and tissues, submitted to different stresses, 
thus complicating comparative analyses. To 
 overcome this problem, several repositories 
where researchers can fi nd proteomics informa-
tion for functional analysis were built, such as the 
International Proteomics Research in 
 Arabidopsis , the Maize Proteome DB, the 
Soybean Proteome DB, or the Organellome 
among many other databases (reviewed in 
(Jorrín-Novo et al.  2009 ). In plant abiotic stress 
studies, it is common to analyze proteomes by 
contrasting stressed plants against control ones, 
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attempting to correlate changes in protein accu-
mulation with the plant phenotypic response. 
Additionally, comparisons between genotypes 
with different sensitivity toward stress (sensitive 
 vs . tolerant) are crucial to understand the putative 
infl uence of differentially abundant proteins in 
tolerant genotypes. As a general tendency, it is 
observed that tolerant genotypes not only increase 
oxidative stress metabolism and the scavenging 
capacity of reactive oxygen species (ROS) but 
also show enhanced carbohydrate metabolism 
and more effi cient photosynthesis (Hajheidari 
et al.  2007 ; Ma et al.  2012 ; Salekdeh et al.  2002 ; 
Witzel et al.  2010 ). Furthermore, the embryo pro-
teome of six different rice genotypes (with con-
trasting responses to drought, salt, and cold) 
showed differences in the posttranslational status 
of an LEA rice Rab21 (Farinha et al.  2011 ). This 
stress protein was found more strongly phosphor-
ylated in the embryos of sensitive genotypes than 
in tolerant ones. Another proteome comparison 
between rice (two contrasting genotypes) and 
 Porteresia coarctata  (a halophytic type of wild 
rice) allowed identifying in  P. coarctata  16 pro-
teins involved in osmolyte synthesis, photosys-
tem functioning, RuBisCO activation, cell wall 
synthesis, and chaperone activity (Sengupta and 
Majumder  2009 ). It is interesting to note that two 
 Porteresia  genes (PcINO1 and PcIMT1, absent in 
 Oryza sativa ) conferred salt tolerance when over-
expressed in tobacco (Das-Chatterjee et al.  2006 ). 
However, the products of these genes could not 
be detected in  Porteresia  proteome in the study 
conducted by Sengupta and Majumder, using 
two-dimensional gel electrophoresis (2-DE) fol-
lowed by MALDI-TOF. Liu et al. ( 2013b ) stud-
ied for a comparative proteomic analysis of rice 
shoots in combination with morphological and 
biochemical investigations. They observed that 
arsenate suppressed the growth of rice seedlings, 
destroyed the cellular ultrastructure, and changed 
the homeostasis of reactive oxygen species. A 
total of 38 differentially displayed proteins, 
which were mainly involved in metabolism, 
redox, and protein metabolism, were identifi ed. 
Arsenic was found to inhibit rice growth through 
negatively affecting chloroplast structure and 
photosynthesis.  

    Biotic Stresses 
 In the case of  Xanthomonas oryzae  pv.  oryzae  
(Xoo), infection of transgenic rice suspension- 
cultured cells overexpressing the disease resis-
tance gene Xa21 with compatible and 
incompatible races revealed the modulation of 11 
proteins in compatible interactions (Chen et al. 
 2007 ). This was comparable to modulation of 20 
proteins in rice leaf blades inoculated with com-
patible and incompatible Xoo races (Mahmood 
et al.  2006 ). Proteomic studies of the rice–fungus 
pathosystem have taken advantage of the natural 
resistance and/or compatibility existing in the 
rice germplasm and the fungal races. For exam-
ple, two near-isogenic rice lines CO39 and 
C101A51 displaying, respectively, compatible 
and incompatible interactions with  Magnaporthe 
oryzae  have been used to decipher proteome 
alteration during fungal infection (Liao et al. 
 2009 ). Proteomic study of the apoplastic secre-
tome where pathogenic determinants are poten-
tially accumulating can provide additional 
insights into the plant–fungus interaction. The 
majority of identifi ed proteins in the apoplastic 
secretome using the resistant interaction rice—
 Magnaporthe oryzae — were rice defense-related 
proteins. On the contrary most of the differen-
tially regulated proteins using 2-D gel approach 
originated from  Magnaporthe oryzae  in the sus-
ceptible interaction (Kim et al.  2013a ,  b ). 
Investigations of proteome modulation during 
viral infections in model species have been scarce 
and mostly restricted to the rice–rice yellow mot-
tle virus (RYMV) pathosystem (Ventelon-Debout 
et al.  2004 ; Brizard et al.  2006 ).   

    Metabolomics 

 Metabolites are the end products of cellular pro-
cess, and they show the response of biological 
systems to environmental changes. The current 
trend in metabolomic studies is to defi ne the cel-
lular status at a particular time point of develop-
ment or physiological status. These techniques 
complement other techniques such as transcrip-
tomics and proteomics and depict precise pic-
tures of the whole cellular process. The growing 
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number of sequenced plant genomes has opened 
up immense opportunities to study biological 
processes related to physiology, growth and 
development, and tolerance to biotic and abiotic 
stresses at the cellular and whole plant level using 
a novel systems-level approach. Rice continues 
to be the fl agship plant model and shares a sig-
nifi cant fraction of reported literature on gene 
functions and phenotypes associated with plant 
development and metabolism (Hunter et al. 
 2012 ). Gene ontology assignments are often 
enriched by the addition of annotations from 
 Arabidopsis  and rice based on sequence homol-
ogy. Depending on the biological question, these 
annotations are further evaluated to model the 
metabolic (Dal’Molin et al.  2010 ; Zhang et al. 
 2010 ), regulatory (Yun et al.  2010 ) and coex-
pressed networks (Childs et al.  2011 ) leading to 
novel discoveries of genes and enzymes regulat-
ing important agronomic traits. In order to 
respond to and survive environmental challenges, 
plants, as sessile organisms, have developed a 
multitude of anatomical, morphological, growth 
habit, and developmental adaptations that are 
based on underlying genetic variation. Genome 
sequence, gene structure, and functional annota-
tion provide the basis for understanding a 
genome. However, in order to understand the 
physiology, development, and adaptation of a 
plant and its interaction with the environment, its 
metabolic network needs to be understood. This 
network represents a (bio)chemical manifesta-
tion of downstream changes in shape, form, and 
growth and development. 

 Studies on rice metabolomics have so far 
focused on the quality of metabolites, such as the 
types of metabolites that can promote seed ger-
mination (Shu et al.  2008 ), the metabolite varia-
tion between mutant and wild-type plants 
(Wakasa et al.  2006 ), the profi ling of metabolome 
at different developmental stages (Tarpley et al. 
 2005 ), and the observation of natural metabolite 
variation between rice varieties (Kusano et al. 
 2007 ). However, information available on biotic 
and abiotic stresses is limited. Liu et al. ( 2013a ) 
for the fi rst time gave a reconstructed and curated 
genome-scale metabolic model of rice, including 
gene regulatory network, microRNA target infor-

mation, and protein–protein interactions. The 
genome-scale multilevel network provides a 
detailed reference for rice molecular regulatory 
analysis and genotype–phenotype mapping. 
Eventually, a comprehensive molecular regula-
tion database of rice has been developed to sys-
tematically store, analyze, and visualize the rice 
genome-scale multilevel network. Takahara et al. 
( 2010 ) studied the effects of NADK2 expression 
in rice by developing transgenic rice plants that 
constitutively expressed the  Arabidopsis  chloro-
plastic NADK gene (NK2 lines). NK2 lines 
showed enhanced activity of NADK and accumu-
lation of the NADP(H) pool, while intermediates 
of NAD derivatives were unchanged. 
Comprehensive analysis of the primary metabo-
lites in leaves using capillary electrophoresis 
mass spectrometry revealed elevated levels of 
amino acids and several sugar phosphates includ-
ing ribose-1,5-bisphosphate but no signifi cant 
change in the levels of the other metabolites. The 
results suggest that NADP content plays a critical 
role in determining the photosynthetic electron 
transport rate in rice and that its enhancement 
leads to stimulation of photosynthesis metabo-
lism and tolerance of oxidative damages. 

 Recently, several studies have proposed 
strategies for the genotype–phenotype map-
ping. It is clear that approaches of integrating 
genetics and omics would be a valuable strat-
egy for investigating the regulation of the rela-
tionship between plant metabolism and 
physiology. The potential of metabolomics as a 
functional genomic tool in addition to tran-
scriptomics and proteomics is well recognized 
(Carreno-Quintero et al.  2012 ). Therefore, the 
integration of different levels of regulatory 
information (genome, proteome, and metabo-
lome) could probably be a new approach for 
mapping genotypes to phenotypes. The deter-
mination of rice genome sequence (and its 
annotation), of proteome interactions, and of 
transcriptome regulatory information has led to 
the accumulation of suffi cient public data to 
construct systems-level models. These models 
could increase the understanding of genotype–
phenotype relationship and consequently help 
to improve the quality and productivity of rice.   
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    Maize 

    Genomics 

 Maize is the third most important food crop after 
rice and wheat, both in terms of area and produc-
tion. In Africa and some of the Asian countries, 
almost 90 % of maize grown is for human con-
sumption and may account for 80–90 % of the 
energy intake. The genetic studies in  Zea mays  
started with Edward East’s 1908 report of 
inbreeding depression. The earlier genetic stud-
ies primarily focused on hybrid vigor in the 
1940s and cytogenetic breakthrough studies, e.g., 
transposable elements by Barbara McClintock. 
During the last decade, the hegemony of SSRs, 
declared in the near past as “markers of choice,” 
was broken by single nucleotide polymorphic 
(SNP) markers (Mammadov et al.  2012 ). More 
than 130,000 gene-based SNPs have been identi-
fi ed (Mammadov et al.  2012 ) and many of these 
were used for the construction of genetic maps 
(Shi et al.  2012 ; Sa et al.  2012 ). More than 1,800 
molecular maps have been developed using dif-
ferent mapping populations in maize were docu-
mented in the Maize Genetics and Genomics 
Database (Maize GDB   http://www.maizegdb.
org    ). Molecular marker-facilitated QTL mapping 
for yield-related traits in maize was fi rst reported 
by Stuber et al. ( 1987 ). Since then, there have 
been large numbers of studies for identifying 
associated major genes through gene tagging and 
quantitative traits locus (QTL) mapping. Many 
studies have been conducted to identify QTL 
associated with oil content in maize kernels 
(Wassom et al.  2008 ) and provitamin A content 
(Zhou et al.  2012 ). Thus, these highly effective 
and closely linked markers to the QTLs were 
being used in the marker-assisted selection 
(MAS) studies for introgressing the targeted 
genes into locally well-adapted germplasm. 
Successful MAS applications have been reported 
for introgression breeding in maize, including 
introgressions of transgenes (Ragot et al.  1995 ) 
and conversions involving simple (Morris et al. 
 2003 ) or complex traits (Willcox et al.  2002 ). 
Gupta et al. ( 2009 ) converted successfully a 

promising maize hybrid, viz., Vivek Maize 
Hybrid 9, into QPM version using MAS by intro-
gression of  opaque 2 gene. 

  MAS for Development of QPM Maize 
 Quality protein maize (QPM) is the result of 
 opaque  2 gene along with associated modifi ers. 
The protein quality of QPM maize is as good as 
90 % of the milk protein. Since DNA markers 
within the exons of this gene were available, it 
was a viable proposition to use MAS for the 
introgression of the gene along with the neces-
sary modifi ers for the development of QPM 
maize cultivars. Utilizing this method, many nor-
mal maize inbreds and hybrids have been con-
verted into QPM versions and were released for 
commercial cultivation (Gupta et al.  2009 ). Vivek 
QPM 9 was released commercially in 2008 while 
Vivek QPM 21 was released in 2012.  

  Vivek QPM 21 
 Vivek QPM 21 (QPM version of Vivek Maize 
Hybrid 21) shows >70 % enhancement in trypto-
phan over the original hybrid, Vivek Maize 
Hybrid 21. The tryptophan content of Vivek QPM 
21 is 0.85, whereas it is 0.49 for Vivek Maize 
Hybrid 21. Vivek QPM 21 was also tested in the 
All India Coordinated Trial of  Kharif  2007, 2008, 
and 2009, in which it performed equally well in 
respect of grain yield and other agronomic traits 
over non-QPM national check, Vivek Maize 
Hybrid 17, and Vivek Maize Hybrid 21. Vivek 
Maize Hybrid 21 was released for commercial 
cultivation in zones I, II, and IV in 2006. The par-
ents of this hybrid have been converted into the 
QPM version using DNA markers, and this 
hybrid was reconstituted by crossing VQL 1 and 
VQL 17. This QPM hybrid shows more than 70 
% enhancement in tryptophan over the original 
hybrid. In the state trials of Uttarakhand under 
organic condition, this hybrid gave more than 2.4 
% higher yield over Vivek Maize Hybrid 21 with 
an average grain yield of 56.31 quintals per hect-
are. Vivek QPM 21 was released for the state of 
Uttarakhand, India, in the year 2012 for commer-
cial cultivation by the State Varietal Release 
Committee, Uttarakhand, for the hill conditions 
(Fig.  2 ).    

P.K. Agrawal et al.

http://www.maizegdb.org/
http://www.maizegdb.org/


23

    Functional Genomics 

 Maize is an excellent model plant species for 
genetics, developmental biology, and physiology 
especially for those systems for addressing evo-
lutionary dynamics of transposable elements 
within and between species particularly for large, 
complex, repetitive genomes such as maize. The 
maize genomic research is now accelerated by 
introduction to next-generation sequencing 
(NGS) technology, and a number of databases are 
developed for functional genomics, viz., sequenc-
ing database (  http://www.maizesequence.org    ), 
MaizeGDB (  http://www.maizegdb.org/    ), 
PlantGDB (  http://www.plantgdb.org/ZmGDB    ), 
TIGR Maize Database (  http://maize.jcvi.org    ), 
Maize Assembled Genomic Island (  http://magi.
plantgenomics.iastate.edu/    ), and Plant Proteome 
Database (  http://ppdb.tc.cornell.edu    ) and inte-
grated database OPTIMAS-DW(  http://www.
optimas-bioenergy.org/optimas_dw    ). 

 To study the global gene expression, high- 
density microarrays, ESTs, or full-length cDNAs 
serve as the central resources (Schadt et al.  2003 ). 
There are 364,385 EST sequences of maize avail-

able at NCBI database for their further use in the 
functional analysis of maize genome. Sekhon 
et al. ( 2011 ) studied the gene expression of dif-
ferent developmental stages especially organ- 
and paralog-specifi c expression patterns of lignin 
biosynthetic pathway genes in vegetative organs 
during the life cycle of a maize plant. Functional 
annotation of full-length cDNA in gene predic-
tion has sharply improved knowledge about tran-
scriptome of maize (Soderlund et al.  2009 ). 
Zinselmeier et al. ( 2002 ) characterized the tran-
scriptomes for various traits/organ-specifi c gene 
expression like water-stressed maize tissues and 
female reproductive tissues. While in another 
transcriptomic study, the gene expression of pla-
centa and endosperm in developing maize ker-
nels, developing immature ear and tassel (Yu and 
Setter  2003 ; Andjelkovic and Thompson  2006 ; 
Zhuang et al.  2007 ), leaves and roots (Bassani 
et al.  2004 ; Zheng et al.  2004 ; Jia et al.  2006 ; 
Poroyko et al.  2007 ; Spollen et al.  2008 ; Li et al. 
 2010 ; Lu et al.  2011 ), salt-stressed tissues (Wang 
et al.  2003 ), and aluminum toxicity-stressed tis-
sues such as roots (Maron et al.  2008 ) was used. 
Jia et al. ( 2006 ) constructed a full-length cDNA 

  Fig. 2    Vivek QPM 21- QPM version of Vivek Maize Hybrid 21 developed using MAS. ( a ) Cobs of Vivek QPM 21. ( b ) 
Grains of Vivek QPM 21       
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library of maize line Han 21 to study the gene 
regulations in the osmotically stressed maize 
seedlings. Alexandrov et al. ( 2009 ) generated 
36,565 full-length cDNAs using different tissues 
and treatments from diverse hybrids of maize, of 
which 10,084 were determined to be of high- 
quality unique clones. Soderlund et al. ( 2009 ) 
generated 27,455 full-length cDNAs from maize 
inbred B73 (  www.maizecdna.org    ). 

 RNA interference (RNAi) is a powerful tool 
for functional genomics, and it causes a reduc-
tion in the steady-state RNA levels of not only 
the target gene but also another closely related 
gene (McGinnis et al.  2007 ). Maize is suscep-
tible to  Aspergillus fl avus  infection, and using 
the RNAi technology for pathogenesis-related 
protein 10 ( PR10 ) gene, the expression of 
 PR10  was reduced by 65 % to more than 99 % 
in transgenic callus lines (Chen et al.  2010 ). 
Virus-induced gene silencing (VIGS) has 
recently been used for functional genomic 
studies. Linde et al. ( 2011 ) used VIGS to iden-
tify maize genes that are functionally involved 
in the interaction with  Ustilago maydis , the 
causative agent of brome mosaic virus (BMV). 
Shi et al. ( 2012 ) used the similar approach 
VIGS to silence the expression of the gene 
 ZmTrm2  encoding thioredoxin  m  during sugar-
cane mosaic virus (SCMV) infection, and it 
resulted in signifi cant enhancement of sys-
temic SCMV infection.  

    Proteomics 

 A signifi cant progress has been made during the 
last two decades in the analysis of the maize pro-
teome. Protein data sets were generated from dif-
ferent tissues during different physiological and 
environmental stages. Pechanova et al. ( 2013 ) 
developed the proteomics database from different 
tissues in maize. Proteomic analysis has been 
employed to study the important environmental 
stress factors limiting maize plant growth and 
productivity. Hu et al. ( 2010 ) studied the altera-
tions in protein expression in response to drought 
and ABA in leaves of maize seedlings. In the 
ABA-dependent pathway, an anionic peroxidase 

and two putative uncharacterized proteins were 
upregulated by drought, while in ABA- 
independent pathways, glycine-rich RNA- 
binding protein, pathogenesis-related protein, an 
enolase, a serine/threonine protein kinase recep-
tor, and a cytosolic ascorbate peroxidase were 
upregulated by drought. Late embryogenesis 
abundant (LEA) proteins constitute a complex set 
of proteins that participate in several plant stress 
responses. Amara et al. ( 2012 ) have identifi ed 20 
unfolded maize embryo proteins, 13 of which 
belong to the LEA family on the basis of the 
unusual heat stability and acid solubility charac-
teristic of unfolded proteins. Kunpeng et al. 
( 2011 ) studied extensively the proteome profi le 
of maize leaf tissue at the fl owering stage after 
long-term treatment with rice black-streaked 
dwarf virus infection. They identifi ed 91 differ-
entially accumulated proteins that belong to mul-
tiple metabolic/biochemical pathways. Further 
analysis of these identifi ed proteins showed that 
MRDD resulted in dramatic changes in the gly-
colysis and starch metabolism and eventually the 
signifi cant differences in morphology and devel-
opment between virus-infected and normal 
plants. Mechin et al. ( 2004 ) have established a 
proteome reference map for maize endosperm by 
2-D gel electrophoresis and protein identifi cation 
with LC-MS/MS analysis. Among the 632 pro-
tein spots processed, 496 were identifi ed by 
matching against the NCBInr and ZMtuc-tus 
databases (using the SEQUEST software).  

    Metabolomics 

 Metabolomics is the term coined for essentially 
comprehensive, nonbiased, high-throughput 
analyses of complex metabolite mixtures typical 
of plant extracts. The fi rst International Congress 
on Plant Metabolomics was held in Wageningen, 
Netherlands, in April 2002, with the primary 
goal of bringing together those players who are 
already active in this fi eld and those who soon 
plan to be. Metabolomics is driven primarily by 
recent advances in mass spectrometry (MS) 
technology and by the goals of functional 
genomic efforts. The combination of NMR spec-
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troscopy, chemometric methods, and PCA is a 
useful tool for the discrimination of maize silks 
in respect to their chemical composition, includ-
ing rapid authentication of the raw material of 
current pharmacological interest (Fiehn  2002 ; 
Halket et al.  2005 ; Shulaev  2006 ). Marcelo et al. 
( 2012 ) determined metabolic fi ngerprint and pat-
tern recognition of silk extracts from seven 
maize landraces cultivated in southern Brazil by 
NMR spectroscopy and chemometric methods. 
Metabolomics is also useful for predicting the 
complex heterotic traits in maize which has been 
supported by some studies. Christian et al. 
( 2012 ) crossed 285 diverse Dent inbred lines 
from worldwide sources with two testers and 
predicted their combining abilities for seven bio-
mass- and bioenergy-related traits using 130 
metabolites. Under drought situations, maize 
ovule abortion appears to be related to the fl ux of 
carbohydrates to the young ear around fl ower-
ing, and concurrent photosynthesis is required to 
maintain this above threshold levels (Zinselmeier 
et al.  1995 ). The application of an NMR-based 
metabolic profi ling approach to the investigation 
of saline- induced stress in maize plants was 
studied by Claire et al. ( 2011 ). The maize seed-
lings were grown in 0, 50, or 150 mM saline 
solution. Plants were harvested after 2, 4, and 6 
days (n = 5 per class and time point), and H 
NMR spectroscopy was performed separately on 
shoot and root extracts. Metabolomic, transcrip-
tomic, and, to a lesser extent, proteomic studies 
have been conducted for the high-throughput 
phenotyping necessary for large-scale physio-
logical, molecular, and quantitative genetic stud-
ies, aimed at identifying the function of a 
particular gene or set of genes involved in the 
control of complex physiological traits such as 
NUE (Meyer et al.  2007 ; Lisec et al.  2008 ; 
Kusano et al.  2011 ). Pavlík et al. ( 2010 ) ana-
lyzed metabolome of maize plants growing 
under different nitrogen nutrition conditions and 
sequential extraction of fresh biomass was used, 
and isolated fractions were characterized and 
evaluated using IR spectra. The results showed 
that an increased induction of oxalic acid in 
plants after 4 g nitrogen application.   

    Conclusions 

 Approaches of integrating genetics and omics 
would be a valuable strategy for investigating the 
regulation of the relationship between plant 
metabolism and physiology. The potential of 
transcriptomics, proteomics, and metabolomics 
as tools for functional genomics is well realized. 
Therefore, the integration of different levels of 
regulatory information (genome, proteome, and 
metabolome) could probably be a novel approach 
for mapping genotypes to phenotypes. The deter-
mination of the genome sequence (and its anno-
tation), of proteome interactions, and of 
transcriptome regulatory information of a crop 
plant will help in generating suffi cient database 
for developing systems-level models. These 
models will help in understanding of genotype–
phenotype relationship and consequently help to 
improve the quality and productivity of crop 
plants for the food and nutritional security of mil-
lions of human populations.     
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     Abstract  

  Techniques and methods based on vibrational 
spectroscopy such as near-infrared refl ectance 
(NIR), mid-infrared (MIR) and Raman spec-
troscopy are known to be non-destructive and 
low cost. These characteristics are considered 
as the most important when these methods or 
techniques are applied in the fi eld of plant 
omics. This chapter will provide an overview 
of the most common vibrational spectroscopy 
techniques used in the fi eld of plant omic anal-
ysis (NIR, MIR, Raman). Information about 
the hardware (instruments) and software (mul-
tivariate data methods) will be also presented 
and discussed.  
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        Introduction 

 The use of new rapid and non-invasive techniques 
to fi ngerprint compositional, physiological or 
biochemical properties that can be used to assist 
plant scientists, researchers and farmers to target 
sustainable agriculture is of paramount impor-
tance in modern plant science. These techniques 
can be used also as tools in developing functional 
databases that can be used in breeding, selection 
or adaptation of new plant varieties to hostile 
environments or new production systems. 
Consequently, the combination of fundamentals 
in plant science, multivariate data analysis and 
vibrational spectroscopy methods will enable the 
development of technologies rapid, non- 
destructive and low-cost testing in the so-called 
high-throughput methods or plant omics 
(Cabrera-Bosquet et al.  2012 ; White et al.  2012 ; 
Walter et al.  2012 ). 

 One of the central principles of biology is the 
concept that a set of genetic instructions, or geno-
type, interacts with the environment to produce 
the characteristics, or phenotype, of an organism 
(Cabrera-Bosquet et al.  2012 ; White et al.  2012 ; 
Walter et al.  2012 ). Understanding how particular 
genotypes result in specifi c phenotypic properties 
is a core goal of modern biology and enables 
development of organisms with commercially 
useful characteristics (Abberton and Marshall 
 2005 ; White et al.  2012 ; Walter et al.  2012 ). 
However, prediction of phenotype or plant omics 
from genotype is generally a diffi cult task due to 
the large number of genes and gene products that 
contribute to most phenotypes in concert with 
complex and changeable environmental infl u-
ences (Cabrera-Bosquet et al.  2012 ; White et al. 
 2012 ; Walter et al.  2012 ). 

 The last 20 years have created a revolution in 
our understanding of genotype: while genomes 
typically are quite large, with millions or billions 
of nucleotides, the relative chemical simplicity of 
DNA lends itself to large-scale analysis (Cabrera- 
Bosquet et al.  2012 ; Walter et al.  2012 ). Scientist 
can now determine genotypes down to the level 

of individual nucleotides in whole genomes, and 
the entire genomes are now rapidly sequenced at 
steadily declining costs and ever-increasing 
speed (Cabrera-Bosquet et al.  2012 ; Walter et al. 
 2012 ). Next-generation re-sequencing methods 
provide opportunities to get the complete geno-
type not only of a single representative of a genus 
or species but of many representatives of a phylo-
genetic group or population (Walter et al.  2012 ). 
Therefore, genome science is moving beyond the 
era of reference and a model organism to study in 
depth any microbe, animal or plant that has char-
acteristics of interest to science and society 
(Kolukisaoglu and Thurow  2010 ; Cabrera- 
Bosquet et al.  2012 ; Walter et al.  2012 ). 

 The term ‘omic’ is derived from the Latin suf-
fi x ‘ome’ meaning mass or many. The develop-
ment of metabolomics has depended on advances 
in a diverse range of instrumental techniques 
such as liquid chromatography (LC), electro-
spray ionisation mass spectrometry (ESI-MS), 
capillary electrophoresis (CE), gas chromatogra-
phy (GC) and microchip arrays, among other 
techniques (Sumner et al.  2003 ; Sweetlove et al. 
 2004 ; Dunn and Ellis  2005 ; Hounsome et al. 
 2008 ; Ryan and Robach  2006 ; Cozzolino  2011 , 
 2012a ,  b ). 

 Chemical and physiological properties are 
related to individual or bioactive compounds 
such as essential oils, terpenoids, fl avonoids, vol-
atile compounds and other chemicals which are 
present in natural products in low concentrations 
(e.g. ppm or ppb) (McGoverin et al.  2010 ; 
Cozzolino  2011 ;  2012a ,  b ). For many years, the 
use of classical separation, chromatographic and 
spectrometric techniques such as high- 
performance liquid chromatography (HPLC), 
GC, LC and mass spectrometry (MS) has been 
used for the elucidation of isolated compounds 
from different matrices (McGoverin et al.  2010 ; 
Cozzolino  2011 ,  2012a ,  b ). While the use of stan-
dard separation, chromatographic and spectro-
metric methods were found useful in chemical 
and in both animal and plant physiology studies 
for fi ngerprinting as well as to comparing natural 
and synthetic samples and to identify single 
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active compounds (Cozzolino  2011 ,  2012a ,  b ). 
Each of these methods provides unique capabili-
ties to separate different chemical classes of 
metabolites from several types of samples. At the 
same time, developments in mathematics, statis-
tics, software and computers have provided algo-
rithms (e.g. principal component analysis, partial 
least squares, discriminant analysis) and the com-
putational power that enable the analysis and 
interpretation of complex data sets generated. 
(Cozzolino  2009 ,  2011 ,  2012a ,  b ). 

 Techniques and methods based on vibrational 
spectroscopy such as near-infrared refl ectance 
(NIR), mid-infrared (MIR) and Raman spectros-
copy are known to be non-destructive and low 
cost, and they might be considered to be the one 
of the most appropriate methods or techniques to 
be used in the fi eld of plant omics (McClure 
 2004 ; Montes et al.  2007 ; Cozzolino  2011 , 
 2012a ,  b ; Smyth and Cozzolino  2011 ,  2013 ). 
Figure  1  shows a simplifi ed scheme of the combi-
nation of chemistry, optics, biology and mathe-
matics in the so-called ‘omics’ methodology 
applied to plant sciences.  

 This chapter will provide an overview of 
vibrational spectroscopy techniques (e.g. NIR, 
MIR, Raman), instrumentation and multivariate 
data methods used in plant omic analysis as well 
as present and discuss applications in the fi eld 
with some examples.  

    Vibrational Spectroscopy Methods: 
NIR, MIR and Raman 

 Chemical bonds present in the organic matrix of 
any organic matrix (e.g. plants, vegetables, 
among others) vibrate at specifi c frequencies, 
which are determined by the mass of the constitu-
ent atoms, the shape of the molecule, the stiffness 
of the bonds and the periods of the associated 
vibrational coupling (Woodcock et al.  2008 ; 
Karoui et al.  2010 ; Rodriguez-Saona and 
Allendorf  2011 ). A specifi c vibrational bond 
absorb in the infrared (IR) spectral region where 
diatomic molecules have only one bond that may 
stretch (e.g. the distance between two atoms may 
increase or decrease). More complex molecules 
have many bonds; vibrations can also be conju-
gated leading to two possible modes of vibration: 
stretching and bending. Figure  2  shows both the 
NIR and MIR spectra of starch, amylose and 
amylopectin from potato ( Solanum tuberosum ). 
These examples showed how different com-
pounds having specifi c fi ngerprint in either wave-
length region can be used to analyse plant tissues 
in the fi eld of omics.  

 Despite these potential problems, absorption 
frequencies may be used to identify specifi c 
chemical groups, and this capability has tradition-
ally been the main role of Fourier transform (FT) 

Slide 1

Spectroscopy
Chemometrics

Optics Physics
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Mathematics

Biology

OMICS ANALYSIS

Plant Physiology  Fig. 1    An integration of different 
disciplines used in the development 
of plant omics analysis       
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mid-infrared (MIR) (FT-MIR) spectroscopy 
(Woodcock et al.  2008 ; Karoui et al.  2010 ; 
Rodriguez-Saona and Allendorf  2011 ). Infrared 
(IR) radiation is the region of the electromagnetic 
spectrum between the visible (VIS) and the micro-
wave wavelengths (McClure  2004 ; Blanco and 
Villaroya  2002 ; Cozzolino  2009 ,  2011 ,  2012a ,  b ). 

 The nominal range of wavelengths for near- 
infrared (NIR) is between 750 and 2,500 nm 
(13,400 to 4,000 cm −1 ), while for the mid- infrared 
(MIR) is from 2,500 to 25,000 nm (4,000 to 
400 cm −1 ) (McClure  2004 ; Blanco and Villaroya 
 2002 ; Cozzolino  2009 ,  2011 ). NIR spectroscopy 
is characterised by low molar absorptivities and 
scattering, which allow nearly effortless evalua-
tion of pure materials. 

 Although Herschel discovered light in the 
near-infrared region as early as 1800, spectro-
scopic scientist of the fi rst half of the last century 

ignored it, in the belief that it lacked analytical 
interest (McClure  2004 ; Cozzolino  2009 ). The 
NIR region of the electromagnetic spectrum, 
once regarded as having little potential for ana-
lytical work, has now become one of the most 
promising techniques for molecular spectros-
copy. Broadly speaking, NIR spectroscopy 
assesses organic chemical structures containing 
O-H, N-H and C-H bonds through the absorption 
of energy in the NIR region of the spectrum 
(Huang et al.  2008 ). 

 On the other hand, spectral ‘signatures’ in the 
MIR result from the fundamental stretching, 
bending and rotating vibrations of the sample 
molecules, while NIR spectra result from com-
plex overtones and high-frequency combinations 
at shorter wavelengths (McClure  2004 ; Blanco 
and Villaroya  2002 ; Roggo et al.  2007 ; Cozzolino 
 2009 ,  2011 ). The MIR region of the electromag-
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netic spectrum lies between 4,000 and 400 cm −1  
and can be segmented into four broad regions: 
the X-H stretching region (4,000–2,500 cm −1 ), 
the triple-bond region (2,500–2,000 cm −1 ), the 
double-bond region (2,000–1,500 cm −1 ) and the 
fi ngerprint region (1,500–400 cm −1 ) (Woodcock 
et al.  2008 ; Karoui et al.  2010 ; Rodriguez-Saona 
and Allendorf  2011 ). Spectral peaks in the MIR 
frequencies are often sharper and better resolved 
than in the NIR domain; the higher overtones of 
the O-H (oxygen-hydrogen), N-H (nitrogen- 
hydrogen), C-H (carbon-hydrogen) and S-H 
(sulphur- hydrogen) bands from the MIR wave-
lengths are still observed in the NIR region, 
although much weaker than the fundamental fre-
quencies in the MIR. In addition to the NIR spec-
trum also contains many overlapped bands 
(McClure  2004 ; Nicolai et al.  2007 ; Cozzolino 
 2009 ,  2012a ,  b ; Smyth and Cozzolino  2011 , 
 2013 ). 

 Although NIR intensities are 10–1,000 times 
lower than for the MIR, highly sensitive spec-
trometers can be built through several means 
including the use of effi cient detectors and 
brighter light sources (McClure  2004 ; Blanco 
and Villaroya  2002 ; Roggo et al.  2007 ; Cozzolino 
 2009 ; Smyth and Cozzolino  2011 ). In recent 
years, new instrumentation and computer algo-
rithms (chemometrics) have taken advantage of 
this complexity and have made the technique 
much more powerful and simple to use (McClure 
 2004 ; Roggo et al.  2007 ; Nicolai et al.  2007 ). The 
arrival of inexpensive and powerful computers 
has contributed to the surge of wide range of NIR 
applications in several fi elds, from medical, phar-
maceutical, to the most traditional of food analy-
sis (McClure  2004 ; Blanco and Villaroya  2002 ; 
Roggo et al.  2007 ; Huang et al.  2008 ; Cozzolino 
 2009 ). The principle of NIR analysis is that the 
product is irradiated with NIR radiation and the 
refl ected or transmitted radiation is measured. 
While the radiation penetrates the product, its 
spectral characteristics change through 
wavelength- dependent scattering and absorption 
processes (Nicolai et al.  2007 ). This change 
depends on the chemical composition and physi-
cal characteristics of the material, as well as on 

its light scattering properties which are related to 
the structure. 

 Refl ection is due to three different phenom-
ena: specular refl ection, external diffuse refl ec-
tion and scattering (Nicolai et al.  2007 ). Most 
absorption bands in the NIR region are overtone 
or combination bands of the fundamental absorp-
tion bands in the IR region of the electromagnetic 
spectrum which are due to vibrational and rota-
tional transitions. In large molecules and in com-
plex mixtures, such as foods, the multiple bands 
and the effect of peak-broadening result in NIR 
spectra that have a broad envelope with few sharp 
peaks (Nicolai et al.  2007 ). However, a major dis-
advantage of this characteristic overlap, and com-
plexity in the NIR spectra has been the diffi culty 
of quantifi cation and interpretation of data from 
NIR spectra. On the other hand, the broad over-
lapping bands can diminish the need for using a 
large number of wavelengths in calibration and 
analysis routines. In recent years, new instrumen-
tation and computer algorithms have taken 
advantage of this complexity and have made the 
technique much more powerful and simple to 
use. However, the advent of inexpensive and 
powerful computers has contributed to the surge 
of new NIR applications (Nicolai et al.  2007 ; 
Cozzolino  2009 ; Smyth and Cozzolino  2011 ). 

 Raman spectroscopy is based on fundamental 
vibration modes that can be assigned to specifi c 
chemical functional groups within a sample mol-
ecule and therefore can potentially provide useful 
information for fi ngerprinting or qualitative iden-
tifi cation (Baranska et al.  2004 ; Baranska and 
Schultz  2006 ; Schulz et al.  2005 ; Li-Chan  2010 ). 
Raman spectroscopy has been also explored as 
emerging methodology in natural products 
research and development (Baranska et al.  2004 ; 
Baranska and Schultz  2006 ; Schulz et al.  2005 ; 
Li-Chan  2010 ). Raman spectroscopy, in similar 
way NIR and MIR, is a constantly developing 
techniques that also allowed for the rapid, non- 
destructive, reagent less and high throughput for 
a diverse range of sample types. Very recently, 
Raman has also been introduced as a metabolic 
fi ngerprinting technique within the plant sciences 
(Baranska et al.  2004 ; Baranska and Schultz 
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 2006 ; Schulz et al.  2005 ; Li-Chan  2010 ). Raman 
spectroscopy coupled with microscopy is recently 
used with great success, making possible the 
identifi cation and quantifi cation of photochemi-
cal distribution directly from the plant tissues 
(Baranska et al.  2004 ; Baranska and Schultz 
 2006 ; Schulz et al.  2005 ; Li-Chan  2010 ). Despite 
the advantages of Raman spectroscopy, when 
compared with MIR or NIR, the development of 
this technique has been less extensive and slower 
due to several reasons such as instrumentation, 
high cost, among other issues (Li-Chan  2010 ). 
Table  1  summarises the characteristics of NIR, 
MIR and Raman spectroscopy for plant omic 
analysis.

      Instrumentation 

 An overall introduction to the different available 
platforms or instruments commonly used in plant 
omics is given below. Spectroscopy combined 
with chemometric methods has the potential to 
be a powerful tool for the assessment of chemical 
composition of any given organic substance 
(McClure  2004 ; Blanco and Villaroya  2002 ; 
Roggo et al.  2007 ; Nicolai et al.  2007 ; Huang 
et al.  2008 ; Cozzolino  2009 ; Smyth and 
Cozzolino  2011 ). Recent advances in chemomet-
rics software and computing power have greatly 
enhanced the development of rapid analytical 

methods based on spectroscopic data and their 
subsequent application in a wide range of indus-
tries (e.g. agriculture, pharmaceutical, petro-
chemical) (McClure  2004 ; Blanco and Villaroya 
 2002 ; Roggo et al.  2007 ; Nicolai et al.  2007 ; 
Huang et al.  2008 ; Cozzolino  2009 ,  2011 ), 
although the instrumentation may require a large 
capital outlay (up to 150 thousand American dol-
lars) and can be reasonably complex to calibrate 
and maintain (McClure  2004 ; Blanco and 
Villaroya  2002 ; Roggo et al.  2007 ; Nicolai et al. 
 2007 ; Huang et al.  2008 ; Cozzolino  2009 ). 

 As the technology of spectroscopic instru-
mentation and chemometrics advances further, 
the resulting spin-offs may further assist to defi ne 
and objectively measure chemical composition in 
different plant tissues (McClure  2004 ; Blanco 
and Villaroya  2002 ; Roggo et al.  2007 ; Nicolai 
et al.  2007 ; Huang et al.  2008 ; Cozzolino  2009 ). 
An NIR spectrophotometer consists of a light 
source (e.g. a tungsten halogen lamp), sample 
presentation accessories, monochromator, detec-
tor and optical components such as lenses, colli-
mators, beam splitters, integrating spheres and 
optical fi bres (McClure  2004 ; Blanco and 
Villaroya  2002 ; Roggo et al.  2007 ; Nicolai et al. 
 2007 ; Huang et al.  2008 ; Cozzolino  2009 ). 
Basically, two main methods are used to collect 
the NIR spectra of a given sample, namely, refl ec-
tance and transmittance. In refl ectance (e.g. gen-
erally used to analyse solids or powder samples) 

   Table 1    Characteristics of near-infrared (NIR), mid-infrared (MIR) and Raman spectroscopy   

 Characteristics  NIR  MIR  Raman 

 Sample presentation 
(scanning) 

  Easy    Needs detailed preparation 
(except ATR)  

  Easy, similar to NIR  

 Path lengths (mm)   Long path lengths    Narrow path length    Short path length  
 Spectra characteristics   Highly convoluted 

(combinations)  
  Fundamental vibrations 
bands  

 Structure determination 
(molecular level) 

  No    Very Good    Limited  

 Fingerprint identifi cation   No/yes    Yes    Limited  
 Quantitative analysis 
(calibration and prediction) 

  Yes    Yes    Yes  

 Sample Area   Large to small    Moderate to small    Small  

   NIR  near infrared,  MIR  mid-infrared,  ATR  attenuated total refl ectance  
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mode, the light source and detector are mounted 
under a specifi c angle, e.g. 45°, to avoid specular 
refl ection. In transmittance (e.g. generally used to 
analyse liquid samples) mode, the light source is 
positioned opposite to the detector, while in inter-
actance mode the light source and detector are 
positioned parallel to each other in such a way 
that light due to specular refl ection cannot 
directly enter the detector (McClure  2004 ; Blanco 
and Villaroya  2002 ; Roggo et al.  2007 ; Nicolai 
et al.  2007 ; Huang et al.  2008 ; Cozzolino  2009 ). 

 In both refl ectance and transmittance modes, 
integrated spheres may also be used to collect 
light and increase the signal-to-noise ratio. 
Transmission measurements, on the other hand, 
need very high light intensities which can easily 
burn the sample surface and alter its spectral 
properties (McClure  2004 ; Blanco and Villaroya 
 2002 ; Roggo et al.  2007 ; Nicolai et al.  2007 ; 
Huang et al.  2008 ; Cozzolino  2009 ). 
Spectrophotometers are conveniently classifi ed 
according to the type of monochromator. For 
example, in a fi lter instrument, the monochroma-
tor is a wheel holding a number of absorption or 
interference fi lters, while its spectral resolution is 
limited (McClure  2004 ; Blanco and Villaroya 
 2002 ; Roggo et al.  2007 ; Nicolai et al.  2007 ; 
Huang et al.  2008 ; Cozzolino  2009 ). 

 In a scanning monochromator instrument, a 
grating or a prism is used to separate the individ-
ual frequencies of the radiation either entering or 
leaving the sample. The wavelength divider 
rotates, allowing radiation of the individual 
wavelengths to subsequently reach the detector 
(McClure  2004 ; Blanco and Villaroya  2002 ; 
Roggo et al.  2007 ; Nicolai et al.  2007 ; Huang 
et al.  2008 ; Cozzolino  2009 ). 

 In Fourier transform spectrophotometers, 
interferometers are used to generate modulated 
light, while the time domain signal of the light 
refl ected or transmitted by the sample onto the 
sample can be converted into a spectrum via a fast 
Fourier transform (McClure  2004 ; Blanco and 
Villaroya  2002 ; Roggo et al.  2007 ; Nicolai et al. 
 2007 ; Huang et al.  2008 ; Cozzolino  2009 ). Often 
a Michelson interferometer is used, but also polar-
isation interferometers can be mounted in some 
spectrophotometers (McClure  2004 ; Griffi ths and 

De Haseth  1986 ; Hashimoto and Kameoka  2008 ; 
Subramanian and Rodrigez- Saona  2009 ). 

 Recently, photodiode array (PDA) spectro-
photometers have been introduced. They consist 
of a fi xed grating that focuses the dispersed radia-
tion onto an array of silicon (Si, 350–1,100 nm) 
or indium gallium arsenide (InGaAs, 1,100–
2,500 nm) photodiode detectors (McClure  2004 ; 
Blanco and Villaroya  2002 ; Roggo et al.  2007 ; 
Nicolai et al.  2007 ; Huang et al.  2008 ; Cozzolino 
 2009 ). There is defi nitely a shift towards PDA 
systems because of their high acquisition speed 
(the integration time is typically 50 ms but can be 
as low as a few milliseconds) and the absence of 
moving parts which enables them to be mounted 
on online fruit grading lines (McClure  2004 ; 
Nicolai et al.  2007 ). 

 Miniaturised, portable and low-cost versions 
(less than 20 thousand American dollars) are 
available from several companies. Laser-based 
systems do not contain a monochromator but 
have different laser light sources or a tunable 
laser. Acousto-optic tunable fi lter (AOTF) (Stratis 
et al.  2001 ) instruments use a diffraction based 
optical-band-pass fi lter that can be rapidly tuned 
to pass various wavelengths of light by varying 
the frequency of an acoustic wave propagating 
through an anisotropic crystal medium (McClure 
 2004 ; Blanco and Villaroya  2002 ; Roggo et al. 
 2007 ; Nicolai et al.  2007 ; Huang et al.  2008 ; 
Cozzolino  2009 ). 

 Liquid crystal tunable fi lter (LCTF) instru-
ments have been introduced (McClure  2004 ; 
Blanco and Villaroya  2002 ; Roggo et al.  2007 ; 
Nicolai et al.  2007 ; Huang et al.  2008 ; Cozzolino 
 2009 ). They use a birefringent fi lter to create con-
structive and destructive interference based on the 
retardation, in phase between the ordinary and 
extraordinary light rays passing through a liquid 
crystal. In this way they act as an interference fi l-
ter to pass a single wavelength of light (McClure 
 2004 ; Blanco and Villaroya  2002 ; Roggo et al. 
 2007 ; Nicolai et al.  2007 ; Huang et al.  2008 ; 
Cozzolino  2009 ). By combining several electroni-
cally tunable stages in series, high spectral resolu-
tion can be achieved (McClure  2004 ; Blanco and 
Villaroya  2002 ; Roggo et al.  2007 ; Nicolai et al. 
 2007 ; Huang et al.  2008 ; Cozzolino  2009 ). 
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 Microelectromechanical systems (MEMS) 
combine mechanical parts, sensors, actuators and 
electronics on a common substrate through the 
use of microfabrication technology. This technol-
ogy represents a paradigm shift for industrial 
spectroscopy and enables a variety of new indus-
trial applications (McClure  2004 ; Blanco and 
Villaroya  2002 ; Roggo et al.  2007 ; Nicolai et al. 
 2007 ; Huang et al.  2008 ; Cozzolino  2009 ). In 
recent years multi- and hyperspectral imaging 
systems are being incorporated (McClure  2004 ; 
Blanco and Villaroya  2002 ; Roggo et al.  2007 ; 
Nicolai et al.  2007 ; Huang et al.  2008 ; Cozzolino 
 2009 ). In this case multispectral (a few wave-
lengths) or hyperspectral (a continuous range of 
wavelengths) imaging systems are required 
(Montes et al.  2007 ,  2011 ; Lu  2007 ). Such sys-
tems produce a spectral data cube—a spectrum at 
every 2D spatial position (Lu  2007 ). In early sys-
tems a sequence of spatial images was acquired 
by means of an NIR camera and a set of band- 
pass fi lters (McClure  2004 ; Nicolai et al.  2007 ; 
Montes et al.  2007 ,  2011 ; Lu  2007 ). While the 
acquisition can be fast, the disadvantage of this 
approach is that only a limited number of wave-
lengths can be analysed and that they need to be 
known a priori. In a more recent approach, a line 
of spatial information with a full spectral range 
per spatial pixel is captured sequentially to com-
plete a volume of spatial-spectral data (McClure 
 2004 ; Nicolai et al.  2007 ; Montes et al.  2007 , 
 2011 ; Lu  2007 ). This is usually achieved by 
means of a spectrograph which disperses an 
incoming line of radiation into a spectral and spa-
tial matrix which is captured by the camera 
(McClure  2004 ; Nicolai et al.  2007 ; Montes et al. 
 2007 ,  2011 ). The horizontal and vertical pixels 
on the camera capture spatial and spectral infor-
mation, respectively. Such system provides full 
spectral information at every spatial position. 
The object must be moved stepwise under the 
camera by means of an actuator while at each 
step a line is scanned, but this is not necessarily a 
disadvantage when the system is mounted on a 
grading line on which the fruit is physically 
transported anyway (McClure  2004 ; Nicolai 
et al.  2007 ; Montes et al.  2007 ,  2011 ; Lu  2007 ). 

 Novel developments include focal plane array 
cameras in combination with LCTF, AOTF or other 
monochromator principles which allow for much 
faster acquisition speeds (McClure  2004 ; Blanco 
and Villaroya  2002 ; Roggo et al.  2007 ; Nicolai 
et al.  2007 ; Huang et al.  2008 ; Cozzolino  2009 ). A 
variety of VIS-NIR spectrophotometers from sev-
eral manufactures exists today, and these provide a 
number of different solutions for light dispersion, 
detectors and sample presentation confi gurations. 

 Overall, what instrument to choose is largely 
dependent on the application, and basically there is 
a trade-off between price and performance 
(McClure  2004 ; Blanco and Villaroya  2002 ; Roggo 
et al.  2007 ; Nicolai et al.  2007 ; Huang et al.  2008 ; 
Cozzolino  2009 ). However some characteristics 
must be evaluated or taken in consideration depend-
ing on the application such as resolution and noise; 
for scientifi c purposes, an instrument with high 
resolution, 10 nm or better, is favourable. However, 
there is a direct trade-off between resolution, noise 
and spectral range; wavelength range covering both 
VIS (400–780 nm) and the entire NIR region (780–
2,500 nm) is recommended for scientifi c purposes 
to make sure that as much of the important wave-
length bands as possible is included (McClure 
 2004 ; Nicolai et al.  2007 ; Montes et al.  2007 ,  2011 ; 
White et al.  2012 ). However, if the instrument is to 
be used for a very specifi c purpose, the need for full 
VIS-NIR spectra may not be necessary; other char-
acteristics such as fl exibility, possibility for mea-
surements outside the laboratory, as well as other 
requirements regarding robustness and handling 
will apply depending on whether the instrument is 
only intended to be used in the laboratory, or if it 
will be used for on-line or at-line measurements 
(McClure  2004 ; Nicolai et al.  2007 ; Montes et al. 
 2007 ,  2011 ; White et al.  2012 ).   

    Multivariate Data Analysis 

 The use of vibrational spectroscopy allows the 
simultaneously analysis of multiple parameters, 
which provides scientist with a rapid and non- 
destructive quantitation of major components in 
many organic substances (Blanco and Villaroya 
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2002; McClure  2004 ; Cozzolino  2009 ; Smyth 
and Cozzolino  2011 ). The combination of vibra-
tional spectroscopy methods and chemometrics 
(multivariate data analysis techniques) is appli-
cable to many foods and agricultural commodi-
ties to predict chemical composition with high 
accuracy (Blanco and Villaroya  2002 ; McClure 
 2004 ; Cozzolino  2009 ; McGoverin et al.  2010 ; 
Smyth and Cozzolino  2011 ). 

 The spectrum of an organic material can give 
a global signature of composition which, with the 
application of chemometric techniques (e.g. prin-
cipal component analysis or partial least squares 
regression), can be used to elucidate particular 
compositional characteristics in the food matrix 
not easily detected by targeted chemical analysis 
(McClure  2004 ; Cozzolino  2009 ; Smyth and 
Cozzolino  2011 ). Therefore vibrational spectros-
copy might be considered as a tool in omics 
research in order to investigate the functional 
relationship between several metabolites in the 
plant. An excellent tutorial describing the steps 
needed to develop a calibration can be found in 
Agelet and Hurburgh ( 2010 ). 

 Taken in consideration that many relation-
ships in the omics cannot be expressed in quanti-
tative terms, these relationships are better 
expressed in terms of similarity and dissimilarity 
among groups of multivariate data (Lavine  2006 ; 
Gottlieb et al.  2004 ). To develop mathematical 
models that are suitable for identifying and iso-
lating these groups of classes in multivariate data, 
pattern recognition techniques must be incorpo-
rated as a part of the analysis. 

 Discriminant or classifi cations methods allow 
to assign unclassifi ed objects into predefi ned cat-
egories and are the key objective of such type of 
tools. Chemometrics, unlike classic statistics, 
considers multiple variables simultaneously and 
takes collinearity into account (the variation in 
one variable, or group of variables, in terms of 
covariation with other variables). The analysis 
can mathematically describe the covariation 
(degree of association) between variables or fi nd 
a mathematical function (regression model), by 
which the values of the dependent variables are 

calculated from values of the measured (indepen-
dent) variables (Naes et al.  2002 ; Brereton  2007 , 
 2003 ). Information lies not only in any individual 
variable (wavelength) but also in how the vari-
ables change with respect to one another (Naes 
et al.  2002 ; Brereton  2007 ,  2003 ; Smyth and 
Cozzolino  2011 ,  2013 ). 

 Two main types of pattern recognition meth-
ods can be used in omic analysis to interpret the 
spectra generated by different instruments (NIR, 
MIR, Raman): supervised and unsupervised. 
Unsupervised refers to those methods that are 
based on no presumption of the structure of the 
data set. Supervised methods assume some struc-
ture exists in the data and requires assigning of 
the samples to prespecifi ed subgroups using ‘arti-
fi cial’ variables to build classifi cation rules which 
are later used for allocating new and unknown 
samples to the most probable subgroup 
(Cozzolino  2009 ,  2011 ,  2012a ,  b ; Smyth and 
Cozzolino  2011 ). 

 Principal component analysis (PCA) is used 
as a tool for screening, extracting and compress-
ing multivariate data and can be defi ned as an 
unsupervised method (Naes et al.  2002 ; Brereton 
 2007 ; Cozzolino  2009 ,  2011 ,  2012a ,  b ; Smyth 
and Cozzolino  2011 ). PCA employs a mathemat-
ical procedure that transforms a set of possibly 
correlated response variables into a new set of 
noncorrelated variables, called principal compo-
nents. PCA can be performed on either a data 
matrix or a correlation matrix depending on the 
type of variables being measured (Naes et al. 
 2002 ; Brereton  2007 ; Cozzolino  2009 ,  2011 , 
 2012a ,  b ; Smyth and Cozzolino  2011 ). 

 Discriminant analysis (DA) and partial least 
squares discriminant analysis (PLS-DA) can be 
considered a qualitative calibration method. 
Instead of calibrating for a continuous variable, 
one calibrates for group membership (catego-
ries). The resulting models are evaluated in terms 
of their predictive ability to predict the new and 
unknown samples (Naes et al.  2002 ; Brereton 
 2008 ). Discrimination models are usually devel-
oped using PLS regression technique as described 
elsewhere (Naes et al.  2002 ). 
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 Another discriminant technique extensively 
used is linear discriminant analysis (LDA) and is 
defi ned as a supervised classifi cation technique 
(Naes et al.  2002 ; Brereton  2007 ; Cozzolino 
 2009 ,  2011 ,  2012a ,  b ; Smyth and Cozzolino 
 2011 ,  2013 ). The criterion of LDA for selection 
of latent variables is maximum differentiation 
between the categories and minimal variance 
within categories (Naes et al.  2002 ; Brereton 
 2007 ). This method produces a number of orthog-
onal linear discriminant functions, equal to the 
number of categories minus one, that allow the 
samples to be classifi ed in one or another cate-
gory. Application of artifi cial neural networks 
(ANN) is a more recent technique for data and 
knowledge processing that is characterised by its 
analogy with a biological neuron (Naes et al. 
 2002 ; Brereton  2007 ). 

 Figure  3  provides an example of quantitative 
analysis or calibration development commonly 
used when vibrational spectroscopy methods are 
applied.  

    Software 

 There are several commercial software packages 
specially developed for analysis and calibrations 
of spectral data providing easy to use functions 

for spectral analyses and calibrations. Many 
manufacturers provide their instruments with 
specifi c software or have close collaborations 
with commercial software developers to facilitate 
exporting and importing of measured spectra and 
sometimes allowing for real-time predictions. 
Alternatively, most of the analyses and calibra-
tion tools can also be found in commercial, share-
ware and freeware software and in open-source 
environments such as the R-project. Some com-
panies supply software packages that are fully 
integrated and can only calibrate using scans 
from their instruments. 

 Others have their software broken into separate 
components, and the calibration software can be 
used with scans from several platforms. Several 
instrument companies have specialised software 
available to facilitate the development of web-
based networks. Examples of third party software 
are the following: The Unscrambler package 
(  http://www.camo.com    ) is a menu driven and 
very easy to use as well as offers a range of pre-
processing techniques. The Grams Suite is a gen-
eral-purpose software package for handling 
spectroscopic data including chemometrics and is 
distributed by the Thermo Scientifi c company 
(  http://www.thermo.com    ). The Matlab PLS tool-
box from the Eigenvector Research (  www.eigen-
vector.com    ) company offers and combines the 

  Fig. 3    A simplifi ed scheme of calibration development applied to plant omics       
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fl exibility of the Matlab software for applications 
in which programming is required. Many other 
statistical packages, such as SAS (  http://www.
sas.com    ) and Statistica (  http://www.statsoft.
com    ), also provide multivariate calibration but 
are less convenient to use for processing spectral 
data.   

    Examples of Applications 
of Vibrational Spectroscopy 
in ‘Plant Omics’ 

 Many reports can be found in the literature on 
several applications of vibrational spectroscopy 
methods combined with chemometrics on plant 
omics. In the section below, few examples are 
given. Note that this is not an exhaustive review 
rather an overview with some recent examples 
found in the literature. 

    Seeds and Grains 

 Near-infrared refl ectance (NIR) spectroscopy is a 
non-destructive technique, low-cost and high- 
speed analytical method with broad applications 
in plant omics (Montes et al.  2007 ). Cereal grain 
spectra typically are measured from fi ne-ground 
powders or as bulk whole grains (Jespersen and 
Munck  2009 ; Williams  2010 ; Himmelsbasch 
 2010 ). Single-seed samples can be used and ana-
lysed using NIR to measure phenotypes in segre-
gating populations. Maize kernels can be 
classifi ed according to characteristics such as 
starch composition, hardness, avidin or myco-
toxin levels (Campbell et al.  2000 ; Walter et al. 
 2012 ). Other applications for measuring wheat 
attributes included wheat classes, colour, insect 
infestation, starch composition, among other 
characteristics (Chambers and Ridgeway  1995 ; 
Ridgway and Chambers  1996 ,  1998 ; Singh et al. 
 2010 ; Jespersen and Munck  2009 ; Williams 
 2010 ). The prediction of constituent concentra-
tions using NIR spectroscopy on intact single 
seeds has been most successful for plants with 
small seeds and relatively uniform distribution of 
seed constituents, such as rapeseed, wheat, sun-

fl ower achenes or soybean seeds (Velasco et al. 
 1999 ; Fassio and Cozzolino  2004 ; Agelet et al. 
 2012 ; Baranska et al.  2010 ; Schulz et al.  2005 ). 

 The use of hyperspectral imaging combined 
with NIR data has been reported to analyse dif-
ferent kernel and seed samples (Jespersen and 
Munck  2009 ; Williams  2010 ; Wetzel and Brewer 
 2010 ; Singh et al.  2010 ). For example, Arngren 
and collaborators ( 2011 ) using hyperspectral 
NIR imaging of single kernels found that wave-
lengths between 1,400 and 1,550 nm can be asso-
ciated with water activity related to barley 
germination as well as with the activity of starch 
and maltose. In a recent study, Manley and col-
laborators used hyperspectral NIR imaging to 
determine water relationships in the wheat grain 
individual seeds. Although these approaches 
yield acceptable composition predictions, they 
are low throughput. Non-destructive screening of 
single seeds, plants and crops according to spe-
cifi c attributes of interest would make the breed-
ing process much faster, more effi cient and 
cost-effective in order to deliver commercial 
value of novel genotypes or lines with improved 
characteristics to be used in the current competi-
tive worldwide market. 

 The study of the relationship of biological 
characteristics (in terms of improving malting 
quality) of barley grain in relation to spectral- 
structural characteristics may provide useful 
understanding of how to best utilise and select 
new genotypes and varieties of barley in order to 
provide farmers and the industry (e.g. beer and 
food) with high-quality lines (e.g. malting). In 
conventional chemical analysis, harsh chemical 
reagents can unavoidably destroy or even obliter-
ate the histological and physical structure of the 
biological sample (Yu  2005 ,  2007 ; Yu et al.  2008 , 
 2009 ,  2011 ; Liu and Yu  2010 ). The detection of 
inherent structural and chemical information is 
beyond the capacity of traditional chemical anal-
ysis, owing to the destructive pretreatment and 
the treatment during chemical analysis. These 
disadvantages demand new and rapid tools to 
overcome these limitations (Yu  2005 ,  2007 ; Yu 
et al.  2008 ,  2009 ,  2011 ; Liu and Yu  2010 ; Zhang 
and Yu  2012 ). Recent reports indicated that bio-
logical differences in protein availability between 
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barley and bioethanol co-products, which are 
closely related not only in their total protein con-
tent, but also in their inherent protein structures, 
including protein amide I and amide II and 
α-helix and β-sheet intensity, can be targeted in 
terms of spectral peak area and height, as well as 
their ratios (Yu  2005 ,  2007 ; Yu et al.  2008 ,  2009 , 
 2011 ; Liu and Yu  2010 ; Zhang and Yu  2012 ). 
Such molecular structural differences can be 
detected by using synchrotron-based infrared 
microspectroscopy (SR-IMS), diffuse refl ectance 
infrared Fourier transform (DRIFT) or Fourier 
transform infrared attenuated total refl ectance 
(ATR) spectroscopy (Yu  2005 ,  2007 ; Yu et al. 
 2008 ,  2009 ,  2011 ; Liu and Yu  2010 ). Although 
state-of-the-art research can be found in the lit-
erature in relation to the use of SR-IMS, less 
information is available on the use of molecular 
spectroscopy techniques such as ATR spectros-
copy on single/intact seeds. It is well known that 
the SR-IMS method allows for the identifi cation 
and study of the cellular and subcellular structure 
of the endosperm and other tissues in the speci-
men under analysis (Yu  2005 ,  2007 ; Yu et al. 
 2008 ,  2009 ,  2011 ; Liu and Yu  2010 ). However, 
this technique requires time-consuming and care-
ful preparation of the sample, and is not easily 
available or accessible in many laboratories 
around the world. Therefore, this method is lim-
ited to few applications. The driving force behind 
exploring ATR-IR spectroscopy is the availabil-
ity of simple and state-of-the-art instrumentation 
that can be used as tools for high-throughput 
screening or phenotyping in breeding pro-
grammes (Yu  2005 ,  2007 ; Yu et al.  2008 ,  2009 , 
 2011 ; Liu and Yu  2010 ; Zhang and Yu  2012 ).  

    Water Content, Stress and Dry Matter 

 Infrared wavelength range (above 1,000 nm) is 
becoming more and more widely used to monitor 
stomatal conductance of plant canopies in the lab 
and in the fi eld (for a review, see Zhu et al.  2011 ; 
Munns et al.  2010 ). Recent studies showed the 
potential of NIR spectroscopy to determine 
grapevine water potential (leaf and stomata) (De 
Bei et al.  2011 ). These authors observed differ-
ences in the NIR spectra related to the leaf  surface 

in which the spectra were collected, and this had 
an effect on the accuracy of the calibration statis-
tics for water potential (De Bei et al.  2011 ). The 
global calibrations built using data obtained from 
glasshouse and fi eld studies on two varieties are 
indicative that, in the future, a universal calibra-
tion, able to predict water potential for all variet-
ies in different environments can be built (De Bei 
et al.  2011 ). 

 It is well known that dry matter yield (DMY) 
is one of the most important traits as it is directly 
related to production costs as it infl uences the 
concentration of nutrients in the whole plant 
(Garcia and Cozzolino  2006 ; Moron et al.  2007 ; 
Cozzolino and Labandera  2002 ; Cabrera-Bosquet 
et al.  2012 ; White et al.  2012 ; Walter et al.  2012 ). 
The measurement of DMY in breeding pro-
grammes or in plant omics is not straightforward 
because there is often only poor agreement 
between yield measured on individual spaced 
plants and obtained yield in productive swards or 
crops (Garcia and Cozzolino  2006 ; Moron et al. 
 2007 ; Cozzolino and Labandera  2002 ; Cabrera- 
Bosquet et al.  2012 ; White et al.  2012 ; Walter 
et al.  2012 ). Online measurements for DMY 
using fi eld-portable near-infrared spectroscopy 
(NIR) instruments have already facilitated direct 
selection in the fi eld on family basis (Garcia and 
Cozzolino  2006 ; Moron et al.  2007 ; Cozzolino 
and Labandera  2002 ; Cabrera-Bosquet et al. 
 2012 ; White et al.  2012 ; Walter et al.  2012 ). More 
complex morphological characters such as tiller 
density, auxiliary formation, shoot branching and 
spike/spikelet morphology may be monitored by 
three-dimensional scanning as recently shown in 
maize (Montes et al.  2007 ,  2011 ). In combination 
with spectral refl ectance, this can be elaborated 
as a future tool for improving both DMY and 
morphological characteristics (Montes et al. 
 2007 ,  2011 ). In recent years, ‘on the go’ or in- 
fi eld NIR spectroscopy methods have been evalu-
ated to predict nitrogen and water in cereals (Fox 
et al.  2010 ; Long et al.  2008 ).  

    Nitrogen 

 With regard to nitrogen economy, forage legumes 
are primarily selected for improved fi xation of 
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atmospheric nitrogen by screening plants for 
high tissue N concentrations. In forage grasses, 
nitrogen use effi ciency is usually improved by 
selecting for increased DMY under uniform soil-
 N conditions (Casler and van Santen  2010 ). 
Routine laboratory methods for the determina-
tion of N concentrations in grass samples such as 
Kjeldahl distillation (AOAC  1990 ) or Dumas are 
widespread, even though they are time consum-
ing and expensive (Fox et al.  2010 ; Long et al. 
 2008 ; Cabrera-Bosquet et al.  2012 ; White et al. 
 2012 ; Walter et al.  2012 ). It has been shown that 
NIR can be implemented to more effi ciently 
determine N concentrations in grass samples 
(Cabrera-Bosquet et al.  2012 ; White et al.  2012 ; 
Walter et al.  2012 ). A NIR based approach replac-
ing wet chemistry methods with online fi eld 
screening constitutes a more direct strategy to 
select for improved N uptake effi ciency and total 
N concentration (Fox et al.  2010 ; Long et al. 
 2008 ; Cabrera-Bosquet et al.  2012 ; White et al. 
 2012 ; Walter et al.  2012 ). One of the potential 
advantages of using NIR spectroscopy in plant 
omics is the analysis of fresh plant materials (e.g. 
leaf, whole plant) without the need of drying or 
grinding (Garcia and Cozzolino  2006 ; Moron 
et al.  2007 ; Cozzolino and Labandera  2002 ).  

    Nonstructural and Structural 
Carbohydrates 

 Improving forage quality mainly aims at improv-
ing dry matter digestibility, increasing the amount 
of compounds benefi cial to livestock such as 
water-soluble carbohydrates (WSCs) as well as 
condensed tannins and reducing the amount of 
unwanted substances such as toxins, oestrogenic 
compounds or alkaloids (Carbonero et al.  2001 ; 
Walter et al.  2012 ). Due to the moderate to high 
heritability, genetic gain for forage quality has 
been substantial in recent decades (Walter et al. 
 2012 ). Dry matter digestibility may be increased 
by breeding for decreased fi bre and lignin con-
centration in the cell wall or by increasing the 
content of WSCs. These traits are traditionally 
determined using wet chemistry methods but can 
be streamlined by NIR spectroscopy. In addition 
to DMY, N and WSC determination, NIR has 

proven its value to predict ergovaline (Roberts 
et al.  1997 ; Walter et al.  2012 ) and lignin concen-
trations in grasses (Andres et al.  2005 ). A NIR- 
based lignin prediction would be useful to 
identify cultivars with benefi cial properties for 
bioenergy production. However, the accuracy of 
calibration models developed to predict lignin 
and ergovaline is still limited and needs to be 
improved for online fi eld applications (Cabrera- 
Bosquet et al.  2012 ; White et al.  2012 ; Walter 
et al.  2012 ). Of particular interest to sustain for-
age quality are fructans, fructose polymers deriv-
ing from sucrose and serving as reserve 
carbohydrates in many plant species (Ritsema 
and Smeekens  2003 ). Fructans are key factors in 
crop plants to respond to abiotic stress, in gen-
eral, and drought, cold and freezing tolerance in 
particular (Livingston et al.  2009 ). A NIR-based 
approach to quantify fructan concentration in 
freeze-dried and ground grass samples has 
recently been reported (Shetty and Gislum  2011 ). 
In contrast to WSCs, NIR-based measurements 
for specifi c carbohydrates such as fructans are 
diffi cult to obtain online in the fi eld. But given 
the fact that fructans constitute the main part of 
WSCs in grasses and the high correlation of fruc-
tans to total WSCs (Sanada et al.  2007 ), NIRS- 
based improvement of WSCs will not only 
increase digestibility and preference by rumi-
nants but might also provide an innovative 
approach to develop grasses with improved abi-
otic stress tolerance (Cabrera-Bosquet et al. 
 2012 ; White et al.  2012 ; Walter et al.  2012 ) or to 
gather information about carbohydrates relation-
ships in whole plants (Gergely and Salgo  2005 ).  

    Biotic (Diseases) and Abiotic Stress 

 A combination of the above-mentioned digital 
and functional phenotyping methods may allow 
for effi cient, simultaneous selection on multiple 
traits related to persistence (Walter et al.  2012 ). 
Durable resistance to major diseases and pests 
such as crown rust, snow mould, bacterial wilt, 
fusarium root rot or nematodes is a common 
objective in any forage and turf breeding pro-
grammes. Resistance is usually improved through 
phenotypic recurrent selection using naturally 
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occurring or artifi cial infection (Walter et al. 
 2012 ). Infrared technologies have been intro-
duced as metabolic fi ngerprinting techniques 
within agriculture and food. Such studies have 
been included into plant-to-plant interactions, 
where global metabolite changes associated with 
abiotic and biotic perturbations and interactions 
(Walter et al.  2012 ). Other applications included 
the metabolite fi ngerprinting of salt-stressed 
tomatoes, where functional groups of importance 
related to tomato salinity (Walter et al.  2012 ). To 
unravel the genetic basis of complex traits, it is 
necessary to associate genotypic information 
with the corresponding phenotypic data. Various 
spectroscopic and imaging techniques have been 
studied for the detection of symptomatic and 
asymptomatic plant diseases. The use of NIR 
spectroscopy, with a wavelength range between 
950 and 1,650 nm, was used to determine the per-
centage of fungal infection found in rice samples. 
The total fungal infection and yellow-green 
Aspergillus infection determined using PLS 
regression where models were developed from 
the untreated spectra provided the greatest accu-
racy in prediction, with a correlation coeffi cient 
(r) of 0.67, a standard error of prediction (SEP) of 
28 % and a bias of 0.10 %. The result showed that 
the NIR spectroscopy could be used to detect 
afl atoxigenic fungal contamination in rice with 
caution and the technique should be improved to 
get better prediction model (Dachoupakan 
Sirisomboon et al.  2013 ).  

    Transgenic Organisms, GMO 

 Combining these novel phenotyping methods 
with high-throughput genotyping based on dif-
ferent ‘omic’ technologies and analysing the data 
with sophisticated mathematical models prom-
ises a major breakthrough in the elucidation of 
the underlying genetic basis of complex plant 
traits, such as drought or frost tolerance (Rossel 
et al.  2001 ; Rui et al.  2005 ; Alishahi et al.  2010 ). 
Munck and collaborators assessed the discrimi-
natory power of NIR spectroscopy combined 
with PCA to evaluate different lysine mutants in 
barley. These authors were able to identify differ-

ent mutants based on the NIR fi ngerprint of the 
sample (Munck et al.  2004 ). It has been shown 
that it is possible to select improved malting bar-
ley genotypes based on its NIR spectrum as a 
total physical-chemical spectral fi ngerprint of the 
samples and interpreted using PCA (Munck et al. 
 2004 ,  2001 ). Near-infrared spectroscopy was 
also evaluated to discriminate barley fl our con-
taining high levels of lysine amino acids (Munck 
et al.  2004 ,  2001 ). It was found that differences 
between these two barley fl ours might be 
observed through the interpretation of the PCA 
scores (Munck et al.  2004 ,  2001 ). Thereby, these 
two variants of barley fl our were classifi ed cor-
rectly in two groups according to their different 
NIR spectra. The use of NIR spectroscopy was 
also evaluated to assess the effects of different 
environments on transgenic and non-transgenic 
plant materials. For example, four genotypes 
consisting of common genotypes and LYS3 
(including four alleles of a, b, c and m) were used 
(Munck et al.  2004 ,  2001 ). The main phenotypic 
changes caused by manipulating the alleles were 
recognised by combining NIR spectroscopy with 
PCA. Several other reports can be found on the 
use of NIR spectroscopy to discriminate between 
transgenic and non-transgenic grains (Rossel 
et al.  2001 ; Rui et al.  2005 ; Alishahi et al.  2010 ). 
All these authors reported that classifi cation 
methods such as PCA yield good performances 
in order to separate completely transgenic from 
non-transgenic grains, concluding that the utili-
sation of NIR spectroscopy as a non-destructive 
method had a suitable effi ciency to detect 
 transgenic grains. Munck and collaborators 
( 2001 ) also applied NIR spectroscopy to discrim-
inate barley fl our containing high levels of lysine 
amino acids. They found that differences between 
these two barley fl ours might be observed through 
the interpretation of the PCA scores. Thereby, 
these two variants of barley fl our were classifi ed 
correctly in two groups according to their differ-
ent NIR spectra (Munck et al.  2001 ,  2004 ; 
Alishahi et al.  2010 ). 

 Other reports can be found on the use of NIR 
spectroscopy to discriminate between transgenic 
and non-transgenic grains (Hurburgh et al.  2000 ; 
Campbell et al.  2000 ; Ahmed  2002 ; Rossel et al. 
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 2001 ; Rui et al.  2005 ). These authors reported 
that PCA method had a good performance to sep-
arate completely transgenic from non-transgenic 
grains, concluding that the utilisation of NIR 
spectroscopy as a non-destructive method had a 
suitable effi ciency to detect transgenic grains 
(Hurburgh et al.  2000 ; Campbell et al.  2000 ; 
Ahmed  2002 ; Rossel et al.  2001 ; Rui et al.  2005 ; 
Alishahi et al.  2010 ).  

    High Throughput in Practice: 
On Harvest Analysis/On 
the Go Spectroscopy 

 In order to unravel the genetic basis of complex 
traits, it is necessary to associate genotypic infor-
mation with the corresponding phenotypic data. 
Recent progress in DNA marker assays and 
sequencing technologies enable high-throughput 
genotyping of many individual plants at rela-
tively low cost (Montes et al.  2007 ,  2011 ; White 
et al.  2012 ). By comparison, the phenotyping of 
large mapping populations for several traits in 
fi eld trials is still laborious and expensive. 
Research and developments in NIR spectroscopy 
on agricultural harvesters and spectral refl ectance 
of plant canopy present new opportunities to 
develop novel phenotyping platforms that enable 
large-scale screenings of genotypes for several 
traits in several locations within the fi eld trials 
(Montes et al.  2007 ,  2011 ; White et al.  2012 ). 
These phenotyping techniques could bring 
remarkable progress in plant genetic research to 
unravel, the genetic basis of dynamic traits, such 
as biomass accumulation and drought or frost 
stress tolerance. Currently, these traits are treated 
as static (i.e. are measured only once), but ignor-
ing their dynamic nature entails a tremendous 
loss of information regarding the analysis of 
genes and gene networks that are active at differ-
ent phases of plant development and in reactions 
to environmental stresses (Montes et al.  2007 , 
 2011 ; Cabrera-Bosquet et al.  2012 ; White et al. 
 2012 ; Walter et al.  2012 ). The use of NIR spec-
troscopy on agricultural harvesters reduces the 
manpower and expenditure required for the 
determination of relevant traits. In contrast to 

conventional sample-based methods, NIR 
spectroscopy on agricultural harvesters secures a 
good distribution of measurements within plots 
and covers substantially larger amounts of plot 
material (Montes et al.  2007 ,  2011 ; Cabrera- 
Bosquet et al.  2012 ; White et al.  2012 ; Walter 
et al.  2012 ). Consequently, agricultural harvesters 
equipped with NIR spectroscopy reduce the sam-
pling error and yield more representative mea-
surements of the plot material and can also be 
used successfully to determine dry matter, starch 
and crude protein contents in maize grain (Montes 
et al.  2007 ,  2011 ; Cabrera-Bosquet et al.  2012 ; 
White et al.  2012 ; Walter et al.  2012 ). In silage 
maize, the potential of this technology has also 
been reported for dry matter, starch and soluble 
sugars (Garcia and Cozzolino  2006 ; Moron et al. 
 2007 ; Cozzolino and Labandera  2002 ; Montes 
et al.  2007 ,  2011 ; Cabrera-Bosquet et al.  2012 ; 
White et al.  2012 ; Walter et al.  2012 ). 
Measurements of crude protein, digestibility, fi bre 
contents and energy-related traits can be used suc-
cessfully to classify genotypes (Garcia and 
Cozzolino  2006 ; Moron et al.  2007 ; Cozzolino 
and Labandera  2002 ), but for the precise quantita-
tive trait evaluation, further technical improve-
ments for an optimal sample presentation are 
crucial (Montes et al.  2007 ,  2011 ; Cabrera-
Bosquet et al.  2012 ; White et al.  2012 ; Walter 
et al.  2012 ). The use of NIR spectroscopy on agri-
cultural harvesters represents a high- throughput 
phenotyping technique with substantially reduced 
sampling error, whereas spectral refl ectance of 
plant canopies facilitates the  determination of 
dynamic traits in a non-invasive mode (Montes 
et al.  2007 ,  2011 ; Cabrera-Bosquet et al.  2012 ; 
White et al.  2012 ; Walter et al.  2012 ). 

 The use of NIR spectroscopy on agricultural 
harvesters reduces the manpower and expendi-
ture required for the determination of relevant 
traits (Garcia and Cozzolino  2006 ; Moron et al. 
 2007 ; Cozzolino and Labandera  2002 ). In con-
trast to conventional sample-based methods, NIR 
spectroscopy on agricultural harvesters secures a 
good distribution of measurements within plots 
and covers substantially larger amounts of plot 
material (Garcia and Cozzolino  2006 ; Moron 
et al.  2007 ; Cozzolino and Labandera  2002 ; 
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Montes et al.  2007 ,  2011 ). Consequently, agricul-
tural harvesters equipped with NIR spectroscopy 
reduce the sampling error and yield more repre-
sentative measurements of the plot material and 
can also be used successfully to determine dry 
matter, starch and crude protein contents in maize 
grain (Montes et al.  2007 ,  2011 ; Cabrera-Bosquet 
et al.  2012 ; White et al.  2012 ; Walter et al.  2012 ). 
The use of NIR spectroscopy on agricultural har-
vesters represents a high-throughput phenotyp-
ing technique with substantially reduced 
sampling error, whereas spectral refl ectance of 
plant canopies facilitates the determination of 
dynamic traits in a non-invasive mode (Garcia 
and Cozzolino  2006 ; Moron et al.  2007 ; 
Cozzolino and Labandera  2002 ; Montes et al. 
 2007 ,  2011 ; Cabrera-Bosquet et al.  2012 ; White 
et al.  2012 ; Walter et al.  2012 ).   

    Concluding Remarks 

 Adapting and using advanced omic technologies 
is a promising way forward to effi ciently and reli-
ably improve agronomical important characteris-
tics in the breeding process, to adapt varieties, to 
improve our understanding about plants (physiol-
ogy, biochemistry) and to maintain a sustainable 
agriculture and food security. For example, in 
combination with optimised breeding schemes 
and cutting-edge molecular tools, advanced 
omics has the potential to substantially improve 
and fasten cultivar development, thereby contrib-
uting to a sustainable feed, food and biomass pro-
duction on both the local and global level. 

 Infrared and vibrational spectroscopy tech-
nologies have been introduced as metabolic fi n-
gerprinting techniques within agriculture and 
food and in recent years have been rediscovered 
by several research groups in plant sciences. 
Combining these novel omic methods with high- 
throughput genotyping based on different IR 
technologies and analysing the data with sophis-
ticated mathematical models promises a major 
breakthrough in the elucidation of the underlying 
genetic basis of complex plant traits, such as 
drought or frost tolerance (Walter et al.  2012 ). 

 Although, vibrational spectroscopy tech-
niques cannot measure molecules with low con-
centration, the indirect effects of such differences 
can be observed in the spectrum of a given sam-
ple in the so-called fi ngerprint. These technolo-
gies have been successfully applied for natural 
product composition analysis, product quality 
assessment and in production control, and it was 
shown to be a promising technique in plant 
omics. The spectrum can give a global signature 
of composition (fi ngerprint) which, with the 
application of chemometric techniques (e.g. prin-
cipal component analysis or discriminant analy-
sis), can be used to elucidate particular 
compositional characteristics not easily detected 
by traditional targeted chemical analysis. 

 The main advantages of this technique over the 
traditional chemical and chromatographic meth-
ods are the rapidity and the ease of use in routine 
operations. Vibrational spectroscopy- based 
method is a non-destructive technique which 
requires minimal or zero sample preparation. 
Therefore, these techniques can be suggested as 
the fi rst line of tools to be used in omic studies. 
The potential savings, reduction of analysis time 
and cost and the environmentally friendly nature 
of the technology has positioned vibrational spec-
troscopy as a very attractive technique with a 
bright future in the arena of plant omics. 

 It is clear that the breadth of this type of appli-
cations, either in routine use or under developed, 
is showing no sign of diminishing. The combina-
tion of different vibrational spectroscopy analyti-
cal techniques with multivariate methods could 
be used as a tool as a fi ngerprinting of samples on 
a large scale. However, the chemical basis of this 
separation is not addressed using this type of 
methodology, and other analytical techniques 
(i.e. GC-MS) need to be used or combined in 
order to reveal the fundamental causes of the 
separation/classifi cation. The development of 
hyperspectral imaging, microspectroscopy and 
new algorithms will place vibrational spectros-
copy as one of the most useful tools in plant omic 
studies in the near future. 

 One of the main constraints to further develop 
and apply these technologies in plant omic stud-
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ies is the lack of formal education in both vibra-
tional spectroscopy and chemometrics methods. 
In the last few years, efforts are being made in the 
International Council for Near-Infrared 
Spectroscopy (  www.icnirs.org    ) to overcome 
these issues. Without doubt one of the biggest 
challenges in the wider use of NIR spectroscopy 
will be the interpretation of the complex spectra 
obtained. Although we devoted much time to the 
interpretation of the models through multivariate 
analysis or chemometrics, the knowledge of the 
fundamentals of molecular spectroscopy in omic 
analysis using infrared spectroscopy is still the 
main barrier in order to understand the basis and 
functionality of the models developed.     
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     Abstract  

  Next-generation sequencing technology pro-
duces enormous volume of accurate and inex-
pensive sequence data in a short span of time. 
Three available common next- generation 
sequencing (NGS) platforms for genome 
sequencing are discussed here. The genome 
assembly and scaffolding algorithms are 
described with special emphasis on  de novo  
assembly of short-read sequences. The bio-
logical applications of next-generation 
sequencing in plant sciences are covered with 
examples from plant genomics. An account on 
future prospects of this technology in plant 
genome analysis is discussed.  

        Introduction 

 The sequence-driven research in molecular biol-
ogy started with pathbreaking research by two 
groups led by Sanger and Gilbert (Sanger et al. 
 1977 ; Maxam and Gilbert  1977 ). High- 
throughput sequencing (HTS) techniques popu-
larly known as next-generation sequencing 
(NGS) were introduced in 2005 and have revolu-
tionized the biomedical research by substantial 
increase in scale and resolution of various bio-
logical applications. They provide manyfold 
reads at a markedly reduced cost per sequenced 
nucleotide than conventional Sanger sequencing. 
Next-generation sequencing generates a huge 
amount of data necessitating the development of 
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powerful computing and effi cient algorithms. All 
commercial platforms have three common phages 
in their development, namely, preparation of 
sequencing library by adding adapters (defi ned 
sequences), immobilization of DNA fragments of 
sequencing library to a solid surface, and 
sequencing (Myllykangas et al.  2011 ). It can be 
used for whole genome sequencing, targeted 
resequencing, and identifi cation of transcription 
factor binding sites and expression of noncoding 
RNA. There are several commercial platforms 
available such as 454 pyrosequencing (Roche 
Applied Science), the genome analyzer 
(Illumina), and SOLiD (Applied Biosystems). 
Next-generation sequencing can be applied to 
detect molecular variants such as single nucleo-
tide variants, genomic insertions and deletions, 
and genomic rearrangements. RNA-seq can be 
used to determine the expression level of known 
genes and discovery of novel genes. ChIP-seq 
can be used for screening protein-DNA interac-
tion at genome-wide scale. The whole genome 
sequencing and assembly of an organism are per-
formed in various phases (Fig.  1 ). The major 
focus of this article is to introduce the reader with 
three common high-throughput sequencing plat-
forms with more emphasis on various computa-
tional methods to analyze the next-generation 
sequencing data obtained from plant genomes.   

    Next-Generation Sequencing 
Platforms 

 The three most popular sequencing platforms 
widely used to date are Roche 454 pyrosequenc-
ing, Illumina (Solexa), and SOLiD (Applied 
Biosystems). 

    454 Pyrosequencing 

 454 is the fi rst next-generation technology intro-
duced by Roche/454 Life Sciences which is 
based on pyrosequencing. In pyrosequencing, a 
double-stranded DNA is generated from a single- 
stranded DNA template by the addition of nucle-
otides. The addition of nucleotides is detected by 

the emission of light. It achieves a high through-
put (~500 Mbp/run) with 400 bp read lengths. 
The major demerit associated with this platform 
is high error rate in homopolymer regions.  

    Illumina 

 The Illumina generates a much higher throughput 
(~1.5 Gbp) with a lower read length (~150 bp) 
when compared with 454. Although the read 
length is short, the platform generates high- 
quality sequences with an error rate less than 

  Fig. 1    Flow chart showing various steps in genome 
sequencing and assembly using next-generation sequenc-
ing technology       
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1 %. The principle of this method is based on 
sequencing by synthesis (reversible terminator 
chemistry). Long homopolymer runs do not 
affect the quality of sequence due to its chemis-
try. However, the major challenge associated 
with this technology is to process a large number 
of short reads, diffi culty in  de novo  assembly, and 
in resequencing.  

    SOLiD 

 The ABI/SOLiD platform generates maximum 
high throughput achieved to date by any method 
(~3 Gbp/run) with a read length of 75 bp. This 
platform requires two kinds of library prepara-
tion: fragment or mate paired. Clonal bead popu-
lations are prepared in microreactors, and 
modifi ed microbeads are deposited onto a glass 
slide. The sequencing was done using multiple 
cycles of ligation, detection, and cleavage.   

    Genome Assembly Algorithms 

 Most of the biological applications of next- 
generation sequencing such as quantifi cation of 
transcriptome, assembly of new genomes, and 
identifi cation of protein binding sites and align-
ment of sequence reads to a reference sequence 
as a fi rst step of analysis. The process of aligning 
short reads into longer sequences is known as 
assembly. It is like a jigsaw puzzle where each 
short read is an individual part of the puzzle, and 
the whole genome sequence is a fi nished puzzle. 
There are many alignment tools developed in the 
last 4 years which are better than classical align-
ers in terms of speed and accuracy. Alignment 
algorithms can be based on hash tables, suffi x 
trees, and merge sorting (Miller et al.  2010 ). The 
concept of hash table started with basic local 
alignment search tool (BLAST) which fi nds sig-
nifi cant local alignment comparing exact matches 
to a k-mer (seeds) in a hash table. Ma et al. ( 2002 ) 
improved this method by creating the spaced 
seed (i.e., a seed with internal mismatches) which 
turned out to be the most popular approach for 
alignment of short reads. Eland, SOAP, SeqMap, 
MAQ, RMAP, ZOOM, and Novoalign are vari-

ous popular programs for aligning short reads to 
a reference genome using spaced seed. Although 
spaced seed has mismatches within the seed, it 
never permits any gap in the seed. Eland was the 
fi rst program developed by Anthony Cox from 
Illumina that aligns short oligonucleotides 
against a reference genome. SOAP is an effi cient 
program for gapped and ungapped effi cient align-
ment of short reads onto a reference genome (Li 
et al.  2008a ). SeqMap can map a large amount of 
short reads to a genome based on index-fi ltering 
algorithm (Jiang and Wong  2008 ). MAQ builds 
assemblies by mapping short reads to a reference 
genome using quality score (Li et al.  2008b ). 
RMAP software package has tools to map paired-
end reads using a more sophisticated quality 
score (Smith et al.  2009 ). ZOOM maps short 
reads onto a reference genome with improved 
sensitivity and speed (Lin et al.  2008 ). Novoalign, 
a commercial software developed by Novocraft 
Technologies, is an aligner for short reads from 
Illumina genome analyzer. Another seeding 
approach  q -gram fi lter builds an index allowing a 
gap within the seed. Two programs SHRiMP and 
RazerS are based on  q -fi lter algorithm. SHRiMP 
is highly effi cient in mapping short reads to a ref-
erence genome with high polymorphism (Rumble 
et al.  2009 ). RazerS is a popular read mapper 
with improved performance for long reads with 
large numbers of indels (Weese et al.  2009 ). 

 The algorithms based on suffi x/prefi x tries 
may be represented in a form of suffi x tree 
(McCreight  1976 ), enhanced suffi x array 
(Abouelhoda et al.  2004 ), and FM-index 
(Simpson and Durbin  2010 ). All algorithms iden-
tify exact matches at fi rst and then build inexact 
alignments based on the exact matches. The suf-
fi x trie is a data structure that stores all the suf-
fi xes of a string in order to allow fast string 
matching. A trie needs a huge space and is 
impractical for even a small genome. Thus, there 
are various data structures such as suffi x tree, suf-
fi x array, and FM-index to reduce the space. A 
suffi x tree requires 12–17 bytes per nucleotide 
and is impractical for holding human genome in 
memory (Li and Homer  2010 ). The enhanced 
suffi x array is more space effi cient than suffi x 
tree and takes only 6.25 bytes per nucleotide. The 
FM-index is the most space-effi cient data struc-
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ture using 0.2–2 bytes per nucleotide, and an 
FM-index of the entire human genome needs 
2–8 GB of memory. The most widely used data 
structure is FM-index due to its small memory 
footprint. Bowtie, BWA, SOAP2, BWT-SW, and 
BWA-SW are the most popular programs built 
upon FM-index. Bowtie is a very fast and 
memory- effi cient aligner for large genomes 
based on Burrows-Wheeler indexing (Langmead 
et al.  2009 ). Burrows-Wheeler alignment (BWA) 
tool is another effi cient short-read aligner for 
large genomes allowing mismatches and indels 
based on Burrows-Wheeler transform (Li and 
Durbin  2009 ). SOAP2 is a short oligonucleotide 
alignment program with reduced memory usage 
and improved alignment speed (Li et al.  2009a ). 
BWT-SW is an effi cient tool to fi nd all local 
alignments (Lam et al.  2008 ). Burrows-Wheeler 
Aligner’s Smith-Waterman (BWA-SW) align-
ment is an effi cient algorithm to align long reads 
of up to 1 Mb against a large sequence database 
(Li and Durbin  2010 ). However, MUMmer 
(Kurtz et al.  2004 ) and OASIS (Meek et al.  2003 ) 
are based on suffi x tree, whereas Segemehl 
(Hoffmann et al.  2009 ) and Vmatch (Abouelhoda 
et al.  2004 ) apply enhanced suffi x array as data 
structure. The yet other aligner of biological 
sequences (YOABS) is a very effi cient long-
read alignment program having advantages of 
both hash- and trie-based algorithms (Galinsky 
 2012 ). 

 There are more than 50 short-read alignment 
software packages available, albeit few of them 
are popular among users. Table  1  gives a list of 
popular alignment software packages available 
for short reads. All programs generate outputs in 
the form of a Sequence Alignment/Map (SAM; 
Li et al.  2009b ) or Binary Alignment/Map (BAM; 
Carver et al.  2010 ) format which can be viewed 
through alignment viewers (Table  2 ) such as 
GBrowse (Stein et al.  2002 ), LookSeq (Manske 
and Kwiatkowski  2009 ), Tablet (Milne et al. 
 2010 ,  2013 ), BamView (Carver et al.  2010 ; 
Carver et al.  2013 ), GenomeView (Abeel et al. 
 2012 ), IGV (Thorvaldsdóttir et al.  2013 ), and 
MGAviewer (Zhu et al.  2013 ). The SAM format 
can be created and manipulated using SAMtools 
(Li et al.  2009b ) which has extensive information 

regarding a read, its properties, and its alignment 
to a reference sequence. BAM format is the com-
pressed binary form of SAM format which can be 
converted to SAM format and  vice versa  using 
SAMtools.

         De Novo  Assembly of Short Reads 

  De novo  sequence assembly is a method where 
individual short reads are merged into a long con-
tinuous sequence (contig) like the original tem-
plate. In fact, short reads of 40 nucleotide length 

   Table 1    Popular programs for short-read alignment   

 Program  Algorithm  References 

 Eland  Spaced seed  Illumina software 
 SOAP  Spaced seed  Li et al. ( 2008a ) 
 SeqMap  Spaced seed  Jiang and Wong ( 2008 ) 
 MAQ  Spaced seed  Li et al. ( 2008b ) 
 RMAP  Spaced seed  Smith et al. ( 2009 ) 
 ZOOM  Spaced seed  Lin et al. ( 2008 ) 
 Novoalign  Spaced seed  Novocraft Tech. 
 SHRiMP  Q-fi lter  Rumble et al. ( 2009 ) 
 RazerS  Q-fi lter  Weese et al. ( 2009 ) 
 BWA  FM-index  Li and Durbin ( 2009 ) 
 Bowtie  FM-index  Langmead et al. ( 2009 ) 
 SOAP2  FM-index  Li et al. ( 2009b ) 
 BWT-SW  FM-index  Lam et al. ( 2008 ) 
 BWA-SW  FM-index  Li and Durbin ( 2010 ) 
 MUMmer  Suffi x tree  Kurtz et al. ( 2004 ) 
 OASIS  Suffi x tree  Meek et al. ( 2003 ) 
 Segemehl  Enhanced 

suffi x array 
 Hoffmann et al. ( 2009 ) 

 Vmatch  Enhanced 
suffi x array 

 Abouelhoda et al. ( 2004 ) 

 YOABS  Hash and trie 
based 

 Galinsky ( 2012 ) 

   Table 2    Alignment viewers of SAM/BAM format   

 Program  References 

 GBrowse  Stein et al. ( 2002 ) 
 LookSeq  Manske and Kwiatkowski ( 2009 ) 
 Tablet  Milne et al. ( 2010 ,  2013 ) 
 BamView  Carver et al. ( 2010 ,  2013 ) 
 GenomeView  Abeel et al. ( 2012 ) 
 IGV  Thorvaldsdóttir et al. ( 2013 ) 
 MGAviewer  Zhu et al. ( 2013 ) 
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can be used to assemble the vast majority of pro-
tein encoding genes in most of the prokaryotic 
genomes albeit having many gaps. Table  3  shows 
common programs for assembling short reads 
without any reference genome. All algorithms for 
assembling capillary-based sequence reads of 
400–1,000 nucleotides into long contiguous 
sequences adopts a common approach known as 
overlap-layout-consensus (OLC) approach (Li 
et al.  2012 ). The OLC algorithm fi rst fi nds over-
laps between sequence reads and then looks for 
most fi tting pairs of reads (layout) and fi nally 
derives a consensus sequence from this layout. 
The overlap step is computationally expensive, 
and therefore various algorithmic approaches 
have been adopted to improve the computational 
effi ciency. The OLC approach is adopted by 
many popular programs such as Arachne 
(Batzoglou et al.  2002 ), Celera Assembler (Myers 
et al.  2000 ), CAP3 (Huang and Madan  1999 ), 
PCAP (Huang et al.  2003 ), PHRAP (de la Bastide 
and McCombie  2007 ), Phusion (Mullikin and 
Ning  2003 ), and Newbler (a commercial assem-
bler developed by Roche Diagnostics). Most of 
the assemblers designed for short-read sequences 
are based on De Bruijn graph (DBG; Li et al. 
 2012 ) and Eulerian path approach (Pevzner et al. 
 2001 ). Some of the popular software packages 
based on DBG and Eulerian paths are Euler 
(Pevzner et al.  2001 ), Euler-USR (Chaisson et al. 
 2009 ), Velvet (Zerbino and Birney  2008 ), ABySS 
(Simpson et al.  2009 ), ALLPATH-LG (Gnerre 
et al.  2011 ), SOAPdenovo (Li et al.  2010 ), and 
Gossamer (Conway et al.  2012 ). The graph-based 
algorithm assembly creates a model where the 
string is a node and the relation between strings is 
represented in a form of edges. In De Bruijn 
graph (DBG) algorithm, reads are chopped into 
smaller fragments (k-mers), and k-mers are con-
verted into a DBG for fi nal determination of 
genome sequence. The optimal solution is 
obtained through fi nding a Eulerian path (i.e., a 
path which covers a node only once) through the 
graph. However, the string graph assembler 
(SGA) is a program based on a string graph 
which keeps all reads intact and generates a graph 
based on overlaps between reads (Simpson and 
Durbin  2012 ).

       Scaffolding Algorithms 

 The large assembled regions of sequence are 
known as contigs which need to be joined 
together to get the whole genome sequence. The 
fi nal process of joining multiple contigs together 
to form a continuous genome sequence (scaffold 
or supercontig) is known as scaffolding or fi nish-
ing. This process is done in four consecutive 
steps, namely, contig orientation, contig order-
ing, contig distancing, and gap closing. The ori-
entation of contigs in same direction (5′-3′ 
direction in prokaryotes) is done using a reverse 
complementary sequence. The contigs are placed 
in an appropriate order starting at the origin of 
replication and extended in 5′-3′ direction of 
DNA replication. The distance between contigs 
can be estimated after correct orientation and 
order. The fi nal step of closing and fi lling gap can 

   Table 3    Some programs for  de novo  assembly of short 
reads   

 Program  Algorithm  References 

 Arachne  OLC  Batzoglou et al. ( 2002 ) 
 Celera 
Assembler 

 OLC  Myers et al. ( 2000 ) 

 CAP3  OLC  Huang and Madan 
( 1999 ) 

 PCAP  OLC  Huang et al. ( 2003 ) 
 PHRAP  OLC  de la Bastide and 

McCombie ( 2007 ) 
 Phusion  OLC  Mullikin and Ning 

( 2003 ) 
 Newbler  OLC  Roche Diagnostics 
 Euler  DBG and 

Eulerian path 
 Pevzner et al. ( 2001 ) 

 Euler-USR  DBG and 
Eulerian path 

 Chaisson et al. ( 2009 ) 

 Velvet  DBG and 
Eulerian path 

 Zerbino and Birney 
( 2008 ) 

 ABySS  DBG and 
Eulerian path 

 Simpson et al. ( 2009 ) 

 ALLPATH-LG  DBG and 
Eulerian path 

 Gnerre et al. ( 2011 ) 

 SOAPdenovo  DBG and 
Eulerian path 

 Li et al. ( 2010 ) 

 Gossamer  DBG and 
Eulerian path 

 Conway et al. ( 2012 ) 

 SGA  String graph  Simpson and Durbin 
( 2012 ) 
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result into a fi nished genome. The paired-end 
reads provide additional information for group-
ing two contigs in a genome. Scaffolding process 
may be based on a graph, where a contig is treated 
as node and matching pair contigs are connected 
by edges. The algorithm fi nds an optimal path 
through the graph. The scaffolding process may 
be more accurate using additional information 
such as reference sequences of related organism, 
restriction maps, and RNA-seq data. Some of the 
popular programs (Table  4 ) for scaffolding are 
SOAPdenovo (Li et al.  2010 ), ABySS (Simpson 
et al.  2009 ), Bambus (Pop et al.  2004 ), SOPRA 
(Dayarian et al.  2010 ), SSPACE (Boetzer et al. 
 2011 ), OPERA (Gao et al.  2011 ), MIP Scaffolder 
(Salmela et al.  2011 ), GRASS (Gritsenko et al. 
 2012 ), and RACA (Kim et al.  2013 ).

       Biological Applications of Next- 
Generation Sequencing 

    Genome Sequencing 

 The worldwide effort to understand the genetic 
basis of common and rare genetic disorder has 
gained momentum with the advent of next- 
generation sequencing technology. It will help 
largely in the identifi cation of single nucleotide 
polymorphisms (SNPs) and haplotype mapping 
(International HapMap Consortium  2003 ) in 
individual human genomes and lay a foundation 
for personalized medicine. The 1,000 genome 
project (  http://www.1000genomes.org    ) turned 
into reality with the availability of NGS technol-
ogy. Cancer biology is another area where 

 next- generation sequencing can decipher the 
novel molecular pathways involved in tumori-
genesis (Hahn and Weinberg  2002 ). Next-
generation sequencing will also infl uence the 
highly emerging area of synthetic biology where 
a new enzyme or a novel genetic network may be 
developed (Khalil and Collins  2010 ).  

    Functional Genomics 

 Functional genomics is focused to apply genom-
ics data for understanding dynamic life pro-
cesses. RNA-seq is widely used to quantify gene 
expression levels for different genes like microar-
ray technology (Wang et al.  2009 ). It has several 
advantages over microarray analysis such as no 
prior sequence information is needed; highly 
expressed and lowly expressed genes are equally 
detected and allow detailed identifi cation of 
structure of transcripts including alternative pro-
moters and alternative splicing sites. In RNA-seq 
technology, the relative abundance of a transcript 
is estimated by counting the number of times it is 
hit by the sequence reads. This method accu-
rately estimates relative RNA levels under differ-
ent experimental conditions or in different cell 
types.  

    Epigenetics 

 Epigenetics deals with heritable regulatory 
changes in chromosomes without any change in 
the DNA sequence (Bird  2007 ). The epigenetic 
changes such as DNA methylation, histone modi-
fi cation, and ncRNA have an important role in 
maintaining chromosome structure. The post-
translational modifi cations of histones such as 
methylation, acetylation, ubiquitination, and 
phosphorylation generate different “marks” for 
different functional properties. The DNA-binding 
proteins, histone modifi cations, or nucleosomes 
can be mapped across the genome using  ChIP- 
seq   approach where a chromatin immunoprecipi-
tation (CHIP) is followed by sequencing (Park 
 2009 ). The DNA methylation involves methyla-
tion of the cytosine base in DNA and can be 

   Table 4    Popular programs for scaffolding   

 Program  References 

 SOAPdenovo  Li et al. ( 2010 ) 
 ABySS  Simpson et al. ( 2009 ) 
 Bambus  Pop et al. ( 2004 ) 
 SOPRA  Dayarian et al. ( 2010 ) 
 SSPACE  Boetzer et al. ( 2011 ) 
 OPERA  Gao et al. ( 2011 ) 
 MIP Scaffolder  Salmela et al. ( 2011 ) 
 GRASS  Gritsenko et al. ( 2012 ) 
 RACA  Kim et al. ( 2013 ) 
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 identifi ed by a version of NGS known as  Methyl-
seq  (Brunner et al.  2009 ). The active gene regula-
tory elements can be better understood by using 
another approach of NGS known as  DNAse-seq  
(Song and Crawford  2010 ). Noncoding RNA 
(ncRNA) has been implicated in many epigenetic 
events such as X-chromosome inactivation and 
gene silencing (Mercer et al.  2009 ).   

    Current Status of Next-Generation 
Sequencing in Plant Genomics 

 NGS has been used extensively for whole genome 
sequencing of plants in the last 5 years (Table  5 ). 
 Arabidopsis thaliana  (125 Mb) was the fi rst plant 
completely sequenced in 2000 using Sanger 
sequencer ( Arabidopsis  genome; Initiative  2000 ). 

It was followed by sequencing two major rice 
varieties, namely,  japonica  (420 Mb; Goff et al. 
 2002 ) and  indica  (466 Mb; Yu et al.  2002 ) in 
2002 and fi rst fruit grapevine (487 Mb; Jaillon 
et al.  2007 ) in 2007 using the same sequencing 
method. Subsequently, the draft genomes of 
papaya (372 Mb; Ming et al.  2008 ) and legume 
 Lotus japonicus  (315 Mb; Sato et al.  2008 ) were 
developed in 2008. Sorghum genome (730 Mb; 
Paterson et al.  2009 ) and maize genome (2.3 Gb; 
Schnable et al.  2009 ), and soya bean genome (1.1 
Gb; Schmutz et al.  2010 ) were sequenced in 2009 
and 2010, respectively, onto Sanger platform. 
However, the pace of sequencing plant genomes 
rapidly increased with the advent of the next- 
generation sequencing (NGS) technology. 
Cucumber genome (243.5 Mb; Huang et al. 
 2009 ) was sequenced taking advantages of both 

   Table 5    Overview of plant genomes sequenced applying next-generation sequencing   

 Plant  Genome size (Mb)  NGS platform  References 

 Cucumber ( Cucumis sativus )  244  Illumina  Huang et al. ( 2009 ) 
 Wild grass ( Brachypodium 
distachyon ) 

 355  Illumina  International Brachypodium 
Initiative ( 2010 ) 

 Cocoa ( Theobroma cacao )  430  Roche 454 and Illumina  Argout et al. ( 2011 ) 
 Apple ( Malus  X  domestica )  604  Roche 454  Velasco et al. ( 2010 ) 
 Woodland strawberry ( Fragaria 
vesca ) 

 210  Roche 454, Illumina, and 
SOLiD 

 Shulaev et al. ( 2011 ) 

 Potato ( Solanum tuberosum )  727  Roche 454 and Illumina  Potato Genome Sequencing 
Consortium ( 2011 ) 

 Cannabis ( Cannabis sativa )  534  Roche 454 and Illumina  van Bakel et al. ( 2011 ) 
 Pigeon pea ( Cajanus cajan )  606  Illumina  Varshney et al. ( 2012 ) 
 Extremophile crucifer 
( Thellungiella parvula ) 

 140  Roche 454 and Illumina  Dassanayake et al. ( 2011 ) 

 Date palm ( Phoenix dactylifera )  658  Illumina  Al-Dous et al. ( 2011 ) 
 Grape ( Vitis vinifera )  505  Roche 454  Velasco et al. ( 2007 ) 
  Brassica rapa   288  Illumina  Wang et al. ( 2011 ) 
 Cotton ( Gossypium raimondii )  775  Illumina  Wang et al. ( 2012 ) 
 Melon ( Cucumis melo )  375  Roche 454 and Illumina  Garcia-Mas et al. ( 2012 ) 
 Tomato ( Solanum lycopersicom )  760  Roche 454, Illumina, and 

SOLiD 
 Tomato Genome Consortium 
( 2012 ) 

 Banana ( Musa acuminata )  472  Roche 454 and Illumina  D’Hont et al. ( 2012 ) 
 Barley ( Hordeum vulgare )  4,980  Roche 454 and Illumina  International Barley Genome 

Sequencing Consortium ( 2012 ) 
 Bread wheat ( Triticum aestivum )  17,000  Roche 454  Brenchley et al. ( 2012 ) 
 Wheat A ( Triticum urartu )  4,940  Illumina  Ling et al. ( 2013 ) 
 Sweet orange ( Citrus sinensis )  367  Illumina  Qiang et al. ( 2013 ) 
 Chickpea ( Cicer arietinum )  740  Roche 454  Jain et al. ( 2013 ) 
 Sacred lotus ( Nelumbo nucifera )  929  Roche 454 and Illumina  Ming et al. ( 2013 ) 
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Illumina GA technology (high sequencing depth 
and low unit cost) and Sanger technology (long 
read and clone length). In 2010, wild grass, 
 Brachypodium distachyon  was sequenced using 
both methods (International Brachypodium 
Initiative  2010 ). The cocoa genome (430 Mb; 
Argout et al.  2011 ) was sequenced applying two 
NGS platforms, namely, Roche 454 and Illumina 
along with Sanger sequencing. The apple genome 
(604 Mb; Velasco et al.  2010 ) was sequenced 
using both Roche 454 technology and Sanger 
technology. The woodland strawberry (209.8 
Mb) was sequenced using three NGS platforms: 
Roche 454, Illumina Solexa, and Life 
Technologies SOLiD (Shulaev et al.  2011 ). In 
2011, the potato genome (727 Mbp) was 
sequenced using two major NGS platforms: 
Roche 454 and Illumina Genome Analyzer along 
with conventional Sanger sequencing technology 
(Potato Genome Sequencing Consortium  2011 ). 
The cannabis genome (534 Mb) was sequenced 
using Roche 454 and Illumina Genome Analyzer 
IIx or HiSeq platforms (van Bakel et al.  2011 ). 
The draft genome of pigeon pea (606 Mb) was 
sequenced with Illumina technology along with 
Sanger technology (Varshney et al.  2012 ). A 
close relative of  Arabidopsis ,  Thellungiella par-
vula , is endemic to saline habitat, and its genome 
(140 Mb) was investigated using Roche 454 and 
Illumina GA2 (Dassanayake et al.  2011 ). The 
date palm genome (658 Mb) was sequenced  de 
novo  using Illumina GA2 and Sanger sequencer 
(Al-Dous et al.  2011 ). A draft consensus sequence 
of grape genome (504 Mbp) was developed with 
1.7 million SNPs (Velasco et al.  2007 ).  Brassica 
rapa  genome was sequenced by  Brassica rapa  
genome sequencing project consortium (Wang 
et al.  2011 ). The cotton plant draft genome (775 
Mb) was sequenced using Illumina HiSeq 2000 
platform (Wang et al.  2012 ). Melon, a close rela-
tive of cucumber, was covered for genome (375 
Mb) using Roche 454 pyrosequencing, Illumina, 
and Sanger technologies (Garcia-Mas et al. 
 2012 ). The tomato genome (760 Mb) was 
sequenced using Roche 454 GS FLX, Illumina 
GA2, and SOLiD along with Sanger sequencing 
(Tomato Genome Consortium  2012 ). The banana 

genome (472 Mb) was sequenced with combined 
application of Roche 454, Illumina GA2, and 
Sanger technologies (D’Hont et al.  2012 ). 
Recently, both Roche 454 (GS FLX or FLX 
Titanium) and Illumina (GA2 or HiSeq 2000) 
have been applied to decipher the genome 
sequence of barley (4.98 Gbp) (The International 
Barley Genome Sequencing Consortium  2012 ). 
Since the bread wheat has a large genome size 
(17 Gb) than other cereals and is hexaploid in 
nature, the successful completion of bread wheat 
genome sequencing using 454 pyrosequencing 
and wheat A-genome (4.94 Gb) sequencing on 
Illumina HiSequation platform is a signifi cant 
event in the next-generation sequencing of crops 
(Brenchley et al.  2012 ; Ling et al.  2013 ). The 
completion of wheat genome will not only pave 
the way for better productivity of wheat crop but 
decipher the role of polyploidy in plant genome 
evolution as well. Recently, the whole genome 
sequencing of sweet orange ( Citrus sinensis ; 367 
Mb) was done on Illumina GAII sequencer 
(Qiang et al.  2013 ). The draft genome sequence 
of chickpea ( Cicer arietinum ; 740 Mb) was com-
pleted on 454/Roche GS FLX Titanium platform 
(Jain et al.  2013 ). The complete genome of sacred 
lotus (929 Mb) was sequenced with combined 
application of Illumina and 454 technologies 
(Ming et al.  2013 ). Other whole genome sequenc-
ing projects are underway in many plant species 
such as amborella ( Amborella trichopoda ), col-
umbine ( Aquilegia  sp . ), sugar beet ( Beta vul-
garis ), monkey fl ower ( Mimulus guttatus ), rose 
gum tree ( Eucalyptus grandis ), fl ax ( Linum usita-
tissimum ), cassava ( Manihot esculenta ), and pear 
( Pyrus bretschneideri ). Some species of the 
lower plant species were sequenced in order to 
understand the evolution of vascular plants on 
land. The genome of green alga (Chlamydomonas 
reinhardtii; 120 Mb) (Merchant et al.  2007 ), 
genome of moss (480 Mb;  Physcomitrella pat-
ens ) (Rensing et al.  2008 ), and genome of lyco-
phyte ( Selaginella moellendorffi i ; 213 Mb) 
(Banks et al.  2011 ) were sequenced using 
 conventional Sanger sequencing and have 
revealed insights into genomic evolution of land 
plants.
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       Future Prospects in Next- 
Generation Sequencing 
and Assembly 

 NGS-based technology has a wide scope for 
solving many existing problems in genomics. 
However, the low read length with intrinsic error 
rate of NGS is a major problem and is a prohibi-
tive factor for  de novo  assembly of large genomes. 
Therefore, this technology is largely based on the 
availability of a reference genome. However, this 
problem will be solved in the future with an 
increase in size of the read length. Although NGS 
provides a deep coverage, it has a low throughput 
in comparison to microarrays. However, this 
problem may be alleviated by developing large- 
scale parallel NGS. With an increase in the num-
ber of reference genomes, it is expected that 
whole genome resequencing will become more 
popular in order to interrogate the diversity of 
crop genomes. New dedicated algorithms are 
needed to deal with complex repeats in the plant 
genome for better quality of assembly. Along 
with assembly algorithms, the next-generation 
data quality and quantity should be improved in 
the near future.  

    Conclusion 

 In this work, three common NGS platforms and 
various computational methods for analysis of 
NGS-derived sequence data are discussed. The 
impact of NGS technology on plant genome 
sequencing especially on crop genomes, till date, 
is elaborated. It is expected that NGS technology 
will grow further in sensitivity and speed and will 
decipher the genomes of other plants to under-
stand the genome evolution and help in revealing 
key genomic features to agricultural productivity.     
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   Abstract  

  The completion of the  Arabidopsis  Genome 
Initiative project in the year 2000 and decoding 
the whole genome sequence of many plant 
species thereafter lead to generation of moun-
tains of sequence information. But the function 
of most of these sequences remains elusive. 
This grand challenge of defi ning the function 
of all the sequence information and genes has 
been the scope of functional genomics. 
Functional genomics deals with the function of 
gene at transcription, at translation and at regu-
lation level. Numerous techniques including 
microarray, serial analysis of gene expression 
(SAGE), gene knockout, RNA interference 
(RNAi), virus-induced gene silencing (VIGS), 
insertional mutagenesis, Targeting Induced 
Local Lesions in Genomes (TILLING), 
EcoTILLING and next-generation sequencing 
(NGS) technologies have been developed as 
component of functional genomics to elucidate 
the function of genes/sequences and can assist 
in understanding the genetic mechanism of 
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growth, development and physiological 
responses of plant. Therefore, functional 
genomics can aid in discovery of alleles/QTLs, 
development of high-throughput markers, 
development of high-density linkage map and 
ultimately assigning the function of genes/
QTLs related with yield and associated traits 
and biotic and abiotic stress tolerance to 
develop high yielding genotypes to mitigate 
the challenges of global food security.  

  Keywords  

  Functional genomics   •   Next- generation 
sequencing   •   Molecular markers   •   Plant 
science  

        Introduction 

 Classical genetics ruled plant breeding until the 
twentieth century, and its application led to devel-
opment of numerous high yielding cultivars in 
various crops. During this period, the concept of 
“one gene, one enzyme” (Beadle and Tatum 
 1941 ) and discovery of double-helical structure 
of DNA (Watson and Crick  1953 ) provided the 
early insights into the functional and structural 
aspects of the genomes and accelerated the prog-
ress of molecular biology. During the last decade 
of twentieth century, genomes of various organ-
isms (from virus to human) were completely 
sequenced with the blessing of Sanger’s genome 
sequencing technology (Sanger and Coulson 
 1975 ) and later on with next-generation 
 sequencing (NGS) technology (Schuster  2008 ). 
Subsequently genomes of many more organisms 
have been and are being sequenced. This rapid 
development led to the birth of a new fi eld of 
molecular biology termed “ genomics ”. In fact 
this term was coined in 1986 itself by mouse 
geneticist Thomas Roderick (McKusick  1997 ) to 
refer “mapping, sequencing and characterizing 
genomes” based on the term “genome” intro-
duced by Winkler ( 1920 ). Hence, the recent 
developments in the fi eld of molecular biology 
simply expanded the scope of this term. 

 Subsequently, whole genome sequencing of 
the model plant  Arabidopsis  (The  Arabidopsis  
Genome Initiative  2000 ) harbingered a new era 
of plant genomics. To date genome sequence of 
more than 50 plants belonging to 49 different 
plant species have been decoded (Michael and 
Jackson  2013 ). However, the function of most of 
the sequence information generated by genome 
projects or genes remains elusive. The generation 
of enormous sequence information and research 
efforts to understand their role in character 
expression led to the formation of two new sub-
fi elds within the main branch of genomics, viz. 
functional genomics and structural genomics. 
The application of genomics tools in plants has 
led to important insights into important biologi-
cal processes and a wealth of knowledge about 
development. Now, agriculture can take its share 
of benefi ts from genomics. 

 The genomics-led studies in crop improve-
ment can assist plant breeders in identifying 
genes/QTLs that could be best utilised to improve 
crop productivity and quality through genetic 
engineering and plant breeding. In the past the 
success of plant breeding largely relied on for-
ward genetics based on screening of natural and 
induced mutants by phenotypic selection. But 
introduction of genomics-led high-throughput 
techniques such as marker-assisted selection 
(Collard and Mackill  2008 ; Xu and Crouch 
 2008 ), genomic selection (Goddard and Hayes 
 2007 ; Jannink et al.  2010 ) and genotyping by 
sequencing (GBS) (Huang et al.  2009 ; Elshire 
et al.  2011 ) has offered new opportunities to the 
plant breeders, enriching the arsenal of classical 
breeding tools thereby facilitating mapping of 
desired traits precisely and thus aided in tailoring 
desirable genotypes. Therefore, genomics in 
combination with functional genomics-led stud-
ies has opened a new avenue to the plant breeders 
for developing high-throughput markers, devel-
oping high-density linkage map and identifying, 
fi ne mapping and cloning of gene/QTL followed 
by analysis of their functions strategically in 
quicker time. In this chapter we have tried to 
assemble the functional genomics-driven tech-
nologies, their potentials and their limitations 
followed by the latest relevant applications in 
plant science.  
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    Functional Genomics 

 The functional genomics can be defi ned as 
“development and application of global 
(genome- wide or system-wide) experimental 
approaches to assess gene function by making 
use of the information and reagents provided by 
structural genomics” (Hieter and Boguski  1997 ). 
Gibson and Muse ( 2009 ) defi ned it as 
“approaches under development to ascertain the 
biochemical, cellular, and/or physiological prop-
erties of each and every gene product”. However, 
Pevsner ( 2009 ) defi ned it by including non-genic 
regions as “the genome-wide study of the func-
tion of DNA (including genes and non-genic ele-
ments), as well as the nucleic acid and protein 
products encoded by DNA”. Functional genom-
ics uses the approaches of both forward genetics 
(phenotype to gene sequence) and reverse genet-
ics (gene sequence to function). The forward 
genetics aids in gene discovery, while reverse 
genetics helps in deciphering the gene function. 
The main goal of functional genomics is to 
understand the relationship between the genome 
and the resultant phenotype of an organism. This 
could be achieved by knowing the expression, 
regulation and genome-wide mutagenesis 
through reverse genetics tools (Alonso and Ecker 
 2006 ). The functional genomics contemplates to 
understand the dynamic properties of an organ-
ism at cellular and/or organism levels using 
genomics and proteomics. This would provide 
better insights into how the information encoded 
in an organism’s genome could be transformed 
into biological function. There is a possibility of 
understanding how a particular mutation leads to 
a given  phenotype. This might have implications 
in dissecting the genetics of complex traits and 
understanding of the genetics of traits of eco-
nomic importance. 

    Functional Genomics Tools 

 The fi eld of functional genomics is the result of 
efforts to understand the signifi cance of the 
genome sequence information generated. It is 
necessary to understand the biochemical and 

physiological function of every gene product and 
its complexes. The function of gene is manifested 
at different levels, including at RNA, protein and 
metabolite levels. Hence, critical analyses at 
these levels would enable to understand the pos-
sible function of a particular gene/gene product 
and its interaction with other gene/gene products 
leading to a certain phenotypic expression. Thus, 
the tools involved have to address the challenges 
at each level effi ciently. However, in this chapter 
we do not discuss about the functional proteomics 
(functional genomics of proteins) as there is a 
separate dedicated chapter on proteomics in this 
book. 

 Here, we discuss the tools or techniques 
involved in defi ning the functional genomics 
such as microarray technique; SAGE; transgenic 
and gene silencing approaches such as gene 
knockout, RNAi and VIGS; insertional mutagen-
esis and chemical mutagenesis including 
TILLING, and EcoTILLING and NGS tech-
nique. Each of the techniques and their applica-
tions are summarised below. 

    Expression Profi ling 
 In the early 1990s, scientists took the task of 
unravelling the gene expression and transcript 
profi le of genome. This led the foundation of 
functional genomics. After the whole genome 
sequence information of the various species was 
available, molecular biologists estimated the 
number of genes encoded in the genomes of such 
species. But, this approach provided little infor-
mation about the gene function. One approach 
for understanding the function of genes is to 
establish the identity and abundance of different 
mRNA transcripts expressed in a tissue or cell. 
This is termed as “expression profi ling”. This 
approach assumes that the genes that have similar 
expression patterns are functionally related and 
that changes in gene expression are due to 
changes in physiological conditions as per the 
requirement of the cell. The most effective 
genomics technique fi rst used for gene expres-
sion analysis was expressed sequence tags 
(ESTs). A number of high-throughput technolo-
gies used for gene expression or transcriptome 
analysis are expressed sequence tags (EST) 
sequencing (Adams et al.  1995 ), serial analysis 
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of gene expression (Velculescu et al.  1995 ), mas-
sively parallel signature sequencing (Brenner 
et al.  2000 ) and microarray technology (Schena 
et al.  1995 ). We will discuss here these important 
technologies widely used for transcript profi ling 
and gene expression analysis across the genome 
of different plant species. 

   Microarray Technology 
 Microarray is a versatile high-throughput tool 
and is one of the fastest-growing new technolo-
gies in the fi eld of genetic research. There are 
several synonyms of microarray like DNA chips, 
gene chips, biochips, DNA arrays and gene 
arrays. This technique was fi rst used in 1995 by 
Patrick Brown and his group for expression anal-
ysis in  Arabidopsis  leaf and root tissues (Schena 
et al.  1995 ). DNA microarrays are collection of 
sequences from thousands of different genes that 
are immobilised or attached onto a solid support 
at fi xed and known locations/spots in an orderly 
or fi xed way. The supports are usually micro-
scope slides but can also be silicon chips or nylon 
membranes. The DNA is printed, spotted or actu-
ally synthesised directly onto the support. As 
many as 30,000 cDNAs can be spotted on a 
microscope slide with each spot corresponding to 
a unique cDNA. Based on the kind of sequences 
spotted in microarray, it can be grouped into 
cDNA microarray (cDNA are immobilised) and 
oligonucleotide array (synthesised oligonucle-
otides are attached to the chip). Since the location 
of each sequence/gene is known, it is used to 
identify a particular gene sequence. The cDNA 
microarrays can be used for investigating gene 
expression in both animal and plant systems. The 
core principle behind this technique is hybridisa-
tion between two DNA strands (target sample 
DNA and a large set of immobilised DNA 
sequences), using the complementary nature of 
DNA strands, specifi cally paired with each other 
by forming hydrogen bonds between comple-
mentary nucleotide pairs. Based on this, the pro-
cedure of microarray analysis is as follows: (1) 
cDNAs fragments are amplifi ed by PCR. (2) 
Anchoring of the amplifi ed cDNAs on glass slide 
having already known positions. (3) Contrasting 
(positive trait and negative trait) cDNA probes 

are produced by reverse transcription. (4) The 
probes hybridised to the DNAs positioned on the 
glass slide. (5) Confocal microscope driven scan-
ning of array, followed by array image analysis 
by computer program, for details (see Xiang and 
Chen  2000 ; Aharoni and Vorst  2001 ). (6) 
Applying statistical methods to infer that differ-
ences in gene expression between cell popula-
tions or experimental conditions are true or due 
to chance. (7) Sharing of microarray data. The 
sharing of microarray data and making it publicly 
available is important and was highlighted by 
Pavlidis and Noble ( 2001 ). The sharing of data 
also permits validation of the results. 

 The databases for microarray data are avail-
able in plenty with both public and private 
(Becker  2001 ). Two public databases are serving 
as a repository for data. These are Array Express 
at the European Bioinformatics Institute (EBI) 
(  http://www.ebi.ac.uk/arrayexpress    ); Na- 244 
J.D. Pollock/Chemistry and Physics of Lipids 
121 (2002) 241/256 National Center for 
Bioinformatics’s (NCBI/NIH) Gene Expression 
Omnibus or GEO (  http://www.ncbi.nlm.nih.gov/
geo    ). 

 Application: Microarray technique is a high- 
throughput technology for studying the expres-
sion profi le of genes on whole-genome scale; 
microarray technique can play a signifi cant role 
in dissecting the various kinds of simultaneous 
gene expression in terms of transcription and 
translation and regulatory network in organism. 
Its application ranges from model plant 
 Arabidopsis  to almost all cultivated crop species 
such as rice, maize, wheat, brassica, potato, cab-
bage, grape, peanut and soybean given in Table  1 . 
In the early 1990s, it was applied largely in 
 Arabidopsis  for harnessing the different expres-
sion profi les such as organ development (Ruan 
et al.  1998 ), phytochrome A-related expression 
(Spiegelman et al.  2000 ), systemic acquired 
resistance (SAR) expression (Maleck et al.  2000 ), 
circadian clock regulation response (Harmer 
et al.  2000 ) and cold and drought response (Seki 
et al.  2001 ). Later, it has been applied to under-
stand the following aspects of plants: (1) Gene 
expression during plant metabolism: carbon 
metabolism and starch deposition in tuber have 
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   Table 1    Application of microarray techniques used in functional genomics   

 Crops  Expression of gene/EST sequences  Functions  References 

  Arabidopsis   14 candidate genes  Synthesis and modifi cation of 
outer seed coat 

 Esfandiari et al. 
( 2013 ) 

 Brassica  8 BrDREB1 genes  Associated with abiotic stress 
responses and development 

 Lee et al. ( 2012 ) 

 44 upregulated genes and 33 
downregulated genes in pollinated 
pistil 

 Expression profi le in time of 
pollination 

 Jiang et al. ( 2013 ) 

 B3 family transcription factor 
genes 

 Related with plant growth and 
development 

 Peng and Weselake 
( 2013 ) 

 4,646 genes  Delayed expression in ogura 
CMS resulting sterility 

 Dong et al. ( 2013 ) 

 XB3 gene  Contributing in plant growth and 
development 

 Yuan et al. ( 2013 ) 

 192 putative polymorphic loci  Associated with development in 
functional marker 

 Nishizawa et al. 
( 2012 ) 

 562 differentially expressed genes  Associated with regulation 
of oleic acid trait 

 Guan et al. ( 2012b ) 

 39 genes  Expression associated with seed 
oil content 

 Zhu et al. ( 2012 ) 

 3 genes, chitinase gene  Associated with biotic stress 
resistance 

 Ahmed et al. ( 2012 ) 

 Expression profi le of 33 genes  Associated with salinity stress 
response 

 Srivastava et al. 
( 2010 ) 

 674 gene transcript of middle 
fraction of seed coat, 1,203 gene 
transcripts found in hypocotyl 
tissue 

 Associated with seed coat 
development 

 Jiang and Deyholos 
( 2010 ) 

 53 upregulated and 42 
downregulated expression 
transcripts 

 Improvement of seed oil content  Fu et al. ( 2009 ) 

 Grape  SBP-box genes  Defence against biotic and 
abiotic stress 

 Hou et al. ( 2013 ) 

 Maize  74 MAPKKK genes  Involved in signalling pathways 
and organ development 

 Kong et al. ( 2013 ) 

 Water stress gene  Associated with water stress  Yu and Setter ( 2003 ) 
 ZmALDH9, ZmALDH13 and 
ZmALDH17 

 Expressed during drought stress, 
acid tolerance and pathogen 
infection 

 Zhou et al. ( 2012 ) 

 45 genes  Associated with biotic stress and 
evolution study 

 Swanson-Wagner 
et al. ( 2012 ) 

 XB3  Involved in plant growth and 
development 

 Yuan et al. ( 2013 ) 

 Differential gene expression 
between quiescent and germinated 
maize embryo stages 

 Germination regulation  Jiménez-López et al. 
( 2011 ) 

(continued)
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been studied under drought condition in potato 
(Watkinson et al.  2008 ). (2) Gene expression dur-
ing growth and development: microarray expres-
sion analysis assisted in analysing multiple 
expression of seed, leaf, stem, root and gyno-
phore development in peanut (Bi et al.  2010 ) and 
analysing expression profi le of genes at the time 
of fertilisation in brassica, revealing role of B3 
family transcription factor genes and XB3 gene 
contributing growth and development (Peng and 
Weselake  2013 ; Yuan et al.  2013 ). (3) Expression 
pattern under abiotic and biotic stresses: this 
technique has been used in soybean (Yuan et al. 
 2013 ) for abiotic stress expression pattern of 
eight BrDREB1 genes (Lee et al.  2012 ). Similarly, 

salinity tolerance expression profi le of 33 genes 
has been studied (Srivastava et al.  2010 ). 
Additionally, the expression of  ZmALDH9, 
ZmALDH13  and  ZmALDH17  genes of maize 
during drought stress, acid tolerance and patho-
gen infection (Zhou et al.  2012 ) and differential 
expression of 60 genes taking part in differential 
response of powdery mildew in wheat have been 
investigated (Xin et al.  2012 ). (4) To study 
expression profi le of quality traits: expression 
analysis of 562 differentially expressed genes 
accounting for high and low oleic acid trait 
 regulation has been documented (Guan et al. 
 2012a ). In maize 74 MAPKKK genes have 
been identifi ed by this technique involved in 

Table 1 (continued)

 Crops  Expression of gene/EST sequences  Functions  References 

 Rice  Chilling stress gene  Involved in chilling stress  Yamaguchi et al. 
( 2004 ) 

 Drought stress gene  Related with drought response  Hazen et al. ( 2005 ) 
and Lian et al. ( 2006 ) 

 XB3  Involved in plant growth and 
development 

 Yuan et al. ( 2013 ) 

 NYC4 gene  Degradation of chlorophyll and 
chlorophyll – protein complexes 
in time of leaf senescence 

 Yamatani et al. ( 2013 ) 

 TaSIP gene  Salinity tolerance  Du et al. ( 2013a ) 
 Peanut  5,066 EST sequences  Diverse expression during seed, 

leaf, stem, root and gynophore 
development 

 Bi et al. ( 2010 ) 

 Poplar  Calcium-dependent protein kinase 
(CDPK) gene family 

 Expressed under various stresses  Zuo et al. ( 2012 ) 

 Potato  Sucrose- and starch-metabolism- 
associated gene 

 Carbon metabolism  Watkinson et al. 
( 2008 ) 

 Soybean  4,100 unigene ESTs  Involved in organ differentiation 
in legumes 

 Maguire et al. ( 2002 ) 

 27,513 clones of unigene set  Involved in organ development  Vodkin et al. ( 2004 ) 
 XB3  Associated with plant growth and 

development 
 Yuan et al. ( 2013 ) 

 Genes encoding proteins possibly 
contributing acid soil tolerance 

 Related with aluminium 
tolerance 

 Mattiello et al. ( 2012 ) 

 Strawberry  Strawberry alcohol 
acetyltransferase (SAAT) gene 

 Contributing in fruit ripening  Aharoni et al. ( 2000 ) 

 Wheat  Salt stress gene  Associated with salt stress  Kawaura et al. ( 2006 ) 
 TaPIMP1   Bipolaris sorokiniana  and 

drought stress resistance 
 Zhang et al. ( 2012c ) 

 60 genes of differential expression  Differential response of powdery 
mildew 

 Xin et al. ( 2012 ) 

 Five genes  Formation and development of 
pistil-like stamens 

 Yamamoto et al. 
( 2013 ) 
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signalling pathways and organ development 
(Kong et al.  2013 ).

   Advantages: This technique provides advan-
tages over other expression analysis techniques 
used earlier. (1) Prior information of cDNA of 
genome is not required in microarray analysis 
(Aharoni et al.  2000 ; Harmer and Kay  2000 ), (2) 
it can even cover small portion of genomes under 
investigation (Aharoni et al.  2000 ) and (3) the 
 custom  chip used in this technique can easily be 
fabricated in laboratory (Harmer and Kay  2000 ). 

 Disadvantages: It suffers from some draw-
backs: (1) There may be a problem in differenti-
ating the closely related gene sequences (Duggan 
et al.  1999 ; Ishii et al.  2000 ) and genome duplica-
tion, due to cross hybridisation and misinterpre-
tation of the expression of any single gene 
(Meyers et al.  2004 ); (2) it investigates random 
arbitrary chosen genes (Lee and Lee  2003 ) and 
(3) there is no standard set of protocols for doing 
microarray experiments and hence the compari-
sons among different experimental datasets are 
diffi cult. To overcome this diffi culty the 
MicroArray and Gene Expression group (  http://
www.mged.org    ), an organisation consisting of 
users of microArray data, presented a proposal 
for the minimum information about microarray 
experiments (MIAME; Brazma et al.  2001 ) that 
would be included in any public database.  

   Serial Analysis of Gene Expression (SAGE) 
 Serial analysis of gene expression is an innova-
tive approach for defi ning the expression profi l-
ing of cellular transcripts, gene discovery and 
analysing metabolic pathway (Gowda et al. 
 2004 ). Basically it measures the quantitative pro-
fi le of expressed genes using the principle of 
sequencing technology. This technique was fi rst 
developed by Velculescu et al. ( 1995 ). In this 
method, cDNA is produced from mRNA through 
reverse transcription from a specifi c cell, tissue or 
organ of interest. The cDNA is digested with the 
enzyme NIaIII, and poly-A ends are ligated with 
linker fragment with 5′-GGGAC-3′ sequence, 
which is a recognition site for type IIS restriction 
enzyme BsmFI. A short tag of 14–15 bp length 
having well-specifi ed 3′ transcript is isolated by 
digestion with BsmFI (Velculescu et al.  1995 ; 

Zhang et al.  1997 ). Tags from different expressed 
sequences are ligated and cloned into a plasmid 
vector for sequence analysis. After sequencing 
thousands of tags, the gene corresponding to the 
tag is identifi ed. The 14–15 bp tag sequence is 
used as query to search cDNA databases of the 
organism by BLAST (Altshul et al.  1990 ). Finally 
tag annotation is combined to generate a gene 
expression profi le. Many modifi cations to this 
technique have been made for increasing its effi -
ciency such as (1) LongSAGE – containing 
longer- size tags of 21 bp in comparison to con-
ventional SAGE having 14–15 bp tags (Saha 
et al.  2002 ; Chen et al.  2002 ); (2) SuperSAGE – 
designed by reaping the benefi t of high- 
throughput SAGE and microarray technique 
simultaneously (Matsumura et al.  2006 ), it gener-
ates 26 bp tags and broadens its use in non-model 
organisms (Matsumura et al.  2003 ) and (3) 
Virtual SAGE – uses the principles of both EST 
and SAGE analysis for gene expression (Poroyko 
et al.  2004 ). 

 Application: SAGE has been used for discov-
ering new genes, transcript profi ling and analysis 
of cellular metabolic pathways. In plants, it has 
been applied in analysing the response of expres-
sion during host–pathogen interaction in rice 
(Matsumura et al.  2003 ) and abiotic stress in 
chickpea (Molina et al.  2008 ). SAGE has also 
been applied to investigate the molecular basis of 
heterosis and gene regulation pathways in rice by 
generating 465,679 tags (Bao et al.  2005 ). By 
applying SAGE in an elite Chinese super-hybrid 
rice (LYP9), 10,268 quality tags were generated 
which helped in assigning candidate genes 
responsible for heterosis mechanism in rice (Song 
et al.  2007 ). Similarly SAGE assisted in searching 
out 1,183 differentially expressed genes (DGs) in 
F 1  super-hybrid rice Liangyou-2186, conferring 
heterosis (Song et al.  2010 ). 

 Further, SAGE has also been used for elucida-
tion of plant–pathogen interaction (Gowda et al. 
 2007 ; Matsumura et al.  2003 ). For instance, in 
rice RL SAGE has been used for understanding 
the molecular basis of  Rhizoctonia solani  and host 
resistance response that contributed to fi ne map-
ping of the QTLs governing this disease (Venu 
et al.  2007 ). LongSAGE disclosed the role of 
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 ethylene as induced resistance response against 
cucumber mosaic virus in tomato (Irian et al. 
 2007 ) and gene regulation and expression analy-
sis during grain development in wheat (Poole 
et al.  2008 ). Likewise transcript profi ling of cyst 
nematode-infected tomato roots has been 
 performed applying SAGE (Uehara et al.  2007 ). 
This powerful tool has been used for investigating 
the caryopsis development in wheat producing 
29,231 unique tags, leading to enhancement of 
wheat breeding (McIntosh et al.  2007 ). This tech-
nique has been used successfully for comparative 
analysis in egg plant (Fukuoka et al.  2010 ). 

 Advantages: It can be used for evaluation of 
thousands of genes to obtain quantitative and 
qualitative information on them (Velculescu et al. 
 1995 ; Lee and Lee  2003 ). Besides, digitisation of 
generated data is unique feature in this technique 
(Gowda et al.  2004 ). 

 Disadvantage: There are chances of missing 
analysis of rare transcripts in this technique 
(Harmer and Kay  2000 ). This technique also 
demands large set of expressed sequence tags 
(Harmer and Kay  2000 ). Error in expression pro-
fi le arises due to non-authentic annotation in tags 
for complex polyploidy genome, viz. wheat 
(Poole et al.  2008 ).   

    Gene Silencing Approaches 
   Gene Knockout 
 Gene knockout describes the reciprocal exchange 
of DNA sequence between two chromosomes 
harbouring the same genetic loci (Lewin  2004 ; 
Tierney and Lamour  2005 ) starting with a double- 
strand break and followed by repair of these 
breaks. It is the most widely accepted model for 
gene targeting (Iida and Terada  2004 ). Site- 
specifi c recombination gene knockout system 
(such as Cre-Lox) can be potentially applied in 
rice and other plants (Iida and Terada  2004 ). 
Utility of site-specifi c recombination-based gene 
knockout is very limited only used in moss 
 Physcomitrella patens  (Schaefer and Zryd  1997 ). 
So disruption-based gene knockout applying 
insertion elements has been used for knocking 
out genes for decoding function of genes 
(Wisman et al.  1998 ; Campisi et al.  1999 ; Tissier 
et al.  1999 ). The fi rst report of knocking out  actin  

gene in  Arabidopsis  was reported (McKinney 
et al.  1995 ). A deletion-based gene knockout sys-
tem was used in  Arabidopsis  (Li et al.  2002 ). 

   Applications 
 This unique technique has been intensively 
applied for unravelling the gene function in dif-
ferent plant species. In  Arabidopsis  a list of genes 
were knocked out for disclosing the function of 
important morphological and physiological traits 
(Bouché and Bouchez  2001 ). This tool has also 
been used for fi nding out plant metabolism like 
lipid, gluconeogenesis, starch, sugar metabolism, 
etc. (Thorneycroft et al.  2001 ). In rice the func-
tion of gene responsible for plant height has been 
decoded by knocking out the  gibberellin 
2- oxidase (GA2ox)  gene (Hsing et al.  2007 ), ker-
nel size and yield in maize (Martin et al.  2006 ); 
by knocking out  Gln1-3  and  Gln1-4  genes, 
defence gene and root-knot nematode resistance 
(Gao et al.  2008 ) by knocking out  LOX  gene 
 (ZmLOX3) . Similarly it has been used for eluci-
dating the function of genes associated with alu-
minium tolerance (Chen et al.  2012 ), lutein 
biosynthesis (Lv et al.  2012 ), resistance to rice 
blast (Delteil et al.  2012 ), root elongation and 
iron storage (Bashir et al.  2011 ) in rice, oxidative 
pentose phosphate pathway (Settles et al.  2007 ) 
in maize, drought stress resistance (Malatrasi 
et al.  2006 ) in barley and salinity tolerance and 
ABA signalling (Park et al.  2009 ) in Arabidopsis. 
The list of plant genes and their function deter-
mined by gene knockout has been given in 
Table  2 .

   This unique technique suffers from some 
drawbacks, it creates pleiotropic effect, and many 
knockout mutations may be without phenotype 
(Thorneycroft et al.  2001 ). Its full potentiality 
and application in functional genomics are yet to 
be used fully.   

   RNAi 
 RNAi is the process by which expression of a tar-
get gene is inhibited by antisense and sense 
RNAs. RNAi was discovered when injection of 
double-stranded RNA (dsRNA) into worms led 
to specifi c degradation of the corresponding 
mRNA (Fire et al.  1998 ). The discovery of RNAi 
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   Table 2    Applications of gene knockout for deciphering gene function in plant species   

 Crops  Knockout genes  Functions  References 

  Arabidopsis    ACT2, ACT4, ACT7   Reduced fi tness  Asmussen et al. 
( 1998 ) and Gilliland 
et al. ( 1998 ) 

  ADC2   Arginine decarboxylase  Soyka and Heyer 
( 1999 ) 

  CCA1   Homeostasis of circadian 
regulation of genes 

 Green and Tobin 
( 1999 ) 

  DAG1   Control in seed germination  Papi et al. ( 2000 ) 
  AlaAT   Conversion of alanine to pyruvate 

during O 2  defi ciency 
 Miyashita et al. 
( 2007 ) 

  AtSAT32   Salinity tolerance and ABA 
signalling 

 Park et al. ( 2009 ) 

  AtNAR2.1   Inducible high-affi nity transport 
system activity 

 Feng et al. ( 2011 ) 

  RPL10   Development under UV stress  Falcone Ferreyra 
et al. ( 2010 ) 

  AtJMT promoter   Biotic and abiotic stress response  Seo et al. ( 2013 ) 
 Barley   HvBCAT-1   Drought stress  Malatrasi et al. 

( 2006 ) 
 Brassica ( Alternaria 
brassicicola ) 

  AbVf19   Inducing virulence in  A. 
brassicicola  

 Srivastava et al. 
( 2012 ) 

  Gc2   Spike fertility  Friebe et al. ( 2003 ) 
  sdi1   Sulphur storage  Howarth et al. 

( 2009 ) 
 Maize   knox  gene  lg3/4  genes  –  Bauer et al. ( 2004 ) 

  Gln1-3 and Gln1-4  genes  Kernel size and yield  Martin et al. ( 2006 ) 
  6-Phosphogluconate 
dehydrogenase  gene 

 Oxidative pentose phosphate 
pathway 

 Settles et al. ( 2007 ) 

  LOX  gene  (ZmLOX3)   Defence gene and root-knot 
nematode resistance 

 Gao et al. ( 2008 ) 

  Strigolactones (SL)   Lateral branching  Guan et al. ( 2012a ) 
 Rice   Gibberellin 2-oxidase  gene 

 (GA2ox)  
 Plant height  Hsing et al. ( 2007 ) 

  OsFRDL1   Iron translocation  Yokosho et al. 
( 2009 ) 

  OsARF12   Root elongation and iron storage  Bashir et al. ( 2011 ) 
  DNG701   DNA hypermethylation and lowers 

the expression of TOS17 
 La et al. ( 2011 ) 

  RAD51C   Reproductive development  Kou et al. ( 2012 ) 
  OsMGT1   Al tolerance  Chen et al. ( 2012 ) 
  CYP97A4   Lutein biosynthesis  Lv et al. ( 2012 ) 
  CslF6   Aids in biosynthesis of mixed-

linkage glucan (MLG) – a cell wall 
polysaccharide 

 Vega-Sánchez et al. 
( 2012 ) 

  OsIRE1   Endoplasmic reticulum stress 
response 

 Lu et al. ( 2012 ) 

  OsALS1   Al tolerance  Huang et al. ( 2012a ) 
  Docs1   Development in root outer cell 

layer 
 Huang et al. ( 2012b ) 

  OsWRKY28, rTGA2.1 and 
NH1  

 Resistance to rice blast  Delteil et al. ( 2012 ) 

(continued)
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has supported a major paradigm shift from “one 
gene, one protein” to the concept that noncoding 
DNA can have profound effects in cells and 
organisms (Auer and Frederick  2009 ). 

 RNAi is a post-transcriptional gene silencing 
PTGS approach deployed in functional genomics 
study by switching off the action of a particular 
gene by breaking down the mRNA and prevent-
ing the translational process of the specifi c gene 
considered. (1) The fi rst step of RNAi mecha-
nism starts with an enzyme called DICER 
dsRNA-specifi c endonuclease (Bernstein et al. 
 2001 ; Xie et al.  2004 ), which cuts dsRNA into 
pieces called siRNAs (small interference RNAs) 
(Zamore et al.  2000 ); (2) these siRNAs attach 
with a protein and form complexes called RNA- 
induced silencing complex (RISC) (Hammond 
et al.  2000 ); (3) the siRNA with RISC remains 
apart as single-stranded mRNA and (4) fi nally 
the RISC becomes activated and breaks down the 
target mRNA and inhibits the translational pro-
cess (Hannon  2002 ; Schwarz et al.  2003 ; Kusaba 
 2004 ; Fuchs et al.  2004 ). Recently different types 
of RNAs based on PTGS and transcriptional gene 
silencing (TGS) approaches are being used in 
plants like siRNA (Meister and Tuschl  2004 ), 
tasiRNA (Eamens et al.  2008 ), natsiRNA 
(Eamens et al.  2008 ), rasiRNA (Eamens et al. 
 2008 ), dsRNA (Fire et al.  1998 ), miRNA 
(Vaucheret  2008 ; Voinnet  2009 ) and other RNAs 
(Vazquez  2006 ; Vazquez et al.  2010 ). 

 Application of RNAi in plants: Since its incep-
tion, RNAi has been used in transforming the 
phenotype of cells and whole organisms. Its pro-
lifi c application has heralded a new era in func-
tional genomics. Biological science is quickly 
reaping the benefi ts of this magical technique. Its 
universal application has been deployed for 
designing transgenic, recombinant protein pro-
duction in insect and mammalian system, in met-
abolic engineering and in plant biotechnology for 

improving quality and nutritional value (Hebert 
et al.  2008 ). The application of RNAi is high-
lighted in Table  3 .

   RNAi was described in plants by Waterhouse 
et al. ( 1998 ) for experiments that produced virus- 
resistant tobacco. Over the last decade, numerous 
fi ndings have contributed to the view that RNAi 
is evolutionarily conserved in the plant kingdom 
and has many diverse functions (Dunoyer and 
Voinnet  2008 ; Eamens et al.  2008 ; Small  2007 ; 
Vaucheret  2006 ; Baulcombe  2004 ; Kusaba 
 2004 ). Our understanding of RNAi has emerged 
from two areas of plant science, experiments 
designing transgenic plants and research into 
virus resistance (Eamens et al.  2008 ; Vaucheret 
 2006 ; Baulcombe  2004 ; Kusaba  2004 ; Ghildiyal 
and Zamore  2009 ; Hebert et al.  2008 ). Today, 
researchers are tailoring varieties of crops to pro-
duce small RNAs causing silence of essential 
genes in insects, nematodes and pathogens, 
through an approached called host-derived RNAi 
(HD-RNAi) (Auer and Frederick  2009 ). The 
application of RNAi is ever demanding since its 
discovery and it has been used extensively; it can 
be used for silencing gene in many organisms 
other than plant sp. like  Caenorhabditis elegans , 
 Drosophila  and animals (Palauqui and Vaucheret 
 1998 ; Kamath et al.  2001 ; Tabara et al.  1998 ; 
Matzke et al.  2001 ; Hannon  2002 ; Min et al. 
 2010 ). In different plants some important RNAi 
databases are used, for example, for  Medicago 
truncatula  (  www.medicago.org/rnai/    ) and for 
 Arabidopsis  (  http://2010.cshl.edu/scripts/main2.
pl    ). Therefore, RNAi is one of the gifted reverse 
genetics tools for functional genomics (Table  4 ).

   Advantages and disadvantages: RNAi tech-
nology has many advantages and limitations. The 
details of advantage and disadvantages have been 
thoroughly discussed (Gilchrist and Haughn 
 2010 ). An advantage of using RNAi is that a spe-
cifi c gene can be silenced if the target sequence is 

Table 2 (continued)

 Crops  Knockout genes  Functions  References 

 Wheat   GPC-B1 and GPC-B2   Regulation of senescence and grain 
protein 

 Distelfeld et al. 
( 2012 ) 

 Wheat ( M. 
graminicola ) 

  MCC1   Pathogenicity in  M. graminicola   Choi and Goodwin 
( 2011 ) 
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better chosen (Small  2007 ). This is also one of 
the limitations of using RNAi because; unlike 
insertional mutagenesis, here the exact sequence 
of the gene is required. This technique can effect 
on non-/off-target gene (Qiu et al.  2005 ) and can-
not be applied for mutants producing sterile phe-
notype (Gilchrist and Haughn  2005 ).   

   Non-Transgenic Approaches/
Mutational Approach 
   Virus-Induced Gene Silencing 
 Virus-induced gene silencing (VIGS) is recently 
developed as one of the important genomics 
tools for deciphering gene function. The term 
(VIGS) was fi rst used by van Kammen ( 1997 ). 
VIGS follows the PTGS mechanism for 

 inducing gene knockdown effect (Baulcombe 
 1999 ,  2002 ; Robertson  2004 ). The basic princi-
ple behind this tool is to insert viral DNA or 
RNA harbouring the gene sequence of interest 
into the plants. Specifi c sequences are inserted 
in viral genome without disturbing infectivity of 
virus (Watson et al.  2005 ). Finally, the intro-
duced virus multiplies and initiates silencing of 
gene (Lu et al.  2003a ; Burch-smith et al.  2004 ). 
In this approach plant viruses can be used as 
vector for induction of sequence-specifi c VIGS 
(Baulcombe  1999 ; Lindbo et al.  2001 ). This 
novel approach has been used as an important 
tool for investigating gene function (Kumagai 
et al.  1995 ; Liu et al.  2002a ,  b ; Peart et al. 
 2002b ) described below. 

   Table 3    Application of RNAi decoding functions of genes in plant highlighted   

 Crop  Target gene  Function  Reference 

  Arabidopsis    iaaM  and  ipt   Resistance against crown gall  Escobar et al. ( 2001 ) 
  KOJAK   Hairless root  Limpens et al. ( 2004 ) 
  16D10  gene   Meloidogyne  sp. resistance  Gheysen and Vanholme 

( 2007 ) 
 Brassica   BP1  gene  Increase in photosynthesis  Byzova et al. ( 2004 ) 
 Common bean   RabA2   Control of root hair growth 

during bacterial infection 
 Blanco et al. ( 2009 ) 

  AC1  viral gene  Bean golden mosaic virus 
resistance 

 Bonfi m et al. ( 2007 ) 

  NADPH oxidase   Colonisation of  Rhizobium   Montiel et al. ( 2012 ) 
 Cotton   Cadinene synthase   Decrease in gossypol  Sunilkumar et al. ( 2006 ) 
 Kiwi fruit ( Actinidia 
chinensis ) 

  CAROTENOID CLEAVAGE 
DIOXYGENASE  (CCD) 

 Altered branching  Ledger et al. ( 2010 ) 

  Lotus japonicus    LjERF1   Regulation of nodulation  Asamizu et al. ( 2008 ) 
 Maize   MS45  gene  Male sterility 

  ATPase   Larval mortality resistance  Baum et al. ( 2007 ) 
  Medicago    DMI2   Improvement in N 2  fi xation  Limpens et al. ( 2005 ) 
 Pea  PsClv2  Increased nodulation  Krusell et al. ( 2011 ) 
 Potato   HC-Pro   Crown gall resistance  Waterhouse et al. ( 1998 ) 

  Polyphenol oxidase  gene  Longer shelf life  Wesley et al. ( 2001 ) 
 Rice   OsGEN-L   Male sterility  Moritoh et al. ( 2005 ) 

  NlHT1 ,  Nlcar  and Nltry  Resistance against brown 
plant hopper 

 Zha et al. ( 2011 ) 

  TPS  (trehalose phosphate 
synthase) gene 

 Resistance against brown 
plant hopper 

 Chen et al. ( 2011 ) 

  Glycine decarboxylase 
complex  (GDC) 

 Leaf senescence  Zhou et al. ( 2013b ) 

 Tobacco  Replication-associated gene  Resistance against viral 
infection 

 Zhao et al. ( 2006 ) and 
Tenllado et al. ( 2003 ) 

 Tomato   DET1  gene  Increase in shelf life  Xiong et al. ( 2004 ) 
 Wheat   EIN2   Ethylene insensitivity  Travella et al. ( 2006 ) 
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   Table 4    Application of VIGS   

 Crops  Genes  Vectors  Functions  References 

 Barley   Rar1, Sgt1 and Hsp90   Barley stripe mosaic 
virus (BSMV) 

 Powdery mildew 
resistance 

 Hein et al. ( 2005 ) 

  P23k   (BSMV)  Synthesis of cell wall 
polysaccharides 

 Oikawa et al. 
( 2007 ) 

  necS1   (BSMV)  Increase in resistance 
against stem rust 

 Zhang et al. ( 2009 ) 

  PHYTOENE 
DESATURASE (BdPDS  

 (BSMV)  Phosphorus uptake  Pacak et al. ( 2010 ) 

 Brinjal   PDS, Chl H, Su 
(sulphur), CLA1  

 Tobacco rattle virus 
(TRV) 

 Downregulation of the 
given genes 

 Liu et al. ( 2013 ) 

 Cotton   GhNDR1 and GhMKK2    Agrobacterium    Verticillium  resistance  Gao et al. ( 2011 ) 
  KATANIN and 
WRINKLED1  

 Tobacco rattle virus  Fibre development  Qu et al. ( 2012 ) 

  GrCla1   TRV  Transiently silence 
endogenous genes 

 Gao and Shan 
( 2013 ) 

 Oat   AsPDS   –  Phosphorus uptake  Pacak et al. ( 2010 ) 
 Pea   p  hytoene desaturase  

gene 
 Pea early browning virus 
(PEBV) 

 –  Constantin et al. 
( 2004 ) 

 Pepper   CaOvate and 
CaGA20ox1  

 –  Fruit shape determination  Tsaballa et al. 
( 2011 ) 

 Potato   Rx  gene  –  Resistance to potato virus 
X 

 Lu et al. ( 2003b ) 

 Ten genes  –  Resistance mechanisms 
to late blight 

 Du et al. ( 2013a ,  b ) 

 Rice   45 ACE (Avr/Cf-elicited)  
genes 

 Nonhost resistance to 
 Xanthomonas oryzae  pv. 
 oryzae  

 Li et al. ( 2012a ) 

 Soybean   Flavonoid 3'-hydroxylase  
gene 

 Cucumber mosaic virus 
(CMV) 

 Flavonoid biosynthesis  Nagamatsu et al. 
( 2007 ) 

  Soybean isofl avone 
synthase 2  

 Apple latent spherical 
virus (ALSV) 

 Gene functions involved 
in reproductive stages and 
early growth stages 

 Yamagishi and 
Yoshikawa ( 2009 ) 

  F3’H   Pigmentation in 
pubescence 

 Nagamatsu et al. 
( 2009 ) 

  Rsv1   Soybean mosaic virus 
resistance 

 Zhang et al. 
( 2012a ) 

 Strawberry   FaPYR1   –  Fruit ripening  Chai et al. ( 2011 ) 
 Tobacco   N  gene  Resistance to tobacco 

mosaic virus (TMV) 
 Liu et al. ( 2002b ) 
and Peart et al. 
( 2002a ) 

 Tomato   Pto  gene  –  Resistance response to 
 Pseudomonas syringae  

 Lu et al. ( 2003b ) 

  ABA-responsive lea4   –  Functional aspect of 
moisture-responsive 
genes 

 Senthil kumar and 
Uday Kumar 
( 2006 ) 

 (late embryogenic 
abundant) 

 – 

 Sl-EBF1 and Sl-EBF2  –  Fruit ripening  Yang et al. ( 2010 ) 
  LeRIN, LeACS2, LeACS4 
and LeACO1  

 (TRV)  Ethylene biosynthesis for 
fruit ripening 

 Li et al. ( 2011a ) 

  GOI   TRV  Fruit development  Fernandez-Moreno 
et al. ( 2013 ) 

(continued)
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 Applications of VIGS: This tool has been used 
in many plants successfully for harnessing the 
array of gene functions ranging from disease 
resistance to quality traits. This technique is 
mostly used in  Nicotiana benthamiana . The suc-
cess of VIGS is more responsive in  N. benthami-
ana  as host in comparison to other plant (Lu et al. 
 2003a ). The different silencing vectors used for 
VIGS are barley stripe mosaic virus (BSMV) 
(Holzberg et al.  2002 ; Van Eck et al.  2010 ; Wang 
et al.  2010 ; Ma et al.  2012 ; Hein et al.  2005 ; 
Zhang et al.  2009 ), tobacco rattle virus (TRV) (Li 
et al.  2011a ; Qu et al.  2012 ; Gao and Shan  2013 ) 
and pea early browning virus (PEBV) (Constantin 
et al.  2004 ). VIGS assisted in disclosing the genes 
and its function ranging from disease resistance 
to numerous traits such as fruit ripening, shape, 
size and many other traits in various plant species 
is given in Table  5 . Additionally, it has been 
applied in tracking down the role of genes 
involved in drought tolerance (Manmathan et al. 
 2013 ) and other abiotic stress tolerance (Senthil 
kumar et al.  2008 ). Recently a modifi ed tech-
nique of VIGS called artifi cial miRNA VIGS 
( MIR-VIGS ) has been used in gene silencing in 
 Nicotiana benthamiana  (Tang et al.  2010 ). In the 
near future its application will be indispensible as 
functional genomics tool for harnessing gene 
function.

   Therefore, this emerging tool has advantages 
over other reverse genetic approaches: (1) VIGS 
can be used for initial study of large number of 
stress genes. This tool can be used without hav-
ing the complete gene sequence information (Lu 
et al.  2003a ; Burch-Smith et al.  2004 ). (2) VIGS 
provides a better option for studying the species 
that lack mutants and are recalcitrant to genetic 
transformation (Senthil Kumar et al.  2008 ), and it 
can be applied for functional genomics by creat-
ing gene knockout phenotype (Scofi eld and 
Brandt  2012 ). Targeted knockdown expression of 
any gene can be studied by VIGS (Burch-Smith 
et al.  2006 ). It can be used as high-throughput 
functional genomics (Todd et al.  2010 ; Becker 
and Lange  2010 ). 

 The main drawback of this innovative tool is 
lacking in adequate VIGS vector and VIGS cre-
ates only transient silencing (Padmanabhan and 
Dinesh-Kumar  2009 ).  

   Insertional Mutagenesis 
 The most popular mutagenesis strategy in func-
tional genomics is insertional mutagenesis, in 
which a piece of DNA is randomly inserted into 
the genome causing loss in gene function. The 
DNA may be transposable elements that can relo-
cate from one genomic location to another (Hayes 
 2003 ; Tierney and Lamour  2005 ). Transposon 

Table 4 (continued)

 Crops  Genes  Vectors  Functions  References 

 Wheat  –  Lr21-mediated leaf rust 
resistance pathway 

 Scofi eld et al. 
( 2005 ) 

  Era1, Cyp707a  and  Sal1   BSMV  Drought tolerance  Manmathan et al. 
( 2013 ) 

  Mlo  genes  Powdery mildew 
resistance 

 Várallyay et al. 
( 2012 ) 

  WRKY53   BSMV  Reduction of aphid 
resistance 

 Van Eck et al. 
( 2010 ) 

  Hv-LRR   BSMV  Powdery mildew 
resistance 

 Wang et al. ( 2010 ) 

  Rpg5   –  Produce disease 
resistance protein 
domains 

 Brueggeman et al. 
( 2008 ) 

  (HMW-GS 1Bx14)   BSMV  Glutenin macropolymers  Ma et al. ( 2012 ) 
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tagging has been used for discovering the func-
tion of many important genes in different plant 
species given in Table  5 . 

 Applications of insertional mutagenesis as 
reverse genetics tool: Insertional mutagenesis in 
plant can be achieved using  Agrobacterium  
T-DNA (Azpiroz-Leehan and Feldmann  1997 ; 
Krysan et al.  1999 ) and plant transposon (Walbot 
 2000 ; Hamer et al.  2001 ; Ramachandran and 
Sundersan  2001 ). T-DNA as insertional mutagen 
is used in genome-wide mutagenesis programme 
in  Arabidopsis thaliana  and rice (Walden  2002 ). 
Currently over 130,000 T-DNA-tagged 
 Arabidopsis  lines are made available by the 
University of Wisconsin  Arabidopsis  Knockout 
Facility (Krysan et al.  1999 ). Modifi ed T-DNA 
vectors have been used in  Arabidopsis  as activa-
tion tags (Weigel et al.  2000 ) as well as gene and 
promoter traps (Feldmann  1991 ; Lindesy et al. 
 1993 ; Babiyachuk et al.  1997 ). T-DNA as trap 
vector can be used in genome-wide screen of rice 
(Jeon et al.  2000 ). T-DNA tagging has been used 
in rice; Zheng and colleagues have created more 
than 30,000 T-DNA insertional lines (Wu et al. 
 2003 ). In rice T-DNA insertion mutagenesis has 
been used for high-throughput tool for study of in 

silico reverse genetics. By this approach, 683 
T-DNA insertions within genes coding for tran-
scription factors (TF) have been presented; this 
approach has been successful in unravelling gene 
function in rice and cereals (Sallaud et al.  2004 ). 
Transposon tagging can be applied both as for-
ward and reverse genetic tool for discovering 
gene function in rice and  Arabidopsis  (Greco 
et al.  2001 ; Radhamony et al.  2005 ). Radhamony 
et al. ( 2005 ) enlisted the gene function of nearly 
all important genes of  Arabidopsis  deploying 
insertional mutagenesis as forward and reverse 
genetics tool. T-DNA-tagged genes in rice have 
been used in functional genomics analysis using 
MADS-box genes as test case (Lee et al.  2003 ). 

 Some important web based resources 
for genome-wide random mutagenesis are 
given such as   http://www.biotech.wisc.edu/
NewServicesAndResearch/Arabidopsis/default.
htm     Arabidopsis Knockout Facility at the 
University of Wisconsin   http://www.zmdb.iastate.
edu/zmdb/sitemap.html     Maize Gene Discovery 
and  Rescue Mu  Project,   http://mtm.cshl.org     Maize 
Targeted Mutagenesis database and   http://arabi-
dopsis.org/abrc      Arabidopsis  Biological Resource 
Center (Primerose and Twyman  2006 ). 

    Table 5    Some important genes and their functions isolated by T-DNA in different plant species   

 Plant species  Isolated genes  Functions  References 

  Arabidopsis   cs (pale mutation)  Associated with novel 
chloroplast protein synthesis 

 Koncz et al. ( 1990 ) 

 MALE STERILITY 2 gene  Involved in male sterility  Aarts et al. ( 1993 ) 
 CLA1  Involved in chloroplast 

development 
 Mandel et al. 
( 1996 ) 

 Cer3  Associated with wax 
biosynthesis 

 Hannoufa et al. 
( 1996 ) 

 Pyk20 gene  Acting as transcription 
factor 

 Puzio et al. ( 1999 ) 

 LUMINIDEPENDENS gene  Involved in control of 
fl owering time 

 Lee et al. ( 2004 ) 

 hpc1-1D  Developmental and 
metabolic mutation 

 Schneider et al. 
( 2005 ) 

 PPR (pentatricopeptide repeat) gene 
family 

 Semi-lethal mutation  Kocábek et al. 
( 2006 ) 

  Brassica   New promoter  Used as selectable marker 
gene 

 Bade et al. ( 2003 ) 

 Rice  OsCP1  Cysteine protease gene  Lee et al. ( 2004 ) 
  Medicago truncatula   Proliferating infl orescence meristem 

(PIM)/apetela (AP1) squamosa 
 Floral meristem identity and 
fl ower development 

 Benlloch et al. 
( 2006 ) 
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 In case of transposon it is widely used for 
insertional mutagenesis in plants and helped in 
identifying new genes (Gierl and Saedler  1992 ). 
Transposon-based methods have been used in 
 Arabidopsis , maize and other plants (Stemple 
 2004 ). Many transposons have been used like 
Ac, suppressor-mutators (spm) and mutator 
(Mu) from maize,  Tam3  from  Antirrhinum 
majus  and  Tph1  from petunia. Functional 
genomics programmes using  Ac  started in 
 Arabidopsis  (Ito et al.  1999 ) and in tomato 
(Meissner et al.  2000 ). It has also been used in 
 Brassica napus  (Bade et al.  2003 ),  Medicago 
truncatula  (Trieu et al.  2000 ) and poplar 
(Groover et al.  2004 ). In the recent past  Tos17 , 
endogenous retroposon of rice,  Tnt1  and  TtoI , 
retroposon of tobacco, have been used for gene 
tagging in  Arabidopsis  and in rice (Courtial 
et al.  2001 ; Okamoto and Hirochika  2000 ; 
Yamazaki et al.  2001 ; Iantcheva et al.  2009 ). 
Recently identifi ed retroelements  MERE  in  M. 
truncatula  and  LORE  in  Lotus japonicus  can be 
used in reverse genetic tool (Trichine et al. 
 2009 ). T-DNA insertion aided in designing total 
372,346 mutant lines contributing in many 
physiological traits in rice (Chang et al.  2012 ). 

 Insertional mutagenesis has certain advan-
tages over traditional form of mutagenesis, the 
interrupted gene becomes tagged with insertional 
elements, and the strategy is known as signature 
tagged mutagenesis (STM). T-DNA insertional 
mutagenesis also offers the advantage of its heri-
tability and complete loss of function (Gilchrist 
and Haughn  2010 ). 

 In spite of one of the potential reverse genetics 
tool, insertional mutagenesis/transposon- 
mediated mutagenesis suffers from some disad-
vantages like (1) low frequency of mutations 
causes large number of screening population to 
fi nd mutations in a given gene (Gilchrist and 
Haughn  2005 ), (2) insertion in essential genes 
usually causes lethality (Till et al.  2003 ), (3) the 
precise mechanism of T-DNA integration into the 
plant genome remains largely unknown (Iida and 
Terada  2004 ; Tierney and Lamour  2005 ), (4) 
insertional mutagenesis is limited by its host 
range (McCallum et al.  2000b ) and (5) some-
times complex arrangement of T-DNA, multiple 

insertions, chromosomal duplications and 
 rearrangements and insertion of vector backbone 
sequence occur (Jorgensen et al.  1987 ; 
Radhamony et al.  2005 ). Therefore, insertional 
mutagenesis has been used as cost-effective 
reverse genetics tool for identifying and decoding 
the gene function of model legumes  Lotus , soy-
bean,  Medicago, Pisum  (Trichine et al.  2009 ) and 
many other plant species.  

   Chemical Mutagenesis 
   TILLING and EcoTILLING 
 One of the groundbreaking discoveries in the his-
tory of genetics is the discovery of induced muta-
tions (Muller  1930 ). Subsequently, it has been 
widely used for phenotypic screening, mapping 
of genes and investigating function of genes 
applying mutagen randomly in genome of a plant 
species in large populations. A new innovative 
tool has been designed called TILLING, one of 
the most dynamic high-throughput reverse 
genetic tool. This technique includes high den-
sity of point mutations and traditional chemical 
mutagenesis with rapid mutational screening for 
seeking induced lesions (McCallum et al.  2000b ). 
TILLING accompanies chemical mutagenesis 
with a sensitive mutation trapping instrument 
(Koornneef et al.  1982 ). 

 The TILLING approach follows the steps: (1) 
generation of mutagenised population, (2) isola-
tion of DNA and pooling (3), PCR amplifi cation 
with labelled primer, (4) enzymatic assay and (5) 
detection of mutation (McCallum et al.  2000b ; 
Till et al.  2007a ,  b ). 

 Application of TILLING: TILLING is an 
attractive reverse genetic tool fi rst utilised in 
 Arabidopsis thaliana  (McCallum et al.  2000a ,  b ) 
and latter  Arabidopsis  TILLING Project (ATP) 
was established (Wang et al.  2006 ). Now this 
ATP project is known as STP (Seattle TILLING 
Project) (  http://tilling.fhcrc.org:9366/    ) which 
enabled the researchers to align more than 100 
genes harbouring 1,000 mutations (Till et al. 
 2003 ). A computational device has been designed 
for primer designing and gene modelling called 
Codons Optimized to Deliver Deleterious Lesion 
(CODDLe) (  http://www.proweb.org/coddle    ) 
(McCallum et al.  2000b ). Similarly, Sorting 
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Intolerant From Tolerant (SIFT) (  http://blocks.
fhcrc.org/sift/SIFT.html    ) web-based program 
assists in tracking down the neutral and deleteri-
ous amino acid changes (Ng and Henikoff  2003 ), 
and PARSESNP program (  http://www.proweb.
org/parsesnp/    ) predicts the missense mutation 
and point mutation causing restriction endonu-

clease sites (Till et al.  2003 ; Taylor and Greene 
 2003 ). This technique has been successfully used 
in different crops for detection of genes applying 
various mutagen treatments with varying muta-
tion frequencies given in Table  6 . TILLING has 
been applied successfully in wheat for its 
 polyploidy nature leading to tolerate the high 

   Table 6    Detection of genes/alleles obtained by creating TILLING population in different plant species   

 Crops  Mutagen used  Detected genes/alleles  Mutation frequency  References 

  Arabidopsis   EMS  14 genes of TILLer collection  1/89 kb  Martin et al. ( 2009 ) 
 Barley  EMS   Hin-a, HvFor1  genes  1/1 Mb  Caldwell et al. 

( 2004 ) 
 EMS  –  1/140–800 kb  Gottwald et al. 

( 2009 ) 
 Sodium azide  2 genes (dehydrin genes  Dhn12, 

Dhn13 ) 
 1/2.5 Mb  Lababidi et al. 

( 2009 ) 
 Brassica  EMS  6 genes  1/60 kb  Stephenson et al. 

( 2010 ) 
 Common bean  EMS  BAT93 mutant pop  –  Porch et al. ( 2008 ) 
  Lotus japonicus   EMS  12 genes essential for nodule 

development 
 1/50 kb  Perry et al. ( 2009 ) 

 Melon  EMS  11 genes involved in ripening  1/573 kb  Dahmani-Mardas 
et al. ( 2010 ) 

  Musa  species  –  80 novel alleles  –  Till et al. ( 2010 ) 
 Oat  –  Beta-glucan biosynthesis  1/20–40 kb  Chawade et al. 

( 2010 ) 
 Pea  –  35 genes in Cameor population  1/200 kb  Le Signor et al. 

( 2009 ) 
 Rice  –  10 genes  0.5/1 Mb  Wu et al. ( 2005 ) 

 EMS  10 genes  1/300 kb  Till et al. ( 2007a ) 
  Sorghum   EMS   COMT  (caffeic acid 

O-methyltransferase) 
 1/526 kb  Xin et al. ( 2008 ) 

 Soybean  NMU 
(n-nitroso-n- 
methyl urea) 
and EMS 

 –  1/250 kb and 
1/550 kb 

 Cooper et al. ( 2008 ) 

 –  1/502 kb  Tadege et al. ( 2009 ) 
 17 gene fragments  6/2.3 Mb  Udvardi et al. ( 2005 ) 

 Tomato  EMS  19 genes related with translation 
initiation factors eIF4E and 
eIF4G 

 1/574 kb  Piron et al. ( 2010 ) 

 EMS   Sletr1-1  and  Sletr1-2  genes 
lowered ethylene response 

 1/737 kb  Okabe et al. ( 2011 ) 

 Tomato  EMS  7 genes  1/322 kb for 1 % 
EMS and 1/574 kb 
for 0.7 % EMS 

 Minoia et al. ( 2010 ) 

 Wheat  –  52 alleles in hexaploid wheat 
and 39 alleles in tetraploid 
wheat 

 In hexaploid 
1/38 kb and in 
tetraploid 1/51 kb 

 Uauy et al. ( 2009 ) 

 EMS  COMT1, HCT2 and 4CL1  In diploid sp. 
1/92 kb 

 Rawat et al. ( 2012 ) 
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densities of mutation (Slade et al.  2005 ), also 
deployed for investigating extensive allelic series 
of the  waxy  genes in both hexaploid bread wheat 
and tetraploid wheat (Uauy et al.  2009 ). In barley 
TILLING helped in detecting  Hin-a, HvFor1  
genes (Caldwell et al.  2004 ), dehydrin genes 
 Dhn12 and Dhn13  (Lababidi et al.  2009 ),  COMT  
gene in sorghum (Xin et al.  2008 ), 35 genes in 
Cameor population (Le Signor et al.  2009 ) and 
 tendril-less  (Hofer et al.  2009 ) gene in pea and 
beta-glucan biosynthesis gene in oat (Chawade 
et al.  2010 ). With the advent of this novel tool, it 
has been extensively applied for functional 
genomics in different crop plants resulting in 
development of TILLING platform in various 
plants given in Table  7 .

    The main advantages of TILLING in com-
parison to other reverse genetic approaches are: 
(1) It is an appropriate tool for genetic modifi ca-
tion without introducing a foreign DNA into the 
genome, irrespective of genome size or repro-
ductive system and ploidy level of organism 

(Gilchrist and Haughn  2005 ). (2) The  population 
size for detecting mutation is small in compari-
son to other reverse genetic approaches 
(McCallum et al.  2000b ). (3) The chances of 
recovering deletion mutation can be calculated 
in advance (McCallum et al.  2000b ). (4) It is 
applicable for both small- and large-scale 
screening. (5) TILLING utilises rapidly advanc-
ing technology such as DHPLC utilised in 
detecting high- throughput polymorphism detec-
tion (Gilchrist and Haughn  2005 ). (6) This strat-
egy can be deployed as high-throughput 
technique for detecting single base changes 
within the target gene (Tierney and Lamour 
 2005 ). 

 Although having such sound potentiality, this 
technique has some drawbacks. In this approach 
the load of mutations created must be balanced 
with the recovery of mutants (Till et al.  2003 ). 
The fertility must be maintained in the muta-
genised organism in the fi rst and in subsequent 
generations (Perry et al.  2003 ). 

   Table 7    TILLING platform in different plant species   

 Crops  TILLING platform  Reference 

 Barley    http://www.scri.sari.ac.uk/programme1/BarleyTILLING.htm      Caldwell 
et al. ( 2004 ) 

  Brachypodium distachyon   BRACHYTIL  Dalmais et al. 
( 2013 ) 

  Glycine max     http://www.soybeantilling.org/index.jsp      Cooper et al. 
( 2008 ) 

  Lotus japonicus   RevGenUK (  http://revgenuk.jic.ac.uk    )  Udvardi et al. 
( 2005 ) 

   http://www.lotusjaponicus.org/tillingpages/homepage.htm      Perry et al. 
( 2003 ) 

  Medicago truncatula     http://www.versailles.inra.fr/urgv/tilling.htm      Le Signor 
et al. ( 2009 ) 
and Perry 
et al. ( 2009 ) 

  Pisum sativum     http://urgv.evry.inra.fr/UTILLdb      Dalmais et al. 
( 2008 ) 

 Tomato    http://zamir.sgn.cornell.edu/mutants/      Menda et al. 
( 2004 ) 

 Micro-Tom TILLING  Okabe et al. 
( 2011 ,  2013 ) 

  Zea mays     http://genome.purdue.edu/maizetilling      Till et al. 
( 2004 ) and 
Gilchrist and 
Haughn 
( 2005 ) 
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 EcoTILLING and its use: Henikoff and 
Comai ( 2003 ) coined the term “EcoTilling” fi rst 
used for describing  Arabidopsis  ecotypes (hence 
Ecotilling); it was used to survey variation in 
fi ve genes in 96 different  Arabidopsis  acces-
sions (Comai et al.  2004 ). In this approach 
enzymatic mismatch cleavage and fl uorescence 
detection method are applied similar to 
TILLING (Colbert et al.  2001 ; Comai et al. 
 2004 ). This technique was fi rst applied in rice 
crop (Kadaru et al.  2006 ) followed by wheat 
(Wang et al.  2006 ,  2008 ) and barley (Mejlhede 
et al.  2006 ). EcoTILLING can be used for diver-
sity analysis, germplasm screening and func-
tional genomics (Till et al.  2010 ). In western 
cottonwood ( Populus trichocarpa ) plant, 
EcoTILLING aided in tracing 63 new SNPs 
(Gilchrist et al.  2006 ). This technique was 
employed to identify single nucleotide polymor-
phisms (SNPs) and small insertions/deletions 
(INDELS) in a collection of  Vigna radiata  
accessions (Barkley et al.  2008 ). Likewise, 
EcoTILLING has been used to fi nd out ortholo-
gous hypoallergenic isoforms of Arah2 in 30 
different accessions of  Arachis duranensis  
(Ramos et al.  2009 ; Riascos et al.  2010 ). It has 
offered the benefi t of SNP haplotype diversity in 
switchgrass (Weil  2009 ). Additionally, it can be 
deployed for identifi cation of gene related with 
biotic and abiotic stresses (Antollin-Llovere and 
Parniske  2007 ). In the recent past EcoTILLING 
has been deployed in  Musa  species for identifi -
cation of nucleotide polymorphism; further 800 
novel alleles have been discovered from 80 
accessions (Till et al.  2010 ). 

 De-TILLING (deletion TILLING): In the very 
recent past another alternative reverse genetic 
strategy has been discovered called 
De-TILLING. It includes physically induced 
genomic deletion and employs fast neutron muta-
genesis and PCR-based detection (Rogers et al. 
 2009 ). This technique has been used in  Medicago 
truncatula . The advantages of this technique are 
(1) it is independent of plant transformation, of 
tissue culture and of target size and (2) it recovers 
knockout mutants (Rogers et al.  2009 ). Its com-
plete applications in different plant species are 
yet to be harnessed.      

    Next-Generation Sequencing 

 Sanger’s DNA sequencing technology in 1975 
ruled almost two decades since its development 
and was considered as one of the most robust 
techniques for genome sequencing. But its cost 
and labour becomes a limiting factor for sequenc-
ing complete genome. With the progress of 
cutting- edge technologies, Sanger’s sequencing 
technique has been substituted by next- generation 
sequencing (Schuster  2008 ) also known as 
second- generation sequencing technologies 
(Pérez-de-Castro et al.  2012 ), a powerful high- 
throughput technology, which reduces down the 
sequencing cost and time and enhances the accu-
racy of sequencing. NGS technologies include 
Roche 454 system (the fi rst successfully used 
NGS in the year 2005) based on sequencing by 
synthesis principle (Ronaghi  2001 ), AB SOLiD 
system, Illumina Golden Gate assay and Compact 
PGM sequencer different systems. The NGS 
techniques are classifi ed on the basis of read 
length, short read (25–75 bp) and long read (400–
500 bp) (Shendure and Ji  2008 ). NGS uses three 
principles: sequencing by synthesis, sequencing 
by ligation and single-molecule sequencing 
(Ansorge  2009 ; Egan et al.  2012 ). The principle 
behind this technique is based on massively par-
allel sequencing and imaging facilities for gener-
ating hundreds of billions of bases per run 
(Shendure and Ji  2008 ; Deschamps et al.  2012a ). 
The details of advantages and disadvantages are 
discussed thoroughly considering throughput, 
NGS systems used (Metzker  2010 ; Liu et al. 
 2012 ; Pérez-de-Castro et al.  2012 ). 

    Applications of NGS 
in Functional Genomics 

 Initially, Sanger’s sequencing technology was 
deployed for decoding the genome sequence of 
model plant  Arabidopsis  (TAGI  2000 ) and rice 
(IRGSP  2005 ). With the arrival of NGS technol-
ogy, it has heralded a paradigm shift in both plant 
and animal science by enabling in cracking 
genome sequences of large number of crops of 
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    Table 8    List of complete genome sequence of different plant species applying next-generation sequencing (NGS)   

 Crop  NGS technology  References 

  Beta vulgaris   WGS (NGS)    http://bvseq.molgen.mpg.de/Genome/start.genome.shtml     
  Brassica rapa   WGS (NGS)  Wang et al. ( 2011b ) 
  Cicer arietinum   NGS  Varshney et al. ( 2013 ) and Jain et al. ( 2013 ) 
  Cajanus cajan   WGS (NGS)  Varshney et al. ( 2012 ) 
  Citrus sinensis   WGS (NGS)    http://www.phytozome.net/citrus.php       http://www.jgi.doe.gov/

sequencing/why/3128.html     
  Citrullus lanatus   WGS (NGS)  Ren et al. ( 2012 ) 
  Cucumis melo  L.  WGS (NGS)  Garcia-Mas et al. ( 2012 ) 
  Fragaria vesca   WGS (NGS)  Shulaev et al. ( 2011 ) 
  Gossypium raimondii   WGS (NGS)    http://www.phytozome.net/cotton.php     
  Lagenaria siceraria   WGS (NGS)  Xu et al. ( 2011a ) 
  Medicago truncatula   WGS (NGS)  Young et al. ( 2011 ) 
  Musa  spp .   Roche454 (NGS)  Hribova et al. ( 2009 ) 
  Prunus persica   WGS (NGS)  Ahmad et al. ( 2011 ) 
  Triticum urartu   WGS (NGS)  Ling et al. ( 2013 ) 
  Aegilops tauschii   (NGS)  Jia et al. ( 2013a ) 
  Triticum aestivum   WGS (NGS)  Brenchley et al. ( 2012 ) 
  Sesamum indicum   WGS (NGS)  Wang et al. ( 2014 ) 

 WGS (whole-genome shotgun strategy) 

economic importance in quick time with lower 
cost. Importantly, NGS has enabled in cracking 
whole genome sequences of more than one dozen 
crops are given in Table  8 . The application of NGS 
includes de novo genome sequencing (Velasco 
et al.  2007 ; He et al.  2011 ; Buckler et al.  2010 ; Lai 
et al.  2010 ); transcriptome sequencing including 
siRNA and miRNA sequencing (Axtell et al.  2006 ; 
Jacquier  2009 ); epigenetic analysis including (1) 
DNA methylation pattern or methylation profi ling 
(Cokus et al.  2008 ; Costello et al.  2009 ), (2) his-
tone modifi cation (Impey et al.  2004 ; Mikkelsen 
et al.  2007 ) and (3) nucleosome pattern analysis 
(Johnson et al.  2006 ); genotyping by sequencing 
(GBS) (Huang et al.  2009 ); genome-wide associa-
tion study (GWAS) (Elshire et al.  2011 ); and sin-
gle nucleotide polymorphism (SNP) marker 
development (Davey et al.  2011 ; Bundock et al. 
 2009 ). Some important applications related 
directly or indirectly with functional genomics are 
summarised below.

     De Novo Whole Genome Sequencing 
 With the arrival of NGS technology, it has 
brought a revolution in genome sequencing. It 
has been applied for de novo whole genome 

sequencing of plants having no reference genome 
sequence or with reference genome sequence 
given in Table  8 . For the fi rst time whole 5A 
chromosome of wheat was sequenced applying 
NGS (Vitulo et al.  2011 ). Application of NGS 
that can facilitate in decoding the complex 
genome sequence of allopolyploids such as wheat 
and oilseed rape has been discussed (Edwards 
et al.  2013 ). It is also deployed for re-sequencing 
the plant genome having already reference 
genome sequence such as rice, maize and 
 Arabidopsis  (He et al.  2011 ; Xu et al.  2011b ; Yu 
et al.  2011a ; Huang et al.  2013a ; Hufford et al. 
 2012 ; Cuperus et al.  2010 ) for marker develop-
ment, understanding complex traits and QTLs, 
SNP discovery and allele mining, given in Table  9 .

      Whole Genome Re-sequencing 
 Whole genome re-sequencing aims at sequenc-
ing of individual member’s genome of a species 
for distinguishing genomic variation in relation 
to reference genome of that species (Straton 
 2008 ). With the blessing of NGS, the sequenc-
ing technology has speeded up in re-sequencing 
the whole genome of populations leading to 
discovery of markers, development of high- 
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     Table 9    Some important applications of NGS in plant species   

 Applications  Details  Crops  References 

 Gene discovery  Discovery of phosphate 
starvation-responsive genes 

 Wheat  Oono et al. ( 2013 ) 

 Cytoplasmic male sterility- 
associated gene 

 Rice  Igarashi et al. ( 2013 ) 

  Fusarium  head blight  Wheat  Xiao et al. ( 2013 ) 
  Xanthomonas  TAL-effector 
activated resistance gene 

 Deschamps et al. 
( 2012a ) 

  NSP1  ( nodulation-signalling 
pathway 1 ) and  NSP2  

 Brassica  Hayward et al. ( 2012 ) 

  Phytophthora infestans  
resistance gene Rpi-dlc2 

 Potato  Golas et al. ( 2013 ) 

 Candidate gene identifi cation   Leptosphaeria maculans  
(blackleg fungus) 

 Brassica  Tollenaere et al. 
( 2012 ) 

 Candidate genes controlling 
4-methylthio-3-butenyl 
glucosinolate 

 Radish  Zou et al. ( 2013 ) 

 MicroRNA discovery  14 novel and 22 conserved 
miRNAs 

 Groundnut  Zhao et al. ( 2010 ) 

 10 novel miRNAs for seed 
maturation 

 Brassica  Huang et al. ( 2013b ) 

 Analysis of miRNA  Effect on plant height and 
fl owering 

 Wheat  Kantar et al. ( 2012 ) 

 Identifi ed 292 known miRNAs 
responsible for pollen 
development 

 Rice  Wei et al. ( 2011 ) 

 Mapping by sequencing 
(“SHORE mapping”) 

 Identifi cation of causal 
mutations 

  Arabidopsis   Galvão et al. ( 2012 ) 

 Ultradense genetic mapping  Ultradense genetic map 
containing 10,960 independent 
loci 

  Brassica rapa   Li et al. ( 2011b ) 

 Sequence-based linkage map  507 markers including 415 
INDELS and 92 SSRs and 
linkage map of 1234.2 cM 

  Brassica rapa   Wang et al. ( 2011c ) 

 Saturated linkage mapping  1,063 markers developed 
1808.7 cM linkage map 

 Chickpea  Gaur et al. ( 2012 ) 

 Transcriptome analysis  Facilitated in identifi cation of 
728 SSRs, 495 SNPs, 2,088 
intron spanning markers and 
387 conserved orthologous 
sequence (COS) markers 

 Chickpea  Hiremath et al. ( 2011 ) 

 Bolting control  Sugar beet  Mutasa-Göttgens 
et al. ( 2012 ) 

 Mercury-responsive genes   Medicago truncatula   Zhou et al. ( 2013a ) 
 Response for drought  Sorghum  Dugas et al. ( 2011 ) 

 De novo assembly and 
transcriptome characterisation 

 40,100 genes were identifi ed  Groundnut  Zhang et al. ( 2012b ) 

 SNP discovery  1,359 maize SNPs detected and 
used for mapping population 
development 

 Maize  Liu et al. ( 2010 ) 

 100,000 putative SNPs  Wheat  Winfi eld et al. ( 2012 ) 
 Lentil  Sharpe et al. ( 2013 ) 

(continued)
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resolution map and QTL mapping (Gao et al. 
 2012 ). Re-sequencing of whole genome by 
NGS has been reported in rice (He et al.  2011 ; 
Xu et al.  2011b ; Yu et al.  2011a ; Huang et al. 
 2013a ), in maize (Buckler et al.  2010 ) and in 
soybean (Kim et al.  2010 ). Seventeen wild spe-
cies and fourteen cultivated species of soybean 
have been re- sequenced for substantiating the 
presence of high allelic diversity in wild spe-
cies of soybean (Lam et al.  2010 ). Re-sequencing 
genome of 446 diverse rice accessions of  Oryza 
rufi pogon  and 1,083 cultivated species of  indica  
and  japonica  have given the useful insights of 
domestication and origin of rice (Huang et al. 
 2012c ). Likewise in maize genome-wide re-
sequencing of wild, landrace and improved 
lines has thrown lights on domestication and 
evolution of maize (Hufford et al.  2012 ). In 
 Arabidopsis  58 RILs and both parents have 
been re-sequenced by NGS and 6,159 and 701 
SNPs have been identifi ed (Maughan et al. 
 2010 ). The mainstay of phenotypic variation 
has arisen due to evolutionary  factors in 

 Arabidopsis  and its close relatives have been 
analysed by sequencing 80 strains of 
 Arabidopsis  (Cao et al.  2011 ). Re-sequencing 
of  Arabidopsis  genome led the identifi cation of 
SNP responsible for causing  ebi-1  phenotype 
(Ashelford et al.  2011 ). Similarly re-sequenc-
ing served in identifi cation of MIR390a precur-
sor processing–defective mutants in  Arabidopsis  
(Cuperus et al.  2010 ). Additionally, for captur-
ing overall genomic variation, 180 Swedish 
 Arabidopsis  lines have been sequenced (Long 
et al.  2013 ). Likewise, sequencing of 916 fox-
tail millet varieties endowed in identifi cation of 
2.58 million SNPs spearheaded in developing 
haplotype map of foxtail millet genome (Jia 
et al.  2013b ). Recently whole genome re-
sequencing approach has been employed in rice 
for constructing MutMap (Abe et al.  2012 ) and 
MutMap + (Fekih et al.  2013 ) for capturing 
mutants contributing quantitative traits; like-
wise QTL-seq based on whole genome re-
sequencing has been applied for quick QTL 
mapping in rice (Takagi et al.  2013 ).  

Table 9 (continued)

 Applications  Details  Crops  References 

 4,543 SNPs  Chickpea  Azam et al. ( 2012 ) 
 575,340 SNPs from three 
cultivars “Atlantic”, “Premier 
Russet” and “Snowden” 

 Potato  Hamilton et al. ( 2011 ) 

 8,784 SNPs  Tomato  Sim et al. ( 2012 ) 
 20,000 (SNPs)   Brassica rapa   Bus et al. ( 2012 ) 
 11,849 SNPs   Capsicum annuum   Nicolai et al. ( 2012 ) 
 928 candidate SNPs  Wheat  Lai et al. ( 2012 ) 
 1,022 SNPs  Chickpea  Gaur et al. ( 2012 ) 
 1,790 SNPs  Soybean  Hyten et al. ( 2010b ) 
 1,050 SNPs  Common bean  Hyten et al. ( 2010a ) 
 2,659 SNPs  Durum wheat  Trebbi et al. ( 2011 ) 
 8,207 SNP markers  Lupin  Yang et al. ( 2012a ) 
 40,661 candidate SNPs  Alfalfa  Han et al. ( 2011 ) 
 10,640 SNPs  Sunfl ower  Bachlava et al. ( 2012 ) 
 497,118 genome-wide SNPs   Aegilops tauschii   You et al. ( 2011 ) 

 SSR marker development  Detection of chromosome-arm- 
specifi c microsatellite marker 

 Wheat  Nie et al. ( 2012 ) 

 94 reproducible SSRs  Fava bean  Yang et al. ( 2012b ) 
 –  Groundnut  Zhang et al. ( 2012b ) 
 246 SSRs   Prunus virginiana   Wang et al. ( 2012c ) 
 SSR marker for distinguishing 
aphid 

 Soybean  Jun et al. ( 2011 ) 
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   Whole Transcriptome Sequencing 
 Transcriptome sequence enables in translating 
the functional aspects of genes of an organism 
(Nagalakshmi et al.  2008 ; O’Neil and Emrich 
 2013 ). NGS technology can facilitate in sequenc-
ing the whole transcriptome, which assists in 
unravelling the functions of the whole mRNA of 
an organism (Malonae and Oliver  2011 ; Chu and 
Corey  2012 ). Applying NGS, it enabled in 
enriching the 24,000 ESTs information in 
switchgrass and 90 % of gene space was covered 
by transcriptome sequencing (Wang et al. 
 2012a ). Transcriptome sequencing by Illumina 
paired-end sequencing technology in radish pro-
vided 61,554 unigenes and enriched the resources 
of EST-based SSRs (Wang et al.  2012b ); like-
wise, EST-derived SSRs have been obtained 
from transcriptome sequencing generating 
22,756 unigenes in rubber tree (Li et al.  2012b ). 
In peanut whole transcriptome sequencing 
enabled to identify 26,048 unigenes and 8,817 
unigenes were characterised (Wu et al.  2013 ); 
8,252 unigenes have been annotated (Zhang 
et al.  2012b ). Whole transcriptome sequencing 
facilitated in discovery of novel SNPs in wheat 
(Duan et al.  2012 ), melon (Blanca et al.  2012 ), 
black cottonwood (Geraldes et al.  2011 ), 
 Brassica napus  (Trick et al.  2009 ),  Eucalyptus  
(Novaes et al.  2008 ) and lodgepole pine 
(Parchman et al.  2010 ). Similarly 192 EST-SSR 
markers are identifi ed in lentil from transcrip-
tome sequencing (Kaur et al.  2011 ), EST-derived 
SSRs in fi eld pea and fava bean (Kaur et al. 
 2012 ). In case of chickpea 4,072 SSRs and 
36,446 SNPs have been identifi ed from tran-
scriptome sequence of wild chickpea  C. reticula-
tum  (PI489777) (Jhanwar et al.  2012 ). Likewise 
transcriptome sequencing in kabuli chickpea 
offers repertoire for development of functional 
markers (Agarwal et al.  2012 ).  

   Molecular Marker Discovery 
 NGS technology has played key role in devel-
opment of useful high-throughput markers such 
as SSRs, ESTs and SNPs. Some important 
molecular markers developed by applying NGS 
have been discussed. NGS has assisted in the 
development of 246 SSRs in  Prunus virginiana 

 (Wang et al.  2012c ) and 94 reproducible novel 
SSRs in fava bean (Yang et al.  2012a ) and 
detection of chromosome arm–specifi c micro-
satellite marker in wheat (Nie et al.  2012 ), SSR 
marker for distinguishing aphids in soybean 
(Jun et al.  2011 ) and SSRs in peanut (Zhang 
et al.  2012b ) given in Table  9 . Importantly, the 
role of NGS in identifi cation of SNP marker is 
worth mentioning. NGS led resequencing of 8 
genotypes of wheat has facilitated in develop-
ing exome- based, codominant, SNP marker 
used for differentiating homozygote and het-
erozygotes in wheat (Allen et al.  2013 ) and 
identifi cation of SNPs in lentil (Sharpe et al. 
 2013 ), 20,000 SNPs in  Brassica rapa  (Bus 
et al.  2012 ), 8,207 SNP markers and fi ve mark-
ers linked with anthracnose disease resistance 
in lupin (Yang et al.  2012a ) and 1,022 SNPs and 
4,543 SNPs, respectively, in chickpea (Gaur 
et al.  2012 ; Azam et al.  2012 ). NGS led to iden-
tify 575,340 SNPs from three cultivars of 
potato: “Atlantic”, “Premier Russet” and 
“Snowden” and 96 SNPs were used for allelic 
diversity measurement (Hamilton et al.  2011 ). 
In tomato 8,784 SNPs were detected, derived 
from transcriptome sequences and utilised for 
constructing high- density linkage maps for 
three interspecifi c F(2) populations (Sim et al. 
 2012 ). Zou et al. ( 2013 ) searched out 1,953 
SNPs associated with QTLs contributing 
4-methylthio-3-butenyl glucosinolate contents 
in roots of radish,  Raphanus sativus  L. By 
applying NGS technique in durum wheat, 2,659 
SNPs have been discovered (Trebbi et al.  2011 ) 
and 1,050 SNPs were identifi ed in common 
bean (Hyten et al.  2010a ) further 1,790 SNPs 
disclosed by NGS in soybean were used for 
developing high-resolution genetic map (Hyten 
et al.  2010b ). In wheat ( Aegilops tauschii ) with-
out having reference genome sequence, 497,118 
genome-wide SNPs have been discovered using 
NGS (You et al.  2011 ). By deploying NGS in 
alfalfa, 40,661 candidate SNPs have been iden-
tifi ed which are useful for association mapping 
and high-resolution mapping (Han et al.  2011 ). 
Application of NGS for developing SNP mark-
ers and its uses have been thoroughly described 
by Kumar et al. ( 2012 ).  
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   Genotyping by Sequencing (GBS) 
 Advancement of NGS technology has paved the 
way for developing high-density linkage map 
covering all the linkage groups with anchoring 
thousands of high-throughput markers. These 
markers constitute especially SNPs, positioned on 
the linkage map developed earlier, enhancing its 
resolution, by re-sequencing of genome by NGS 
platforms in diploid and polyploidy species 
(Oliver et al.  2011 ; Eckert et al.  2009 ). SNP- based 
high-throughput linkage map has been developed 
for mapping the recessive mutant loci in maize 
using RILs developed from B73 x Mo17 (Liu 
et al.  2010 ). In tomato 8,784 SNPs developed 
from transcriptome sequences generated by 
NGS. These SNPs enabled in developing high- 
density linkage maps from three interspecifi c F 2  
populations of EXPEN 2000, EXPEN 2012 and 
EXPIM 2012. The average marker bin intervals 
were 1.6 cM, 0.9 cM and 0.8 cM, respectively 
(Sim et al.  2012 ). NGS-led developed SSR and 
SNP markers assisted in developing high-density 
linkage map of 1,227 markers positioned on 9 
linkage groups covering 1197.9 cM in brassica 
(Wang et al.  2012d ). Moreover, along with NGS, 
sequence-related amplifi ed polymorphism 
(SRAP) markers aided in developing an ever most 
saturated ultradense genetic map retaining 9,177 
SRAP markers, 1,737 integrated unique Solexa 
paired-end sequences, 46 SSRs and 10,960 inde-
pendent genetic loci in  B. rapa  (Li et al.  2011b ). 
Similarly a linkage map developed from 114 dou-
ble haploid lines, harbouring 415 INDELS and 92 
SSR markers covering 1234.2 cM length, posi-
tioning 152 scaffolds on the chromosomes (Wang 
et al.  2011a ). In chickpea one of the most high-
resolution maps has been developed applying 
NGS comprising 1,063 markers covering map 
length of 1808.7 cM (Gaur et al.  2012 ). 

 Owing to lower cost involved in sequencing 
by NGS technology, it is utilised for sequencing 
the entire population contributing in trait map-
ping along with tracing down markers across the 
genome, called GBS (Elshire et al.  2011 ). This 
innovative approach has been successfully 
applied in rice by re-sequencing 150 RILs devel-
oped from parents of  indica  and  japonica  culti-
vars, leading to discovery of 1,226,791 SNPs 

(Huang et al.  2009 ). A high-quality physical map 
has been developed harbouring the QTL respon-
sible for green revolution by re-sequencing whole 
genome of 128 chromosome segment substitu-
tion lines (CSSLs) of rice (Xu et al.  2010 ). Low- 
density GBS is reported in barley 
(Chutimanitsakun et al.  2011 ). In maize and bar-
ley GBS approach has been applied (Elshire et al. 
 2011 ) and 25,185 bi-allelic SNPs have been 
detected in maize. Similarly, the approach of 
GBS has been used in barley and wheat (Poland 
et al.  2012 ). GBS has been deployed to sequence 
the pool of mutants in segregating populations in 
 Arabidopsis  called SHORE map (Schneeberger 
et al.  2009 ), SHORE mapping a GBS strategy 
used for identifi cation of causal mutation in 
 Arabidopsis  (Galvão et al.  2012 ). Likewise, next- 
generation mapping (NGM) (Austin et al.  2011 ) 
technique extension of next-generation genomic 
sequencing has been employed to map mutations 
directly from pooled F2 populations in 
 Arabidopsis . This technique led to detect three 
genes associated with cell wall biology in 
 Arabidopsis  (Austin et al.  2011 ).  

   Epigenetic Analysis and Discovery 
of Small Noncoding/Regulatory RNAs 
 Epigenetics refers to the gene expression without 
any alteration in DNA sequences (Liang et al. 
 2009 ; Bird  2007 ). Epigenetic changes are trig-
gered by small RNAs causing changes in DNA 
methylation and histone modifi cation (acetyla-
tion, methylation, phosphorylation and ubiquiti-
nylation) (Simon and Meyers  2011 ; Rival et al. 
 2010 ). Epigenetics mechanisms endow plant to 
change its gene expression and produce particu-
lar phenotype in response to environmental 
changes (Piferrer  2013 ). Development of NGS 
fi rst brought the attention of researchers dealing 
with epigenetic analysis. Wide application of 
NGS in epigenetic analysis has been discussed 
recently (Meaburn and Schulz  2011 ). Considering 
the role of methylation of cytosine in DNA con-
tributing in regulation of epigenetics (Laird 
 2010 ), NGS has been used for mapping cytosine 
methylation in  Arabidopsis  (Cokus et al.  2008 ; 
Lister et al.  2008 ). This tool has benefi ted in 
 rendering the epigenome of plant (Simon and 
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Meyers  2011 ), mapping the methylation pattern 
and regulation of methylation throughout the 
genome (Lister and Ecker  2009 ) and generating 
the epigenetic markers across the genome (Liang 
et al.  2009 ). In maize NGS has helped in reveal-
ing the relationship between epigenome and tran-
scriptome (Elling and Deng  2009 ; Eckardt  2009 ); 
similarly, it has assisted in development of meth-
ylome map in  Arabidopsis  (Zhang et al.  2006 ). 
Additionally, this novel technique is used for the 
discovery of small RNAs including microRNA 
(miRNA), small interfering RNA (siRNA), trans-
ferable RNA (tRNA) and ribosomal RNA (rRNA) 
playing key role in post-transcriptional gene 
expression (Xie et al.  2004 ; Lu et al.  2005 ; 
Filipowicz et al.  2008 ; Morozova and Marra 
 2008 ). Considering this, NGS enabled in discov-
ering 14 novel and 22 conserved miRNA families 
from peanut responsible for growth and develop-
ment in response to environment stress (Zhao 
et al.  2010 ) given in Table  9 ; similarly, NGS 
aided in discovering sRNAs accounted for fruit 
development and ripening in tomato (Mohorianu 
et al.  2011 ). Applying NGS, miR156, miR159, 
miR172, miR167, miR158 and miR166, miR-
NAs have been identifi ed which are associated 
with seed development and maturation in 
 Brassica  sp. (Huang et al.  2013a ). In sugarcane 
26 conserved families of miRNA have been 
detected conferring regulation in axillary bud 
outgrowth sequencing sRNA by NGS (Ortiz- 
Morea et al.  2013 ). Similarly applying NGS 
sequencing, small RNAs that are genome wide in 
rice assisted in identifi cation of pollen develop-
ment stage specifi c 292 miRNAs (Wei et al. 
 2011 ). In barley expression profi le of miRNA 
and other noncoding RNAs were analysed in 
response to phosphorus requirement, and 221 
conserved miRNAs as well as 12 novel miRNAs 
were detected by sequencing sRNAs using 
Illumina’s NGS (Hackenberg et al.  2013 ). 
Additionally, NGS analysis led to detection of 66 
miRNA genes closely contributing in leaf growth 
in response to drought in  Brachypodium dis-
tachyon  (Bertolini et al.  2013 ).    

    RAD Sequencing and Reduced 
Representation Sequencing 

 Application of NGS along with restriction enzyme 
has given birth to some new techniques, restric-
tion-associated digestion (RAD) sequencing, 
reduced representation sequencing based on 
reduced representation library (RRL) and com-
plexity reduction of polymorphic sequences 
(CRoPs) for mostly focusing on sequencing tar-
geted region of genome rather than sequencing 
whole genome (Davey et al.  2011 ). RAD sequenc-
ing is an innovative method for discovery of SNPs 
and high-throughput genotyping (Miller et al. 
 2007 ; Baird et al.  2008 ; Davey and Blaxter  2011 ; 
Davey et al.  2012 ). RAD generates two types of 
markers: codominant markers in targeted region 
close to restriction site (endonuclease enzyme) 
and dominant markers within region of the restric-
tion site (Deschamps et al.  2012b ). RAD sequenc-
ing aided in development of 347 denovo SNPs, 
which has facilitated in developing linkage map 
of 1,390 cM in eggplant which developed from 
cross “305E40” × “67/3” population, and this 
enabled in tracking down seven QTLs conferring 
to anthocyanin accumulation (Barchi et al.  2012 ). 
A high-density linkage map has been developed 
from F 1  populations in grape using 1,841 SNPs 
developed through RAD sequencing (Wang et al. 
 2012e ). RAD sequencing aided in fi nding out 
high-throughput 20,000 SNPs and 125 insertions 
and deletions in  Brassica napus  (Bus et al.  2012 ); 
nearly 10,000 SNPs, 1,000 INDELS and 2,000 
putative SSRs in eggplant (Barchi et al.  2011 ) and 
34,000 SNPs and nearly 800 INDELS in  C. car-
dunculus  (Scaglione et al.  2012 ). RAD sequenc-
ing is used for developing markers tagging disease 
resistance gene against anthracnose disease resis-
tance in lupin (Yang et al.  2012a ). In  Arabidopsis  
genome-wide genotyping has been done applying 
2b RAD (Wang et al.  2012f ). RAD sequencing 
has permitted mapping of QTLs involving in fatty 
acid synthesis in perennial ryegrass ( Lolium 
perenne  L.) (Hegarty et al.  2013 ). 
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 RRL approach has been applied for discover-
ing SNPs in maize (Gore et al.  2009 ; Deschamps 
et al.  2012a ), soybean (Hyten et al.  2010a ) and 
4,294 to 14,550 SNPs from four accessions of 
soybean (Varala et al.  2011 ); in jointed goat grass 
(You et al.  2011 ); in grape (Myles et al.  2010 ); in 
common bean (Hyten et al.  2010b ) and in rice 
(Monson-Miller et al.  2012 ). Redeced represen-
tation sequencing based, a new approach called 
Restriction Enzyme Site Comparative Analysis 
(RESCAN) has been used for detection of SNP in 
rice (Kim and Tai  2013 ). Likewise, reduced rep-
resentation sequencing helped in identifying SNP 
residing in major QTL region contributing to pod 
shattering resistance in rapeseed (Hu et al.  2012 ), 
mapping respective QTLs of fl owering time and 
petiole length in  Arabidopsis  (Seymour et al. 
 2012 ). Sequencing of RRL contributed in detec-
tion of QTLs ( qLpPg1 ,  qLpPg2  and  qLpPg3 ) 
responsible for stem rust in  Lolium perenne  
(Pfender et al.  2011 ). RAD based sequencing has 
facilitated the development of GBS libraries for 
maize and barley, providing opportunities to the 
breeder community for practicing genomic selec-
tion in the future. Apart from the above applica-
tions, some other applications of NGS in 
association mapping study, evolutionary relation-
ship study, diversity, alien introgression studies 
and organelle sequencing in plant have been elab-
orated (Varshney et al.  2009 ).  

    Association Mapping for Tagging 
Genes/Complex QTLs 
and Exploiting Plant Natural 
Variation 

 Traditionally genetic map and QTL mapping 
were developed by using biparental populations. 
The details of QTL mapping starting from devel-
oping mapping population subjecting contrasting 
parents to check polymorphism for parental and 
segregating progenies for the traits and detection 
of polymorphic markers by genotyping has been 
reviewed (Collard et al.  2005 ). An alternative 

method called association mapping (AM) or 
 linkage disequilibrium has been developed to 
exploit the natural variation present in germplasm 
repository and facilitating discovery of QTLs by 
analysing marker–trait association (Zhu et al. 
 2008 ). Association studies provide the opportu-
nity of high-resolution mapping and identifi ca-
tion of gene accounting for phenotypic variation, 
along with high marker coverage in comparison 
to biparental linkage mapping (Thornsberry et al. 
 2001 ; Remington et al.  2001 ; Wang et al.  2005 ). 
This powerful method clarifi es complex QTLs 
using historical and evolutionary recombination 
episode at population level (Nordborg and Tavare 
 2002 ; Risch and Merikangas  1996 ). AM is prac-
tised based on two approaches: (1) candidate 
gene-based approach and (2) whole-genome 
based approache genome- wide association study 
(GWAS) (Zhu et al.  2008 ). 

 Initial landmark study of AM was applied in 
oat (Beer et al.  1997 ), in rice (Virk et al.  1996 ) 
and subsequently in other plants (Thornsberry 
et al.  2001 ). The successful application of this 
technique in different plant species for various 
traits has been depicted (Zhu et al.  2008 ). AM 
offers the benefi ts of detection of marker–trait 
relationship ranging from complex qualitative to 
quantitative traits of interest in various crop 
plants. AM was implemented for analysing ker-
nel size and milling quality using 36 SSR mark-
ers in wheat (Breseghello and Sorrells  2006 ). The 
stem rust resistance loci has been identifi ed by 
association mapping deploying DArT and SSR 
markers in 276 spring wheat lines (Yu et al. 
 2011b ), and Sr13gene/QTL confi rmed in durum 
wheat earlier using biparental mapping (Letta 
et al.  2013 ). Similarly, candidate-based associa-
tion mapping aided in identifi cation of sclerotium 
head rot resistance QTLs in sunfl ower (Fusari 
et al.  2012 ), and linkage disequilibrium method 
enabled to correlate candidate gene marker and 
resistance to  Verticillium dahliae  QTL in tetra-
ploid potato (Simko et al.  2004 ). Moreover, can-
didate gene AM has been applied for analysing 
drought tolerance in 192 diverse perennial 
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 ryegrass ( Lolium perenne  L.) (Yu et al.  2013 ). 
Thirteen QTLs accounting for spot blotch in wild 
barley has been identifi ed using SSR and SNP 
markers by association analysis (Roy et al.  2010 ); 
similarly four QTLs diagnosed for  Septoria  
speckled leaf blotch resistance using 3,840 lines 
of barley (Zhou and Steffenson  2013 ). In wheat 
this method has enabled to identify marker–trait 
association with yield under drought condition 
(Dodig et al.  2012 ). Association study led to 
detect 7QTLs account for preharvest sprouting in 
wheat using 1,166 DArT and SSR markers in 198 
genotypes (Kulwal et al.  2012 ). In wheat, six can-
didate genes conferring to fl owering time have 
been unfolded by AM (Rousset et al.  2011 ). 
Additionally, AM has aided in the detection of 
earliness causative QTL region on chromosomes 
(Le Gouis et al.  2012 ), main effect QTL for qual-
ity traits such as kernel weight, protein content, 
etc. (Reif et al.  2011 ), multiple loci offering alu-
minium resistance (Raman et al.  2010 ), and rus-
sian wheat aphid resistance (RWA2) gene in 
wheat (Peng et al.  2009 ). Invertases and starch 
phosphorylases alleles, contributing in tuber 
quality (Li et al.  2013 ) and QTL for tuber sugar 
content and chip quality (Draffehn et al.  2010 ), 
tuber, starch content and yield (Li et al.  2008 ) in 
potato have been unravelled by AM. Therefore, 
AM becomes an alternative approach to the clas-
sical breeding approach (biparental mapping) for 
dissecting complex QTLs concerned with yield, 
documented in barley (Kraakman et al.  2004 ). To 
bridge the benefi t of linkage mapping and AM, 
another robust tool, nested association mapping 
(NAM), has been applied for the fi rst time in 
maize for dissection of complex traits. Its advan-
tages and mapping resolution have been dis-
cussed thoroughly (Yu et al.  2008 ). The role of 
complex QTLs associated with fl owering time 
has been elucidated by studying association stud-
ies in 5,000 RILs in NAM population in maize 
(Buckler et al.  2009 ) and in barley (Stracke et al. 
 2009 ). Backcross nested association (BC-NAM) 
mapping facilitated in identifying 40 QTLs in 
 Sorghum  (Mace et al.  2013 ), the  Dwarf8 (d8)  
locus in maize (Larsson et al.  2013 ) responsible 
for fl owering time. For gaining insight into 
genetic basis of leaf architecture in maize, NAM 

has been applied (Tian et al.  2011 ). Thirty-two 
QTLs contributing for resistance against south-
ern leaf blight (SLB) disease in maize has been 
detected applying NAM in 5,000 maize RILs 
(Kump et al.  2011 ), and similarly 32 QTLs were 
investigated causing northern leaf blight in maize 
deploying NAM (Poland et al.  2011 ). NAM asso-
ciation study assisted in showing the variation at 
 bx1  gene conferring DIMBOA content in maize 
(Butrón et al.  2010 ). Likewise, deployment of 
NAM for improvement of kernel composition in 
maize has been well documented (Cook et al. 
 2012 ). However, AM suffers from major draw-
back of confounding effect of population struc-
ture giving rise to false positive (Yu et al.  2006 ; 
Zhao et al.  2007 ; Ingvarsson and Street  2011 ). 

 In recent past GWAS has been developed 
which inspects association of marker and QTLs 
across the genome (Risch and Merikangas  1996 ). 
GWAS is a population-based approach offering 
the advantage of studying association of SNP and 
phenotype across the genome from unrelated 
individuals (Mitchell-Olds  2010 ). It has been 
applied to study 107 phenotypes of 200 
 Arabidopsis  inbred lines (Atwell et al.  2010 ). 
Similarly GWAS is effi cient in detecting QTLs 
from the natural or pre-exiting lines in compari-
son to biparental mapping strategy. This approach 
is utilised in fi nding out for beta-glucan QTL in 
oat (Newell et al.  2012 ) and common bacterial 
blight resistance QTL in  Phaseolus vulgaris  (Shi 
et al.  2011 ). GWAS facilitated in marker–trait 
association for various agronomic and disease 
resistance traits in barley (Pasam et al.  2012 ; 
Berger et al.  2013 ), saccharifi cation yield in sor-
ghum (Wang et al.  2011a ), detecting allelic varia-
tion in natural germplasm in rice (Han and Huang 
 2013 ) and mapping of 15 traits with 1,536 SNPs 
in 500 lines of barley (Cockram et al.  2010 ). 
Contribution of 61 loci to tocopherol content and 
composition has been revealed by genome-wide 
association analysis in  Brassica napus  (Wang 
et al.  2012g ). In recent past GWAS led to identify 
512 loci correlated with 47 agronomic traits in 
foxtail millet (Jia et al.  2013b ). From abiotic 
stress point of view GWAS has been applied in 
125 inbred lines of maize and 43 SNPs found to 
be associated with chilling tolerance (Huang 
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  Fig. 1    Integrated approaches of functional genomics for developing improved crop cultivars       

et al.  2013c ). Therefore, AM can be utilised for 
genome-wide diversity study, shedding light on 
marker–trait association and discovery of genes/
QTLs. Similarly it has the potentiality for QTL 
dissection and cloning (Salvio and Tuberosa 
 2007 ). To facilitate accurate detection of gene/
QTLs coupled with their functions for overall 
crop improvement, an integrated approach com-
bining all the tools of functional genomics is 
depicted in Fig.  1 .   

    Perspectives and Future Direction 

 The advent of fast-evolving DNA sequencing 
technology has given a new direction in the fi eld 
of genomics by enabling sequencing of whole 
genome, extricating precious genomic informa-
tion of non-model crops and re-sequencing of 
model crops in quick time and under manage-
able cost. Reduction of cost for sequencing leads 
to develop next-next or third-generation sequenc-

ing technologies such as single-molecule real-
time (SMRT™) sequencing capable in generating 
longer sequence read (Thudi et al.  2012 ). 
Additionally, high-throughput-driven technolo-
gies led to development of ultradense linkage 
map, transcript map, SHORE map and MutMap 
of plant species mentioned earlier to capture the 
desired genes/QTLs of interest. Nevertheless, 
the rapid accumulation of sequence information 
and decoding of function of these sequence 
informations are still lagging behind. To date 
rice and  Arabidopsis  are the only members of 
plant species for which we have most of the 
genes with known function. Thus the progress of 
functional genomic research will benefi t the 
plant science community by unlocking the func-
tion of all genes of most of the plant species. 
Ultimately, this will lead to improvement of crop 
breeding programme thereby developing cultivar 
with enhanced tolerance to biotic and abiotic 
stresses mitigating the challenges of food secu-
rity in the coming future.     
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   Abstract  

  One of the most important breakthroughs in 
the history of genetics and plant breeding was 
the development of plant cytology and experi-
mental mutagenesis, which later brought 
about plant cytogenetics and mutation breed-
ing and now they have entered in functional 
biology era with the unprecedented develop-
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ment of plant molecular cytogenetics, genet-
ics, and functional genomics. Application of 
cell biology particularly chromosome biology 
in the fi elds of plant genome structure and 
function has ushered the development of plant 
cytogenomics. Development of advanced 
technology like DNA base- specifi c fl uores-
cence banding, GISH, and FISH-based chro-
mosome painting has greatly facilitated the 
identifi cation, localization, and mapping of 
chromosome-specifi c markers in plants, which 
is of high importance in plant molecular sys-
tematics, species identifi cation, detection of 
hybrid nature, alien chromosomes and chro-
mosomal aberrations, analysis of somaclonal 
variations, and diversity analysis. The dyna-
mism of chromatin architecture and cell cycle, 
representing chromosome functional biology, 
is another important part of plant cytogenom-
ics. On the other hand, mutagenomics is 
defi ned as applied mutation breeding, in which 
genomic information and tools are utilized in 
the designing of breeding strategies, screen-
ing, selection and verifi cation/authentication 
of natural and induced mutants, and the utili-
zation of desirable mutations in the breeding 
processes. Considerable progress has been 
made in recent times in breeding of cereals, 
legumes, oil seeds, vegetables, horticultural 
crops, spices and condiments, fi ber-yielding 
plants, and medicinal and aromatic plants for 
diverse types of desirable agronomic and 
functional traits including disease and abiotic 
stress resistance/tolerance; herbicide resis-
tance; lowering of anti- nutritional factors; 
enhancement of proteins, minerals, vitamins, 
essential amino acids, fl avonoids, antioxi-
dants, and dietary fi bers; enrichment of soil 
nutrition; enhancement of ornamental, medic-
inal, and aromatic values; and development of 
functional and therapeutic foods and other 
diverse traits related to nutritional quality and 
high yield. This can be found in a mutant pop-
ulation which carries variant forms of poten-
tially each and every gene present in a 
particular genome. The functionality of 
mutagenomics is greatly enhanced due to inte-

gration of classical mutagenesis with modern 
“omics” technology through the development 
of desirable diploid mutants, recombinant 
inbred lines, and aneuploid and polyploid 
lines as effective cytogenetic tools, utilizable 
in genome mapping and analysis. Functional 
sets of aneuploid tools are now available in 
different edible plants, through which several 
morphological, biochemical, and molecular 
traits/markers have been assigned on defi nite 
chromosomes to construct linkage maps. 
Recently, induced mutations showing altera-
tions in antioxidant defense response have 
been identifi ed and tested against diverse 
types of abiotic stresses to reveal intrinsic cel-
lular and metabolic events toward sensitivity 
of seed plants to salinity, drought, metal toxic-
ity, and other stresses. These mutations are 
giving vital inputs, which can be used in for-
mulating effective breeding strategies in dif-
ferent agroclimatic conditions. Mutagenized 
population has revealed altered pattern of 
genome response and can also be exploited in 
enhancing production of natural plant prod-
ucts like antioxidants and fl avonoids. 
Furthermore, these large mutant populations 
have the potential in reverse genetics approach 
by employing various techniques, particularly 
“Targeting Induced Local Lesions in 
Genomics (TILLING)” technology to better 
understand gene functions through high-
throughput mutation screening, and have been 
successfully used in major crop plants along 
with model plant  Arabidopsis . The develop-
ment of mutagenomic approach, thus, pro-
vides a cost- effective, clean, and easy-to-use 
functional tool to increase the genetic diver-
sity and in utilization of this diversity in plant 
molecular mutation breeding through modern 
genomic methods.  
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        Introduction 

 One of the most important breakthroughs in the 
history of genetics and plant breeding was the 
development of plant cytology and experimental 
mutagenesis, which later brought about plant 
cytogenetics and mutation breeding. Plant cyto-
genetics has continued to fl ourish and make 
essential contributions to advanced genomic 
projects by delineating gene order, defi ning con-
tig gaps, and revealing genome rearrangements. 
With the unprecedented development of advanced 
technology like DNA base-specifi c fl uorescence 
banding and GISH as well as FISH-guided chro-
mosome painting along with availability of 
whole-genome sequencing techniques, classical 
plant cytogenetics has now entered the functional 
genomic era, greatly facilitating the identifi ca-
tion, localization, and mapping of chromosome- 
specifi c markers in plants, which is of high 
importance in plant breeding, molecular system-
atics, species identifi cation, detection of hybrid 
nature, detection of alien chromosomes and chro-
mosomal aberrations, and analysis of somaclonal 
variations and diversity (Chaudhary et al.  2011 ). 
On the other hand, plant mutagenesis is used as 
mutation breeding, in which genetic information 
and tools are utilized in the designing of breeding 
strategies, screening, selection and verifi cation/
authentication of induced mutants, and the utili-
zation of desirable mutations in the breeding pro-
cesses. The integration of classic techniques of 
plant cytology and mutagenesis with modern 
“omics” technology has ushered the development 
of two new concepts, plant cytogenomics and 
mutagenomics, respectively.  

    Cytogenomic Techniques, 
Chromosome Biology, and Genome 
Analysis 

    Cytogenomics: Classical Cytogenetics 
Meets Plant “Omics” 

 At the dawn of plant cytogenetics, the classic 
approach of chromosome banding had immense 

contribution in identifi cation and characterization 
of plant chromosomes. Early cytogenetic pio-
neers resolved the structure and dynamic behav-
ior of the chromosomes in rice, sorghum, maize, 
and tomato and revealed the mystery of allopoly-
ploid nature of wheat, determined the ancestral 
genome donors, and discovered the nature of 
chromosome pairing (Gupta  2006 ). The develop-
ment of DNA base-specifi c chromosome banding 
and in situ hybridization (ISH) techniques revo-
lutionized the classical concepts and fl ow cytoge-
netics, opening up opportunities for cytogenetic 
analysis of essentially any species, regardless of 
its inherent chromosome morphology and has 
provided an abundance of knowledge regarding 
the structural and functional genomics of plants 
(Gupta  2006 ). In plants, the use of radioactive 
tracer or modifi ed nucleotides (attached to biotin, 
digoxigenin, or fl uorescent moieties) to make 
ISH probes permits microscopic visualization 
and localization of complementary sequences in 
cells and nuclei and on individual chromosomes 
(Lilly et al.  2001 ; Gupta  2006 ). All these new 
advancements facilitated cytology-based molec-
ular analysis of a complete genome or cytoge-
nomics and increased our understanding of the 
plant genome. The molecular cytogenetics and 
cytogenomics are often used interchangeably in 
different literatures, although the latter focus on 
latest knowledge on molecular cytogenetic tech-
niques (Lilly et al.  2001 ).  

    Flow Cytogenetics in Chromosome 
Functional Biology 

 Flow karyotyping is a quantitative, statistically 
accurate, and high-throughput approach for 
karyotype analysis and the detection of numeri-
cal and structural chromosome changes. This 
technique has been used to detect trisomy of 
chromosome 6 in barley; estimate the frequency 
of alien chromosomes in populations of six 
wheat–rye chromosome addition lines; identify 
chromosomes carrying interchanges in fi eld 
bean, garden pea, barley, and wheat and chromo-
some deletions in wheat; detect accessory B 
chromosomes in rye and maize; identify alien 

Cytogenomics and Mutagenomics in Plant Functional Biology and Breeding



116

chromosomes in oat–maize and wheat–rye chro-
mosome addition lines; detect alien chromosome 
arms in wheat–rye and wheat–barley telosome 
addition lines; and reveal chromosome polymor-
phism in barley, maize, rye, and wheat 
(Kubaláková et al.  2005 ; Gupta  2006 ; Šimková 
et al.  2008 ). However, as the fl ow karyotyping is 
based on chromosome DNA content and/or AT/
GC ratio, intrachromosomal rearrangements and 
reciprocal translocations where equal amounts of 
DNA are exchanged cannot be identifi ed. 
Detection of aberrations is also hampered by nat-
ural occurrence of chromosome polymorphisms. 
With these limitations, the labor-intensive char-
acter, and a need for expensive equipment, fl ow 
karyotyping is now augmented with advanced 
methods of cytogenetics such as multicolor 
genomic in situ hybridization (GISH), fl uores-
cence in situ hybridization (FISH), chromosome 
painting, and DNA arrays. Some of the important 
uses of fl ow-sorted chromosomes in plant cytoge-
nomics are
    (a)    Physical mapping using DNA hybridization 

and PCR   
   (b)    Physical mapping using FISH   
   (c)    Small-insert DNA libraries   
   (d)    Large-insert DNA libraries   
   (e)    Development of molecular markers   
   (f)    Physical mapping on DNA arrays and array 

painting   
   (g)    Chromosome sequencing using next- 

generation technology   
   (h)    Higher-order structure and proteins of 

mitotic chromosomes    
Using microfl uidic technology, optical mapping 
has now been shown to be particularly useful in 
highly repetitive and duplicated genomes to 
assemble their sequences and verify fi nished 
sequence data, study genome structural polymor-
phism, and perform genome-wide DNA methyla-
tion mapping. A modifi ed approach to construct 
optical maps employs nanofl uidic devices with a 
series of parallel microchannels through which 
DNA molecules move and can be analyzed by 
using nicking enzymes and fl uorescent labeling 
of displaced single strands (Doležel et al.  2012 ). 
The use of chromosomal DNA could greatly sim-
plify the assembly of optical maps in organisms 

with large and polyploid genomes such as bread 
wheat (Doležel et al.  2012 ). 

 Potential DNA markers can be developed 
from clones of chromosome-specifi c DNA librar-
ies with large inserts after sequencing their ends, 
and the markers can be developed directly from 
only a few nanograms of chromosomal DNA 
(Doležel et al.  2012 ). Next-generation sequenc-
ing of chromosomal DNA identifi es enough 
sequences from genes and intergenic regions to 
develop literally an unlimited number of mark-
ers, including single nucleotide polymorphisms 
(SNPs), in crops like wheat, rye, and barley 
(Mayer et al.  2011 ; Doležel et al.  2012 ). 

 Coupling DNA array technology with fl ow 
cytogenetics resulted in development of array 
painting, which allows high-resolution analysis 
of the content and breakpoint of aberrant chro-
mosomes. Painting probes are prepared from two 
derivative chromosomes, each of them is labeled 
with a different fl uorochrome, and both are 
hybridized to DNA microarray with mapped 
DNA sequences. Plotting the fl uorescence ratio 
against the clone position along each chromo-
some provides information on chromosome com-
position. This approach has been used in mapping 
of 162 SNP loci on barley chromosome 1H 
through pilot oligonucleotide pool assay 
(Šimková et al.  2008 ) and assignment of 16,804 
genes on individual chromosomes using DNA 
from fl ow-sorted barley chromosome 1H and 
arms of chromosomes 2H–7H on barley 44 k 
Agilent microarray (Mayer et al.  2011 ). The 
robust mapping thus constructed is fi nally com-
pared with barley consensus genetic map, and 
gene mapping using fl ow-sorted chromosome 
arms then permitted the defi nition of pericentro-
meric regions in chromosomes 2H–7H (Mayer 
et al.  2011 ). 

 Sequencing single chromosomes reduces 
costs and simplifi es data analysis as compared to 
whole genomes. In species with sequenced 
genomes, re-sequencing chromosomes is a rapid 
means for studying variation at DNA level by 
aligning short reads to the reference sequence. 
The low-pass 454 sequencing fl ow-sorted chro-
mosome was a cost-effective approach to describe 
gene content, repetitive sequence, assess gene 
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synteny with other species, translocation, and 
establish comprehensive linear gene-order 
model, including candidate miRNA (microRNA) 
precursors, for the chromosome, as successfully 
applied in wheat (chromosome 4A, 5A, 7DS), 
barley (chromosome 1H), and rye (chromosome 
1R) (Mayer et al.  2011 ). 

 In a majority of cases, fl ow cytogenetics has 
been employed to aid in analyzing chromosomal 
DNA. However, there are as yet not fully explored 
opportunities to analyze the higher-order struc-
ture of mitotic chromosomes and their major 
component—the chromosomal proteins using 
technique like immunostaining of chromosomal 
antigens (Gupta  2006 ).  

    DNA Base-Specifi c Fluorescence 
Banding 

 Due to phenotypic plasticity, symmetrical karyo-
type, and occurrence of chromosomal structural 
rearrangements, instead of conventional banding, 
DNA base-specifi c fl uorescent chromosome 
banding has been introduced with the use of two 
common and effective fl uorochromes, chromo-
mycin A3 (CMA) and 4-6′ diamidino 
2- phenylindole (DAPI), for the detection of 
karyotypically visible landmarks, marking of 
individual chromosome, detection of AT (by 
DAPI) and GC (by CMA)-rich regions within 
individual chromosomes, and phylogenetic stud-
ies in major crops (Akter and Alam  2005 ; 
Talukdar  2010d ). This molecular banding tech-
nique alone or in combination with ISH has been 
found very useful in detection of aneuploids, 
alien chromosome introgression, nature of poly-
ploidy, aneuploids in polyploidy background, 
and cytogenotoxicity study (Lavania et al.  2010 ; 
Talukdar  2010d ).  

    Genomic In Situ Hybridization (GISH) 

 GISH/multicolor GISH allows the visualization 
and comparison of chromosomes and genomes of 
different materials, enabling one to characterize 
them as polyploids, F 1  hybrids and their proge-

nies, partial allopolyploids, aneuploids, polyhap-
loids, or recombinant lines. The protocol for 
GISH is essentially the same as for the FISH, 
except for the blocking genomic DNA. The GISH 
protocol is defi ned to eliminate most of the cross- 
hybridization between total genomic DNA from 
the two species. In rice, GISH resolved the dis-
tinction between two kinds of genomes in two 
wild tetraploids,  Oryza minuta  (BBCC) and  O. 
latifolia  (CCDD), and a highly reproducible 
complete protocol of chromosome painting by 
GISH is available. GISH using total genomic 
DNA of a donor species in combination with an 
excess amount of unlabeled genomic wheat DNA 
permits the painting of whole genomes and alien 
chromosomes in interspecifi c hybrids (Gupta 
et al.  2008 ). GISH is also a very powerful tool for 
characterizing wheat–alien translocations and 
permits the determination of translocation break-
points and sizes of the alien segments. Most of 
the available wheat–alien translocations confer-
ring resistance to various diseases and pests were 
recently characterized by GISH and C-banding 
analyses. Identifi cation of wheat and tritordeum 
( Hordeum chilense  ×  Aegilops , hexaploid amphi-
diploid) chromosomes, introgression of rye chro-
mosomes to wheat and triticale, chromosome 
pairing in the meiotic metaphase I of wheat–rye 
hybrids, discrimination of wheat and rye chromo-
somes, and detection of the individual wheat and 
rye chromosome arms involved in the chromo-
some associations are some of the outstanding 
achievements obtained by GISH (Megyeri et al. 
 2013 ). GISH revealed the chromosome constitu-
tion of all aneuploids, demonstrating its impor-
tant role as a tool for genome monitoring in plant 
breeding. However, the feasibility of chromo-
some painting by GISH for hybrids consisting of 
different genomes depends on the diversity of the 
different contributor genomes. For example, the 
use of GISH in  Brassica  allopolyploids consist-
ing of a combination of the A, B, and C genomes 
could not discriminate the three genomes because 
the repeated sequences are highly homologous 
among the three genomes. Employing multicolor 
GISH, somatic hybrids between  Oryza sativa  cv. 
“Kitaake” (AA, 2 n  = 24) and  O. punctata  (BBCC, 
2 n  = 48) were identifi ed in rice, and the progeny 
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was rescued from embryo culture (Ohmido et al. 
 2010 ). In the medicinally important plant, gin-
seng ( Panax  spp.), GISH analysis using genomic 
DNA as a probe revealed strong cross- 
hybridization of genomes between  P. ginseng  and 
 P. quinquefolius  (Choi et al.  2009 ).  

    Fluorescence In Situ Hybridization 
(FISH) 

 FISH is a quick and affordable approach to map 
DNA sequences on specifi c chromosomal 
regions. The power of cytogenomic analysis pri-
marily depends on two related aspects of FISH: 
probe-size detection limit and axial resolution 
limit. Advances in microscopic sensitivity, signal 
increase, and noise reduction have all contributed 
to improved detection limits, whereas advances 
in cytological resolution of closely linked loci are 
primarily derived from methods that lengthen the 
chromosome itself. Although FISH is commonly 
used to map unique or low-copy-number 
sequences, it is also used to localize repetitive 
sequence to produce chromosome recognition 
cocktails or explore genome relations in poly-
ploid or closely related plant species. FISH per-
mits rapid cytogenetic characterization and 
chromosome identifi cation by means of a variety 
of probes such as those from repetitive DNAs, 
large-fragment clones, or closely related species. 
The synergy between plant cytogenetics and 
genomics is strengthened by FISH-guided 
genome sequencing, FISH-based karyotyping, 
and mapping of various ribosomal DNA (Lavania 
et al.  2003 ,  2005 ,  2010 ; Jiang and Gill  2006 ; 
Chahota et al.  2011 ). Mitotic and meiotic FISH 
continues to be invaluable in genome sequencing 
efforts. FISH played important roles, for exam-
ple, in the Solanaceae Genome Project, in the 
direction of sequencing efforts through BAC- 
based anchoring of contigs, and in the detection 
and closure of numerous and signifi cant gaps in 
euchromatic regions of large genomes (Jiang and 
Gill  2006 ). FISH analysis is also unique in dif-
ferentiation of triticale cultivars through their rye 
chromosomes, ascertaining the number and chro-
mosomal location of ribosomal 5S and 35S DNA 

(rDNA) sites along with chromosomal transloca-
tion between  Secale cereale ,  Dasypyrum villo-
sum , and their allotetraploid  S. cereale  ×  D. 
villosum  hybrids; construction of an integrated 
molecular cytogenetic map of cucumber 
( Cucumis sativus  L.) chromosomes 2 through 
mapping of 11 fosmid clones together with the 
cucumber centromere-specifi c type III sequence 
on meiotic pachytene chromosomes; and identifi -
cation of 12 metaphase chromosomes and con-
struction of a standardized karyotype of melon 
( Cucumis melo  L.) through cross-species fosmid 
FISH, anchored by SSR markers (Liu et al.  2010 ; 
Han et al.  2011 ; Fradkin et al.  2013 ). In  Panax  
(ginseng), FISH analysis revealed presence of 
45S and 5S rRNA genes of  P. notoginseng  
(2 n  = 2 x  = 24) and  P. ginseng  (2 n  = 4 x  = 48) cluster 
on a single locus on different chromosomes, 
while  P. quinquefolius  (2 n  = 4 x  = 48),  P. japonicus  
(2 n  = 4 x  = 48), and Korean wild ginseng 
(2 n  = 4 x  = 48) had one locus of the 45S rRNA 
gene and two loci of the 5S rRNA gene, 
 respectively (Choi et al.  2009 ; Waminal et al. 
 2012 ). The broad applications of FISH in struc-
tural, comparative, and functional genomics 
place plant cytogenetics in a formidable position 
to complement, accelerate, or guide plant genome 
research (Table  1 ). Furthermore, the FISH and 
the genetic markers generated from the subrepeat 
variation in the NORs (nucleolus organizer 
region) in cereals, soybean, and  Arabidopsis  
provide anchor points for the construction of 
cytogenetic, genetic, and physical maps of plant 
genomes as well as for breeding programs 
(Yang and Jeong  2008 ). With the advancement of 
knowledge, the FISH techniques now have sev-
eral applied arenas in plant molecular cytogenet-
ics, some of the signifi cant achievements of 
which are presented in Table  1 .

      M-FISH and Pachytene-FISH 
 M-FISH or metaphase-FISH is based on plant 
meristem tissues, such as root tip, and provides 
readily available material but can produce vari-
able axial resolution limits (10,000 kb in some 
cases) depending on whether the probes are in 
euchromatic or heterochromatic regions. Despite 
having the poorest axial resolution, M-FISH 
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      Table 1    Important achievements of using FISH techniques in cytogenomics, mapping and genome analysis of some 
major food crops   

 Crop  Techniques  Achievements  References 

 Cereals (rice, wheat, 
maize, rye, barley, 
oat, sorghum) 

 M-FISH, I-FISH, 
Fiber-FISH, BAC-FISH, 
YAC-FISH, Pachytene-
FISH, ultrasensitive FISH, 
combined FISH with 
immunotechniques, 
extended DNA fi ber, 
superstretched pachytene 
chromosome 

  Rice , localization of glutelin gene, gall 
midge resistance gene ( Gm2 ) on 
chromosome 1, bacterial blight resistance 
locus  Xa21  and blast resistance gene  Pi-b  
on chromosome 2, mapping of TrsA 
repeats, detection of retrotransposons (Ty-1 
 copia , Ty-3  gypsy , RIRE 1), mapping of 
ribosomal DNA; estimating the distance 
between TrsA and telomere sequences at a 
chromosomal end, chromosome addition, 
confi rmation of telocentric nature of extra 
chromosome of telotrisomics;  wheat : 
physical arrangement of retrotransposon-
related repeats in centromeric regions, copy 
number, and integration patterns of 
transgenes in wheat lines obtained by 
biolistic bombardment, selection, and 
sorting of chromosomes, analysis of  Gc 2  
(gametocidal) knockout mutation and 
mapping on  Gc2 -carrier chromosome 
T4B-4Ssh#1;  maize : painting of all somatic 
chromosomes, localization of centromere in 
relation to genetically mapped markers, 
characterization of centromere- specifi c 
histone H3 variant, CENH3 and its 
association with the kinetochore protein 
CENPC, identifi cation and distribution of 
CentC and CRM repetitive sequences and 
hypomethylation, immune detection of 
DNA methylation;  barley : identifi cation 
and polymorphism of  Hordeum chilense  
chromosomes and detection of BARE 1  
retrotransposon;  oat : karyotyping of  Avena  
species, phylogenomic analysis; new 
chromosome nomenclature from  Avena  
monosomic line;  sorghum : molecular 
cytogenetic map,  sh2  gene, liguleless 
linkage group in sorghum;  rye : analysis of 
B chromosomes, telomeric 
heterochromatin, detection of rare 
translocation, activity of rRNA genes, 
identifi cation of chromosome complement 
in hybrid 

 Kato et al. ( 2004 ), 
Kubaláková et al. 
( 2005 ), Jiang and 
Gill ( 2006 ), Marín 
et al. ( 2008 ), 
Ohmido et al. 
( 2010 ), Sanz et al. 
( 2010 ), and 
Marques et al. 
( 2012 ) 

(continued)
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Table 1 (continued)

 Crop  Techniques  Achievements  References 

 Grain legumes (pea, 
chickpea, grasspea, 
beans, lentil) 

 Dual-color FISH, 
BAC-FISH, 

 Quantitative karyotyping, identifi cation of 
NOR (nucleolus organizer region), 
mapping of 5S and 18S–25S rDNA probes, 
rDNA evolution, amplifi cation of rDNA, 
detection of aneuploids (trisomics), 
analysis of B4 resistance (R) gene cluster 
in common bean and macrosynteny with 
 Medicago truncatula  and  Lotus japonicas  
in chromosomes  Mt6  and  Lj2 , rDNA 
localization in chickpea, karyotyping of 
lentil chromosomes, phylogenetic 
relationship, location of chromosome 
telomeres, detection of NOR and satellite 
DNA sequence families in different 
 Lathyrus ,  Pisum , and  Cicer  species 

 Ali et al. ( 2000 ), 
Balyan et al. 
( 2002 ), Moscone 
et al. ( 2007 ), 
David et al. 
( 2009 ), and 
Ceccarelli et al. 
( 2010 ) 

 Model legumes 
( Lotus japonicas , 
 Medicago 
truncatula ) 

 FISH, BAC-FISH, 
multicolor FISH, 
fi ber-FISH, RAPD/
SSR-aided FISH 

 Cytogenomic mapping, chromosome 
characterization, detection of two-linked 
rDNA loci, comparative genomics with 
grain legumes like  Phaseolus  and  Arachis , 
genome alignment and anchoring with 
 Arabidopsis  and other nonleguminous 
crops 

 Ohmido et al. 
( 2010 ) 

 Oil-yielding 
(Brassica, soybean, 
peanut, sunfl ower) 

 DNA combing-FISH, 
BAC-BIBAC-FISH, 
BAC-SSR-FISH 

  Brassica : a 76-kb fragment in a P1-derived 
artifi cial chromosome (PAC) clone 
containing the  SLG  and  SRK  (self-
incompatibility locus) genes was used to 
directly visualize the  S  locus. Using DNA 
combing and FISH, the positions of the 
fl uorescent signals of  SLG  and  SRK  on the 
clone are found consistent with their 
positions on the restriction map; 
chromosomal rearrangement through 
homoeologous recombination in  B. napus , 
detection of amphidiploids and 
chromosome triplication across 
Brassicaceae;  sunfl ower : rRNA mapping, 
mapping of desired agronomic trait, 
detection of single copy sequence, 
construction of molecular cytogenetic map; 
 soybean : molecular karyotyping, 
translocation mapping, detection of 
segmental duplication, validation of 
mutagenesis and TILLING;  peanut : 
confi rmation of  Arachis duranensis  and 
 A. ipaensis  as the wild diploid progenitors 
of  A. hypogaea , evidence for origin of 
autotriploid  A. pintoi  

 Seijo et al. ( 2004 ), 
Jiang and Gill 
( 2006 ), Findley 
et al. ( 2011 ), Lavia 
et al. ( 2011 ), Talia 
et al. ( 2011 ), and 
Feng et al. ( 2013 ) 

(continued)
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Table 1 (continued)

 Crop  Techniques  Achievements  References 

 Vegetables (potato, 
tomato, cucumber) 

 FISH, cross-species, 
BAC- FISH, multicolor 
FISH, pooled BAC-FISH, 
DAPI-FISH, SC-FISH, 
RAPD-FISH 

 Karyotyping, DAPI and rDNA mapping, 
genome sequencing, high-resolution 
chromosome mapping, detection of 
chromosomal rearrangement, assignment of 
genetic linkage map to pachytene 
chromosome, quantifi cation of euchromatin 
and heterochromatin, localization of single 
or low-copy sequences on tomato 
chromosome, high-resolution karyotyping, 
mapping of 45SrRNA loci, construction of 
integrated molecular cytogenetic map in 
cucumber, synteny between  Cucumis 
sativus  and  C. melo  and comparative 
karyotyping with fosmid 

 Stack et al. ( 2009 ), 
Tang et al. ( 2008 ), 
Liu et al. ( 2010 ), 
and Han et al. 
( 2011 ) 

 Sugar-yielding 
crop (sugarcane, 
sugar beet) 

 FISH, multicolor FISH   Sugarcane : Determination of basic 
chromosome number of  Saccharum 
offi cinarum ,  S. spontaneum , origin of 
modern cultivars, extent of interspecifi c 
chromosomal recombination, genome 
remodeling, origin of new species and 
introgression;  sugar beet : High-resolution 
mapping of YACs and the single-copy gene 
Hs1(pro-1) on  Beta vulgaris  chromosomes, 
construction of a reference FISH karyotype 
for chromosome, identifi cation of 
chromosome arm, integration of linkage 
groups and analysis of major repeat family 
distribution in  B. vulgaris  

 D’Hont ( 2005 ) and 
Paesold et al. 
( 2012 ) 

 Herbs, fruits and 
spices 

 FISH, Fiber-FISH, 
BAC-FISH, Ultrasensitive 

 Localization of single-copy T-DNA 
insertion in transgenic onion  Allium cepa  
L. (Liliaceae), physical localization and 
measurement of 18S-5.8S-26S and 5S 
ribosomal RNA in black cumin 
(Ranunculaceae),  Trigonella foenum-
graecum  L. (Fabaceae), sex chromosome 
differentiation in dioecious  Spinacia 
oleracea  L. (spinach), distinction between 
hybrids and non- hybrid accessions of 
mandarin and mango, molecular 
karyotyping, genome evolution and 
cytogenomics of saffron ( Crocus sativus  L.) 
(Iridaceae), “saffronomics” 

 Lan et al. ( 2006 ), 
Heslop-Harrison 
and Schwarzacher 
( 2011 ), and 
Chahota et al. 
( 2011 ) 

 FISH with tyramide signal 
amplifi cation 

 Medicinal and 
aromatic plants 

 FISH and DAPI-banding, 
fi ber-FISH 

 Karyotyping and chromosome location of 
rDNA in  Hyoscyamus niger  L. 
(Solanaceae),  Chlorophytum borivilianum  
(Asparagaceae),  Podophyllum hexandrum  
Roxb. ex Kunth (Berberidaceae),  Plantago 
ovata  Forsk., and its wild allies 
(Plantaginaceae),  Asparagus ,  Achyrocline  
(Asteraceae, tribe Gnaphalieae) species, 
 Coccinia grandis  L. (Cucurbitaceae), 
 Papaver somniferum  (Papaveraceae) and 
 Hyoscyamus niger  (Solanaceae),  Artemisia 
absinthium  (Asteraceae), genomic 
relationship through rDNA mapping in 
 Panax  spp. (Araliaceae) 

 Lavania et al. 
( 2005 ,  2010 ), Dhar 
et al. ( 2006 ), Choi 
et al. ( 2009 ), Nag 
and Rajkumar 
( 2011 ), and Sousa 
et al. ( 2013 ) 

(continued)
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 Crop  Techniques  Achievements  References 

 Horticultural crops  FISH, Fiber-FISH, 
multicolor FISH, 
pachytene-FISH 

 Variation and mapping of rRNA gene in 
 Lycoris  spp. (Amaryllidaceae), 
 Paphiopedilum and Dendrobium  
(Orchidaceae), mapping of 5S and 45S 
rRNA and species relationship in  Tagetes , 
 Aster ,  Chrysanthemum  (Asteraceae), 
karyotyping using centromeric repeat in 
 Antirrhinum majus  (Scrophulariaceae), 
 Hibiscus  (Malvaceae),  Rosa  spp. 
(Rosaceae) 

 Zhang et al. ( 2005 ) 
and Begum et al. 
( 2009 ) 

 Fiber crops 
(cotton, jute) 

 Meiotic-FSH, BAC-micro 
satellite-FISH, 
multicolor FISH 

  Cotton : detection of new rRNA gene 
location, physical mapping, assignment of 
six linkage groups to chromosomes 8, 11, 
13, 19, 21, and 24 by translocation and 
BAC-FISH;  Jute : Chromosome 
discrimination, detection of major satellite 
repeats and retrotransposons from 
 Corchorus olitorius  and  C. capsularis  

 Wang et al. ( 2007 ) 
and Begum et al. 
( 2013 ) 

Table 1 (continued)

remains a crucial method in plant cytogenetics 
for rapid assignment of cloned sequences to 
chromosomes and for ordering loci separated by 
at least several mega base pairs. Prometaphase 
chromosomes further improve axial resolving 
power, whereas interphase-FISH (I-FISH) pro-
vides a reported resolution of ~50–100 kb. 

 Compared to mitotic metaphase chromo-
somes, pachytene (meiotic) chromosomes may 
be better substrates for FISH. Instead of two 
nearby copies of each locus available for FISH 
on a metaphase chromosome, there are four 
closely associated copies of each locus available 
for hybridization on a meiotic bivalent. In spreads 
of pachytene chromosomes that have been pre-
pared to reveal synaptonemal complex (SC 
spreads), chromatin extends as a diffuse cloud 
around each SC, and spreads can be prepared 
relatively free of overlying debris. The loops of 
DNA extending from the SC appear to be more 
accessible to FISH probes than the DNA of con-
densed metaphase chromosomes. Furthermore, 
pachytene chromosomes are 5–15 times longer 
than corresponding metaphase chromosomes, so 
closely associated loci are more easily resolvable 
on pachytene chromosomes than that on meta-
phase chromosomes. The SC-FISH is useful in 
high- resolution localization of two single-copy 

sequences and one low-copy sequence on tomato 
SC  11  (chromosome 11) and suggested that 
SC-FISH can be used to construct comprehen-
sive maps of single-copy sequences on pachytene 
chromosomes (Stack et al.  2009 ).  

    BAC-FISH 
 The large genome size and high amount of repeti-
tive DNA have made FISH mapping of single- 
copy DNA in many crops such as wheat diffi cult. 
An alternative approach is the use of large-insert 
vectors such as bacterial artifi cial chromosomes 
(BACs) as FISH probes (BAC-FISH) producing 
stronger FISH signals. BAC-FISH can facilitate 
integration of molecular marker-based genetic 
maps with physical maps, because the technique 
can readily validate (or dispute) chromosome 
models, which can be weak in domains high in 
genomic repeat or in regions with a low density 
of molecular markers (Findley et al.  2011 ). BAC- 
FISH has been successfully used to reveal 
 karyotype change, genome dynamism, phyloge-
netic relationship, and evolution in major crops 
(Table  1 ). In sorghum, BAC clones containing 
molecular markers mapped to each linkage group 
were hybridized to  S. bicolor  chromosomes, pro-
ducing a FISH-based karyotyping and nomencla-
ture system for all ten chromosomes. The strong 
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bimodality of a repetitive sequence and differen-
tial FISH signals in pericentromeric regions sug-
gest underlying allotetraploid architecture and 
occurrence of its remnants in modern sorghum 
sub- genomes (Jiang and Gill  2006 ). In sunfl ower, 
a set of linkage group-specifi c bacterial/binary 
bacterial artifi cial chromosome (BAC/BIBAC) 
clones has been used as probes in BAC-FISH to 
encompass 17 linkage groups, providing valuable 
tool for identifying sunfl ower cytogenetic stocks 
(such as trisomics), tracking alien chromosomes 
in interspecifi c crosses and development of 
molecular cytogenetic resources (Feng et al. 
 2013 ; Talia et al.  2011 ). Using BAC-FISH, the 
translocation between a (>17.9 Mb) segment of 
chromosome 13 and a ∼4.2 Mb segment of chro-
mosome 11 of  Glycine soja  (a wild relative of 
cultivated soybean) and six new translocation 
lines from  G. soja ,  G. max , and  G. gracilis  are 
characterized, for which differential chromo-
some painting with a cocktail of fl uorophore- 
tagged oligonucleotides has been developed 
(Findley et al.  2011 ). Besides transgenomic FISH 
and pooled BAC-PCR methods, introduction of 
multi-BAC-FISH probe cocktails has markedly 
facilitated the chromosome- and segment- specifi c 
“paints” for analysis of chromosomal structure 
without the cumbersome diffi culties of microdis-
section, fl ow-sorting, and DOP-PCR (Feng et al. 
 2013 ). Cross-species BAC-FISH painting is use-
ful to reveal undescribed chromosomal rear-
rangement in potato and tomato. In narrow-leafed 
lupin ( Lupinus angustifolius  L.), an economically 
important legume, development of chromosome- 
specifi c cytogenomic marker and assignment of 
the fi rst genetic linkage groups (LGs) to its chro-
mosomal maps are successfully accomplished 
using the BAC-FISH approach. Based on BAC- 
end sequences of clones (providing single-locus 
signals), genetic markers were generated. Eight 
clones localized on three chromosomes, allowed 
these chromosomes to be assigned to three link-
age groups (LGs), providing a solid foundation 
for future identifi cation of all chromosomes with 
specifi c markers and for complete integration of 
narrow-leafed lupin LGs (Lesniewska et al. 
 2011 ).  

    BAC Landing-FISH 
 BAC landing (marker-assisted BACs) is an inte-
gral part of comparative genomics and assays of 
colinearity between  Arabidopsis thaliana  and 
Brassicaceae species and has been used to “paint” 
chromosome arms in  Arabidopsis  (Lysak et al. 
 2003 ). It is proved to be highly reliable in reveal-
ing colinearity between genomes of model grass 
 Brachypodium distachyon  and that of rice, wheat, 
barley, and temperate grasses, determining the 
pattern of divergence of the genomes of related 
cereals and grasses, the reconstruction of the 
archetypal grass genome, and the assembly of 
chromosome “paints” in this species for molecu-
lar cytogenetic investigations of chromosome- 
specifi c structure and function (Jenkins and 
Hasterok  2007 ). The BAC landing is highly 
effective to develop rapidly tiles of clones syn-
tenic to important regions of much larger 
Gramineae genomes (Jenkins and Hasterok 
 2007 ).  

    Fiber-FISH 
 The use of extended DNA fi bers as targets for 
FISH (EDF-FISH) is a powerful cytogenomic 
tool used to analyze large repetitive regions and 
has greatly improved the resolution of the FISH 
technique to about 2.94 kb/μm, which is the 
range of the Watson–Crick double helix (Lavania 
et al.  2003 ; Jiang and Gill  2006 ). It can be used to 
gauge the distances between adjacent clones up 
to ~500 kb and to measure repetitive loci up to 
~1.7 mb. Combined with metaphase and inter-
phase nuclei analysis, this tool helps to map loci 
to specifi c chromosomes and to determine the 
distance between loci from a few kb up to several 
mb. The EDF-FISH has also been used to charac-
terize complex genomic arrangements in plant 
nuclei or plastids. Besides, Fiber-FISH is appli-
cable with BAC and circular molecules as 
targets. 

 Fiber-FISH-based cytogenomic approach was 
unique in revealing previously undocumented 
very rare events in organelle genomes of higher 
plants that cannot be detected by traditional tech-
niques such as DNA gel blot hybridization or 
polymerase chain reaction. The remarkable fl ex-
ibility of this approach offers several advantages 
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over earlier techniques employed to decipher 
chloroplast (cp) DNA, such as (1) reliable analy-
sis of nearly all of the molecules released from a 
lysed chloroplast, (2) individual intact molecules 
can be analyzed in a relatively short time, and 
data from a large number of molecules allow 
quantifi cation of the percentages of each type of 
structure in the population of cpDNA molecules, 
and (3) DNA fragments from different parts of 
the cpDNA can be labeled and mapped (Lilly 
et al.  2001 ). In pea, cucumber,  Arabidopsis , and 
tobacco, this technique revealed more structural 
plasticity of higher plant cpDNA than previously 
believed and determined the following points 
(Lilly et al.  2001 ):
    1.    About 25–45 % of the cpDNA within devel-

oping leaf tissue consists of circular 
molecules.   

   2.    Pea exhibited fewer circular molecules (25 %) 
compared with tobacco and  Arabidopsis  but a 
correspondingly higher percentage (36 %) of 
linear fi bers.   

   3.    The cpDNA from pea showed only one copy 
of the inverted repeats (IR).   

   4.    Both linear and circular DNA fi bers with one 
to four copies of the chloroplast genome were 
present, with monomers being the predomi-
nant structure.   

   5.    Occurrence of recombination events between 
the IRs, and random cleavage, resulting in 
multimeric and aberrantly sized molecules in 
organelle genomes.   

   6.    Rearranged cpDNA molecules of incomplete 
genome equivalents.   

   7.     Arabidopsis  and tobacco chloroplasts con-
tained previously unidentifi ed multimers 900 
kb consisting of six to 10 genome 
equivalents.    

      Combined FISH 
 Using combination of molecular methods and 
chromatin cytology with advanced chromosome 
preparations and high-resolution imaging appa-
ratus, new insights and models for understanding 
chromosome organization are being achieved at 
multiple scales. The power of FISH is strength-
ened further in combination with techniques like 
chromatin immunoprecipitation, immunocyto-

chemistry, immunostaining, and pachytene 
chromosome superstretching, which are used 
successfully to resolve organization of centro-
mere and DNA methylation pattern in cereals, 
millets, legumes, and vegetables (Table  1 ). In 
rice, pachytene-FISH allows the integration of 
genetic linkage maps and quantitative chromo-
some maps. Visualization methods using FISH 
can reveal the spatial organization of the centro-
mere, heterochromatin/euchromatin, and the ter-
minal structures of rice chromosomes. 
Furthermore, extended chromatin fi ber-FISH and 
the DNA combing technique can resolve a spatial 
distance of 1 kb between adjacent DNA 
sequences, and the detection of even a 300-bp 
target is now feasible. DNA combing is superior 
technique for high-resolution measurements of 
repetitive sequences in plants. Digitally mea-
sured distances can also be transformed into kilo-
bases of DNA using the length of a BAC clone of 
known length along with the length of a standard. 
The lengths of plant DNA fragments as small as 
2 kb have been directly measured on circular 
BAC molecules using this method. 

 The combined FISH has also been used suc-
cessfully in deciphering nuclear architecture and 
dynamism. Although it is generally believed that 
chromatin is intertwined and randomly distrib-
uted within the space available in the nucleus, 
recent evidence has demonstrated that the nucleus 
is a highly compartmentalized structure. The 
chromatin within the nucleus is organized in the 
form of chromosome territories (CTs) and inter-
chromatin compartments (IC) (Gupta  2006 ). 
While CTs represent individual chromosomes, 
IC contains macro molecular complexes which 
are needed for replication, transcription, splicing, 
and repair. A combination of 3-D FISH and 
computer- aided deconvolution techniques 
revealed the following features of chromatin 
organization and behavior in higher plants 
(Gupta  2006 ):
    1.    Each individual chromosome occupies a dis-

crete space, called the “CT,” and that there is 
little intertwining among chromosomes in an 
interphase cell,   
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   2.    In interphase cells, each chromosome inter-
acts with the nuclear envelope through consis-
tent contact points.   

   3.    Each chromosome interacts with other chro-
mosomes through its heterochromatic regions 
during interphase.   

   4.    In dividing cells, chromosome movements are 
nonrandom.    

      Comparative FISH Mapping 
 DNA clones from one species can be used as 
probes for FISH mapping in a related species. 
Such comparative mapping has several advan-
tages over conventional genetic linkage mapping, 
i.e., (1) a mapping population is not necessary; 
(2) it does not require polymorphism, hence any 
clones from one species can be utilized as a FISH 
probe provided that they can generate signals in 
another species; and (3) some evolutionary rear-
rangements, such as duplication, can be readily 
detected (Jiang and Gill  2006 ). High-resolution 
and ultrasensitive FISH is a powerful tool for 
comparative genomics, as beautifully demon-
strated for members of the Brassicaceae, 
Solanaceae, and Poaceae. The accessibility of 
web-based chromosome homology map can 
facilitate understanding of comparative biology 
of crop plants (Nagarajan et al.  2008 ). For exam-
ple, the liguleless linkage group of  Sorghum 
bicolor  was physically mapped using rice RFLP- 
selected sorghum BACs (Kim et al.  2005 ). A 
transgenomic sorghum BAC-FISH for maize 
pachytene chromosome 9 revealed genome 
hyperexpansion (Kim et al.  2005 ). In sorghum, 
comparative cytogenomics are expedited using 
multi-BAC-FISH to elucidate species relation-
ship between wild and cultivated genotypes. 
Cross-species BAC-FISH painting of potato and 
tomato chromosome 6 revealed chromatin struc-
tures, resolved physical mapping, and unde-
scribed genomic rearrangement (Tang et al. 
 2008 ). Role of genome duplication in expansion 
of the  Brassica rapa  genome was determined by 
comparative BAC-FISH of  Arabidopsis thaliana  
(Jiang and Gill  2006 ). The genetic, physical, 
diversity, and cytomolecular maps of grasses and 
grains have been integrated through FISH-guided 
comparative cytogenomics, using the sorghum 

genome as basis (Kato et al.  2004 ). Fiber-FISH 
confi rmed that  Arabidopsis thaliana  and  Brassica 
rapa  divergence was associated with chromo-
somal duplications. In addition, comparative 
chromosome painting with pooled BAC probes 
was used to investigate ancestral relationships 
among species that diverged within the 
Brassicaceae (Lysak et al.  2003 ,  2006 ). Soybean- 
based FISH tools, particularly BACs, due to their 
potential for signifi cant cross-species hybridiza-
tion, may also be useful in comparative studies of 
related  Glycine  species (e.g., wild perennial 
 Glycine  species) (Findley et al.  2011 ). 
Furthermore, in the analysis of fast neutron muta-
genesis and TILLING (Targeting Induced Local 
Lesions in Genomes) populations, FISH can vali-
date deletions and trace the fate (integrity and 
locations) of duplicated sequences.  

    FISH on Flow-Sorted Chromosomes 
 Chromosome fl ow-sorting allows identifi cation 
and isolation of individual chromosome types. 
Flow-sorted chromosomes have been used to 
construct chromosome-specifi c libraries in 
plants. However, localization of genes on fl ow- 
sorted chromosomes has been accomplished in 
fi eld bean using chromosome-specifi c PCR and 
in maize with FISH mapping genes on maize- 
sorted chromosomes (Lijia et al.  2006 ). To over-
come the problem of fi xation of sorted 
chromosomes which is a prerequisite for applica-
tion of in situ hybridization, FISH can be applied 
directly on sorted chromosomes. The protocol 
involves fl ow cytometric sorting of metaphase 
chromosomes, then fi xing them with 4 % para-
formaldehyde solution, and re-sorting these chro-
mosomes directly onto a spot on polylysine-coated 
slides after stained. Sorted chromosomes are 
advantageous over metaphase chromosomes as 
targets for FISH mapping studies because a large 
number of target chromosomes with better 
 chromosome morphology on a small area on the 
slide are easy to gain by fl ow-sorting, background 
is very clear, and hybridization sensitivity is 
enhanced, as beautifully observed during map-
ping of 45S and 5S ribosomal DNA in maize, 
barley, and oat (Lijia et al.  2006 ), analysis of the 
intravarietal polymorphism in genomic distribu-
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tion of GAA clusters in wheat (Kubaláková et al. 
 2005 ), and identifi cation of a rare translocation 
between A and B chromosomes in rye 
(Kubaláková et al.  2005 ). A further advantage of 
using fl ow-sorted chromosomes for FISH is a 
possibility to stretch them longitudinally up to a 
hundredfold compared with untreated chromo-
somes, making them suitable for high-resolution 
mapping. This approach is especially attractive 
for plant species with large genomes as an alter-
native to FISH on pachytene chromosomes, 
which are diffi cult to trace individually (Valárik 
et al.  2004 ).  

    Bar-code FISH 
 Recently a novel method for high-resolution 
FISH, using superstretched mitotic chromo-
somes, was presented, which provided a unique 
system for controlling stretching degree of 
mitotic chromosomes and high-resolution bar- 
code FISH (Valárik et al.  2004 ).   

    Primed In Situ (PRINS) DNA Labeling 

 The primed in situ (PRINS) DNA labeling is an 
alternative to FISH for the detection of repetitive 
and low-copy sequences on plant chromosomes. 
This technique involves labeling of chromosomes 
by annealing an oligonucleotide DNA primer to 
the denatured DNA of chromosomes spread on 
slide glass and extending it enzymatically in situ 
with incorporation of labeled nucleotides. In 
plants, the C-PRINS technique has been used to 
rapid identifi cation and determination of fl ow- 
sorted plant chromosomes (Kubaláková et al. 
 2005 ), as demonstrated in detection of single- 
copy sequences in sunfl ower (Talia et al.  2011 ).  

    Chromosome Microdissection 
and Microcloning 

 Chromosome microdissection is an advanced 
technology in cytogenomic research. Unlimited 
copies of DNA fragments from the isolated chro-
mosome can be obtained, which can be used as 
probes for chromosome painting and can also be 

cloned to generate a chromosome-specifi c DNA 
library. This would be useful for positional clon-
ing of genes located in the chromosome and for 
producing mini-DNA libraries of specifi c single 
chromosomes or chromosomal segments. 
Construction of chromosome-specifi c libraries is 
a potential strategy for the construction of high- 
density genetic linkage maps of individual chro-
mosomes and the comprehensive analysis of 
genomes. Usually, target chromosome must be 
identifi ed by standard karyotype, followed by its 
isolation with fi ne glass microneedles controlled 
by a micromanipulator. DNA fragments ranging 
from 0.3 kb to 2 kb are acquired from the isolated 
single target chromosome via two rounds of PCR 
mediated by  Sau 3A linker adaptors and then 
cloned into T-easy vectors to generate a DNA 
library of that chromosome (Huang et al.  2004 ). 
Till date, chromosome-specifi c libraries have 
been successfully created in plant species such as 
wheat, maize, barley, oat, rye, wild beet, and fruit 
tree  Citrus  (Huang et al.  2004 ). A few clones 
from these libraries are utilizable for probing 
RFLP and tagging important genes. Using a PCR 
approach based on the DNA of microdissected 
metaphase chromosomes, STS derivatives of 
RFLP markers, genetically mapped in oat ( Avena  
spp.) linkage maps, have been physically assigned 
to chromosomes 2, 3, and 7 of diploid oat  Avena 
strigosa  (2 n  = 14). Based on either two or four 
RFLP-derived STS markers, these three  A. stri-
gosa  chromosomes were found to be homoeolo-
gous to the oat linkage groups C, E, and F, 
respectively (Sanz et al.  2010 ).  

    Chromosomal Rearrangement 
and Genome Synteny 

 Analysis of the nature of the rearrangements 
using whole genome sequence comparisons is 
enabling the history of genome evolution to be 
reconstructed with unprecedented accuracy. For 
plant breeders, knowledge of the nature of the 
changes is important to chalk strategies and can-
didate accessions for crossing programs. An 
association between SSR-rich chromosome 
regions and intergenomic translocation break-
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points is revealed in natural populations of allo-
polyploid wild wheat (Gupta et al.  2008 ). In 
 Cephalanthera  (Orchidaceae), complex rear-
rangements are involved in chromosome evolu-
tion as deduced by analysis of rearranged 
genomes (Moscone et al.  2007 ). Similar concept 
successfully ascertained chromosomal phylog-
eny and karyotype evolution in Brassicaceae with 
 x  = 7, determined simple and direct macrosyn-
tenic relationship between faba bean and 
 Medicago truncatula , revealed occurrence of a 
common chromosomal rearrangement relative to 
 M. truncatula  in faba bean and lentil, revealed 
different levels of conservation in model legume 
 Medicago truncatula  chromosomes and con-
fi rmed phylogenetic relationships, and deter-
mined patterns of chromosomal evolution and 
syntenic relationships among species of 
Leguminosae, Brassicaceae, and Poaceae (Kato 
et al.  2004 ; Mudge et al.  2005 ; Phan et al.  2006 ; 
Lysak et al.  2006 ). Despite some successes, this 
technique has been less used in plants, presum-
ably because of the more rapid homogenization 
of DNA sequences from retrotransposons, so 
probes from large amounts of DNA become 
genome specifi c rather than chromosome- or 
linkage-group specifi c. Recent advances in large- 
insert (BAC or fosmid) hybridization suggest it 
will be increasingly used to address chromosome 
evolution (Lysak et al.  2006 ) and physical link-
age mapping of sequences (Han et al.  2011 ).   

    Mutagenomics: Linking Classical 
Mutation Breeding with Modern 
Plant Genomics 

 Mutagenesis is a fundamental approach in plant 
biology to identify gene function, the concept of 
which is being extensively utilized in modern 
genomic era (Henikoff et al.  2004 ; Varshney 
et al.  2010 ). Successful development of func-
tional biology tool in crop plants ensures effi cient 
and applicable breeding population/methods. 
Various agronomic traits with desirable and trac-
table genetic variations can be developed either 
through classical or molecular methods or com-
binations of both. 

    The Natural Mutations as an Aid 
to Plant Functional Biology Tool: 
From Model Plant to Crops 

 Natural mutants are generated spontaneously 
during species evolution. A large collection of 
spontaneous mutants is still available during long 
evolutionary history and exhibit higher resistance 
to various abiotic/biotic stresses or have some 
specifi c agricultural traits, which are valuable 
germplasm resources for plant breeding. Natural 
mutant screens played an important role in the 
emergence of  Arabidopsis  as a model genetic 
organism (Koornneef and Meinke  2010 ). In 
 Arabidopsis , cloning of monogenic disease resis-
tance genes, which had a simple inheritance pat-
tern, was successful in the early 1990s. 
Subsequently, genomic regions of interest for 
complex traits were identifi ed by association of 
specifi c trait values with segregating molecular 
markers known as quantitative trait loci (QTLs). 
This eventually led to cloning of the underlying 
genes (quantitative trait genes, QTGs) through 
confi rmation and validation of QTLs in near- 
isogenic lines (Nils) followed by fi ne-mapping 
and complementation (Alonso-Blanco et al. 
 2009 ). Research on natural variation has also led 
to the identifi cation of functional alleles of genes 
such as major fl owering gene,  FRIGIDA , and 
several spontaneous frameshift mutations with 
biased GC → AT transition in  Arabidopsis  
(Johanson et al.  2000 ). A number of spontaneous 
mutations affecting plant architecture, leafl et 
development, and nodulation process have been 
identifi ed in prominent grain legumes like fi eld 
pea, chickpea, and ground nut and used to develop 
erect-growing varieties in different countries. In 
chickpea and mung bean, several open-fl ower 
mutants exhibiting protruded stigma and 
 crumpled petals in large number of fl owers were 
spontaneously appeared and used in hybridiza-
tion with improved cultivars to produce fertile 
pods (Sorajjapinum and Srinives  2011 ; Srinivasan 
and Gaur  2011 ). Spontaneous mutation has been 
discovered and utilized in domestication of 
narrow- leafed lupine ( Lupinus angustifolius  L.), 
converting it a suitable grain legume in Western 
Australia (Lesniewska et al.  2011 ). 
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 Apart from being a valuable resource for ana-
lyzing gene function, natural variation provides 
an opportunity to study important features of 
evolutionary ecology and comparative biology at 
the molecular level. The plant with wide geo-
graphical distribution of accessions, coupled 
with a full toolbox of molecular resources, can be 
a suitable model for such studies (Weller et al. 
 2009 ). The considerable variation that exists 
among different members of the Brassicaceae is a 
valuable resource that remains to be exploited 
through comparative studies with Arabidopsis, 
as, for example, the analysis of heavy metal accu-
mulation in  Arabidopsis halleri  and the control of 
fl owering in the perennial species  Arabis alpina  
(Vernoux et al.  2000 ). This approach has now 
been extended beyond the Brassicaceae with the 
comparisons of fl owering time control between 
 Arabidopsis  and selected cereals (Greenup et al. 
 2009 ). Advanced genomic tools in  Arabidopsis , 
model legumes, and cereals have also enabled the 
identifi cation of variation that may underlie spe-
ciation events. The natural variation as exist from 
model plant to wild crop has therefore resulted in 
major advances of plant functional biology on 
multiple fronts (Greenup et al.  2009 ).  

    Induced Mutagenesis: Development 
of Mutant Genetic Stocks 
as Applicable Tool in Plant Functional 
Biology and Breeding 

 In the absence of desirable variability for a target 
trait within the gene pool, induced mutation is the 
ultimate source of new genetic variations. The 
goal in mutagenesis is to cause maximal genomic 
variation with a minimum decrease in viability. 
Induced mutagenesis in plants usually involves 
use of chemicals and/or ionizing radiations or 
biological agents (T-DNA, transposon, etc.). 
Chemical or physical mutagenesis can introduce 
random changes throughout the genome, creating 
a wide variety of mutations in all target genes, 
and a single plant can contain a large number of 
different mutations. While fast neutron bombard-
ment and gamma rays result in deletion of DNA 
fragments of variable length from the genome 

(deletion mutagenesis), chemical mutagens in 
general and EMS (ethyl methanesulfonate) in 
particular can induce very high mutation fre-
quency and trigger point mutation through base 
pair transitions and have gained popularity since 
they are easy to use and do not require any spe-
cialized equipment (Mba  2013 ). In model plant 
 Arabidopsis , the saturation mutagenesis was an 
early option as shown by fi nding multiple mutant 
alleles of the same gene (Koornneef et al.  2003 ). 
Mutations at single nucleotide pairs are always 
valuable breeding tool. However, the mutagenic 
event that alters chromosome structure to increase 
the number of recombination events and breaks 
undesirable linkages is also signifi cant in plant 
biology (Parry et al.  2009 ). The mutagenized 
populations form huge resources for effective 
utilization of desirable trait, a list of some of 
which is in Table  2 , and have been subjected to 
both forward and reverse genetic screening 
(Parry et al.  2009 ).

      Mutagenesis in Understanding of Plant 
Stress Tolerance 
 Mutational approach offers a powerful tool to 
study the genetic and molecular mechanisms pro-
tecting plants against diverse types of biotic and 
abiotic stresses (Table  2 ). Induced mutation is 
effectively utilized to incorporate the resistant 
gene(s) from the donor parent(s) through the 
alteration of susceptible alleles. Treatments for 
inducing mutations to improve yield or morpho-
logical traits often lead to improved tolerance to 
biotic and abiotic stresses, and these are therefore 
used as donors in the breeding for disease and 
insect pest resistance (kharkwal and Shu  2009 ). 
Pyramiding multiple genes responding to diverse 
stress factors is successful through classical 
mutagenesis which affects large parts of genomes, 
and after proper selection, this can be developed 
as basic platform to study breeding for stress tol-
erance. A brief list of successful development of 
mutagenic stocks in relation to stress tolerance 
has been given in Table  2 .  
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      Table 2    Mutagenesis in generating desirable agroeconomic traits and stress tolerance in model plants to crop species   

 Plants/crop  Mutagen used  Mutant traits identifi ed  References 

 Arabidopsis  EMS, γ-rays, 
carbon ion, 
cadmium, fast 
neutron, 
spontaneous (UV 
induced) de novo, 
transposon 

 Transparent testa tt, glabrous (no trichome) leaf 
( gl ), abnormal leaf morphology, fl avonoid 
pathway mutants B, morphogenesis in 
cytokinin pathway, gibberellin sensitive, male 
sterility, vitamin C defi ciency, stress-related 
 hos  1, 2, and 5, freezing tolerant  eskimo 1 , 
freezing susceptible  sfr , polygenic, 
VARICOSE-Related , SLEEPY1 F-box , 40S 
ribosomal protein S3, phosphoglucomutase, 
and noncoding regions, cuticle biogenesis 
( LACERATA ,  FIDDLEHEAD ,  BODYGUARD ), 
 ebi1  (circadian clock mutant),  MIR390a 
precursor processing-defective mutants,  
conditional meiosis mutant  radially swollen 4  
(block chromosome disjunction, loss of 
separase function, excessive level of cyclin 
B1;1, disrupt radial microtubule and movement 
of cohesion complex), cytosine methylation, 
thymine dimerization, herbicide resistance 

 Koornneef et al. 
( 2003 ), Voisin et al. 
( 2009 ), Koornneef and 
Meinke ( 2010 ), 
Uchida et al. ( 2011 ), 
and Yang et al. ( 2011 ) 

 Cereals (rice, wheat, 
maize, barley)/millets 
(pearl millet, 
sorghum, oat) 

 γ-rays, X-rays, 
NaN 3 , EMS, 
NMU, N-ethyl 
nitroso urea, 
colchicine (0.1 %), 
transposon 

 Morphological, yield components, grain quality 
traits, low phytate, adaptation of aromatic rice 
in different climate, hormone (IAA, GA, ABA), 
biosynthesis, photoperiod sensitivity, stress 
responsiveness, tillering  dwarf3  mutant with 
enhanced leaf longevity,  semi-dwarf  ( sd1 ) in 
rice,  starch branching enzyme (SBE II)  mutant 
in durum wheat, preharvest sprouting, drought 
tolerance in sorghum, DELLA domain- related 
 reduced height1  ( Rht1 ) from wheat,  dwarf8  
( d8 ) from maize, and  slender1  ( Sln1 ) from 
barley, two semi-dwarf mutants  dwarf & 
irregular leaf  ( dil1 ) in maize, enhanced 
β-glucan, dietary fi ber and fodder value in oat; 
brown-midrib mutant with reduced lignin 
content in maize, pearl millet and sorghum for 
improved forage value 

 Ahloowalia et al. 
( 2004 ), Qi et al. 
( 2009 ), Jiang and 
Ramachandran ( 2010 ), 
Tomlekova ( 2010 ), 
Chakraborty and Paul 
( 2012 ), Tiwari et al. 
( 2012 ), and Mba 
( 2013 ) 

 Grain (common bean, 
pea, chickpea, lentil, 
grass pea, mung bean, 
urdbean, faba bean, 
cow pea, pigeon pea) 
and underutilized 
legumes (adzuki bean, 
senna, lima bean, 
moth bean, jack bean, 
lupin,  Clitoria , horse 
gram, winged bean) 

 γ-rays, X-rays, 
NaN 3 , EMS, DES, 
NMU, NaN 3 , 
ENU, 
γ-rays + EMS/
NMU, fast 
neutron, hydrazine 
hydrate, site 
directed, in vitro, 
colchicine 

 Compact, determinate, brachytic, dwarf, erect, 
tall, multiple leafl ets, leafl et shape and size, 
unifoliate, cock’s comb raceme, open-fl ower 
(chasmogamous), strong lodging resistance, 
lobed pod, synchronous pod maturity, attractive 
testa color (yellow/white), bold seed, higher 
fertile branches, early maturing, male sterility, 
high forage values, non-shattering pod, top 
fruit bearing, high yield and seed protein, 
super-nodulation, weed competitiveness, 
disease (powdery mildew, YMV,  Fusarium  
wilt, insects, leaf spots, ascochyta blight, 
mould, rust, pod borer, root-knot nematode, 
weevil, storage pest, aphids) resistant, 
herbicide tolerant, and tolerance to abiotic 
stresses (waterlogging, drought, salinity, 
nutritional defi ciency, acidic soil, sodicity, 
heavy metal/metalloid toxicity) 

 Dixit et al. ( 2000 ), 
Barshile et al. ( 2009 ), 
Goyal et al. ( 2011 ), 
Kharkwal and Shu 
( 2009 ), Kumar et al. 
( 2010 ,  2012 ), Pereira 
and Leitão ( 2010 ), 
Talukdar et al. ( 2001 , 
 2002 ), Hussain ( 2009 ), 
Talukdar ( 2009a ,  b , 
 2010c ,  2011a ,  b ,  c ,  d , 
 e ,  2012a ,  b ,  c ,  e , 
 2013d ,  e ), Talukdar 
and Biswas ( 2002 , 
 2006 ), Talukdar and 
Talukdar ( 2003 ,  2013 ), 
Talukdar ( 2011g , 
 2013c ), Tsyganov 
et al. ( 2013 ), Talukdar 
( 2014a ,  b ), and 
Tomlekova ( 2010 ) 
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Table 2 (continued)

 Plants/crop  Mutagen used  Mutant traits identifi ed  References 

 Oil-seed legumes 
(Brassica, peanut, 
soybean, sunfl ower) 

 γ-rays, EMS, 
MMS, NaN 3 , fast 
neutron, LASER 
treatment, 
transposon 

 Increased tolerance to drought, salinity, biotic 
stresses, enhanced oil quality (high in 
unsaturated fatty acid), morphological traits, 
response and biosynthesis of auxins, high 
protein accumulation, apetalous fl ower, 
dominant petal-closed fl ower mutation 
(cleistogamy) in  Bn-clg1A-1D  gene in 
 Brassica , dwarf, erect, branching, leaf and 
fl oral traits, male sterility, high shelling 
out-turn, yield and yield components, early/
uniform maturity, bold seed, high oil and 
minerals, enhanced seed quality and pod 
shattering in soybean: pod shattering, oil 
quality, disease resistance (mottled virus, 
nematodes) and tolerance to abiotic (salinity, 
acidic soil, waterlogging, drought) stress, high 
yield of sesame 

 Zou et al. ( 2003 , 
 2006 ), Seijo et al. 
( 2004 ), Pathan and 
Sleper ( 2008 ), 
Kharkwal and Shu 
( 2009 ), and Frasch 
et al. ( 2011 ) 

 Vegetables (potato, 
tomato, cabbage, 
caulifl ower, radish, 
lettuce, etc.), grain 
amaranth 

 γ-rays, EMS, DES, 
fast neutron, NEU, 
NMU, transposon 

 Salt tolerance, reduced tuber glycoalkaloid 
content, meiotic mutants, dominant  Ivy  leaf 
(shape) mutant in potato; morphological traits, 
hormone response, fertility restoration, male 
sterility, fruit ripening (non-ripening, never 
ripe), eIF4E mutant with resistance to 
potyviruses in tomato, longer shelf life (tomato, 
melon), improved starch quality (potato), and 
virus resistance (peppers, tomato); high yield, 
high starch, carotenoid content of storage roots, 
disease resistance in sweet potato; HEAD and 
SINGLE-LEAF, abiotic (freezing, drought, 
salt) and mosaic virus- resistant mutants, 
induced β-carotene synthesis in caulifl ower; 
trait improvement in grain amaranth (high 
dietary fi ber, minerals, fl avonoids), radish, 
broccoli, capsicum (quinine reductase 
induction, secondary alkaloids), carrot 
(carotene content), lettuce (dwarf, early 
fl owering, male sterility, downy mildew 
resistance) 

 Tomlekova ( 2010 ), 
Mou ( 2011 ), and Saito 
et al. ( 2011 ) 

 Sugar-yielding crops  EMS ,  γ-rays, 
in vitro 
mutagenesis, 
somaclonal 
variation 

 Germination percentage, number of tillers per 
plant, stripped cane height, millable weight per 
cane, stripped cane yield and sugar recovery, in 
 Saccharum  spp. 

 Jung ( 2004 ), Wang 
et al. ( 2007 ), and 
Begum et al. ( 2013 ) 

 Spices, herbs, fruits, 
medicinal plants 

 γ-rays, EMS, 
carbon-ion beam 

 Male sterility, fl oral development, season- 
dependent fl ower homeotic mutant, increased 
leaf yields in African  Solanum nigrum-related  
species, low oxalate variant in gynoecious 
 Spinacia oleracea  (spinach), high alkaloid 
value in  Gloriosa , fruit quality, waterlogging 
tolerance, salt tolerance in  Citrus  

 Ahloowalia et al. 
( 2004 ) and Tomlekova 
( 2010 ) 

 Horticultural/
ornamental/fi ber crops 

 In vitro + radiation, 
colchicine, EMS, 
NaN 3  

 Development of carnation plants, Rosa, 
Chrysanthemum (salt tolerant), Gerbera (salt 
tolerant), Gladiolus (fl ower color, storage 
capacity of bulb), fl oral traits, morphogenesis, 
improved yield and fi ber quality, seed protein 
content, photoperiod conversion in cotton 

 Ahloowalia et al. 
( 2004 ) and Hossain 
et al. ( 2006 ) 
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    Mutagenesis in Exploring 
Developmental Biology and Toward 
Plant Phenomics 
 Understandings of morphophysiology and devel-
opmental processes are prerequisites to develop 
effective and functional tools for plant biology 
and crop breeding. Two classic examples of using 
mutagenesis in exploring developmental biology 
of vegetative and reproductive organs of plant 
have come from model plant  Arabidopsis  in 
Brassicaceae and  Pisum sativum  (pea) in 
Fabaceae. While brief life cycle, shorter genome, 
high and effective self-pollination, and diverse 
distribution make  Arabidopsis  an ideal type for 
plant biology, pea has traditionally searched for 
morphogenetic analysis since the classic work of 
Mendel on inheritance of seven developmental 
mutations. To date, the molecular basis has been 
uncovered only for four Mendelian mutations out 
of six, and some of them are still of intense agri-
cultural interest (Reid and Ross  2011 ). A number 
of valuable mutant stock has been developed in 
both crops through induced mutagenesis and are 
now being used to explore intrinsic genetic 
mechanism of plant architecture, hormonal 
response, photoperiod sensitivity, and, subse-
quently, genome mapping of desirable traits, an 
updated information of which is presented in 
Table  3 , and a diagrammatic view of some pea 
leaf mutations is given in Fig.  1 . These mutants 
were crossed with each other to get various 
mutant backgrounds in combinations, facilitating 
gene mapping and consequent manipulations of 
different mutations and their interactions in 
 Arabidopsis  leaf morphogenesis and pea com-
pound leaf development (Mishra et al.  2009 ; 
Sinjushin  2011 ; Kumar et al.  2012 ). Two classes 
of photoperiod-responsive induced mutants—(a) 
early day-neutral mutants that behave under 
short-day (SD) conditions as if grown under long 
days (LD) and (b) late day- neutral mutants that 
behave under LD as if grown under SD—affect-
ing early fl owering day-neutral phenotypes in 
several loci such as  SN ,  DNE ,  PPD  (all reces-
sive), a dominant hypermorphic  phy A  and  COP1  
orthologue  LIP1 , and late day-neutral class 
( LATE 1, 2,  and  6 ) have been genetically charac-
terized along with mutations governing high 

response ( HR ), rhythmic expression under light/
dark cycles, and late fl owering ( LF ) during fl ow-
ering in pea. Besides pea, mutations affecting 
tendril development (tendril less, simple tendril, 
anomalous branching, compound), leaf rolling 
(inward, recurved), jugate arrangement (oppo-
site, alternate, leafl etless), fl oral architecture 
(open, malformed, extra sepals/keels, long pedi-
cels, distichous pedicels), stem growth, and stip-
ule formations were also isolated in gamma 
ray-induced progeny of grass pea, another grain, 
and forage legume and found to be recessive in 
nature with monogenic and polygenic inheritance 
(Talukdar  2009b ). Several genes governing 
spikelet development and fl oral organ formation 
in cereals are found orthologous to ones of 
 Arabidopsis  ABC + D and E fl ower development 
system. For example, mutations in the  SILKY1  
( SI1 ) from maize and  OsMADS16  or 
 SUPERWOMAN1  ( SPW1 ) from rice, orthologues 
of Arabidopsis  AP3 (APETALA 3)  mutation, 
induce homeotic changes from stamen into car-
pels and lodicules into lemma/palea-type organs 
in cereals (Dwivedi et al.  2008 ). Similarly, null 
mutations in the  OsMADS1  or  leafy hull sterile 1  
( lhs1 ) genes produce leafy lemma and palea. In 
addition, the lodicules and stamens are also mod-
ifi ed into leafy lemma and palea structures in rice 
(Dwivedi et al.  2008 ).

    Construction of genomic platforms to high- 
throughput processes permits the simultaneous 
generation of very reliable genotypic data from 
multiple samples and hence abates the problems 
of generating and evaluating large numbers of 
putative mutants in quest of invariably low- 
frequency events (Mba  2013 ). However, there 
must be reliable mechanisms for generating the 
complementary phenotypic data to lead to valid 
inferences on genotypes of the variants. The 
adoption of phenomics, as the “the acquisition of 
high- dimensional phenotypic data on an 
organism- wide scale” as a component of the 
detection and deployment of mutation events, 
holds immense promise in analyzing morpho-
logical, physiological, and biochemical data of 
robust mutant stocks available in model plant 
 Arabidopsis  and other crops (Houle et al.  2010 ). 
In line with  Arabidopsis , preliminary attempts 
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   Table 3    Functional mutations (non-transgenic) affecting developmental biology in model plant  Arabidopsis thaliana  
L. and grain legume  Pisum sativum  L. (pea)   

 Plant  Type  Mutant traits/genes  Mutant characteristics  References 

  Arabidopsis 
thaliana  L. 

 Stem and plant 
architecture 

 Stem fasciation,  CLAVATA2, 
LIKE HETEROCHROMATIN 
PROTEIN 1 (LHP 1) ,  lfy  

 Stem and fl oral meristems 
affected in fasciation, plant 
architecture, leaf development and 
fl owering time ( LHP 1 ); meristem 
activity 

 Koornneef and 
Meinke ( 2010 ) 

 Leaf 
development 

  BLADE-ON-PETIOLE  ( BOP1 , 
 2 );  ASYMMETRIC LEAVES1; 
fugu1 – fugu5; angustifolia3  
( an3 ),  erecta  ( er ),  KIP- 
RELATED    PROTEIN2  ( KRP2 ); 
 ROTUNDIFOLIA4, 
compensating mutants; tonneau 
(ton), ARGONAUTE1 ( AGO1)  

 Petiole ontogeny; induced 
enhanced postmitotic cell 
expansion ( fugu2 - 1 ,  fugu5 - 1 , 
 an3 - 4 ,  er 102); an  (leaf-cell 
expansion, the arrangement of 
cortical microtubules in leaf cells 
and expression of a gene involved 
in cell-wall formation); cell 
proliferation, expansion and leaf 
shape, short petioles and rounded 
leaves ( rot ), impaired 
development by cyclin-dependent 
kinases, positive regulation of cell 
proliferation; planes of cell 
division are altered while the 
correct position of all the plant 
organs is maintained ( ton  or 
 tonneau ); absence of lateral 
expansion in leaves and fl oral 
organs ( ago1 ) 

 Dwivedi et al. 
( 2008 ) and 
Koornneef and 
Meinke ( 2010 ) 

 Infl orescence   terminal fl ower 1(tfl  1)   Determinate infl orescence, 
reduced height, more rosette 
leaves 

 Johanson et al. 
( 2000 ) 

 Flower 
structure and 
development 

 Mutations in  ABC  model , 
APETALA (AP)1, 2, 3, Ap 
2-null, AGAMOUS (AG), 
PISTILLATA (PI), TERMINAL 
FLOWER 1, SEEDSTICK 
(STK ),  SEPALLATA  ( SEP ) 

 A-function is triggered by  AP1  
and  AP2 , the B-function by  AP3 , 
 PI  and the C-function by  AG ; 
formation of reproductive organs 
in place of petals and sepals ( Ap 
2-null ), petal formation instead of 
stamens, together with additional 
fl ower formation in place of 
carpels ( AG , loss of function), 
ovule development (D-function 
gene,  STK ), triple mutants in 
 SEP1–3  produce only sepaloid 
fl owers 

 Johanson et al. 
( 2000 ) and 
Koornneef and 
Meinke ( 2010 ) 

  Pisum 
sativum  L. 

 Stem form and 
infl orescence 
development 

  Determinate  ( det );  determinate 
habit  ( deh );  le  and  sln ; 
 VEGETATIVE  (VEG  1, 2 ), 
 LATE BLOOMER  ( LATE 5 ) 

 Determinate growth with terminal 
raceme, less axillary 
infl orescences ( det ); reduced 
scale-like stipules ( deh ); dwarf 
( le ) and slender and elongated 
phenotype ( sln ) (gibberellin 
sensitive); secondary 
infl orescence development 
( veg, late ) 

 Weller et al. 
( 2009 ) and 
Belyakova and 
Sinjushin 
( 2012 ) 

(continued)
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 Plant  Type  Mutant traits/genes  Mutant characteristics  References 

  fasciata (fa, fas, fa2)   Ridge-like anomalous 
enlargement of stem apical 
meristem, formation of fl attened 
shoot with aberrant phyllotaxis 
and axillary racemes clustered on 
the top, fl ower normal, high yield, 
lodging prone, axillary raceme 
becomes terminated with 
anomalous fl ower in some 
fasciated plants 

 Sinjushin and 
Gostimskii 
( 2006 ,  2007 ) 

 Double mutant  det fa   Weakly fasciated determinate 
stem (“lupinoid”), high breeding 
value 

 Sinjushin and 
Gostimskii 
( 2007 ) 

 Branching   Ramosus (rms, 1–5), sax; 
grafting of rms/sax  mutant 

 Pattern of branch development, 
suppression of axillary meristem 
( sax );  rms/sax  revealed startling 
disconnection between major 
cytokinin content of xylem sap 
and shoot tissues of various  rms  
mutants, i.e., pea shoots possess 
powerful homeostatic mechanisms 
of long-distance signaling for 
regulation of cytokinin levels 
during shoot branching 

 Foo et al. 
( 2007 ), Mishra 
et al. ( 2009 ) 
and Kumar 
et al. ( 2012 ) 

 Flower 
number/
raceme 

  FN  and  FNA   Multifl owered phenotype similar 
to distichous pedicel mutant of 
grass pea 

 Belyakova and 
Sinjushin 
( 2012 ) 

 Compound 
leaf 
morphology 
and 
development 

  UNIFOLIATA  ( UNI ),  AFILA; 
MULTI FOLIATE-PINNA; 
tendril-less  ( tl );  tl2  and 
 insecatus  ( ins );  COCHLEATA  
( COCH );  CRISPA  ( CRI ); 
recombinant  af uni  tac  ; tendrilled 
acacia- A ( tac  A );  lld  

 Simple leaf ( uni ); leaf with 
preliminary formation of terminal 
leafl et instead of distal leaf 
structures ( uni  tac ); ramifi ed leaf 
rachis with terminal tendrils with 
seldom semi- leafl ess + phenotype 
( af ); distal part of leaf in  mfp  
plants produces secondary axes; 
leafl ets instead of tendril; partial 
leafl et-to-tendril transformation 
( tl2 ,  ins ); pinnate and leafl ike 
stipules, anomalous fl ower and 
infl orescence structure together 
with unusual proliferation of root 
nodules ( coch ); recombinant 
“chameleon” phenotype with 
strongly ramifi ed rachis, leafl ets 
on long petiolules and 
intermediate tendril-to- leafl et 
organs ( af uni  tac ); ramifi ed rachis 
(as in  afi la ), pinnate lobed leafl ets 
and tendrils with lodging resistant 
and high breeding value; 
completely penetrant  leafl et 
development (lld)  

 Mishra et al. 
( 2009 ), Kumar 
et al. ( 2012 ), 
and Sharma 
et al. ( 2012 ) 

Table 3 (continued)
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 Plant  Type  Mutant traits/genes  Mutant characteristics  References 

 Flower 
structure 

 Flower zygomorphy-  KEELED 
WINGS  ( K ),  LOBED 
STANDARD1  ( LST1 ), 
 ELEPHANT EAR-LIKE LEAF1  
and  2  ( ELE1 ,  ELE2 ) 

 Homeotic replacement of wings to 
keel petals ( k ), fl ag (standard) 
bears lateral notches in fl owers 
( lst ), bilaterally symmetrical 
wings and keel petals together 
with enlarged stupules ( ele ) 

 Sharma et al. 
( 2012 ) 

 Floral organ identity-  STAMINA 
PISTILLOIDA  ( STP ), 
 PETALOSUS  ( PE ),  PEAM4 , 
fasciation 

 Two adaxial stamens of outer 
whorl converted into carpelloid 
structures, while other stamens 
develop normally (multicarpellate) 
( stp-1 ), organ conversion and 
development 

 Sinyushin 
( 2010 ), 
Sinjushin 
( 2011 ), and 
Kumar et al. 
( 2012 ) 

 Pigmentation, gene  a ,  B   Absence of anthocyanins in stems, 
seed coat, leaves, pods and corolla 
( a ), fl ower pigmentation, pink ( b ) 
by defective fl avonoid 
3′,5′-hydroxylase 

 Kumar et al. 
( 2012 ) and 
Sharma et al. 
( 2012 ) 

 Pod and seed 
traits 

  Mutant p and v, rugosus  ( r ), 
 development of funiculus  ( def ), 
seed testa color, 

 Unlignifi ed pod ( p, v ), with high 
forage value, no abscission layer 
on a boundary between funicle 
and seed hilum ( def ), 

 Belyakova and 
Sinjushin 
( 2012 ), and 
Kumar et al. 
( 2012 ) 

have been made to develop a standardized lan-
guage of phenomics in model legume  Medicago 
truncatula  and  Lotus japonicus  using mutant 
phenotypes such as “late fl owering” or “increased 
internodal distance.” Precision in phenotypic 
descriptions will be critical to genome scale 
mutant hunts (Mba  2013 ).  

    Mutagenesis in Bioresource 
Development and Functional Food 
Biology 
 Instead of costly and unpredictable transgenic- 
based molecular farming, induced mutagenic 
technique can be successfully utilized to generate 
active constituents, antioxidant compounds, 
carotenoids and fl avonoids, insecticide, antifun-
gal and other biocontrol molecules, biomass pro-
duction, weed-inhibiting allelochemicals, and 
plant-based industrial raw materials (Mba  2013 ). 
Worldwide, several mutant-based bioresource 
development centers have been established for 
effective utilization and management of plant 
resources (Mba  2013 ). 

 Of the nearly 3,000 mutant varieties devel-
oped globally in different crops, 776 mutants 
have been induced for nutritional quality (Jain 

Table 3 (continued)

  Fig. 1    Diagrammatic view of some prominent pea ( Pisum 
sativum  L.) leaf mutations       
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and Suprasanna  2011 ). Biofortifi cation is a sus-
tainable method of naturally enriching legumes 
by conventional breeding and modern biotech-
nology to increase nutritional quality to combat 
malnutrition in the form of “hidden hunger” 
(ICARDA-HarvestPlus  2010 ). In cereals, mutants 
exhibiting improved protein content and quality 
with enhanced lysine, easily digestible carbohy-
drate, and vitreous grains ( fl oury-2 ,  mucronate , 
 defective endosperm B30 ,  sugary-2 quality pro-
tein maize)  have been isolated (Chakraborty and 
Paul  2012 ). Chemically induced, nonlethal reces-
sive mutants that decrease seed phytic acid con-
tent have been isolated and mapped in maize, 
rice, wheat, and barley. Low phytic acid crops 
may improve cooking quality, milling by- 
product, and nutrition for human population and 
animal feed that depend upon grains and legumes 
as staple foods. Several oat ( Avena ) mutants pro-
ducing heart-healthy high β-glucan and dietary 
fi ber and low glycemic carbohydrate have been 
isolated (Mba  2013 ). Among the cultivated crops, 
grain legumes are nutritionally rich in plant pro-
teins, minerals, fi bers, and antioxidant fl avonoids 
but defi cient in methionine and cysteine, two 
important sulfur-containing amino acids (Singh 
 2003 ; Talukdar  2012g ). Induced mutations for 
enhancing nutritional quality (high protein and 
minerals, balanced carbohydrate, low trypsin 
inhibitor, lectin, high antioxidant capacity, phos-
phorus, low phytic acid) through genetic bioforti-
fi cation of edible cereals, millets, oil seeds, and 
crop legumes have generated valuable breeding 
tools (Piotrowicz-Cieślak et al.  2008 ; 
Smulikowska et al.  2008 ; Talukdar  2009b ; 
Gaikwad and Kothekar  2011 ). In soybean and 
peanut, mutations with high oil, protein, methio-
nine, isofl avones, lutein, enhanced oleic (O) acid 
( FAD2-1A and FAD2-1B ), and low linolenic (L) 
(high O/L ratio) acid, without lipoxygenase and 
low allergenicity (peanut), have been isolated. 
Mutant lines with a methionine-overproducing 
phenotype in soybean (Pathan and Sleper  2008 ) 
and grass pea (Kumar et al.  2010 ), iron hyperac-
cumulation in pea, and high phosphorus in soy-
bean, mung bean, and common beans (Campion 
et al.  2009 ; Porch et al.  2009 ) were isolated and 
have the potential to be used as parents in hybrid-
ization. Metabolic profi ling, a useful tool in plant 
functional genomics, of the wild-type soybeans 

Taiwan75 and Zhechun No. 3 and the two corre-
sponding  lpa  ( low phytic acid ) mutants 
 Gm-lpa-TW75-1  and  Gm-lpa-ZC-2  identifi ed 
signifi cant differences between the wild types 
and the mutants for the trait (Pathan and Sleper 
 2008 ). In grass pea, mutant and segregants devel-
oped from mutant × check parent with signifi -
cantly low (<0.2 %) seed neurotoxin (β-ODAP) 
and high seed protein, good amount of amino 
acids L-homoarginine, methionine, and cysteine, 
and fi ber and mineral content have been isolated 
in gamma ray/EMS irradiated progeny 
(Smulikowska et al.  2008 ; Talukdar  2009b ). 
Benefi cial oligosaccharide content has been 
increased, while levels of fl atulence-producing 
raffi nose family oligosaccharides (RFO) have 
been lowered in seeds of grass pea mutants, sepa-
rately using helium-neon laser light, sodium 
azide (NaN 3 ) and N-nitroso-N-methylurea 
(NMU) as mutagenic agents (Piotrowicz-Cieślak 
et al.  2008 ). A recent work by Rao ( 2010 ) sug-
gested that the presence of homoarginine in grass 
pea contributes to a sustained generation of nitric 
oxide in animal physiology which is highly ben-
efi cial in cardiovascular physiology and general 
well-being. In a major paradigm shift from its 
usual negative role, the possible therapeutic 
potentials of multifunctional metabolite β-ODAP 
(the grass pea neurotoxin, β-N-oxalyl-L-α,β- 
diaminopropionic acid) in treating Alzheimer’s 
disease, hypoxia, and long-term potentiation of 
neurons essential for memory through the activa-
tion of protein kinase C have been explored (Rao 
 2010 ). Mutations producing higher unsaturated 
fatty acids compared to unhealthy saturated fatty 
acid have been isolated in  Brassica , sunfl ower, 
saffl ower, and sesame (Table  2 ). 

 Besides food and fodder values, major and 
underutilized legumes, cereals, spices, and herbs 
exhibited remarkably high antioxidant activities, 
fl avonoid compositions, and type II diabetes- 
related enzyme inhibition properties with low 
glycemic index (slow digestion of carbohydrate) 
in raw and differentially processed forms 
(Talukdar  2012f ,  2013a ,  b ; Talukdar and Talukdar 
 2012 ; Varaprasad et al.  2011 ). The polyploids 
have the capacity to generate antioxidant com-
pounds in increased amount and activity (Lavania 
et al.  2010 ). Development of the commonly used 
plants as functional and therapeutic foods needs 
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successful breeding of these value-added traits 
through utilizable genetic variations which can 
be achieved through modern mutagenic 
techniques.  

    Plant Molecular Mutagenesis 
 During the past decade, with the unprecedented 
development in plant molecular genetics and 
functional genomics, scientifi c exploration on 
induced mutation in plants has progressed dra-
matically from basic research to the development 
of advanced genomic-based technologies to their 
unique applications in gene discovery and devel-
opment of novel crop traits (Kharkwal and Shu 
 2009 ; Varshney et al.  2010 ). Induced mutants are 
now being used in identifying and ascribing func-
tions to genes through the deductive process of 
identifying the modifi ed traits and relating the 
modifi cations to changes in genomic regions of 
the induced mutants, in comparison to the wild/
normal types. The genomic region(s) responsible 
for the expression of a trait, i.e., the gene, is 
detected by analyzing a series of induced mutants 
vis-à-vis the normal or wild-type variants. These 
developments are bringing plant mutation breed-
ing into a new dimension—plant molecular 
mutation breeding (Shu and Lagoda  2007 ). 

 Over the last several years, functionally char-
acterized genes, ESTs, and coding genome 
sequences have been made available to build up 
molecular markers like SNP (single nucleotide 
polymorphism), SSR, or COS (conserved orthol-
ogous set) (Varshney et al.  2010 ). These markers 
are often called perfect or functional markers and 
are developed from putative coding sequences 
having known function and consequently have 
complete association with the QTL or gene. 
These functional genomic resources are boosting 
up development of perfect markers in cereals, 
millets, pulses, herbs, spices, fruit crops, and 
vegetables (Shu and Lagoda  2007 ; Varshney 
et al.  2010 ). The progress made in using marker- 
assisted selection (MAS) in tomato, cereals, and 
pulses has been highlighted in a few recent 
reviews emphasizing on mapping genes control-
ling agronomically important traits and molecu-
lar breeding of crops in general (Varshney et al. 
 2010 ). Several molecular markers such as diver-
sity arrays technology (DArT), amplifi ed frag-

ment length polymorphism (AFLP), random 
amplifi ed polymorphic DNA (RAPD), and mic-
rosatellites and SSR markers have been validated 
in major cereals, vegetables, and pulses (Varshney 
et al.  2010 ). In chickpea, a major grain legume, 
SSR markers are effectively used to reveal high 
genetic diversity among the radiation-induced 21 
mutant lines and to discriminate the mutants from 
each other (Khan et al.  2010 ). DNA markers such 
as RAPD, SCAR (sequence-cleaved amplifi ed 
region), and microsatellite linked to induced 
mutant/ er  ( Erysiphe pisi  Syd.) loci conferring 
resistance to powdery mildew in pea have been 
identifi ed as reliable breeding materials (Pereira 
and Leitão  2010 ). In soybean, two male-sterile 
mutants were mapped with molecular markers 
(Frasch et al.  2011 ), and marker-assisted back-
crossing is attempted to introgress the low phy-
tate traits into cultivars (Kharkwal and Shu  2009 ). 
In rice, wheat, and maize, segregating popula-
tions are being used to confi rm co-segregation 
between SSR markers and the gene for low phytic 
acid, identifi ed in mutants. Several mutant traits 
controlling thermosensitive genic male sterility, 
fertility restoration, spikelet architecture, and 
fl owering process were mapped in cereal 
genomes using molecular markers like microsat-
ellites and STS (sequence-tagged sites) (Dwivedi 
et al.  2008 ). Both forward and reverse molecular 
marker (SSR)-assisted selection are effectively 
utilized in maize for breeding with high protein 
and good digestibility such as “quality protein 
maize” associated with opaque-2 (high lysine) 
and endosperm modifi cation phenotype. In the 
same crop, two independent, semi-dwarf maize 
EMS mutants, designated as  dwarf and irregular 
leaf  ( dil1 ), affecting internode length and leaf 
size were mapped on the long arm of chromo-
some 6 with SNP, and CAPS (cleaved amplifi ed 
polymorphic sequence) markers and a candidate 
gene are identifi ed through positional cloning 
and validated. In an allopolyploid  Brassica 
napus , EMS mutagenesis caused a dominant 
point mutation in RINGv E3 ubiquitin ligase 
homoeologous gene by C-to-T transition and 
induced cleistogamy by the  Bn-clg1A-1D  mutant 
allele which has been mapped with SNP, STS, 
AFLP, ACGMs (amplifi ed consensus gene mark-
ers), and CAPS markers. Induced mutations 
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facilitated the isolation of genes involved in cas-
cade of nitrogen fi xation like controlling auto-
regulation of nodulation (leucine-rich repeat 
receptor kinase gene or  GmNARK ), LjHAR1, 
kinase-associated protein phosphatase (KAPP), 
several receptor kinases, GmNORK (needed for 
both nodulation and mycorrhizal symbioses), 
GmKAPP (encoding kinase-associated protein 
phosphatase), and GmPOL (poltergeist; another 
protein phosphatase) in mutants of soybean, pea, 
and  Lotus japonicas  and revealed complex inter-
play during nodulation process and hormonal 
signaling in legumes (Pathan and Sleper  2008 ; 
Frasch et al.  2011 ). 

 Development of radiation-hybrid (RH) tech-
nology is another tool in advancement of molecu-
lar mutation breeding, effectively utilizing in 
cereals, grasses, and some legumes (Riera- 
Lizarazu et al.  2008 ). In oat–maize RH where oat 
plants are carrying radiation-induced subchro-
mosome fragments of a given maize chromo-
some, the transmission and integrity of maize 
chromosome 9 rearrangements were evaluated by 
using a series of DNA-based markers and by 
GISH, exhibiting much higher transmission of 
rearrangement (47.6 %) than normal (9.1 %) ver-
sion of chromosome 9 (Kynast and Riera- 
Lizarazu  2011 ). RH mapping of wheat by 
addition and substitution for chromosome 1D 
(DWRH-1D), harboring nuclear–cytoplasmic 
compatibility gene  scs   ae  , initially allowed detec-
tion of 88 radiation-induced breaks with 39 1D 
specifi c markers, and subsequently, it was 
expanded to a resolution of one break every 199 
kb of DNA, utilizing 378 markers. Construction 
of RH map is being initiated in rye chromosome 
3B (Gupta et al.  2008 ).   

    Intermingling Cytogenomics 
with Mutagenomics: Development 
of Cytogenetic and Molecular Tester 
Stocks and Genome Mapping 

 The recent progress in plant cytogenetics has 
been stimulated mainly by the use of cytogenetic 
stocks, in which various aneuploids like different 
trisomics, tetrasomics, double trisomics, mono-
somics, monosomics alien addition lines, alien 

addition lines, deletion lines, intergeneric chro-
mosome addition (oat–maize), and chromosome 
substitutions play pivotal roles in assigning target 
traits (classical and molecular) on specifi c chro-
mosomes, defi ning linkage groups (classical and 
molecular) and construction of saturated maps 
(Singh  2003 ; Kynast and Riera-Lizarazu  2011 ). 
A number of programs are exploiting the transfer 
of important disease resistance genes into rice, 
wheat, barley, maize, and millet crops through 
alien addition lines (Heslop-Harrison and 
Schwarzacher  2011 ). Induced mutagenesis has 
been successfully used to develop arrays of dip-
loid and aneuploid mutants, autotetraploids, 
aneuploids in polyploid background, and recipro-
cal translocation lines in cereal crops, legumes, 
millets, grasses, oil seeds, and other plants. A 
robust stock of aneuploids like different triso-
mics, tetrasomics, double trisomics, and tertiary 
trisomics was identifi ed in rice, wheat, maize, 
barley, potato, cabbage, and legumes (Román 
et al.  2004 ; Zou et al.  2003 ,  2006 ; Talukdar  2008 , 
 2009c ,  2010a ,  b ,  c ,  d ,  2011b ,  2013f ; Talukdar and 
Biswas  2007 ,  2008 ). An updated information of 
cytogenetic stocks and their uses in assigning 
classical and molecular linkage groups in promi-
nent crops are presented in Table  4 . Several auto-
tetraploids (2 n  = 4 x  = 28) exhibiting enhanced 
growth performances have been isolated through 
colchicine treatments in grass pea (Talukdar 
 2010b ), a hardy legume crop. These autotetra-
ploids are segregated into progenies of normal 
tetraploid, tetraploid carrying reciprocal translo-
cation, and aneuploids. Among the aneuploids, 
pentasomy–trisomy (2 n  = 4 x  + 1 − 1 = 28), one 
single pentasomy (2 n  = 4 x  + 1 = 29), and another 
double trisomy (2 n  = 4 x  + 1 + 1 = 30) were recov-
ered in polyploid background (Talukdar  2012d ). 
In tomato, a robust mutant in silico databases 
designated as “TOMATOMA” comprising over 
1,000 mutants isolated by EMS, and γ-rays has 
been developed for mutagenomic analysis, com-
parative biology, molecular mutation breeding 
and forward as well as reverse genomic screening 
(Saito et al.  2011 ). The cytogenetic stocks are 
being used to map and linkage analysis of spe-
cifi c morphological, biochemical, and molecular 
markers on specifi c chromosomes of various crop 
plants (Table  4 ).
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     Table 4    Cytogenetic and mutation genetic stocks used as functional biology tools in major crops   

 Crop  Stocks/resources 
 Trait/gene mapping/linkage analysis/
gene expression/genomics  References 

 Cereals (rice, 
wheat, maize, 
barley) 

 Primary, secondary and 
tertiary trisomics, set of 
telotrisomics, 
isotetrasomics, 
aneuhaploids, monosomic 
alien addition lines 
(MAAL), translocation, 
B-A translocation, 
duplicate defi cient 
(maize), polyploids, 
aneuploids from 
autotetraploids 

  Rice : localization of morphological 
markers like photoperiod sensitive, 
rolled fi ne strip, slender glume, lax 
panicle, liguleless, scented rice traits, 
etc. RFLP mapping, centromere 
mapping, isozyme alleles (diaphorase 1, 
esterase, phosphoglucoisomerase), 
assignment of DNA clones, chromosome 
microdissection and developing 
chromosome-specifi c DNA markers, 
locating genes to pericentromeric 
regions and genome-wide synteny 
between rice and wheat;  wheat : 
microsatellite markers, radiation hybrid 
mapping and map-based cloning by 
irradiating pollen with 20 Gy gamma 
rays;  maize : isozymes of acid 
phosphatase, β-glucosidase, alcohol 
dehydrogenase, phosphor hexo 
isomerase, phosphoglucomutase, 
6-phosphogluconate dehydrogenase, 
malate dehydrogenase linked with 
increased grain yield, endopeptidase on 
chromosome 6; transcriptomics of 
global gene expression;  barley : analysis 
of ribosomal RNA cistron multiplicity in 
chromosomes 6 and 7, acrotrisomic 
analysis of linkage group, low phytate in 
all four grains 

 Subrahmanyam and 
Azad ( 1978 ), Khush 
et al. ( 1984 ), Auger and 
Birchler ( 2002 ), Singh 
( 2003 ), Qi et al. ( 2009 ), 
and Tiwari et al. ( 2012 ) 

 Millets, rye, 
buckwheat, pearl 
millet, oat 

 Nullisomics, 
monosomics, trisomics of 
different types, 
tetrasomies, 
translocations, inversions, 
duplications, defi ciencies, 
polyploids 

 Meiosis pairing in rye, assignment of S 
(short style Ss, long style ss) gene of 
common buckwheat ( Fagopyrum 
esculentum  Moench) was located on 
chromosome 4E, chromosomal 
localization, dosage effect of peroxidase, 
hybrid seed production from balanced 
tertiary trisomics in pearl millet, 
transmission of extra chromosomes in 
foxtail millet ( Setaria italica  (L.) 
Beauv.), analysis of B genome of oat 
( Avena barbata, A. strigosa ), new 
chromosome nomenclature by  A. sativa  
and  A. byzantina  monosomic lines, 
mapping of 400 maize sequences 
including expressed sequence tags and 
sequence-tagged sites by oat–maize 
chromosome addition lines, analysis of 
genome rearrangement by oat–maize 
radiation hybrids 

 Jauhar Prem and Hanna 
( 1998 ), Sybenga 
( 1996 ), Okagaki et al. 
( 2001 ), Singh ( 2003 ), 
Chen et al. ( 2007 ), and 
Sanz et al. ( 2010 ) 

(continued)
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 Crop  Stocks/resources 
 Trait/gene mapping/linkage analysis/
gene expression/genomics  References 

 Legumes (pea, 
chickpea, grass pea, 
pigeon pea, lentil, 
faba bean, common 
bean, mung bean, 
urdbean) 

 Primary trisomics, 
tetrasomics, tertiary 
trisomics, double 
trisomics, autotetraploids, 
aneuploids in polyploidy 
background, reciprocal 
translocation lines 

 Morphological (dwarfi sm, leafl et shape 
and color, stipule forms, leaf injury, 
fl ower color, photoperiod sensitivity, 
seed coat color, pod indehiscence, bold 
seed size in lentil, grass pea, determinate 
growth, solid distribution of pigment on 
fl ower, yellow pigment on fl ower, hilum 
color, red seed coat in faba bean), stress 
responsive (fl avonoid defi ciency, 
glutathione overproducing, cadmium-
sensitive mutations, leaf injury, catalase 
defi ciency ), isozymes (esterase and 
peroxidase, aconitase, acid phosphatase, 
aspartate aminotransferase, 
phosphogluconate dehydrogenase, 
fructokinase, malic enzyme, superoxide 
dismutase, n-nitrosoglutathione 
reductase) and molecular (RAPD, RFLP, 
SSR) markers in beans and peas, dosage 
effect of superoxide dismutase, 
ascorbate peroxidase, glutathione 
reductase, dehydroascorbate reductase 
and catalases in trisomic and tetrasomic 
genomes (grass pea) 

 Satovic et al. ( 1996 ), 
Singh ( 2003 ), Román 
et al. ( 2004 ), Talukdar 
and Biswas ( 2007 , 
 2008 ), and Talukdar 
( 2008 ,  2009a ,  b ,  c , 
 2010a ,  b ,  c ,  2012d ,  f , 
 2013f ) 

 Oil-yielding legume 
(soybean, peanut) 

 Primary, tertiary 
trisomics, MAAL, 
translocation lines 

  Soybean : chromosome assignment of  v2  
(variegated leaf mutant),  p2  
(puberulent),  w1  (fl ower color),  dia 1  
(diaphorase ),  u 1  (urease),  lx1  
(lipoxygenase ),  Rps1-k  (resistant to 
phytophthora root rot),  Rmd  (resistance 
to  Microsphaera diffusa ),  Rj2  
(nodulation response),  y10  (yellow leaf 
mutant), 11 molecular linkage group 
using SSR markers, 3 qualitative trait 
loci ( Pb , sharp/blunt pubescence,  Y9 , 
and  Y17-  green/chlorotic foliage) 
detection of segregation distortion of 
SSR markers 

 Palmer and Xu ( 2008 ), 
Cregan et al. ( 2001 ), 
Singh ( 2003 ), and Zou 
et al. ( 2003 ,  2006 ) 

 Oil-seed crops 
(sunfl ower, 
Brassica, saffl ower, 
soybean, peanut) 

 Primary, secondary 
trisomic, double 
trisomics, tetrasomics, 
monosomics, MAAL, 
hyper triploids, 
tetraploids, translocation 

  Sunfl ower : characterization of 
chromosomal complement,  Saffl ower : 
detection of translocation homo and 
heterozygotes,  Soybean : Mapping of 
SSR markers in soybean, location of  w1  
locus on satellite chromosome, mapping 
of yellow leaf  y10  mutant (chromosome 
3),  ms 1 ms1  locus (male sterile), 
confi rmation of genetic linkage map of 
the Nucleolus Organizer Region,  peanut : 
branching pattern, tetraploid analysis, 
genome arrangement 

 Xu et al. ( 2000 ), Singh 
( 2003 ), and Yang and 
Jeong ( 2008 ) 

Table 4 (continued)
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 Crop  Stocks/resources 
 Trait/gene mapping/linkage analysis/
gene expression/genomics  References 

 Vegetables 
(cabbage, 
cucumber, tomato) 

 Primary trisomic, double 
trisomic, MAAL, 
monosomic, telotrisomics 

 Alien gene introgression, chromosomal 
assignment of molecular markers or 
dominant plant traits, molecular 
mapping of alien genes, the construction 
of chromosome-specifi c libraries, and 
production of disomic addition lines, 
isozyme of esterase, peroxidase, linkage 
mapping with tomato telotrisomics 

 Chen et al. ( 2004 ) and 
Diao et al. ( 2009 ) 

 Sugar crops 
(sugarcane, sugar 
beet) 

 Primary trisomics, 
MAAL 

 Assignment of hypocotyls color, early 
bolting, restorer, RAPD, RFLP, SCAR 
(sequence characterized amplifi ed 
region), STS (sequence tagged site), 
SSR markers in sugarcane; isozymes of 
leucine aminopeptidase and glutamate 
oxaloacetate transaminase in sugar beet 

 Oleo et al. ( 1993 ) and 
Jung ( 2004 ) 

 Forage crops  Primary trisomic  Isozymes of phosphoglucoisomerase and 
glutamate oxaloacetate transaminase in 
 Lolium perenne , narrow-leafed lupin 

 Singh ( 2003 ) 

 Fiber (cotton)  Primary trisomic, 
monosomic, 
monotelodisomic, 
spontaneous trisomy, 
hypoaneuploid 
chromosome substitution 

 Chromosome location of fertility 
restorer gene,  Rf   1   tightly linked with 
RAPD, TRAP (target region amplifi ed 
polymorphism marker) and SSR 
markers,  glandless stem  and  boll 
(gl1gl6), immature fi ber (im), Ligon 
lintless-2 (Li2), methylation (me), 
nonpinking (np1np2) ,  Raimondal 
(Ra1Ra2)  in nine cotton loci through 
trisomics, assignment of curly cotton 
( ac ),  LcD  2  light brown lint on 
chromosome 16, virescent-1 ( v  1 ) in the 
long arm of chromosome 20, naked-
tufted seed ( N  1 ), in the long arm of 
chromosome 26, mapping of 
phosphoglucomutase-7 locus on 
 Gossypium hirsutum  chromosome 

 Kohel et al. ( 2002 ) and 
Saha et al. ( 2012 ) 

 Medicinal and 
aromatic plants 

 Primary trisomics, natural 
aneuploids 

 Characterization of additional 
chromosomes in  Plantago lanceolata  L., 
natural monosomics, double monosomy, 
trisomy, tetrasomy, double trisomy in 
 Betula humilis  (Betulaceae),  Digitalis 
obscura ,  Nigella sativa ,  Asparagus 
offi cinalis ,  Trigonella foenum-graecum,  
role of kinetin in dicot embryo formation 
in  Catharanthus roseus  

 Choi et al. ( 2009 ) and 
Jadwiszczak et al. 
( 2011 ) 

 Arabidopsis (model 
plant) 

 Diploid mutants, meiotic 
mutants, primary 
trisomics, telotrisomics 

 Insensitivity to ethylene (dominant 
mutation), nutritional mutant, dwarf 
mutant, seed development (insertional 
mutagenesis), chlorate-resistant, 
cadmium-sensitive/rootless mutations, 
vitamin C-defi cient mutant, 
morphogenesis, assignment of linkage 
group, morphological markers to 
chromosome arms and in locating 
centromeres, detection of chromosome 
inversion and translocation, deletion 
within LDOX gene, gene expression, 
dosage effect analysis 

 Koornneef et al. 
( 2003 ), Henry et al. 
( 2010 ), and Vernoux 
et al. ( 2000 ) 

Table 4 (continued)
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   Mutagenomics: Merging with Newer 
“Omics” 
 With the rapid advancement of genomics and 
functional genomics, microarray technology and 
transcriptomics, metabolite profi ling, and spec-
tral models of phenomes, the concept of classical 
mutagenesis has now merged with more modern 
“omics” techniques. Microarray analyses reveal 
that plant mutagenesis may induce more tran-
scriptomic changes than transgene insertion 
(Varshney et al.  2010 ). Through comparative 
genomics, genes and pathways of mutated traits 
could be identifi ed in a number of crops. The 
results of metabolite profi ling of low phytic acid 
mutants and their parents were indicative of the 
genes mutated in rice and soybean, and the 
deleted genes were identifi ed through compara-
tive genomic analysis in  Citrus . Recent works 
suggest that gamma ray and EMS mutagenesis in 
 Phaseolus  and lentil (catalase-defi cient mutants) 
and aneuploidy (trisomics and tetrasomics) as 
well as translocation lines of grass pea induce 
extensive transcriptomic changes of antioxidant 
defense enzymes (Talukdar D, unpublished). In 
gamma ray–irradiated progeny of cowpea, 
cDNA-AFLP showed differential gene expres-
sion at different time points of drought stress. 
The sequenced transcript-derived fragments 
(TDF) showed high homology to expressed 
sequence tags of soybean, with a possible func-
tion in cell defense/resistance and most impor-
tantly signal transduction. In soybean, altered 
transcriptomic profi ling of GmNARK ( glycine 
max  leucine-rich repeat receptor kinase gene) 
mutant plants revealed controlling of gene 
expression involved in the jasmonate pathway by 
GmNARK-mediated signaling and identity of a 
second class of GmNARK-controlled genes in a 
rhizobia-independent manner during nodulation 
process of soybean (Pathan and Sleper  2008 ). In 
grass pea, the candidate genes responsible for 
condensation and biosynthesis of neurotoxin 
β-ODAP in varieties differing in content may be 
identifi ed, cloned, and repressed through func-
tional genomic approach.  

   Aneuploidy, Dosage Imbalance, 
and Transcriptomics: Case Study 
in Maize,  Arabidopsis , and Grass Pea 
 For most eukaryotic genomes, the balance in 
gene dosage is essential for normal function. 
Aneuploidy leads to severe dosage imbalance of 
genes on the affected chromosome(s). The altera-
tions in chromosome number that result in aneu-
ploidy are usually associated with phenotypic 
consequences. However the molecular causes of 
specifi c phenotypes and genome-wide expression 
changes that occur in aneuploids are yet to be 
fully understandable. The subtle phenotypic dif-
ferences between different trisomics of a same 
organism suggest that there might be specifi c 
“key” genes on each of the chromosomes that 
cause these phenotypic effects when their copy 
number is out of balance with other genes. Stress- 
response genes, transcription factors, and other 
potential regulatory genes have been frequently 
reported to be overrepresented among the genes 
affected by aneuploidy in plants (Huettel et al. 
 2008 ; Makarevitch et al.  2008 ). Aneuploidy 
causes greater quantitative changes in gene 
expression of two maize genes ( sus1  and  sh1 ) in 
2-week-old plants compared with embryo and 
endosperm tissues. Maize plants that are trisomic 
for 90 % of the short arm of chromosome 5 and 
monosomic for a small distal portion of the short 
arm of chromosome 6 (segmental aneuploidy) 
exhibited ectopic expression of knotted-like 
homeobox gene knox10, which is located on the 
short arm of chromosome 5, in developing leaves 
of the aneuploid plants and developed the leaf 
knotting phenotype (Makarevitch et al.  2008 ). 
Expression profi ling revealed that approximately 
40 % of the expressed genes in the trisomic 
region manifested the expected 1.5-fold increased 
transcript levels, while the remaining 60 % of 
genes did not show altered expression even with 
increased gene dosage (Makarevitch et al.  2008 ). 
Several of such studies on maize suggested that a 
specifi c chromosome arm dosage series can 
affect the expression of multiple genes located 
throughout the genome through the even slight 
alteration in the relative expression level of tran-
scription factors, or other regulatory proteins, 
located in the affected chromosomal region, 
resulting in both positive and negative correla-
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tions of gene expression (upregulation and down-
regulation) with the dosage of the varied 
chromosome arm. Furthermore, genes located in 
the affected region frequently do not exhibit 
alterations in their expression level, suggesting 
the occurrence of some level of dosage compen-
sation or, a “buffering” effect, when the level of 
RNA transcript read from genes present in three 
copies due to segmental aneuploidy were found 
to be similar to wild-type levels (Makarevitch 
et al.  2008 ). A further investigation on effects of 
aneuploidy on global gene expression in 
meristem- enriched and leaf tissues using micro-
array analysis of over 15,000 genes and on gene 
expression changes in response to aneuploidy for 
30 genes in six different maize tissues at three 
early developmental stages after germination 
revealed that at least 23 out of 30 genes analyzed 
were either ectopically expressed or erroneously 
silenced in mature aneuploid tissues. 
Approximately, 50 % of trisomic genes exhibit 
dosage compensation in each of two tissues. The 
results also suggested that quantitative changes in 
gene expression at developmental transition 
points caused by variation in gene copy number 
progress through tissue development and result in 
stable qualitative changes in gene expression pat-
terns (Makarevitch and Harris  2010 ). In 
 Arabidopsis thaliana , a single locus, SENSITIVE 
TO DOSAGE IMBALANCE (SDI), exhibited 
segregation distortion in a ploidy-specifi c man-
ner, and the phenomenon is attributed to increase 
in the likelihood of retaining genomic rearrange-
ments such as segmental duplications. 
Additionally, in species where triploids are fer-
tile, aneuploid survival would facilitate gene fl ow 
between diploid and tetraploid populations via a 
triploid bridge and prevent polyploid speciation 
(Henry et al.  2010 ). In grass pea, a grain as well 
as forage legume, dosage-specifi c response of 
genomes on antioxidant defense responses has 
been studied in series of aneuploids such as seven 
types of trisomics (tr), seven tetrasomics, and 21 
different double trisomics (Talukdar  2011f ). The 
switching over of diploid genome to aneuploidy 
through mutagenesis triggered a massive dosage 
imbalance, which was manifested in three differ-
ent directions—extra dosage on activities of 
superoxide dismutase (tr III), ascorbate peroxi-

dase (tr V), dehydroascorbate reductase (tr II), 
glutathione reductase (tr IV), inverse dosage on 
catalase (tr VII), and disomic level of all fi ve 
enzymes in tr I and tr VI. The dosage effect was 
magnifi ed in tetrasomics and combined in double 
trisomics (Talukdar  2011f ). Transcriptomic anal-
ysis reveals that mRNA gene expression of iso-
zymes of superoxide dismutase, ascorbate 
peroxidase, dehydroascorbate reductase, and glu-
tathione reductase is upregulated in respective 
trisomics but is either downregulated or remained 
in disomic level in case of other trisomics 
(Talukdar D, unpublished observation). The 
dosage- specifi c changes in expression of genes 
governing metal tolerance are also being investi-
gated in diploid, triploid, and tetraploid geno-
types of grass pea (Talukdar D, unpublished). 
Based on these results of global gene expression 
profi ling of aneuploids, it can be concluded that 
aneuploidy causes (1) gene dosage effect and 
predominantly common to multiple tissues, (2) 
varying degrees of gene dosage compensation for 
trisomic genes, (3) tissue-specifi c trans-effects 
(likely as a result of misregulation due to the 
slight variation in the presence of a regulatory 
protein), and (4) tissue-specifi c fi xed qualitative 
variation in gene expression patterns that is more 
frequent in mature tissues. However, all of these 
changes are related with transcriptomic levels, 
and it is still not clear which of these effects are 
translated to the protein level and are indeed 
important for phenotypic abnormalities, consid-
ering the occurrence of posttranscriptional and 
posttranslational regulatory mechanisms in 
higher plants (Makarevitch and Harris  2010 ).  

   Gene-Targeted Mutagenesis 
 Zinc-fi nger nucleases (ZFN) can be targeted to 
specifi c genes causing a double-stranded break 
which disables the gene. In the homologous 
recombination of the targeted gene using ZFN, 
specifi c gene can be targeted for mutation in situ 
leaving the rest of the genome unperturbed. This 
strategy has several advantages over gene addi-
tion procedures, which include the risk of muta-
tions arising from random insertion, because the 
strategy aims to incorporate exogenous DNA at a 
predetermined site in the chromosome. 
Furthermore, the exogenous DNA does not have 
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to include a complete protein coding sequence or 
separate signals to ensure its expression because 
it is incorporated at an endogenous locus. Thus, if 
targeted mutation can be accomplished with high 
effi ciency, other genetic factors affecting the 
mutant can be ruled out. Employing ZFN tech-
nology, the exact roles of three isoforms of iso-
amylase and pullulanase in starch debranching 
are being elucidated in pea null mutations (Curtin 
et al.  2011 ). An engineered ZFN followed by 
 Agrobacterium rhizogenes -mediated hairy root 
transformation has been used to characterize the 
mutations related to dicer-like protein and RNA 
silencing (Curtin et al.  2011 ). In  Arabidopsis , 
ZFN-induced mutagenesis and gene targeting are 
successful using  Agrobacterium -mediated fl oral 
dip transformation (Koornneef and Meinke 
 2010 ). The technique has the potential to be used 
in both forward and reverse genomics.   

    Moving Mutagenomics Through 
Reverse Genomics 

 With the advent of functional genomics and web- 
based easily available data, instead of going from 
phenotype to sequence as in forward genetics, 
researchers are now opting for reverse genetics in 
which a gene sequence is known, but its exact 
function is uncertain. Reverse genetic approaches 
have permitted the silencing or interruption of 
individual candidate genes, providing the oppor-
tunity to investigate gene function and to relate 
sequence information to traits. Specifi c reverse 
genetic techniques used so far to induce/screen 
mutations in functional biology of crop legumes 
includes. 

   Gene Silencing by RNA Interference 
(RNAi) 
 It involves the inhibition of expression of target 
genes by antisense and sense RNAs. RNAi has 
recently become a powerful tool to silence the 
expression of genes and analyze their loss-of- 
function phenotype, allowing analysis of gene 
function when mutant alleles are not available. 
Downregulation of the  starch branching enzyme 
II  ( SBEII ) gene by RNA interference (RNAi) was 
previously shown to increase amylose content 

and resistant starch content in both hexaploid and 
tetraploid wheat. In polyploidy wheat, dsRNA- 
expressing constructs containing fragments of 
genes encoding  phytoene desaturase  ( PDS ) or 
the signal transducer of ethylene,  ethylene insen-
sitive 2  ( EIN2 ), showed stably inherited pheno-
types of transformed wheat plants that were 
similar to mutant phenotypes of the two genes in 
diploid model (Gupta et al.  2008 ). In soybean, 
the RNAi machinery in hairy roots is fully func-
tional in a sequence-specifi c manner, which 
allows the rapid analysis of sets of candidate 
genes for alleles underlying variation. RNAi 
knockouts have also been used to ascertain 
homology in fl oral organ development between 
cereals,  Petunia , and  Arabidopsis  (Dwivedi et al. 
 2008 ).  

   Virus-Induced Gene Silencing 
 This is performed by cloning a 200–1,300 bp 
cDNA fragment from a plant gene of interest into 
a DNA copy of the genome of an RNA virus and 
transfecting the plant with this construct using 
 Agrobacterium . Consequently, it leads to knock-
out or knockdown phenotype for the gene of 
interest (Gupta et al.  2008 ). The apple latent 
spherical virus (ALSV) has been reportedly used 
with minimal side effects on cucurbits, tomato, 
tobacco, potato, and different legumes. Recently, 
 Citrus leaf blotch virus  (CLBV) has been recom-
mended for viral vector in Citrus crops 
(Tomlekova  2010 ).  

   Insertional Mutagenesis/Transposon- 
Mediated Mutagenesis 
 T-DNA (the segment of the Ti plasmid of 
 Agrobacterium tumefaciens  known as T-DNA) or 
transposon insertion has been exploited to create 
disruptions in target genes of interest, introduce 
new genes, or activate endogenous genes in the 
plant genome. A population of plants each hav-
ing an insertion(s) at a unique site in the genome 
is generated either by transformation (T-DNA) or 
transposon activation. Transposon-tagged non- 
nodulating mutant blocking the infection thread 
and nodule primordia formation, designated as 
 nin  (nodule inception), has been developed in 
forage legume  Lotus japonicus  (Pathan and 
Sleper  2008 ). In soybean, there has been a recent 
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initiative to develop a sizeable number of mutants 
using the maize Ds element (Dierking and Bilyeu 
 2009 ). In the model plant,  Arabidopsis , a large 
collection of knockout mutants of T-DNA inser-
tion developed through cloning, transformation, 
tissue culture methods, and combination with 
maize transposable elements are valuable tools 
for reverse genetics (Alonso-Blanco et al.  2009 ; 
Koornneef and Meinke  2010 ). Additional tech-
nologies for generating loss-of-function pheno-
types such as RNAi and miRNA (Schwab et al. 
 2006 ) have also become available. Random 
insertion libraries have also been generated using 
activation tagging (Koornneef and Meinke  2010 ) 
for dominant mutants and promoterless reporter 
constructs for selection of insertions at desired 
intragenic locations coupled with visualization of 
expression patterns (Koornneef and Meinke 
 2010 ). In rice, induced by the insertion of the 
endogenous retrotransposon  Tos17 , which corre-
sponds to  CesA  (cellulose synthase catalytic sub-
unit) genes,  OsCesA4, OsCesA7 , and  OsCesA9  
were expressed in seedlings, culms, premature 
panicles, and roots but not in mature leaves, 
revealing their importance in cellulose synthesis 
in secondary wall. Many mutants appear to result 
from transposon insertions such as albino rice 
plants or barley forms differing in susceptibility 
to powdery mildew. In barley, mutagenesis with 
EMS, NMU, and NaN3 induces huge genome 
changes accompanied with morphological varia-
tions which are likely driven by activation of 
various transposons and subsequent deletion as 
well as insertion, as revealed by sequence- 
specifi c amplifi cation polymorphism (SSAP) fi n-
gerprints (Polok and Zielinski  2011 ). SSAP 
profi les inform about the sites in whole genomes, 
in which transposons are inserted, coupled with 
point mutations at target sites. The low copy 
number and high transposition frequency of  Cs1  
in sorghum and its homologous sequences in 
rice, maize, teosinte, sudan grass, and sugarcane 
imply that this transposon can be used as an effi -
cient mutagen, indicating its feasibility as a tag-
ging tool (Polok and Zielinski  2011 ).  

   TILLING: A High-Throughput Technique 
for Mutation Discovery 
 During the last decade, the use of chemically 
induced mutagenesis has had a renaissance with 

the development of TILLING (Targeting Induced 
Local Lesions in Genomes) technology as the 
most effi cient reverse genomic tools in functional 
biology (Henikoff et al.  2004 ). However, it was 
also shown that it could be adopted to use mutant 
populations developed through physical muta-
genesis, such as gamma and fast neutron irradia-
tion. For example, the De-TILLING technique 
could be effectively used to detect a specifi c 
mutant in a pool of 6,000 plants. In TILLING, 
mutagenesis is complemented by the isolation of 
chromosomal DNA from every mutated line, and 
high-throughput screening of induced point 
mutations at large scale is possible using 
advanced molecular techniques. A diagrammatic 
protocol of TILLING is given in Fig.  2 . TILLING 
in legumes has been used either to confi rm, by 
generating additional alleles, a lesion in forward 
screened mutants, especially those associated 
with the rhizobium–legume symbiosis, or to gen-
erate unique mutants as followed in cereals, mil-
lets, vegetable, spices, fruit crops, and of course 
in the  Arabidopsis  (Perry et al.  2009 ). TILLING 
is especially suited to species where there are few 
genomic resources and where insertion mutagen-
esis to create knockout mutants is diffi cult either 
through a lack of appropriate elements or an inef-
fi cient transformation system (Parry et al.  2009 ). 
The main advantage of TILLING as a reverse 
genetics strategy is that it can be applied to any 
plant species, regardless of its genome size, 
ploidy level, or method of propagation. Chemical 
mutagens, which are usually used in TILLING 
protocols, provide a high frequency of point 
mutations distributed randomly in the genome. 
Furthermore, since it is a nongenetically modi-
fi ed technology, it is highly desirable in those 
crops/countries where application of GM tech-
nology is restricted. These advantages have facil-
itated its swift move from models to crop plants.  

 Mutant discovery through TILLING process 
involves: (a) Direct sequencing and next- 
generation sequencing. (b) Li-Cor—It relies on 
the specifi c cleavage of mismatched bases formed 
as a result of repeated melting and reannealing of 
a PCR product amplifi ed from a region of inter-
est. (c) Denatured High-Performance Liquid 
Chromatography (DHPLC). (d) Usual agarose or 
PAGE-gel analysis. (e) High-Resolution Melt—
Intercalating dyes are used that fl uoresce only 
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when bound to DNA. In increasing temperature, 
DNA strands will melt apart causing a release of 
the dye, and the total fl uorescence will decrease 
in a predictable way. A mutation will cause a 
shift in the graph as the mismatched base changes 
the melting temperature. (f)  MALDI-TOF  or 
matrix-assisted laser desorption ionization time- 
of-fl ight spectroscopy. So far, Li-Cor is exten-
sively used in mutant screening. In contrast to 
conventional protocols of TILLING, which are 
limited in their ability to detect mismatch cleav-
age due to nonspecifi c removal, by the nuclease, 
of 5′ end-labeled termini, a new highly sensitive 
and specifi c mismatch scanning assay being 
employed in rice called “endonucleolytic muta-
tion analysis by internal labeling” (EMAIL) has 
been developed using capillary electrophoresis, 
involving internal amplicon labeling by PCR 
incorporation of fl uorescently labeled deoxynu-
cleotides. Multiple mutations among allelic pools 

were detected when EMAIL was applied with the 
mismatch nucleases, greatly enhancing the 
capacity of mutation detection in specifi c genes 
in pooled samples and improving throughput and 
effi ciency and have the potential to be used as 
reliable and fast-track technology in crop muta-
tion biology and breeding through TILLING 
(Cross et al.  2008 ). 

 Successful genome sequencing in  Arabidopsis  
along with model legumes,  Lotus japonicus  and 
 Medicago truncatula , and a web-accessible 
mutant discovery by TILLING approach (Perry 
et al.  2009 ) has markedly facilitated the search of 
genes controlling agronomically desirable traits 
in  Arabidopsis , rice, wheat, maize, barley, oat, 
sunfl ower, Brassica, sugar beet, potato, tomato, 
pepper, grapes, Musa, and in the crop as well 
model legumes, for which several TILLING plat-
forms and various web-based resources have 
been developed (Table  5 ). In one of the fi rst mod-

  Fig. 2    Diagrammatic representation of generation of a TILLING population in plant       
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ifi cations of TILLING technology, mutation 
detection technology was used to discover poly-
morphisms in a natural population by Eco- 
TILLING and individualized TILLING in  A. 
thaliana . Besides several yield traits, herbicide 
resistance is another important target of agricul-
ture. Several classes of herbicides are known to 
inhibit the  ALS (acetolactate synthase)  gene. The 
highly selective  ALS -inhibiting herbicides are 
very valuable for the weed management for a 
wide range of crops worldwide. Eco-TILLING 
was used for the detection of single nucleotide 
mutations in the  ALS  genes of sulfonylurea (SU) 
resistant (R) in  Monochoria vaginalis  
(Pontederiaceae). Several new virus-resistant 
alleles from natural population of  Capsicum ann-
uum  (eIF4E and eIF(iso)4E) and  Cucumis  spp. 
(IF4E) are screened by Eco-TILLING. A modi-
fi ed TILLING system using non-labeled primers 
and fast capillary gel electrophoresis was applied 
for high-throughput detection of single nucleo-
tide substitution mutations in rice (Henikoff et al. 
 2004 ).

   An ideal mutagenesis approach for a highly 
duplicated paleopolyploid genome like soybean 
would allow for the simultaneous recovery of 
plants with single or multiple mutations in each 
member of a gene family of interest without dis-
ruption to the rest of the genetic background. In 
reverse genetics, a denser mutagenesis compared 
to diploid has recently been achieved in autotet-
raploid  Arabidopsis  for a high-effi ciency 
TILLING (Tsai et al.  2013 ), and this can be 
applied in other plants where suffi cient polyploid 
stock is available (Talukdar  2012d ).       
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   Abstract  

  Developmental cues and environmental sig-
nals remodel the chromatin structure, thus 
affecting various processes, including fl ower-
ing time, imprinting, fl oral development, and 
biotic and abiotic stress responses in plants. 
Chromatin remodeling through histone tail 
post-translational modifi cations, DNA meth-
ylation, and ATP- dependent nucleosome reor-
ganization represents a ubiquitous mechanism 
to regulate gene expression. Most of the 
 epigenetic and epigenomic studies for the 
 regulation of gene expression in response to 
developmental and environmental stimuli 
have been carried out in  Arabidopsis . 
Although genetic modifi cations have been 
used for crop improvement, however, the epi-
genetic modifi cations are at their beginning. 
In this chapter, we summarize the roles of 
chromatin-remodeling mechanisms in response 
to environmental stimuli and discuss their 
potential for crop improvement.  
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        Introduction 

 In eukaryotic cell nuclei, genomic DNA is pack-
aged into a highly organized nucleoprotein com-
plex known as chromatin. The fundamental unit 
of chromatin is the nucleosome, which is com-
posed of ~147 base pairs of DNA wrapped around 
a core of eight histone molecules (two copies of 
each of the histones H2A, H2B, H3 and H4). 
Nucleosomes are not simply static structural 
units, but are rather dynamic. Nucleosomes can 
be moved, stabilized/destabilized, and disassem-
bled/reassembled at particular genome locations 
in response to specifi c environmental signals or 
developmental cues. The resulting dynamic of 
the chromatin structure directly modulates the 
DNA accessibility, thus regulating all DNA- 
template processes (i.e., transcription, DNA 
 replication, DNA repair, recombination, transpo-
sition, or chromosome segregation) and affecting 
various processes in plants such as root growth, 
fl owering timing, fl oral organogenesis, gameto-
phyte or embryo formation, as well as the 
response to pathogens or environmental changes 
(Berr et al.  2011 ). However, not all genes are 
active at all times. Therefore, cells use several 
mechanisms along the genome to alter the chro-
matin structure and the properties of a nucleo-
some in order to specifi cally control gene 
expression. Regulation of gene expression within 
the chromatin context is controlled by different 
mechanisms, including nucleosome assembly, 
ATP-dependent nucleosome reorganization, 
DNA methylation, and post-translational cova-
lent histone modifi cations (e.g., acetylation, 
ubiquitination, methylation, phosphorylation, 
sumoylation). 

 Different epigenetic regulators are controlling 
all the above mechanisms, and the changes in 
these regulators can infl uence gene expression of 
a particular gene or set of genes, while the under-
lying DNA sequence remains identical (Jablonka 
and Raz  2009 ). Most of these changes are revers-
ible developmental effects, and they are part of 
molecular processes encoding phenotypic plas-
ticity in response to environmental variation 

(Richards et al.  2010 ) (Fig.  1 ). However, inherit-
able chromatin changes have also been reported 
(Jablonka and Raz  2009 ). At this point, it is 
important to clarify that those modifi cations 
which are not inheritable are not included in epi-
genetics as according to the defi nition of epi-
genetics, these modifi cations must be inheritable 
(mitotic and/or meiotic). Thus, we can broadly 
classify these modifi cations into nonheritable 
chromatin modifi cations (chromatin modifi ca-
tions that are the result of processes such as DNA 
repair or phosphorylation of serine 10 of histone 
H3, which are observed only at specifi c times 
during the cell cycle and are, therefore, unlikely 
to encode epigenetic information (Springer 
 2013 )) and heritable chromatin modifi cations. 
The heritable chromatin modifi cations can fur-
ther be classifi ed into mitotically transmissible 
modifi cations that are reset in the next generation 
and meiotically transgenerational chromatin 
modifi cations that are inherited/transmitted to the 
following generations. The mitotically stable epi-
genetic marks, which accompany development, 
are mainly histone modifi cation, but there are 
some examples of involvement of DNA methyla-
tion as well (Lauria et al.  2004 ; Zemach et al. 
 2010 ; Khan et al.  2013 ). However, DNA methyl-
ation can exhibit a relatively stable pattern of 
inheritance even over hundreds of years (Cubas 
et al.  1999 ; Manning et al.  2006 ). Because herita-
bility determines the potential of changes or vari-
ations of a trait, it is essential to determine the 
degree of heritability of epigenetic modifi cations, 
their impact on given ecologically important 
traits (Fisher  1930 ; Falconer  1996 ), their role in 
individual adaptation to changing environment 
(Visser  2008 ; Hoffmann and Sgrò  2011 ) and ulti-
mately in crop improvement.  

 The heritable epigenetic mutations, i.e., epi-
mutations/epialleles, can be classifi ed into three 
categories on the basis of relative dependence on 
the genotype. Pure epialleles constitute the fi rst 
category, which is solely epigenetic, meaning 
that they are independent of the genetic varia-
tions. The second category is facilitated epial-
leles, which are not fully dependent on genetic 
variation, although they are linked and even 
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caused by a genetic variant. The example for this 
kind of epialleles is DNA methylation spreading 
into a gene after the insertion of a neighboring 
transposon where this methylation of the gene is 
maintained across generations even after the 

facilitating transposon is excised or segregated 
away, meaning they could be partly attributable 
to both genetic and epigenetic differences. The 
third category is obligate epialleles, which are 
directly determined by genetic variants and 

  Fig. 1    Gene expression regulation through genetic and 
epigenetic modifi cations in natural population in response 
to environmental stimuli. The genetic and epigenetic 
changes may act alone or together and regulate the gene 

expression, which may result in a heritable and nonher-
itable change and may lead to a survival and/or crop 
improvement       
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 co- segregate with these methylation variants 
(Woo et al.  2007 ). For example, methylation of a 
gene may be dependent on the presence or 
absence of a nearby transposon. There are many 
examples of epimutations that provide evidence 
that the genetic events like transposon insertions, 
duplications, and other structural rearrangements 
might trigger the chromatin remodeling which 
results in epigenetic control for particular haplo-
types (Martin et al.  2009 ; Durand et al.  2012 ). 

 Increasing world population and changing cli-
mate demand to improve crop species. Although 
Mendelian-based genetic approaches and DNA 
sequence variation to select and improve crop 
varieties capture a substantial portion of heritable 
variation, dissecting epigenetic mechanisms 
could lead to more effi cient improvement of 
crops. A crop improvement strategy includes the 
response to environmental stimuli, and the poten-
tial role of chromatin modifi cations in biotic and 
abiotic stresses has been recently reported 
(Chinnusamy and Zhu  2009 ; Kim et al.  2010 ; 
Berr et al.  2012 ). In view of global climate 
change, improving our knowledge of epigenetic 
regulation could have a signifi cant impact on 
breeding for increased stress tolerance. In this 
chapter, we summarize the recent advances in 
epigenetic regulation in response to stress and 
discuss the potential of epigenetic regulatory 
mechanisms for crop improvement.  

    Histone Modifi cations 

 The N-terminal tails of histone are subjected to 
different covalent posttranslational modifi cations 
(PTMs) through the addition of acetyl or methyl 
groups and small peptide such as ubiquitin. 
Numerous PTMs may occur on one histone or 
different histones from the same nucleosome. 
Histone modifi cations, particularly acetylation/
deacetylation and methylation/demethylation, 
epigenetically regulate the response to various 
stresses (Table  1 ). Here below we summarize the 
current knowledge of the enzymes responsible 
for histone modifi cations and involvement to 
environmental stimuli.

      Histone Acetylation 

 Histone acetylation is linked to transcriptional 
activation in euchromatin and also related to DNA 
replication, recombination, and repair (Allfrey 
et al.  1964 ; Allis et al.  1985 ; Unnikrishnan et al. 
 2010 ). Acetylation by addition of an acetyl group 
to histone lysine (K) residues neutralizes the posi-
tive charge of lysine and therefore modifi es the 
histone-DNA interaction, relieving DNA from its 
condensate state and exposing it to the transcrip-
tional machinery. In  Arabidopsis , lysine residues 
of histone H3 (K9, K14, K18, K23, and K27) and 
H4 (K5, K8, K12, K16, and K20) are subjected to 
acetylation modifi cations (Earley et al.  2007 ; 
Zhang et al.  2007 ). Histone acetyltransferases 
(HATs) are divided into four main classes based 
on the sequence homology with yeast and mam-
malian HATs and mode of action: GNAT (GCN5-
related  N -terminal acetyltransferases), MYST 
(MOZ, Ybt2, Sas2, Tip60 like), CBP/p300 
(CREB-binding protein), and TAF1/TAF II 250 
families (Sterner and Berger  2000 ). AtGCN5 
(GENERAL CONTROL NON- REPRESSIBLE 
5) was shown to acetylate H3 in vitro (Earley 
et al.  2007 ).  Atgcn5  mutant showed reduced levels 
of global H3 acetylation (Bertrand et al.  2003 ), 
particularly on H3K14 and H3K27 at certain gene 
loci (Benhamed et al.  2006 ). AtGCN5 was found 
to be involved in environmental responses (i.e., 
cold), along with other development pathways 
(Vlachonasios et al.  2003 ). AtGCN5 not only 
interacts with  Arabidopsis  Ada2 homologues 
AtADA2a and AtADA2b in vitro but also acety-
lates AtADA2a/b (Stockinger et al.  2001 ; Mao 
et al.  2006 ).  Atada2b  mutants showed a hypersen-
sitive response to salt and abscisic acid (ABA) 
and altered response to low-temperature stress 
(Hark et al.  2009 ). H3 and H4 acetylation was 
found reduced on  COR6.6  ( COLD-RESPONSIVE 
6.6 ),  RAB18  ( RESPONSIVE TO ABA 18 ), and 
 RD29b  ( RESPONSIVE TO DESSICATION 29b ) 
genes under salt stress in  Atada2b  mutants (Kaldis 
et al.  2011 ). The cold-induced transcription factor 
CBF1 (C-repeat/DRE BINDING FACTOR 1) 
interacts with AtADA2 and AtGCN5 
(Mao et al.  2006 ), and they positively regulate the 
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(continued)

   Table 1    Histone modifi cations and chromatin remodeling factors involved in biotic and abiotic stresses   

 Type  Gene  Plant  Function  References 

  HATs  
 GNAT   AtGCN5   Arabidopsis  Cold stress  Vlachonasios et al. ( 2003 ) 

  AtABO1   Arabidopsis  Drought and oxidative stress tolerance, 
ABA sensitive 

 Chen et al. ( 2006 ) 

  AtELP2   Arabidopsis  Oxidative stress tolerance, ABA sensitive  Zhou et al. ( 2009 ) 
  AtELP4   Arabidopsis  ABA sensitive  Zhou et al. ( 2009 ) 
  AtELP6   Arabidopsis  ABA sensitive  Zhou et al. ( 2009 ) 
  OsHAG702   Rice  Cold and heat stress, ABA sensitive  Liu et al. ( 2012 ) 
  OsHAG703   Rice  Cold, drought, and salt stress; ABA 

sensitive 
 Liu et al. ( 2012 ) and Fang 
et al. ( 2014 ) 

  OsHAG704   Rice  Heat stress  Liu et al. ( 2012 ) 
  HvGCN5   Barley  ABA sensitive  Papaefthimiou et al. ( 2010 ) 
  HvElp3   Barley  ABA sensitive  Papaefthimiou et al. ( 2010 ) 

 MYST   OsHAM701   Rice  Drought and salt stress  Liu et al. ( 2012 ) and Fang 
et al. ( 2014 ) 

  HvMYST   Barley  ABA sensitive 
 CBP/p300   OsHAC701   Rice  Cold, heat, and salt stress; ABA sensitive  Liu et al. ( 2012 ) 

  OsHAC703   Rice  Cold, drought, and salt stress; 
ABA and SA sensitive 

 Liu et al. ( 2012 ) and Fang 
et al. ( 2014 ) 

  OsHAC704   Rice  Cold, heat, and salt stress; SA sensitive  Liu et al. ( 2012 ) 
 TAF1   OsHAF701   Rice  Cold and drought stress  Liu et al. ( 2012 ) and 

Fang et al. ( 2014 ) 
  HDACs  
 RPD3/HDA1   AtHDA19   Arabidopsis  Resistance to  A. brassicicola  and  P. 

syringae , salt stress tolerance 
 Zhou et al. ( 2005 ), 
Chen and Wu ( 2010 ), 
and Choi et al. ( 2012 ) 

  OsHDA705   Rice  SA, JA, and ABA sensitive  Fu et al. ( 2007 ) 
  OsHDA714   Rice  Cold, salt, and mannitol stress  Fu et al. ( 2007 ) 

 HD2-like   AtHD6   Arabidopsis  Freezing tolerance and JA signaling 
  AtHD2C   Arabidopsis  Salt and drought stress tolerance, 

ABA sensitive 
  OsHDT701   Rice  Resistance to  M. oryzae  and  Xoo ; 

SA, JA, and ABA sensitive 
 Fu et al. ( 2007 ), Li 
et al. ( 2011 ), and 
Ding et al. ( 2012 ) 

  OsHDT702   Rice  SA, JA, and ABA sensitive  Fu et al. ( 2007 ) 
  HvHDAC2-1   Barley  SA, JA, and ABA sensitive  Demetriou et al. 

( 2009 ) 
  HvHDAC2-2   Barley  SA, JA, and ABA sensitive  Demetriou et al. 

( 2009 ) 
 SIR2   AtSRT2   Arabidopsis  Resistance to  P. syringae , SA signaling  Wang et al. ( 2010 ) 

  OsSIRT701   Rice  Cold, salt, and mannitol stress  Fu et al. ( 2007 ) 
  OsSIRT702   Rice  Cold, salt, and mannitol stress  Fu et al. ( 2007 ) 
  OsSRT1   Rice  Oxidative stress tolerance  Huang et al. ( 2007 ) 
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expression of cold-inducible genes during cold 
stress (Pavangadkar et al.  2010 ). This suggests 
that CBF is recruiting GCN5-containing activator 
complexes to activate the cold-responsive genes. 
SGF29 ( SAGA-ASSOCIATED FACTOR 29 ), 
another component of GCN5-containing com-
plexes in yeast, has two orthologs in  Arabidopsis  
AtSGF29a and AtSGF29b.  Atsgf29a  mutants 
showed increased tolerance to salt stress (Kaldis 
et al.  2011 ), whereas  Atada2b  mutants were 
hypersensitive. This suggests that different com-
ponents of GCN5-containing HAT complexes 
may play a different role in plant stress tolerance. 
Elongator HAT complex is involved in ABA sig-
naling, drought, and oxidative stress responses in 
 Arabidopsis  (Chen et al.  2006 ; Zhou et al.  2009 ). 
 AtABO1/ELO2  ( ABA OVERLAY SENSITIVE 1 ), 
an Elp1 homologue of yeast, was identifi ed in a 
genetic screen of drought-resistant mutant (Chen 
et al.  2006 ).  Atabo1/elo2/elp1  mutant showed 
ABA hypersensitivity in germination and seed-
ling growth and also showed drought- and 
oxidative- resistant phenotype (Chen et al.  2006 ). 

Mutation in the genes coding for the core 
 subcomplex subunits  AtABO1/ELO2/ELP1  and 
 AtELP2 (ELONGATOR SUBUNIT 2) , but not in 
the genes coding for accessory subcomplex sub-
units  AtELP4 (ELONGATOR SUBUNIT 4)  and 
 AtELP6 (ELONGATOR SUBUNIT 6) , caused sto-
matal closing to be hypersensitive to ABA (Zhou 
et al.  2009 ). Furthermore, these single mutants 
showed resistance to oxidative stress and to CsCl 
compared to the wild type plant (Zhou et al. 
 2009 ). AtELP2 and AtELP3  (ELONGATOR 
SUBUNIT 3)  were also required for both basal 
immunity and effector-triggered immunity (ETI), 
but not for systemic acquired resistance (SAR) 
(DeFraia et al.  2010 ; DeFraia et al.  2013 ). These 
results suggest that elongators play crucial roles 
in ABA signaling pathways and abiotic and biotic 
stress responses. AtTAF1/HAF2 was shown to be 
required for light-regulated gene expression 
(Benhamed et al.  2006 ). Together, HATs from 
GNAT family are involved in both biotic and 
 abiotic stresses. However, involvement of HATs 
from CBP, MYST, and TAF1 classes in biotic and 

 Type  Gene  Plant  Function  References 

  HMTs  
 Lysine   AtATX1   Arabidopsis  Drought stress, SA sensitive  Ding et al. ( 2011 ) 

  AtSDG8   Arabidopsis  Resistance to  A. brassicicola  and  
B. cinerea , JA/ET 

 Berr et al. ( 2010 ) and 
Palma et al. ( 2010 ) 

  HvTX1   Barley  Drought stress  Papaefthimiou and 
Tsaftaris ( 2012b ) 

  HvE(Z)   Barley  ABA sensitive  Kapazoglou et al. 
( 2010 ) 

 Arginine   AtPRMT5   Arabidopsis  Salt stress tolerance  Zhang et al. ( 2011 ) 
  HDMs  
 Jumonji (jmj)   HvPKDM7   Barley  Drought stress  Papaefthimiou and 

Tsaftaris ( 2012a ) 
  Others  
 Ubiquitination   AtHUB1   Arabidopsis  Resistance to  B. cinerea  and 

 A. brassicicola  
 Dhawan et al. ( 2009 ) 

 PC Complex   AtMSI1   Arabidopsis  Drought stress tolerance  Alexandre et al. 
( 2009 ) 

  HvFIE   Barley  ABA sensitive  Kapazoglou et al. 
( 2010 ) 

 Remodelers   AtCHR12   Arabidopsis  Drought, heat, and salinity stress  Mlynárová et al. ( 2007 ) 
  AtBRM   Arabidopsis  Drought stress tolerance  Han et al. ( 2012 ) 
  AtSYD   Arabidopsis  Resistance to  B. cinerea   Walley et al. ( 2008 ) 

  Abbreviations:  HAT  histone methyltransferases,  HDAC  histone deacetylases,  HMTs  histone methyltransferases,  HDM  
histone demethylases,  PC  polycomb  

Table 1 (continued)
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abiotic stresses response is still lacking in 
 Arabidopsis . 

 Until now, the knowledge of HATs in the fi eld 
crops is very limited. Eight HATs have been 
identifi ed in rice and divided into four families: 
GNAT (OsHAG702, OsHAG703, and 
OsHAG704), MYST (OsHAM701), CBP/p300 
(OsHAC701, OsHAC703, OsHAC704), and 
TAF1/TAF II 250 (OsHAF701) (Liu et al.  2012 ). 
Rice HATs respond to ABA, salicylic acid (SA), 
and various abiotic stresses, i.e., cold, heat, 
drought, and salt (Liu et al.  2012 ; Fang et al. 
 2014 ). An increase in transcription of  OsHAG702 , 
 OsHAG703 ,  OsHAC701 ,  OsHAC703 , and 
 OsHAM701  was observed with the exogenous 
application of ABA, whereas  OsHAC703  and 
 OsHAC704  transcript levels were reduced with 
SA application. In addition,  OsHAC701 , 
 OsHAC703 ,  OsHAC704 , and  OsHAG703  tran-
scripts were induced by salt and depressed by 
cold exposure (Liu et al.  2012 ). Furthermore, H3 
(K9, K18, and K27) and H4 (K5) acetylation 
and transcripts of  OsHAG703 ,  OsHAM701 , 
 OsHAC703 , and  OsHAF701  were found 
increased after drought stress in rice seedlings 
(Fang et al.  2014 ). Barley HATs belonging to 
GNAT (HvGCN5 and HvELP3) and MYST 
(HvMYST) families respond to ABA 
(Papaefthimiou et al.  2010 ). The expression of 
 HvGCN5 ,  HvELP3 , and  HvMYST  was induced 
with exogenous application of ABA 
(Papaefthimiou et al.  2010 ). Together, these stud-
ies showed that HATs from all the four families 
are involved in different stresses in fi eld crops. 
Therefore, the understanding of molecular mech-
anism may play an important role to cope with 
various stresses in fi eld crops. It is hoped that this 
will eventually lead to a long-term improvement 
of stress tolerance in fi eld crops, which is impor-
tant for food security.  

    Histone Deacetylation 

 The homeostatic balance of histone acetylation is 
maintained through the antagonistic action 
between HATs and histone deacetylases 
(HDACs). In  Arabidopsis , HDACs are classifi ed 

into three families: the reduced potassium 
 dependency 3 (RPD3/HDA1) superfamily, the 
HD2- like family, and the silent information regu-
lator 2 (SIR2) family (Imhof et al.  1997 ; Sterner 
and Berger  2000 ; Strahl and Allis  2000 ). 
Functional analysis has demonstrated that HDA1 
class of HDACs is involved in both biotic and 
abiotic stresses response in  Arabidopsis . 
Overexpression of  AtHDA19  leads to increased 
expression of a gene that integrates jasmonic acid 
(JA) and ethylene (ET) signaling pathway, i.e., 
 ERF1  ( ETHYLENE RESPONSIVE FACTOR 1 ) 
and  PR  ( PATHOGENESIS RELATED ) genes. 
This results in increased plant resistance to 
 Alternaria brassicicola  (Zhou et al.  2005 ). It is 
also reported that AtHDA19 ( HISTONE 
DEACETYLASE 19 ) is involved in the repression 
of SA-mediated defense responses.  Athda19  
mutant has increased SA contents and the expres-
sion of PR genes, resulting in enhanced resis-
tance to  Pseudomonas syringae  (Choi et al. 
 2012 ). AtHDA19 interacts with WRKY38 
( WRKY TRANSCRIPTION FACTOR  38) and 
WRKY62 ( WRKY TRANSCRIPTION FACTOR 
62 ) transcriptional activator to regulate plant 
basal defense responses (Kim et al.  2008 ). 
AtHDA6 ( HISTONE DEACETYLASE 6 ), another 
HDAC, is also involved in JA response, and 
 Ataxe5/hda6  showed reduced expression of 
JA-responsive genes  PDF1.2 (PLANT 
DEFENSIN 1.2) ,  VSP2 (VEGETATIVE 
STORAGE PROTEIN 2) ,  JIN1 (JASMONATE 
INSENSITIVE 1 ), and  ERF1  (Wu et al.  2008 ). 
 Ataxe5/hda6  mutants also showed reduced freez-
ing tolerance (To et al.  2011 ), indicating that 
AtHDA6 has a critical role in freezing tolerance. 
The expression of ABA and abiotic stress-respon-
sive genes  ABI1 (ABA INSENSITIVE 1) ,  ABI2 
(ABA INSENSITIVE 2) ,  KAT1 (POTASSIUM 
CHANNEL IN ARABIDOPSIS THALIANA 1) , 
 KAT2 (POTASSIUM CHANNEL IN 
ARABIDOPSIS THALIANA 2) ,  DREB2A 
(DEHYDRATION-RESPONSIVE ELEMENT- 
BINDING PROTEIN 2A) ,  RD29A (RESPONSIVE 
TO DESSICATION 29A) , and  RD29B  was 
decreased in  Ataxe5/hda6  mutant or  AtHDA6- 
RNAi   plants (Chen et al.  2010 ). Similarly, 
 Athda19  mutant also showed a hypersensitive 
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response to ABA and salt stress (Chen and Wu 
 2010 ). This suggests that  AtHDA19  and  AtHDA6  
may play a redundant role in modulating ABA 
and salt stress response. Moreover, AtHDA19 
and AtHDA6 play a crucial role in responses to 
biotic and abiotic stresses.  AtHDA2C , an HD2- 
type HDAC, was also shown to be involved in 
ABA and salt stress response. Overexpression of 
 AtHD2C  in transgenic plants showed enhanced 
tolerance to salt and drought stress and ABA- 
insensitive phenotype (Sridha and Wu  2006 ). 
Conversely,  Athd2c  mutant showed a hypersensi-
tive response to ABA and NaCl and decreased 
tolerance to salt stress (Luo et al.  2012 ). 
Furthermore, AtHD2C interacts with AtHDA6 
(Luo et al.  2012 ), suggesting that AtHD2C may 
functionally associate with AtHDA6 to ABA and 
salt stress responses and may be a part of HDAC 
complexes to regulate gene expression through 
histone modifi cations.  Arabidopsis SIRTUIN 2  
( AtSRT2 ), an SIR2 HDAC expression, is down-
regulated upon  Pseudomonas syringae  pv . 
tomato  ( Pst DC 3000) infection. AtSRT2 sup-
presses the expression of SA biosynthesis genes 
 PAD4 (PHYTOALEXIN-DEFICIENT 4) ,  EDS5 
(ENHANCED DISEASE SUSCEPTIBILITY 5 ), 
and  SID2 (SPAC24B11.11C) , thereby supressing 
SA production and expression of defense- 
regulated genes (Wang et al.  2010 ). 

 HDAC and its involvement in biotic and abi-
otic stresses have also been reported in cereals. 
Rice has 19 genes coding for HDAC (Hu et al. 
 2009 ), which may play an important role in regu-
lating various stress responses.  OsHDA705 , 
 OsHDT701 , and  OsHDT702  transcripts were 
found affected by SA, JA, and ABA, whereas 
 OsHDA714 ,  OsSRT701 , and  OsSRT702  expres-
sion is modulated by cold, mannitol, and salt (Fu 
et al.  2007 ). In  OsSRT1 -RNAi transgenic rice, 
H3K9 acetylation and H3K9 dimethylation 
(H3K9me2) levels were decreased and increased, 
respectively, leading to H2O2 production, DNA 
fragmentation, cell death, and lesion-mimicking 
plant hypersensitive responses during incompat-
ible interactions with pathogens. In contrast, 
 OsSRT1  overexpression showed an enhanced tol-
erance to oxidative stress (Huang et al.  2007 ). 
Overexpression of  OsHDT701 , a plant-specifi c 

HD2 HDAC, leads to decreased level of H4 
 acetylation on fl owering and defense-related 
genes and enhanced susceptibility to the 
 Magnaporthe oryzae  and  Xanthomonas oryzae  
pv.  oryzae  ( Xoo ) pathogens (Li et al.  2011 ; Ding 
et al.  2012 ). In contrast, silencing of  OsHDT701  
showed increased levels of H4 acetylation and 
increased transcription of pattern recognition 
receptor (PRR) and defense-related genes, ele-
vated generation of reactive oxygen species, as 
well as enhanced resistance to both  M. oryzae  
and  Xoo  (Ding et al.  2012 ).  HvHDAC2-1  and 
 HvHDAC2-2  genes, HD2-type HDAC from bar-
ley, were found to respond to JA, ABA, and SA 
treatments, implying an association of these bar-
ley genes with plant resistance to biotic and abi-
otic stresses (Demetriou et al.  2009 ).  NtHD2a  
and  NtHD2b  genes, HD2-type HDAC from 
tobacco, were found to work as inhibitors of 
cryptogein-induced cell death (Bourque et al. 
 2011 ). Together, HD2- type HDAC from rice and 
barley carries the same function, suggesting a 
common function among species for HDAC 
homologues but also possible species-specifi c 
functional diversifi cation, in response to stress. 
The involvement of HDACs in biotic and abiotic 
stresses response in agronomically important 
crops and their underlying molecular mechanism 
is of utmost importance for sustainable crop 
improvement.  

    Histone Methylation 

 Histone methylation plays an essential role in 
diverse biological processes ranging from tran-
scriptional regulation to heterochromatin 
 formation. Methylation of histone can occur on 
lysine (K) or arginine (R) residues leading to 
either transcriptional activation or repression. 
Histone methylation not only occurs at different 
residues (K and R) and distinct sites (e.g., K4, 
K9, K27, K36, R2, and R17 of H3 and K20 and 
R3 of H4, etc.) but also differs in the number of 
methyl groups added (mono-, di-, and tri-methyl-
ated). Methylation of lysine residues does not 
affect their net charge but elevates the hydropho-
bicity nature of the side chain and may alter intra- 
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or intermolecular interactions or create new 
binding surfaces for proteins that bind preferen-
tially to the methylated domains (Liu et al.  2010 ). 
Indeed, the arginine residue, after the addition of 
the methyl group, changes its shape and removes 
a potential hydrogen bond donor as well (Bedford 
and Clarke  2009 ). Mostly the studies have been 
done on histone modifi cations only at individual 
stress-induced plant genes. Very few studies with 
genome-wide histone methylation analysis have 
been reported. van Dijk et al. ( 2010 ) have studied 
genome-wide analysis of the histone H3 lysine 4 
mono-, di-, and tri-methylation (H3K4me1, 
H3K4me2, H3K4me3, respectively) patterns in 
chromatin isolated from  Arabidopsis  rosette 
leaves before and after dehydration stress. 
Genome-wide transcript patterns in watered and 
dehydration-stressed plants were compared in 
this study. The presence of the H3K4me1, 
H3K4me2, and H3K4me3 marks is predomi-
nantly located on genes, and the distribution of 
H3K4me1 and H3K4me2 is higher than 
H3K4me3. Interestingly, H3K4me1, H3K4me2, 
and H3K4me3 patterns display different dynam-
ics and specifi c patterns at upregulated, down-
regulated, and unaffected genes during the 
response to dehydration stress. A modest change 
in H3K4me2 and H3K4me1 levels was found at a 
subset of known stress response genes, but the 
H3K4me3 abundance over gene bodies changed 
more dramatically at genes whose transcript lev-
els increased or decreased during dehydration. 
The different behaviors of each methylation mark 
during the response process illustrate that each 
mark plays a distinct role in the transcriptional 
response of implicated genes. In a recent study, 
genome-wide profi ling of histone H3K4-tri- 
methylation of 25-day-old rice plants under 
dehydration conditions was done. This analysis 
uncovered a positive correlation between 
H3K4me3 accumulation and the expression lev-
els of some drought-responsive genes during 
dehydration. This correlation could be extended 
to genes involved in stress-related metabolite and 
hormone signaling pathways (Zong et al.  2012 ). 
These genome-wide histone modifi cation studies 
help broaden our knowledge on whole genome 
scale and indicate a need to study histone modifi -

cations on a genome-wide level in response to 
other abiotic stresses as well. 

    Histone Lysine Methylation 
 Covalent addition of one, two, or three methyl 
groups (me1, me2, or me3) mainly occurs on 
H3K4, H3K9, H3K27, H3K36, and H4K20, and 
this function is exerted through histone methyl-
transferases (HMTs). All known plant HMTs 
have a so-called SET [from the initially identifi ed 
 Drosophila  HMTs:  S uppressor of variegation 
(Su(var)3-9),  E nhancer of Zeste (E(z)), and 
 T rithorax (TRX)] catalytic domain, an evolution-
arily conserved sequence of 130–150 amino 
acids in length. SET Domain Group (SDG) pro-
teins are classifi ed into three subgroups: 
 S u(var)3-9,  E nhancer of Zeste (E(z)), and 
 T rithorax (TRX). These subgroups have been 
shown to establish different chromatin marks, 
leading to different impacts on transcription. 
SDGs of the ASH1 and TRX subgroups primarily 
belong to the Trithorax group (TrxG) and are 
responsible for methylation on H3K36 and/or 
H3K4, which are associated with transcriptional 
activation (Agger et al.  2008 ; Liu et al.  2010 ). 
The E(z) subgroup SDGs catalyze H3K27 meth-
ylation associated with transcriptional gene 
silencing. H3K27 can be mono-, di-, and tri- 
methylated and seems to be one of the major 
gene silencing mechanisms in  Arabidopsis  
because ~17 % of the coding genes were marked 
with H3K27me3 (Turck et al.  2007 ). Classically 
and conservatively, the Su(var)3-9 subgroup 
SDGs potentially show an H3K9 methyltransfer-
ase activity and are associated with inactive genes 
located in a euchromatic region and within highly 
condensed constitutive heterochromatin (Ng 
et al.  2007 ). SDG proteins have been involved in 
diverse biological processes, including fl owering 
time regulation, fl oral organogenesis, leaf mor-
phogenesis, parental imprinting, and seed devel-
opment (Liu et al.  2010 ; Berr et al.  2011 ; Shafi q 
et al.  2014 ). AtATX1/SDG27, a member of the 
Trithorax group, is a methyltransferase of 
H3K4me3. AtATX1 was found to be involved in 
drought and SA pathway responses (Ding et al. 
 2011 ; Berr et al.  2012 ).  Atatx1  mutant displayed 
larger stomatal apertures, increased transpiration, 
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and decreased tolerance to dehydration stress. 
AtATX1 is required for the induction of  NECD , a 
gene involved in ABA biosynthesis and deposi-
tion of H3K4me3 in response to dehydration 
stress. AtATX1 can infl uence gene expression by 
ABA-dependent as well as ABA-independent 
pathways (Ding et al.  2011 ). AtATX1 was 
described as critical for basal resistance against 
 Pst  DC3000, and it regulates the SA-inducible 
expression of transcriptional factor  WRKY70  
(Alvarez-Venegas et al.  2006 ; Berr et al.  2012 ). 
AtSDG8, another member of the Trithorax group, 
is the major H3K36me2/me3 methyltransferase 
(Xu et al.  2008 ). AtSDG8 was reported in  Pst  
DC3000-triggered plant defense through the reg-
ulation of particular  R  genes (Palma et al.  2010 ) 
and the transcriptional activation of JA/ET 
signaling- related genes (Berr et al.  2010 ).  Atsdg8  
mutant exhibited reduced resistance to  Alternaria 
brassicicola  and  Botrytis cinerea  (Berr et al. 
 2010 ). H3K36 methylation on defense-related 
genes is impaired in  Atsdg8  mutant (Berr et al. 
 2010 ; Palma et al.  2010 ), indicating that AtSDG8 
mediates the pathogen response by regulating 
histone methylation of defense-responsive genes. 
The expression of  AtSUVH2 ,  AtSUVH5 , 
 AtSUVH6 , and  AtSUVH8  genes encoding H3K9 
methylation decreased in the progenies of salt- 
stressed plants (Bilichak et al.  2012 ). In addition, 
 Curly leaf  ( CLF ) gene encoding H3K27 methyla-
tion was hypermethylated in the progenies of 
salt-stressed plants (Bilichak et al.  2012 ). These 
results suggest that H3K9 and H3K27 methyl-
transferases are involved in the plant stress adap-
tation. Until now, HMT involvement in biotic and 
abiotic stresses response is very limited in crops. 
HvTX1, barley TRX-like H3K4 methyltransfer-
ase, has been shown to be involved in drought 
stress. The transcripts of  HvTX1  were found 
increased under drought stress (Shvarts Iu et al. 
 2010 ; Papaefthimiou and Tsaftaris  2012b ). This 
suggests that TrxG plays an important role in 
plant response to environmental stresses. A 
homologue of polycomb complex subunit from 
barley HvE(Z) was found to be induced by ABA 
implying an association with ABA-mediated pro-
cesses during seed development and stress 
response (Kapazoglou et al.  2010 ). Recently, it 

was shown that 18 genes containing SET domain 
from maize showed differential expression under 
salt and drought stress (Qian et al.  2014 ). 
Although SET domain proteins are involved in 
biotic and abiotic stresses in crops, their molecu-
lar mechanism is still missing. It is hoped that 
with emerging new technologies and better 
understanding of molecular mechanism, the SET 
domain proteins may have potential for sustain-
able crop improvement.  

    Histone Arginine Methylation 
 Arginine methylation mainly occurs at R2, R8, 
R17, and R26 of histone H3 and R3 of histone H4 
and histone H2A. Arginine methylation can be 
symmetric or asymmetric and only occurs in 
mono- and di-methyl states (Aletta et al.  1998 ; 
Bedford and Clarke  2009 ). Arginine methylation 
is evolutionarily conserved and has been found in 
fungi, plants,  Caenorhabditis elegans ,  Drosophila 
melanogaster , and vertebrates (Krause et al. 
 2007 ). Arginine methylation is catalyzed by a 
small group of protein arginine methyltransfer-
ases (PRMTs) that harbor a set of four conserved 
motifs (i.e., I, post-I, II, III) and a THW loop 
(Katz et al.  2003 ). Proteins that are arginine 
methylated play an essential role in transcrip-
tional regulation, DNA repair, signal transduc-
tion, nuclear/cytoplasmic shuttling, RNA 
processing, and formation of silent chromatin 
(Bedford and Richard  2005 ; Bedford and Clarke 
 2009 ). In mammals, PRMTs are classifi ed into 
two classes depending on the nature of the modi-
fi cation introduced. Although both type I and 
type II catalyze arginine monomethylation, they 
differ in the fi nal type of arginine modifi cation. 
The type I enzymes result in asymmetrical 
dimethylarginine, whereas type II enzymes result 
in symmetrical dimethylarginine (McBride and 
Silver  2001 ; Katz et al.  2003 ; Jelinic et al.  2006 ). 
The involvement of arginine methylation in biotic 
and abiotic stresses is very poorly understood. 
AtPRMT5/SKB1, a homologue of the human 
PRMT5 ( PROTEIN ARGININE 
METHYLTRANSFERASE 5 ), specifi cally di- 
methylates symmetrically H4R3 as a type II argi-
nine methyltransferase in  Arabidopsis  (Deng 
et al.  2010 ).  Atskb1  mutant displayed salt- 
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hypersensitive phenotype. AtSKB1 suppresses 
the transcription of stress-responsive genes by 
increasing the H3R3sm2 (Zhang et al.  2011 ).   

    Histone Demethylation 

 Histone methylation is important for chromatin 
stability and gene expression and was considered 
irreversible until the discoveries of demethylases 
that antagonized or balanced the methylase 
 activities. There are two types of methylases with 
distinct mechanisms, the lysine-specifi c demeth-
ylases (LSD1) and the Jumonji C (JmjC) domain-
containing demethylases. They use different 
cofactors and act on different substrates to 
remove methyl groups from methylated lysine 
residues. LSD1 is catalytically limited to mono- 
and di-methylated lysine due to the reaction 
mechanism used to initiate the demethylation 
(Klose and Zhang  2007 ). Unlike LSD1, Jmj pro-
teins do not have limitations in their catalytic 
mechanism and are able to demethylate mono-, 
di-, and tri-methyl residues (Agger et al.  2008 ). 
In  Arabidopsis  and rice, histone demethylases 
(HDMs) have been found to be involved in many 
developmental processes and gene silencing 
(Noh et al.  2004 ; Sun and Zhou  2008 ; Chen et al. 
 2013 ; Cui et al.  2013 ; Shafi q et al.  2014 ). 
Although the role of HDMs in stress response is 
not yet clear, evidences suggest that histone 
demethylation may be involved in stress 
responses. Increased level of H3K9/K14ac and 
H3K4me3 and decreased level of H3K9me2 on 
ABA-responsive genes ( ABI1 ,  ABI2 , and  RD29B)  
have been found in  Arabidopsis  after ABA treat-
ment (Chen et al.  2010 ), which suggests that 
some HDMs are working for the demethylation 
of H3K9 to activate the ABA-responsive genes. 
Decreased levels of H3K4me1, H3K4me2, and 
H3K4me3 and downregulation of stress- 
responsive genes have been reported upon dehy-
dration stress in  Arabidopsis  (van Dijk et al. 
 2010 ). This also suggests that HDMs are modu-
lating the expression of stress-responsive genes. 
Recent reports describing a putative role of 
HDMs in stress response are anticipated. 
Putative plant-specifi c barley HvPKDM7 histone 

 demethylase was found to be signifi cantly 
induced by drought stress (Papaefthimiou and 
Tsaftaris  2012a ). Genome-wide analysis of rice 
showed that a lot of genes were differentially 
H3K4me3- modifi ed in drought stress (Zong et al. 
 2012 ), suggesting that the rice HDMs are 
involved in stress response.  

    Other Histone Modifi cations 

 Ubiquitination is the covalent attachment of a 
small (76 amino acids) and highly conserved pro-
tein named ubiquitin to the target protein, achieved 
through the sequential action of the ubiquitin-acti-
vating enzyme E1, the ubiquitin- conjugating 
enzyme E2 (Ubc), and the ubiquitin- protein ligase 
E3 (Pickart  2001 ; Smalle and Vierstra  2004 ). The 
substrate can remain monoubiquitinated, or the 
ubiquitin can have several lysine (K) residues that 
may be substrates themselves for subsequent 
addition of ubiquitins, resulting in a polyubiquitin 
chain. H2B monoubiquitination (H2Bub1) in 
yeast, animals, and  Arabidopsis  is mainly associ-
ated with transcriptional activation (Briggs et al. 
 2002 ; Dover et al.  2002 ; Hwang et al.  2003 ). 
AtHUB1, catalyzing H2B monoubiquitination, 
was reported as a regulatory component of plant 
defense against necrotrophic fungal pathogens 
(Dhawan et al.  2009 ).  Athub1  mutant displayed 
susceptibility to  B. cinerea  and  A. brassicicola . 
ET and SA but not JA modulate the resistance of 
 Athub1  mutants to necrotrophic fungi.  Athub1-6  
presents a reduced cell thickness, indicating that 
HUB1 may regulate resistance by altering plant 
cell wall-related defense mechanisms (Dhawan 
et al.  2009 ). It remains to be explored whether and 
how H2Bub is involved in plant defense. AtMSI1 
(MULTICOPY SUPPRESSOR OF IRAI), a sub-
unit of the Polycomb group (PcG) having H3K27 
methylation activity, has been shown to be 
involved in drought stress (Alexandre et al.  2009 ). 
 Atmsi1  mutant displayed increased tolerance to 
drought stress and increased transcripts of 
stress and ABA-responsive genes, indicating that 
AtMSI1 suppresses stress-responsive genes in 
an ABA-dependent manner. Polycomb com-
plex gene homologue from barley HvFIE 

Plant Epigenetics and Crop Improvement



168

( FERTILIZATION-INDEPENDENT ENDOSPERM 
1 ) was found to be induced by ABA implying 
an association with ABA- mediated processes 
 during seed development and stress response 
(Kapazoglou et al.  2010 ).   

    ATP-Dependent Chromatin 
Remodeling Factors 

 ATP-dependent chromatin remodeling com-
plexes use the energy of ATP hydrolysis to alter 
the structure of chromatin for the regulation of 
gene expression (Vignali et al.  2000 ). ATP- 
dependent chromatin remodeling factors have 
been found to be involved in biotic and abiotic 
stresses response. ATP-dependent chromatin 
complexes can be grouped into three classes: the 
SWI/SNF ATPases, the imitation switch (ISWI) 
ATPases, and the chromodomain and helicase- 
like domain (CHD) ATPases. AtCHR12, an SNF/
BRAHMA-type (BRM) chromatin remodeling 
factor, was shown to be involved in plant growth 
response to adverse environmental conditions 
(Mlynárová et al.  2007 ). Under drought, heat, 
and salinity stress,  AtCHR12  overexpressing 
plants exhibited an arrested growth of normally 
active primary buds as well as reduced growth of 
primary stem.  Atchr12  mutant plants displayed 
less growth arrest than the wild type when 
exposed to stress. However, the molecular mech-
anism of how the AtCHR12 is involved in growth 
arrest under adverse environments is not clear. 
AtBRM, an SWI2/SNF2 chromatin remodeling 
ATPase, has been demonstrated to be involved in 
drought stress (Han et al.  2012 ).  Atbrm  mutant 
showed increased drought tolerance and regu-
lated the expression of ABA-responsive gene 
 AB15 . Furthermore, nucleosomes were found 
destabilized upon the loss of BRM activity, indi-
cating that BRM regulates stress responses 
through the regulation of nucleosome stability of 
 AB15 . Using wounding as stimulus, SPLAYED 
(SYD), a closest homologue of BRM, was shown 
to be required for the basal as well as stress- 
induced expression of genes ( PDF1.2 ,  VSP2 , and 
 MYC2 ) working downstream of JA/ET signaling 
pathways (Walley et al.  2008 ). These results 

 indicate that ATP-dependent chromatin remodel-
ing complexes are playing a crucial role in stress 
responses, thus infl uencing plant innate immu-
nity and tolerance. However, the knowledge 
about the ATP-dependent chromatin remodeling 
factors in fi eld crops is very limited. After UVB 
treatment of maize plants, the enrichment of 
SWI2/SNF2 was found at target genes, implying 
the involvement of chromatin remodeling factors 
in abiotic stress responses (Casati et al.  2008 ). It 
is expected that by exploiting the rice, maize, and 
 Brachypodium  genomes, chromatin remodeling 
complexes and their association with biotic and 
abiotic stresses will be studied, thus improving 
crop production.  

    DNA Methylation 

 DNA methylation refers to a chemical modifi ca-
tion of genomic DNA by the addition/attachment 
of a methyl (−CH3) group to specifi c nucleotide 
bases, which could be cytosine or adenine. It 
occurs most commonly on cytosine base leading 
to a 5-methylcytosine. It is conserved in major 
eukaryotic groups, i.e., plants, animals, and 
fungi, with few exceptions (Goll and Bestor 
 2005 ; Henderson and Jacobsen  2007 ). Although 
methylation at cytosine can be explained in a 
variety of DNA sequence contexts, mechanisti-
cally it can be classifi ed broadly into three con-
texts, CG, CHG, and CHH (where H denotes A, 
T, or C) (Law and Jacobsen  2010 ). The pattern of 
occurrence of DNA methylation varies, i.e., it 
mainly occurs at CG sites in mammals, but it can 
occur in CG, CHG, and CHH contexts in plants 
(Feng et al.  2010 ). In  Arabidopsis , the genome- 
wide DNA methylation level is reported to be 
24 %, 6.7 %, and 1.7 % for CG, CHG, and CHH 
contexts, respectively. Alteration in DNA meth-
ylation is associated with gene regulation and 
transposable element silencing in eukaryotes 
(Law and Jacobsen  2010 ). It acts differently in 
different regions of the genome. In transposable 
elements (TE), where it appears in all three con-
texts (CG, CHG, and CHH), it is responsible for 
transcriptional silencing. In genes, DNA methyl-
ation is mainly restricted to CG sites (Law and 
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Jacobsen  2010 ; Zhang et al.  2010 ), although 
CHG and CHH methylation has also been 
reported recently (González et al.  2011 ). The 
presence of DNA methylation at the gene pro-
moter region is generally negatively correlated 
with gene expression (Zhang et al.  2006 ; Li et al. 
 2012 ). Furthermore, DNA methylation can also 
occur within the gene body (i.e., away from the 5′ 
and 3′ ends of transcription units), in the so- 
called bell-shaped CG “gene body methylation” 
pattern. However, the function of gene body 
methylation is still not clear (Zhang et al.  2010 ). 

 DNA METHYLTRANSFERASE 1 (MET1) 
primarily maintains CG methylation, which is a 
homologue of the mammalian DNA 
METHYLTRANSFERASE1 (DNMT1). 
Moreover, CHROMOMETHYLASE 3 (CMT3) 
maintains CHG methylation. Maintenance of 
CHH methylation is complex because it is asym-
metrical; it needs to be reacquired  de novo  after 
each replication, through the action of the plant- 
specifi c RNA-dependent DNA methylation 
(RdDM) pathway (Law and Jacobsen  2010 ) in 
which small RNAs (24 nucleotides long) target 
the  de novo  methyltransferase DOMAINS 
REARRANGED METHYLTRANSFERASE 2 
(DRM2) to homologous genomic loci to estab-
lish DNA methylation. The modifi cations in 
DNA methylation in response to environmental 
stress have been reported in both locus-specifi c 
and genome-wide studies (Table  2 ). Some of 
such examples are explained below: In tomato, 
altered DNA methylation levels were observed 
on  Asr1  ( ABSCISIC ACID STRESS RIPENING 
1 ) gene under drought stress (González et al. 
 2011 ).  Asr1  is a non-transposon, protein-coding, 
water stress-inducible gene of the LEA super-
family in tomato. The expression of  Asr1  
increases with the longer duration of drought 
stress. In addition, the CHH methylation was 
decreased in drought conditions showing the neg-
ative correlation with gene expression (González 
et al.  2011 ). Furthermore, the existence of all the 
three contexts of DNA methylation (CG, CHG, 
CHH) was reported in the regulatory region of 
 Asr2  ( ABSCISIC ACID STRESS RIPENING 2 ). 
Interestingly, the gene body methylation was 
restricted to only one context (CG). The site- 

specifi c removal of methyl marks from CNN 
sites in the regulatory region was observed under 
drought stress. This response of  Asr2  is heritable 
through generations and could have evolutionary 
importance (González et al.  2013 ). In maize, 
genome-wide DNA methylation pattern was 
studied under cold stress. It led to the identifi ca-
tion of a fragment named  ZmMI1 , which was 
transcribed only in cold stress conditions 
(Steward et al.  2002 ). About 49 transcription fac-
tors showed differential expression in soybean on 
exposure to salinity stress. Moreover, DNA meth-
ylation and expression profi les of one  MYB 
(MYELOBLASTOSIS) , one  b-ZIP (BASIC 
LEUCINE ZIPPER) , and two  AP2/DREB  tran-
scription factor gene family members were sig-
nifi cantly correlated (Song et al.  2012 ). Choi and 
Sano ( 2007 ) analyzed glycerophospho-
diesterase- like protein ( NtGPDL ) gene in tobacco 
to understand the effect of various stresses, 
including aluminum, salt, and cold stress. The 
increased transcription and CG demethylation in 
the coding regions of  NtGPDL  were observed 
under stress conditions (Choi and Sano  2007 ). 
Change in DNA methylation pattern in response 
to biotic stress was also reported. In tobacco, a 
pathogen-responsive gene  NtAlix1 (ALG-2 
INTERACTING PROTEIN X 1)  was studied upon 
the infection of tobacco mosaic virus (TMV). 
The change of DNA methylation at  NtAlix1  was 
observed after 24 hours of infection, indicating 
that DNA methylation pattern undergoes altera-
tion in response to biotic stresses which is closely 
related to the activation of stress-responsive 
genes (Wada et al.  2004 ). One interesting exam-
ple came from the analysis of  Arabidopsis , where 
a putative small RNA target region about 2.6 kb 
upstream of the ATG start codon of  AtHKT1  
( HIGH-AFFINITY K + TRANSPORTER 1 ) gene 
is normally heavily methylated and its hypometh-
ylation represses the  AtHKT1  gene expression, 
which is crucial for salt tolerance (Baek et al. 
 2011 ). In  Arabidopsis , the promoter region of 
 AtRMG1 (RESISTANCE METHYLATED GENE 
1)  gene is targeted by RdDM and ROS1- 
dependent DNA demethylation as a defense 
response against the  P. syringae  pathogen 
(Yu et al.  2013 ). Sharma et al. ( 2009 ) character-
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ized ten putative DNA methyltransferases in rice. 
Expression analysis of them was done at different 
developmental stages and under abiotic stress. 
High salinity and cold stress induced  OsCMT2 , 
but drought stress showed no effect. Drought and 
salinity stress caused  OsCMT3  to exhibit approx-
imately a six- and four fold reduction in mRNA 
accumulation in rice seedlings subjected to high- 
salt and dehydration conditions, respectively. In 
addition to locus-specifi c stress responses, a good 
deal of work has been done on the genome-wide 
level. Genome-wide DNA methylation response 
to cold stress by MSAP (methylation-sensitive 
amplifi cation polymorphism) technique in maize 
revealed global DNA methylation shift. The main 
part of this shift was attributed to the demethyl-
ation of fully methylated fragments (Shan et al. 
 2013 ). Lira-Medeiros et al. ( 2010 ), in an interest-
ing comparative study of mangrove plants, grow-
ing in salt marsh neighborhood and riverside 
habitat, revealed that riverside plants were much 
taller and thicker than the plants growing in salt 
marsh neighborhood. Genome-wide DNA meth-
ylation analysis showed considerable hypermeth-
ylation in riverside plants in comparison with the 
plants growing in salt marsh neighborhood sug-
gesting a pivotal role of natural epigenetic varia-
tions in a plant population toward environmental 
adaptation. Similarly, a genome-wide study by 
MSAP analysis performed in diverse rice geno-
types differing in their salt-responsive character-
istics highlighted differential methylation and 
expression of salt stress-related genes, retrotrans-
posons, and chromatin modifi er genes (Karan 
et al.  2012 ). Another study of genome-wide DNA 
methylation analysis under drought stress has 
been reported in rice. In this study, the compari-
son of two genotypes under drought stress and 
subsequent recovery revealed the genotype- 
specifi c DNA methylation modifi cations, which 
were mostly reversed after recovery, but some 
were maintained even after recovery indicating 
some sort of stress memory. This study illustrated 
the importance of these induced epigenetic 
changes in regulatory mechanisms for adaptation 
of rice plant to environmental stresses (Wang 
et al.  2011 ). Dyachenko et al. ( 2006 ) reported 
hypermethylation of CHG methylation in nuclear 

genome of  Mesembryanthemum crystallinum  
plants during high-salinity stress imposition. 
These examples provide a glimpse of the 
 importance of epigenetic mechanisms in the 
plant response to the environmental variation and 
their potential involvement in the adaptive strate-
gies devised by the plants. In this respect, the 
reported data sets of various plant methylomes 
could  provide the basis for the selection of 
 differential epigenetic regions as probable tar-
gets for the genetic manipulation for crop 
improvement.

       Epigenetic Outlook for Crop 
Improvement 

 One very signifi cant part of the success attained 
in the fi eld of crop yield improvement is attrib-
uted to the plant breeding and genetics. The utili-
zation of desirable available variation has been 
one of the main roles followed by the scientists 
for the improvement of crop plants. In the last 
two decades, the researchers across the globe 
have accumulated the wealth of knowledge that 
provides the evidence of prevalence of epigenetic 
variability (natural as well as generated) and its 
potential to infl uence the phenotype (agronomic 
traits) and large crop improvement. Histone mod-
ifi cations are involved in mitotically stable tran-
scriptional activation or repression and exhibit 
lower level of transgenerational heritability. So, 
can the mitotically stable epigenetic information 
be used for crop improvement? The answer is 
that very similar to transcriptional factors, chro-
matin changes also control plant morphology and 
response to the environment, and a greater  control 
over traits may be achieved by understanding 
these mechanisms, which is highly important for 
the breeding point of view. Several cases of natu-
rally occurring epialleles (i.e., DNA methylation 
alleles that are independent of DNA sequence 
variation causing a visible phenotype) have been 
described, such as the L cyc  locus in  Linaria vul-
garis  (Cubas et al.  1999 ) and an SBP-box gene in 
tomato (Manning et al.  2006 ). DNA methylation 
of natural epialleles has also been described at 
a larger genomic scale for species such as 
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 Arabidopsis  (Cervera et al.  2002 ; Vaughn et al. 
 2007 ),  Spartina anglica  (Salmon et al.  2005 ), or 
 Populus trichocarpa  (Raj et al.  2011 ). These 
examples indicate the existence of epigenetic 
variations in natural populations. Therefore, epi-
genetic variants could be used in breeding pro-
grams for the improvement of crops because 
breeders select for a particular trait rather than a 
molecular mechanism. 

 These genome-specifi c techniques have 
important implications on the crop improvement 
by their potential role in the identifi cation of 
regions, which show epigenetic modifi cations 
under various kinds of stress. This identifi cation 
could lead to the characterization of these 
regions of interests in the genome. Further stud-
ies of these regions could lead to detection of 
epialleles which could be incorporated into the 
breeding programs and play their role in crop 
improvement. Moreover, recent techniques 
enabled breeders to generate desired allelic vari-
ation through the mutagenesis or transgenic 
 modifi cations to develop a trait not observed in 
natural population. Epigenetic regulation affects 
transgene behavior and could be used to estab-
lish novel epialleles for breeding purposes. 
Different approaches have been proposed, spec-
ulated, and/or initiated to use the epigenetic 
diversity in the breeding programs. One big hur-
dle in producing or developing epigenetic diver-
sity in crop plants is the lack of availability of 
genome-wide DNA methylation mutants like 
 met1  and  ddm1 . In such cases, the usage of 
chemical inhibitors like 5- azadeoxycytidine is a 
good alternative. Different studies have reported 
the transgenerational inheritance of the modifi -
cations created by its treatment. (Sano et al. 
 1990 ; Akimoto et al.  2007 ). Akimoto et al. 
( 2007 ) reported that in progenies of 5-azadeoxy-
cytidine-treated rice, some of the altered pheno-
types were stably inherited even after 10 years. 
Some of these phenotypes were of interest from 
the breeding point of view like resistance of a 
bacterial pathogen  Xanthomonas oryzae.  
Another interesting and exciting approach, 
which is drawing much attention, is the usage of 
epigenetic- Recombinant Inbred Lines (epi-
RILs). These lines are created by artifi cial cross-

ing of DNA methylation mutants, i.e.,  decreased 
DNA methylation 1  ( ddm1 ) or  methyltransferase 
1  ( met1 ) with their wild types (Johannes et al. 
 2009 ; Reinders et al.  2009 ). Since these mutants 
are defi cient in DNA methylation machinery but 
genetically similar as that of the wild type, the 
resulting lines (epiRILs) have almost identical 
DNA sequences but divergent patterns of DNA 
methylations. These patterns are reported to be 
stable across many generations through molecu-
lar analysis. Analysis of these lines has shown 
that they have widespread phenotypic variation 
for morphological or developmental traits, like 
fl owering time, plant height, as well as biotic and 
abiotic stresses (Johannes et al.  2009 ; Reinders 
et al.  2009 ; Zhang et al.  2013 ). Although these 
methylation variants do not necessarily reveal 
natural variation, they can be very useful in mul-
tiple ways. They can serve as a good material to 
understand the extent and potential role of the 
epigenetic variations, which are independent of 
genetic variations. They can also help to under-
stand the extent of the phenotypic variation 
caused by the random combination of plant-spe-
cifi c epigenome. The above mentioned hypothe-
sis was confi rmed from the various recent 
publications giving further insight into the basic 
mechanisms which require DNA methylation, 
like the effect of DNA methylation on crossing 
over where the results showed that the distribu-
tion of crossing over event is sensitive to DNA 
methylation, but the rate of crossing over is not 
affected by it (Colomé-Tatché et al.  2012 ; 
Mirouze et al.  2012 ). Similarly, signifi cant heri-
table variation in growth rate in response to 
biotic stresses was reported. All these results fur-
ther support the opinion that considerable heri-
table variations in economically  important traits 
could be created by variation in the DNA meth-
ylation patterns, and these kinds of approaches 
could be applicable for crop improvement. 
Utilization of epialleles generated and/or identi-
fi ed by various researchers in diverse plant/crop 
species should be exploited in different breeding 
programs. Such kind of program could start with 
the identifi cation and understanding of epigene-
tic pattern in individuals of the selected popula-
tion. This will lead to the identifi cation of 

S. Shafi q and A.R. Khan



173

specifi c phenotypes and, fi nally, the association 
studies of that inherited phenotype and epigene-
tic variation. With the advances in the genome 
editing technologies, the usage of locus-specifi c 
epigenetic modifi cations could also be used for 
crop improvement (Chen and Gao  2014 ).  

    Techniques Used in Epigenetic/
Epigenomic 

 There are different techniques in use for the detec-
tion of DNA methylation profi le and DNA- protein 
interaction both at locus-specifi c level and on 
genome-wide level. Some examples of these tech-
niques are discussed here. On locus- specifi c level, 
the DNA methylation profi le can be studied 
through bisulfi te treatment technique and through 
the use of methyl-sensitive restriction enzymes. On 
a genome-wide level, DNA methylation profi le can 
be studied through MSAP (methyl-sensitive ampli-
fi cation polymorphism) (Yaish et al.  2014 ), through 
the use of HPLC (high-performance liquid chro-
matography) technique (Friso et al.  2002 ). A short 
description of these techniques is given below. 

    DNA Methylation 

    Bisulfi te Treatment 
 In bisulfi te treatment, the genomic DNA is treated 
with sodium bisulfi te, which converts all the non- 
methylated cytosines into uracil. This conversion 
is followed by the PCR through specifi c primers. 
All the uracil (non-methylated cytosines before 
bisulfi te treatment) and thymine residues (which 
were always thymines even before bisulfi te treat-
ment) are being amplifi ed by PCR as thymine, 
whereas only 5-methylcytosine residues are 
amplifi ed as cytosine. After sequencing of PCR 
product, the analysis of sequences provides the 
information about the methylated sites in the 
amplifi ed region as well as the methylation level 
in a particular genomic region (Frommer et al. 
 1992 ). With the advancement in the sequencing 
technology, this technique can also be used in 
genome-wide methylation analysis.  

    Methylation-Sensitive PCR (MSP) 
 Methylation-sensitive PCR (MSP) is a modifi ca-
tion in the above-described bisulfi te treatment 
technique where the amplifi cation is done with 
primer pair that is specifi c for methylated DNA 
and primer pair specifi c to unmethylated DNA 
(Herman et al.  1996 ). This technique can be used 
in the development of epigenetic markers to be 
used in marker-assisted selection.  

    Methyl-Sensitive Restriction Enzyme 
Technique 
 In methyl-sensitive restriction enzyme tech-
nique, the genomic DNA is digested with the 
methylation- sensitive restriction enzyme, and 
this digested DNA is amplifi ed by primers fl ank-
ing the restriction site. PCR will work only if 
the restriction site is not cleaved (due to the 
methylation at that site) (Singer-Sam et al. 
 1990 ). This kind of technique along with its 
various modifi ed forms paves the way for the 
development of  simple and practical epigenetic 
marker for the epialleles which could have 
implications in marker-assisted selection and 
could have important role in the crop improve-
ment strategies.  

    Methyl-Sensitive Amplifi cation 
Polymorphism (MSAP) 
 Methyl-sensitive amplifi cation polymorphism 
(MSAP) is a technique for the DNA methyla-
tion analysis on a genome-wide level, in which 
digestion of genomic DNA is done with a 
methylation- sensitive restriction enzyme like 
 Hpa II as a fi rst step. This is followed by the 
ligation of DNA fragments to adaptors, which 
facilitate the amplifi cation of these fragments. 
 Msp I, a methylation- insensitive isoschizomer 
of HpaII, is used in parallel for digestion, and 
this digestion serves as a loading control in the 
experiment. After that, amplifi cation of these 
fragments through fl uorescently labeled prim-
ers is done. Comparison of PCR products from 
different individuals allows the user to identify 
the interesting fragments. This leads to the iso-
lation and characterization of that fragment 
(Yaish et al.  2014 ).  
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    High-Performance Liquid 
Chromatography Technique (HPLC) 
 In high-performance liquid chromatography 
technique (HPLC), the genomic DNA is enzy-
matically hydrolyzed, and this hydrolyzed 
DNA is then separated into its four major DNA 
bases and 5-methyl-2′-deoxycytidine using 
HPLC. 5-Methyl-2′-deoxycytidine is obtained. 
The global DNA methylation status is calcu-
lated by comparing the amount of 5-methyl-2′-
deoxycytidine per microgram of DNA with 
percent relative standard deviations (%RSD) 
(Friso et al.  2002 ).  

   Methylated DNA Immunoprecipitation 
 It is another technique to study genome-wide 
changes in DNA methylation patterns. In this 
technique, DNA is isolated from cells and 
sheared through sonication. By the usage of 
antibodies specifi cally targeting methylated 
DNA fragments, isolation of methylated 
regions occurs, which then can be identifi ed 
using high- resolution DNA microarrays or 
next-generation sequencing techniques. The 
global changes in the methylation patterns 
across the varied cells can be detected through 
this technique.   

    Chromatin Immunoprecipitation 
(ChIP) 

 Chromatin immunoprecipitation (ChIP) is a 
technique used to study the interaction 
between proteins (e.g., histones) and 
DNA. The use of highly specific antibodies 
directed against DNA-binding proteins is 
required in this technique, and it can be fol-
lowed by various nucleic acid analysis tech-
niques, including PCR, qPCR, sequencing, 
and microarray hybridization. It can help 
to determine whether certain proteins are 
associated with specific genomic regions and 
is also useful for identifying regions of the 
genome associated with specific histone 
modifications.   

    Conclusion 

 Our understanding of epigenetic regulation in 
plants is rapidly growing. However, up to now, 
linkage of histone modifi cations, ATP-dependent 
chromatin remodeling, and DNA methylation to 
a specifi c stress and the origin of this specifi city 
is still unknown. To identify targeted genes and 
regulatory complexes, genomic binding studies 
and proteomic analysis will be required, respec-
tively. It is necessary to deepen our investigation 
of the epigenetic regulators in crops and their 
underlying molecular mechanism. Understanding 
the mechanism of epigenetic regulators and their 
regulatory networks in crops will be a potential 
tool for further exploitation toward sustainable 
agriculture. Moreover, it is desirable to design 
new breeding strategies in which the epigenetic 
variability should be taken into consideration. 
This seems even more realistic with the advance-
ment of genomic technologies and cost lowering 
of next-generation sequencing. Like MAS 
(marker-assisted selection), epigenetic marker- 
assisted selection could also be initiated.     
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     Abstract  

  Advances in transcriptomics have led to the 
classifi cation of small RNAs (sRNAs) into 
mainly three categories: miRNAs, siRNAs 
and piRNAs. However, there are many new 
types of sRNAs under exploration. Though 
such sRNAs differ from one another, they col-
laborate in their mode of action. Among the 
sRNAs, microRNAs (miRNAs) widely cap-
tured the attention of molecular biologists. 
miRNAs are short, endogenously expressed 
and non-translated RNAs. Mature plant miR-
NAs are in general smaller in size (~22 bp) 
and considered as negative gene regulatory 
molecules. In general plant miRNAs have the 
following features: (a) They are coded by 
miRNA genes with unknown length and are 
sequentially cleaved from pri-miRNA and 
pre-miRNA into a short mature miRNA by 
 Dicer  -like 1 (dcl1)  and several other enzymes. 

        N.  M.   Boopathi ,  Ph.D.      (*) 
  Department of Plant Molecular Biology 
and Bioinformatics, Centre for Plant Molecular 
Biology and Biotechnology , 
 Tamil Nadu Agricultural University , 
  Coimbatore ,  India   
 e-mail: nmboopathi@tnau.ac.in; 
biotechboopathi@yahoo.com  

      Plant miRNomics: Novel Insights 
in Gene Expression and Regulation 

           N.     Manikanda     Boopathi    

 Contents 

  Introduction  ............................................................   182 

  Classifi cation and Comparison of Small RNAs  ...   183 

  Historical Perspectives of miRNA  ........................   185 

  Biogenesis of miRNA  .............................................   185 

  Current Molecular Understanding of Plant 
Gene Regulation by miRNAs  ................................   186 

  Molecular Structural Features of miRNA 
Genes and Its Expression  ......................................   187 

  Evolution of miRNA  ...............................................   188 
  Conservation and Divergence of Plant 
microRNA Genes  .....................................................   189 

  Identifi cation of miRNA Genes  .............................   190 
  Genetic Screening or Forward Genetics  ..................   190 
  Direct Cloning and Sequencing  ...............................   191 

 Deep Sequencing  ................................................   191 
  Computational Methods  ...........................................   192 
  EST Analysis  ............................................................   192 

  Documented miRNAs in Plants  ............................   192 

  miRNA Nomenclature  ...........................................   194 

  miRNA Targets  .......................................................   194 

  Regulation of the Regulators: Genetic Control 
of miRNA Biogenesis  .............................................   198 

  Role of miRNA in Plant Growth 
and Development  ....................................................   198 

  Role of miRNA in Biotic and Abiotic Stress 
Resistance in Plants  ................................................   198 

  miRNAs Responsive to Multiple Stresses  ............   205 

  Forthcoming Perceptions  .......................................   206 

  Closing Comments  .................................................   207 

 References  ...............................................................   208 

mailto:biotechboopathi@yahoo.com
mailto:nmboopathi@tnau.ac.in


182

(b) All pre-miRNAs can form a stem-looped 
hairpin secondary structure with the mature 
miRNA on one arm and the complementary 
sequence, termed miRNA*, on the another 
arm with high negative minimum folding free 
energy (MFE) and MFE index (MFEI). (c) 
Typically, miRNAs do negatively regulate tar-
get gene expression and the miRNA* sequence 
is degraded by an unknown mechanism. 
However, in some cases, the miRNA* 
sequence also can function to target a specifi c 
gene. Over the past few years, microarray 
technologies, large-scale small RNA and 
whole genome sequencing projects and data 
mining have provided a wealth of information 
about the spectrum of plant miRNAs and their 
targets. Hitherto identifi ed miRNAs in plant 
kingdom have shown that they are deeply con-
served; nevertheless considerable numbers of 
species-specifi c miRNAs also exist. Evidences 
are gradually mounting to notify that miRNAs 
have key roles in developmental timing, cell 
proliferation and cell death, organogenesis, 
patterning of tissues/organ and more impor-
tantly, in response to external environmental 
stimuli. Thus it is very obvious that plant miR-
NAs are more numerous and their regulatory 
impact is more pervasive than was previously 
suspected.  

  Keywords  

  miRNA   •   Small non-coding RNA   •   miRNA 
target   •   Function of plant miRNA  

        Introduction 

 The perfect and complete development of a mul-
ticellular organism at normal and abnormal con-
ditions requires specifi c and coordinated 
expression of genes. The regulation of gene 
expression is the most basic level which decides 
the information encoded in the DNA is decoded 
into phenotypes. As such it involves complex 
regulatory networks that direct precise cell divi-
sion and differentiation patterns. Thus, the key 
factor that is central to the understanding of the 
biological systems is how dynamic gene regula-

tory programmes are generated from the static 
instructions encoded in the DNA. Though single 
or several regulators of given gene(s) 
expression(s) have been described earlier, it is not 
completely unravelled in several complex trait 
expressions such as organ formation, behaviour 
or adaptation to a particular environmental 
conditions. 

 However, it is clearly evident that plants and 
other multicellular organisms need precise 
spatio- temporal control of gene expression, and 
this regulatory capacity depends, in part, on small 
RNAs (sRNAs). Although most genes use RNA 
in the form of mRNA as a coding intermediate 
for protein production, there are genes whose 
fi nal products are RNA and do not code for pro-
tein. Such non-coding RNAs range from the 
transfer and ribosomal RNAs that are involved in 
protein-synthesising machinery to the more 
recently discovered regulatory sRNAs. There are 
several kinds of sRNAs and have specifi c role in 
coordinated control of gene expression (see 
below). This chapter specifi cally focuses on plant 
miRNAs, a class of sRNAs and their involvement 
in negative regulation of plant genes. 

 miRNAs are small (~20–22 bp in length) 
RNAs that negatively regulate the expression of 
genes through specifi c base pairing with cognate 
target mRNAs and thereby inducing target 
mRNA degradation or translational repression or 
both (Sun  2011 ). miRNAs were fi rst reported in 
plants ( Arabidopsis ) during mid-2002 by four 
different research groups as tiny RNAs with 
miRNA characteristics (Llave et al.  2002 ; Mette 
et al.  2002 ; Park et al.  2002 ; Reinhart et al.  2002 ). 
Studying the expression profi les of miRNAs, 
their targets and function in biological system 
using biotechnological and bioinformatic tools 
are collectively called as ‘miRNomics’. It is 
expected that integration of miRNomics data 
with other ‘omics’ data would help in compre-
hensive understanding of the precise spatio- 
temporal control of gene expression and more 
essentially the specifi c role of miRNA in gene 
regulation. Such understanding would also help 
to develop novel application tools in medicine, 
agriculture and industries. For example, the 
miRNA expression profi les provide a powerful 
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support for the characterisation of disease devel-
opment in plants. The development of micro 
array technologies, specifi c for miRNAs, can 
help to obtain a miRNomics profi le for different 
organs under disease, and high-throughput pro-
teomics analysis can help to identify the miRNAs 
that control the differential expression of 
proteins.  

    Classifi cation and Comparison 
of Small RNAs 

 Until a couple of decades before, it has been con-
sidered that the most important components of 
biological systems are DNA (the foundation of 
heredity) and proteins (the players of the cellular 
machinery). During those periods, RNA was rec-
ognised as an intermediate molecule that bridges 
the gap between DNA and protein (especially 
mRNA) or has functional role in splicing 
(snRNA) or translation machinery (tRNA and 
rRNA). 

 On the other hand, advances in molecular 
biology have led to classify the RNAs into coding 
and non-coding RNAs. Coding RNAs comprise 
of messenger RNAs (mRNAs). Non-coding 
RNAs are subdivided into ribosomal RNAs 
(rRNAs), transfer RNAs (tRNAs) and small 
RNAs (sRNAs). Various types of sRNAs have 
been identifi ed such as microRNAs (miRNAs), 
small interfering RNAs (siRNAs), piwi- 
interacting RNAs (piRNAs), small temporal 
RNAs (stRNAs), tiny non-coding RNAs 
(tncRNAs) and small modular RNAs (smRNAs). 
Among them, miRNAs and siRNAs have been 
well characterised in plant and animal systems 
(the characteristics of these two sRNAs are 
described in Table  1 ) whereas piRNAs have been 
identifi ed only in animals. Various other types of 
siRNAs have also been identifi ed, including 
trans-acting siRNAs (Ta-siRNAs), repeat- 
associated siRNAs (Ra-siRNAs) and natural- 
antisense transcript-derived siRNAs 
(Nat-siRNAs) based on their distinct biogenesis 
and functions (Kruszka et al.  2012 ).

   Table 1    General features of miRNAs and siRNAs   

 Property  miRNAs  siRNAs 

 Description  Regulators of endogenous genes  Defenders of genome integrity when 
foreign or invasive nucleic acids enter 
into the cell 

 Size  20–22 bp  21–24 bp 
 Biogenesis: precursors  Hairpin-shaped ssRNAs  Long dsRNAs 
 Biogenesis: nature of precursors  Endogenous precursor such as gene(s) 

of host’s genome 
 Exogenous precursors such as 
transposons, transgenes, repeat elements 
or viruses 

 Cellular role  mRNA degradation, translational 
repression 

 DNA methylation, histone modifi cation 
and mRNA degradation 

 Gene regulation mechanism  Post-transcriptionally with partial or 
full complementarity with target mRNA 

 Transcriptionally as well as post- 
transcriptionally with full 
complementarity with target mRNA 

 Target genes  miRNAs cannot regulate the genes 
from which they originate ( cis ) because 
they are identical, not complementary, 
to their precursor RNAs 

 siRNAs can potentially act in both  cis  
and  trans  by targeting the elements 
from which they derive ( cis ) as well as 
unlinked elements that exhibit 
substantial complementarity to their 
sequence ( trans ) 

 Functions  Cell development, cell differentiation, 
regulation of developmental process, 
biotic and abiotic stress response 

 Defence against transposons and viruses 
and stress adaptation 

 First report published in  1993  1999 
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   Thus the latest discovery of an increasing 
number of small non-coding RNAs with specifi c 
regulatory roles has added additional role to the 
RNA molecules, and it has changed our view on 
gene expression. It has been shown that small 
RNAs are known to play essential roles in the 
multicellular organisms with the surprising 
exception of the  Saccharomyces cerevisiae  (Sun 
et al.  2012 ). sRNAs are involved in a variety of 
occasions with diverse modes of actions that are 
essential for genome stability, development and 
adaptive responses to biotic and abiotic stresses 
(Jones-Rhoades  2012 ). For example, they guide 
DNA elimination during the formation of the 
macronucleus in protists and heterochromatin 
assembly in fungi and plants. They target endog-
enous mRNAs for cleavage and translational 
repression in plants and animals. sRNAs protect 
both plant and animal cells against virus infec-
tion through an RNA-based immune system. 
They also control the movement of transposable 
elements at the transcriptional and post- 
transcriptional levels in plants and animals. 

 sRNAs are produced from endogenous 
genomic loci and repeats and in response to 
external stimuli such as viruses. sRNAs are 
invariably bound by argonaute proteins, some 
of which have endonuclease activity to effect 
sRNA-guided cleavage of target mRNAs. 
Argonaute proteins belong to at least two phy-
logenetic groups: the argonaute subfamily, 
which binds miRNAs and siRNAs, and the 
piwi subfamily, which binds piRNAs. Thus the 
major types of sRNAs are distinguished by 
their different modes of biogenesis and action 
(Kruszka et al.  2012 ). Despite different modes 
of biogenesis, the sRNAs share similar molec-
ular functions. For example, miRNA, siRNA 
and piRNAs can direct the cleavage of com-
plementary RNAs. miRNAs and siRNAs can 
both result in translational inhibition of target 
mRNAs. siRNAs and piRNAs can both direct 
chromatin modifications (Chen  2009 ). Since 
small RNAs are repressors of gene expression, 
small RNA-mediated regulation is often 
referred to as RNA silencing, gene silencing 
or RNA interference (RNAi). RNA silencing 

was discovered in plants more than 15 years 
ago during the course of transgenic experi-
ments that eventually led to silencing of the 
introduced transgene and, in some cases, of 
homologous endogenous genes or resident 
transgenes either by transcription inhibition 
(transcriptional gene silencing) or RNA degra-
dation (post- transcriptional gene silencing) 
(Sun et al.  2012 ). 

 Among the small RNAs, miRNAs have a 
number of discrete features as compared to other 
functional RNA species (Jones-Rhoades  2012 ). 
First, most of the known miRNAs are encoded as 
polycistronic transcripts, proposing that mem-
bers of the same miRNA family may evolve con-
currently and develop in similar ways. Second, it 
has been known that a signifi cant number of 
miRNAs are highly conserved in sequences 
among different related and unrelated organisms. 
Conserved miRNAs possess a special ‘seed’ 
sequence in their 5′ terminus; such conservation 
suggests that these molecules participate in key 
cellular processes. Third, miRNAs tend to target 
and regulate a set of mRNAs instead of a specifi c 
mRNA. Fourth, direct experimental evidence 
supports the notion that the miRNA pathway is 
an ancient regulatory mechanism evolved before 
the divergence of multicellular and unicellular 
organisms. Finally, special cases among viruses 
are worth mentioning: due to their higher muta-
tion rates and faster evolution processes, most 
viral miRNAs do not seem to share signifi cant 
homology with those of their vertebrate counter-
parts, even within members of the same family, 
and the lack of homology poses challenges for 
computational biologists to precisely predict 
miRNAs based on sequence conservations alone 
in viruses (Cai et al.  2009 ). 

 The past decade has witnessed rapid progress 
in revealing miRNA diversity, uncovering their 
mechanisms of action and understanding their 
biological functions. Here I review our current 
knowledge of onmiRNAs, with an emphasis on 
their biogenesis and function in plants. At the 
same time, I would like to highlight that with the 
development of the next-generation sequencing 
technologies and other advances in molecular 
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biology, miRNAs from various species would 
shoot up in an inconceivable speed in the near 
future and such discoveries can greatly enrich our 
knowledge on miRNAs and their function with 
new dimensions.  

    Historical Perspectives of miRNA 

 Although miRNAs were fi rst discovered in the 
early 1990s (Lee et al.  1993 ; Wightman et al. 
 1993 ), they were not recognised as miRNAs until 
2001 (Lee and Ambros  2001 ; Lau et al.  2001 ; 
Lagos-Quintana et al.  2001 ). Since then, miR-
NAs have attracted a huge interest from scien-
tists, and large numbers of miRNAs were 
identifi ed in almost all the biological systems 
(Bartel  2004 ). In the year of 1993, the Ambros 
and Ruvkun labs investigated the fi rst endoge-
nous, non-protein-coding 22 nt RNAs in nema-
tode  Caenorhabditis elegans  as  lin-4  and  let-7 , 
both of which are key regulatory molecules in the 
pathway controlling the timing of larval develop-
ment.  lin-4  is recognised as the founding member 
of a new class of sRNAs called miRNAs (Lee and 
Ambros  2001 ; Lau et al.  2001 ; Lagos-Quintana 
et al.  2001 ). Compared with animal miRNAs, 
plant miRNAs were identifi ed several years later. 
In 2002, several researchers identifi ed plant miR-
NAs by cloning sRNAs and reported the molecu-
lar mechanisms of miRNA biogenesis and 
function in plants (Llave et al.  2002 ; Mette et al. 
 2002 ; Park et al.  2002 ; Reinhart et al.  2002 ). In 
the past couple of years, the total number of miR-
NAs in economically important crops has dra-
matically increased as the approaches for effi cient 
identifi cation species-specifi c miRNAs were 
developed. The fi rst miRNAs detected in a viral 
genome were reported in 2004 by Pfeffer and 
colleagues in Epstein–Barr virus. To date, 
Release 19 of the miRBase sequence database 
contains 21264 entries representing hairpin pre-
cursor miRNAs, expressing 25141 mature 
miRNA products, in 193 species. The data are 
freely available to all through the web interface at 
  http://www.mirbase.org/872     (verifi ed on 08th 
May, 2013).  

    Biogenesis of miRNA 

 miRNA biogenesis is a multi-step enzymatic pro-
cess which includes transcription, processing, 
modifi cation and RISC loading (Fig.  1 ; Jones- 
Rhoades  2012 ). First, a miRNA gene is transcribed 
to a primary miRNA (pri-miRNA), which is usu-
ally a long sequence of more than several hundred 
nucleotides (Fig.  1 ). This step is controlled by Pol 
II enzymes (Bartel  2004 ). After analysing several 
miRNA-related sequences in  Arabidopsis , Allen 
et al. ( 2004 ) presented a model for miRNA origin. 
In their model, plant pre-miRNAs originated from 
their target genes by formation of inverted duplica-
tions which have been transcribed but not modi-
fi ed further. miRNAs may originate anywhere 
within the plant genome; many genomic regions 
were found to be sites of miRNAs although these 
regions were previously considered featureless. 
These fi ndings suggest that miRNA origin may be 
more complicated than previously thought by 
involving many mechanisms such as inversion and 
duplication (see below).  

 In the second step, the pri-miRNA is cleaved to 
a stem-loop intermediate called miRNA precursor 
or pre-miRNA. This step is controlled by the 
Drosha RNase III endonuclease in animals (Bartel 
 2004 ) or by Dicer-like 1 enzyme (DCL1) in plants 
(Tang et al.  2003 ). In animals, pre- miRNAs are 
then transported by exportin 5 from the nucleus 
into the cytoplasm (Sun et al.  2010 ), followed by 
formation of miRNA–miRNA* duplex and 
mature miRNAs by another RNase III-like 
enzyme called Dicer (Bartel  2004 ). However 
plant miRNAs differ from animals in this step. 
Plant miRNAs are cleaved into miRNA–miRNA* 
duplex possibly by Dicer-like enzyme 1 (DCL1) 
in the nucleus rather than in the cytoplasm (Bartel 
 2004 ); then the duplex is translocated into the 
cytoplasm by HASTY, the plant orthologue of 
export in 5 (Jones-Rhoades  2012 ). DCL1 acts 
with two partner proteins: HYL1 (a double-
stranded RNA binding protein) and SE (a zinc-
fi nger protein). These three proteins co- localise in 
nuclear Dicing bodies in vivo. SE also localises in 
numerous nuclear speckles and acts in the splic-

Plant miRNomics: Novel Insights in Gene Expression and Regulation

http://www.mirbase.org/872


186

ing of pre-mRNAs. In plants, it is also noticed that 
the miRNAs are methylated on the ribose of the 
last nucleotide by the methyltransferase (Chen 
 2009 ). The miRNA–miRNA* duplex is methyl-
ated on the 2′ OH of the 3′ terminal nucleotides 
by HEN1. The miRNA is exported from the 
nucleus to the cytoplasm through export factors 
including HASTY. In the cytoplasm, both plant 
and animal miRNAs are unwound into single- 
strand mature miRNAs by helicase (Bartel  2004 ). 

 Finally, the mature miRNAs enter a ribonu-
cleoprotein complex known as the RNA-induced 
silencing complex (RISC) (Bartel  2004 ; Chen 
 2009 ) where they regulate targeted gene expres-
sion. The sRNA degrading nuclease (SDN1) fam-
ily of exonucleases degrades single-stranded 
miRNAs to limit their steady-state levels (Chen 
 2009 ). Recently it was reported that a large 
 number of 5′ or 3′ truncated miRNAs from vari-
ous tissues of  Populus trichocarpa  can be iso-
lated. Thus it is suggesting the occurrence of 

exonucleolytic degradation of miRNAs (Lu et al. 
 2005a ,  b ). They also showed that a signifi cant 
portion of the isolated miRNAs contains one or a 
few post-transcriptionally added adenylic acid 
residues at the 3′-end. The short adenylate tail of 
miRNAs is distinct from the longer polyadenylate 
tail added to other plant RNAs for the exosome- 
mediated degradation. Results of in vitro miRNA 
degradation assays revealed that the addition of 
adenylic acid residues on the 3′-end reduced 
miRNA degradation rate (Lu et al.  2005a ,  b ).  

    Current Molecular Understanding 
of Plant Gene Regulation by 
miRNAs 

 In the RISC complex, miRNAs bind to target 
mRNA and inhibit gene expression through per-
fect or near-perfect complementarity between the 
miRNA and the mRNA (Bartel  2004 ). This 

  Fig. 1    Successive steps involved in biogenesis of miRNA to target recognition and function       
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causes gene silencing (Almeida and Allshire 
 2005 ) and it termed differently in diverse organ-
isms. For example, this process is referred to as 
RNA interference (RNAi) in animals (Hannon 
 2002 ), quelling in fungi (Cogoni et al.  1996 ) and 
post-transcriptional gene silencing in plants 
(Baulcombe  2004 ). In plants, most target mRNAs 
contain one single miRNA complementary site, 
and most corresponding miRNAs typically per-
fectly complement to these sites and cleave the 
target mRNAs (Fig.  1 ; Bartel  2004 ). Unlike ani-
mal miRNA targets, the complementary sites in 
plants can exist anywhere along the target mRNA 
rather than at the 3′ UTR. Yet another mechanism 
was also identifi ed in plant miRNA regulation. 
Although some miRNAs can perfectly comple-
ment to target mRNAs, they regulate gene expres-
sion by repressing gene translation possibly 
through inhibition of ribosome movement (Fig. 
 1 ; Chen  2009 ). This proposes a hypothesis that 
miRNAs may be involved in more complicated 
mechanisms to control gene expression in plants 
than in animals, i.e. plant miRNAs regulate gene 
expression at the post-transcriptional level not 
only by repression of mRNA translation but also 
by direct cleavage of mRNAs. 

 In general, miRNA*, the complementary 
strand of mature functional miRNA, is thought to 
degrade rapidly or accumulate at only very low 
levels, suggesting that it may not be functional. 
However, several recent studies have shown that 
plant miRNA* tends to accumulate at high levels 
under certain conditions (reviewed in Sunkar 
et al.  2012 ) and regulates a different target, i.e. 
other targets that are regulated by its cognate 
mature miRNA (Zhang et al.  2011a ; Sunkar et al. 
 2012 ).  

    Molecular Structural Features 
of miRNA Genes and Its Expression 

 Like that of protein-coding genes, the core struc-
ture of a miRNA gene is also composed of a Pol 
II promoter, a transcribed region and a termina-
tor. These basic structural elements of miRNA 
genes have been well studied in recent years 
except for the terminator region. MiRNA pro-

moters contain the basic TATA, CAAT boxes as 
well as binding sites for specifi c transcription 
factors (TFs) (Xie et al.  2005 ). The promoter 
activity of an miRNA gene, such as miR390 and 
miR165/166, can be monitored by fusing it with 
a reporter gene (e.g.  GUS  or  GFP ) using plant 
transgenic technology (Montgomery et al.  2008 ). 
Like the promoters of protein-coding genes, 
miRNA promoters also behave in a tissue- specifi c 
or a temporally specifi c manner. Interestingly, the 
majority of plant miRNAs regulate the expres-
sion of TFs (Jones-Rhoades  2012 ). As a general 
way of auto-regulation, the promoters of some 
miRNAs, such as miR156 and miR172, contain 
the binding sites of their target TFs, further dem-
onstrating a fi ne-tuning role of miRNAs in their 
regulatory networks (Wu et al.  2010 ). The tran-
scribed region of the miRNA, the mature miRNA 
and the immediate miRNA precursor (pre- 
miRNA) are small; however, the primary miRNA 
(pri-miRNA) transcripts tend to be large in size 
(please see Fig.  1 ). Thus, the transcribed region 
of a miRNA gene is usually longer than  necessary 
for miRNA biogenesis. Compared to the pro-
moter and terminator regions, at least part of the 
miRNA gene transcribed region plays a key role 
in miRNA biogenesis and is thus an essential part 
in miRNA gene evolution (Tang et al.  2007 ). As 
stated above, unlike miRNA promoters and tran-
scribed regions, miRNA terminators have not 
been well studied. Their existence is inferred 
from the fact that pri-miRNAs are polyadenyl-
ated. However, it is not known how the termina-
tors or the polyA tail affects miRNA biogenesis 
or the stability of pri-miRNAs, and thus it neces-
sitates further research (Tang et al.  2007 ). 

 Although a large number of miRNA genes 
disperse over the genome, clustered ones are 
found co-expressed as polycistronic units that 
may have functional relationships. In addition, 
more than half of miRNAs reside in introns of 
their host genes and co-express with their neigh-
bouring protein-coding sequences, and some 
may derive from common primary transcripts 
and even share the same promoters (Jones- 
Rhoades  2012 ). Nevertheless, a sizable number 
of miRNA genes come from regions that are dis-
tal from previously annotated protein-coding 
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sequences, and such locations imply that they 
probably derive from independent transcription 
units with their own promoters (Cai et al.  2009 ). 

 In all the plant species examined, miRNA 
genes are scattered throughout the genome. A 
majority (84 %) of miRNA genes are located in 
intergenic regions. This situation is contrary to 
that of  Drosophila  species, in which nearly half 
of the miRNA genes are located in introns 
(Nozawa et al.  2010 ). It should be noted that the 
proportion of intergenic miRNA genes is not cor-
related with the genome size of the plant species 
examined. In fact,  Arabidopsis  shows a high pro-
portion of intergenic miRNA genes (86 %) even 
though its genome size is as small as that of  D. 
melanogaster  (Nozawa et al.  2010 ). 

 A range of techniques are available for miRNA 
gene expression analysis or quantifi cation, 
including Northern blotting, dot blotting, RNase 
protection assay, primer extension analysis, 
invader assay and quantitative PCR (reviewed in 
Kim and Nam  2006 ). Large-scale cDNA cloning 
can also provide information on the relative 
expression level of miRNAs in diverse samples. 
However, most of these techniques involve labo-
rious procedures, making it diffi cult to determine 
the level of all known miRNAs. Currently, the 
most widely used method is based on microar-
rays. However, the problem of potential cross- 
hybridisation of related miRNAs still remains 
unresolved. In addition, systematic bias could be 
introduced during reverse transcription, PCR 
amplifi cation, enzymatic labelling or fl uores-
cence tag ligation. These problems were success-
fully avoided by developing a new procedure 
called the RNA-primed array-based Klenow 
enzyme (RAKE) assay (Kim and Nam  2006 ). 
The most recent innovation in miRNA detection 
involves the bead-based fl ow cytometric method 
(see below). 

 Combining all the experimental results, the 
existence of miRNAs in plant cell is now being 
verifi ed by the following criteria: (1) a band of 
about 22-nucleotide mature miRNA could be 
detected by Northern blotting, usually with pre-
cursor miRNA of about 70 nucleotides; (2) the 
precursor forms a hairpin structure and the 
mature miRNA is present in one arm of the hair-

pin; (3) both the mature and the precursor miR-
NAs are usually phylogenetically conserved; and 
(4) the precursor miRNAs should be observed 
when Dicer function is disturbed (Li et al.  2010a , 
 b ). Interesting additional mechanisms (such as 
single nucleotide polymorphisms, RNA editing, 
methylation and circadian clock) that play impor-
tant roles in controlling the expression and func-
tion of miRNAs were also described by Cai et al. 
( 2009 ). 

 In summary, the loci that encode plant miR-
NAs, the MIR genes and their expression are 
clearly distinct from previously annotated genes, 
but their promoters, primary transcripts and 
responsible RNA polymerase remain to be 
identifi ed.  

    Evolution of miRNA 

 Most plant species contain more than 100 miRNA 
genes in their genome, and estimation of the 
numbers of miRNA genes and gene families in 
ancestral species indicated that the numbers of 
miRNA genes and gene families increased con-
siderably in the lineage to fl owering plants after 
the divergence from green algae (Jones-Rhoades 
 2012 ). With respect to the evolutionary origin of 
miRNA genes, there are several different mecha-
nisms have been proposed (Jones-Rhoades 
 2012 ): (1) miRNA genes may be generated from 
duplicates of protein-coding genes. This is an 
attractive hypothesis because amiRNA gene gen-
erated from a protein-coding gene would bind to 
the transcript of the protein-coding gene. In fact, 
there seem to be a number of miRNA genes gen-
erated in this way (Allen et al.  2004 ; Rajagopalan 
et al.  2006 ; Fahlgren et al.  2007 ). In plants more 
than 90 % of miRNA gene families which are 
conserved in nine or more species are multigene 
families, whereas only 23 % of species-specifi c 
miRNA genes from multigene families were 
reported. These observations suggest that gene 
duplication has played important roles in increas-
ing the number of miRNA genes in plants 
(Nozawa et al.  2011 ). (2) Transposable elements 
(TEs) may become miRNA genes. In particular, 
miniature inverted-repeat transposable elements 
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(MITEs) have a potential to become miRNA 
genes because they have inverted repeats with a 
short internal sequence, which can potentially 
turn into the hairpin structure of amiRNA gene. It 
has been proposed that dozens of miRNA genes 
were originated from MITEs or other TEs in 
 Arabidopsis  and rice (Piriyapongsa and Jordan 
 2008 ). (3) New miRNA genes may be generated 
by duplication of pre-existing miRNA genes with 
subsequent mutations. This mechanism also 
seems to be important in plants because each 
miRNA gene family on average consists of sev-
eral miRNA genes and there is experimental evi-
dence to support this mechanism (Jones-Rhoades 
 2012 ). (4) miRNA genes naturally arise by spon-
taneous mutations from hairpin structures in the 
genome. Some miRNA genes have been gener-
ated in this way in  Arabidopsis  (De Felippes 
et al.  2008 ). 

    Conservation and Divergence 
of Plant microRNA Genes 

 According to published data in miRBase 
(Griffi ths-Jones et al.  2008 ), in general, miRNAs 
can be placed into two different categories: the 
highly abundant and conserved miRNAs and the 
rare and species-specifi c miRNAs. In one earlier 
study, it was found that miRNAs with identifi ca-
tion numbers from miR156 to miR408 are excep-
tionally conserved and their expression levels are 
generally high. The remaining miRNAs after 
miR408 in the series are expressed at a low level, 
species specifi c or induced by specifi c conditions 
(Ma et al.  2010 ). While the former class contains 
mostly the ancient miRNAs that are important in 
plant development and responses to stress, the 
latter class might be composed of newly evolved 
miRNAs with their functions being non-essential 
due to their low activities. For example, in plants, 
~20 miRNA families which are well conserved 
between dicots and monocots are known. Of 
these, 7 miRNA families, i.e., miR156/157, 
miR160, miR159, miR319, miR165/166, miR390 
and miR408, have been also found in primitive 
land plants such as  Physcomitrella  and  Selaginella  
which suggest that these are deeply conserved 

(Nozawa et al.  2011 ). In addition,  Arabidopsis , 
rice,  Populus  and  Physcomitrella  possess many 
non-conserved lineage- or plant species-specifi c 
miRNA families (Nozawa et al.  2011 ). 

 As stated earlier, experimental and computa-
tional analysis has indicated that many plant 
miRNAs and their targets are conserved between 
monocots and dicots. Monocots and dicots 
diverged about 125 million years ago; thus, miR-
NAs should have existed at that time when they 
diverged from the same ancestor (Jones-Rhoades 
 2012 ). Further, employment of microarray tech-
nology and EST database to analyse the expres-
sion of several miRNAs in different plant species 
found that some miRNAs existed not only in 
dicots and monocots but also in ferns, lycopods 
and mosses (Zhang et al.  2006a ). Both miRNA 
conservation and miRNA target conservation 
indicate that plant miRNAs have a very deep ori-
gin in plant phylogeny, at least since the last com-
mon ancestor of bryophytes and seed plants. 
Gene regulation by miRNA is an ancient 
 evolutionary mechanism to control gene expres-
sion. It is one part of the global gene regulation 
mechanisms. This suggests that miRNA-medi-
ated gene regulation existed more than 425 mil-
lion years ago in the plant kingdom 
(Jones-Rhoades  2012 ). The age of plant miRNA 
is comparable to the age of miRNA regulation in 
metazoans; however, no evidence yet shows that 
plant miRNAs and animal miRNAs have a com-
mon ancestor. However, it is also expected that 
some non-conserved or lowly conserved miR-
NAs may be documented in the near future as 
more miRNAs are discovered in different plants 
at different developmental stages or under biotic 
and abiotic stresses. Non- conserved miRNAs 
may play more specifi c roles in specifi c plant 
species, such as the differentiation and elonga-
tion of cotton fi bres. Several numbers of novel 
and differentially expressed miRNAs in contrast-
ing cotton cultivars exposed to water stress were 
noticed in our laboratory (Boopathi et al. in 
preparation). 

 The entire miRNA transcribed region can be 
divided into two subregions in general: the 
evolutionarily stable subregion and the vari-
able subregion (Jones-Rhoades  2012 ). The 
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stable subregion is small in size and includes 
mainly the mature miRNA and the miRNA, 
whereas the loop and other sequences beyond 
the stable subregions, which represent most of 
the miRNA gene, belong to the variable subre-
gions. The stable and variable subregions are 
the outcome of evolution over a long period. 
Except for the stable subregion, the overall 
sequences of most ancient miRNA genes tend 
to be variable due to genetic drift, natural 
selection and fi xation in evolution. Sequence 
variations along the variable subregions of 
most miRNA genes are helpful in keeping the 
miRNA genes active (Nozawa et al.  2011 ). All 
miRNAs have similar secondary hairpin struc-
tures; many of these are evolutionarily con-
served. This suggests a powerful approach to 
predict the existence of new miRNA ortho-
logues or homologues in other species.   

    Identifi cation of miRNA Genes 

 There are at least four different methods that are 
available for identifying miRNAs, and they are 
based on the major characteristics of miRNAs 
such as: (a) all miRNAs are small non-coding 
RNAs, usually consisting of ~20–22 nucleotides 
for animals and ~ 20–24 nt for plants; (b) all 
miRNA precursors have a well-predicted stem- 
loop hairpin structure, and this fold-back hairpin 
structure has a low free energy; and (c) many 
miRNAs are evolutionarily conserved, some 
from worm to human or from ferns to core eudi-
cots or monocots in plants (Zhang et al.  2006a , 
 b ). Plant miRNAs are less conserved than animal 
miRNAs. Usually, only the mature miRNAs are 
conserved in plants instead of miRNA precursors 
that are usually conserved in animals. Therefore, 
when an sRNA (see above) is considered as an 
miRNA, all of these major characteristics should 
be included. Further, to evade labelling other 
sRNAs or fragments of other RNAs as miRNAs, 
Ambros et al. ( 2003 ) developed combined crite-
ria to identify new miRNAs. These combined cri-
teria include both biogenesis and expression 
criteria, neither of which on its own is suffi cient 

for identifying a candidate gene as a new miRNA 
(Ambros et al.  2003 ). So far, all newly predicted 
or identifi ed miRNAs have conformed to these 
rules. 

 The four approaches that are employed for 
identifying miRNAs are genetic screening or for-
ward genetics (Lee et al.  1993 ; Wightman et al. 
 1993 ), direct cloning and sequencing after isola-
tion of small RNAs (Lu et al.  2005a ,  b ), compu-
tational strategy (Brown and Sanseau  2005 ) and 
expressed sequence tags (ESTs) analysis (Zhang 
et al.  2005 ). Characteristics, advantages and limi-
tations of these methods are given in Table  2 , and 
more details on individual methods are provided 
below. Earlier studies of miRNA profi ling 
depended on Northern blotting, RT-PCR and 
cloning, which are labour intensive and time con-
suming, and they cannot obtain about global 
miRNA expression patterns. Compared with 
other methods of protein-coding gene prediction, 
predicting and annotating miRNA genes still 
need more work, and hence it is generally 
 suggested that combined use of the above meth-
ods will improve the effi ciency of miRNA profi l-
ing and characterisation.

      Genetic Screening or Forward 
Genetics 

 This is the fi rst approach by which the fi rst two 
miRNAs (i.e. the founding members of the miR-
NAs:  lin4  and  let7 ) were identifi ed in  C. elegans  
(Lee et al.  1993 ; Wightman et al.  1993 ). Since 
genetic studies are based on clear phenotypes, the 
in vivo functions of genetically identifi ed miR-
NAs are well established. This method was simi-
lar to methods for identifying other traditional 
genes. Although this method was useful for iden-
tifying some miRNAs, application of this strat-
egy was limited because it is expensive, time 
consuming and dominated by chance. To over-
come some of the shortcomings of genetic 
screening, another experimental approach was 
recently described for isolating and identifying 
new miRNAs. This approach involves direct 
cloning after isolation of sRNAs.  
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    Direct Cloning and Sequencing 

 In this approach, sRNA molecules are fi rst iso-
lated by size fractionation. Then these small 
RNAs are ligated to RNA adapters at their 5′ and 
3′ ends (Lu et al.  2005a ,  b ). In the successive 
steps, they are reverse transcribed into cDNA, 
which is then amplifi ed and sequenced. Because 
only sRNAs are isolated and screened by this 
method, it is a more effi cient way to obtain miR-
NAs than general genetic screening. This method 
can be further refi ned by combining it with mas-
sively parallel signature sequencing. This method 
is not only suitable for identifying plant miRNAs 
but also can quantify miRNA abundance at the 
same time. 

    Deep Sequencing 
 The emergence of next-generation technologies, 
capable of generating 10 5 –10 7  sequences in a 
single experiment, has revolutionised our ability 
to meaningfully describe the populations of miR-
NAs (and other sRNAs) expressed in plant cells 
(Jones-Rhoades  2012 ). Deep sequencing has dra-
matically expanded the number of miRNA fami-

lies known to exist in plants and has led to revised 
guidelines of evidence required to justify annota-
tion of plant miRNAs (Meyers et al.  2008 ). 

 A simple and apt reason that describes the 
utility of deep sequencing in miRNA identifi ca-
tion is that analysing large numbers of reads 
increases the chance of recovering rare tran-
scripts. On the other hand, analysing a few hun-
dred reads is often suffi cient to obtain clones of 
highly expressed miRNAs. Since miRNA abun-
dance varies by at least several orders of magni-
tude, much larger data sets are needed to recover 
a substantial fraction of lower abundance miR-
NAs. A second powerful reason for using deep 
sequencing is that categorising the cloned RNAs 
is more straightforward when patterns of RNA 
expression are apparent (Jones-Rhoades  2012 ). 
Specifi cally, the observation of patterns of sRNA 
accumulation consistent with Dicer processing of 
a hairpin intermediate (i.e. detection of an 
miRNA–miRNA* pair, as defi ned by the pre-
dicted secondary structure of a single-stranded 
precursor) is strong evidence for miRNA-like 
biogenesis (Meyers et al.  2008 ). Examples of 
miRNA–miRNA* pairs are sometimes observed 

   Table 2    Characteristics, advantages and limitations of different approaches used for miRNA identifi cation   

 Particulars 
 Genetic screening/
forward genetics 

 Direct cloning and 
sequencing after 
small RNA isolation 

 Computational 
approaches  EST analysis 

 Requirement of genome 
sequence 

 Not required  Not required  Required  Required 

 Use of specifi c software  Not required  Not required  Required  Required 
 Cost of the experiment  High  High but less than 

genetic screening 
 Moderate  Low 

 Effi ciency in 
identifi cation of miRNA 

 Low  High  Low  High 

 Experimental 
confi rmation of 
identifi ed miRNA 

 Not required  Not required  Required  Required 

 Effi ciency in 
identifi cation of new 
miRNA 

 High  High  High  Low 

 Can be applied across 
the species? 

 Yes  Yes  Yes  No 

 Can quantitative 
information on miRNA 
be obtained? 

 No  Yes  No  Somewhat 

 Reference  Lee et al. ( 1993 ) and 
Wightman et al. ( 1993 ) 

 Lu et al. ( 2005a ,  b )  Brown and 
Sanseau ( 2005 ) 

 Zhang et al. 
( 2005 ) 
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at low depth of sequencing for abundant miRNAs 
(Reinhart et al.  2002 ), but deep sequencing makes 
it feasible for comparatively rare miRNAs 
(Rajagopalan et al.  2006 ). At the same time it 
should be noted that there is considerable evi-
dence that miRNA discovery by deep sequencing 
has not reached saturation even in well-sampled 
species like  Arabidopsis  (Fahlgren et al.  2007 ; 
Jones-Rhoades  2012 ).   

    Computational Methods 

 The third approach that is used to identify miRNA 
is the computational approach. This approach is 
based on a genome sequence and bioinformatic 
tools (Jones-Rhoades and Bartel  2004 ). The fi rst 
miRNA search algorithm was MiRscan, which 
successfully predicted miRNA genes that display 
close homology in two nematode worms:  C. ele-
gans  and  C. briggsae . MiRscan was further 
improved by defi ning conserved sequence motifs 
found in the vicinity of nematode miRNA genes. 
Since then several tools were developed, and the 
following are some of the commonly used public 
resources of machine learning-based approaches 
for fi nding miRNA genes: MiRAlign, Mir-abela, 
Tirplet SVM, MiPred, RNAmicro, 
Microprocessor SVM, Bayes miRNA fi nd, 
ProMiR and MiRFinder (Please see Table  3 ). 
They have successfully predicted miRNA genes 
in plants and animals. However, it is generally 
believed that computational approach is slightly 
ineffi cient and certainly not comprehensive. The 
predicted miRNAs need to be confi rmed by 
experiments such as cloning or Northern 
blotting.

       EST Analysis 

 The fourth approach is an expressed sequence tag 
(EST) analysis approach. It is well recognised 
that several miRNAs are evolutionarily con-
served from species to species (Llave et al.  2002 ; 
Reinhart et al.  2002 ; Zhang et al.  2005 ). This sug-
gests a powerful approach to predict homologies 
or orthologues of previously known miRNAs 

(Jones-Rhoades and Bartel  2004 ). More impor-
tantly, this approach is very useful for predicting 
miRNAs in multiple species, especially in spe-
cies whose genomes are unknown. It advocates 
that EST analysis is a good alternative method for 
identifying miRNAs, especially for species 
whose genome is poorly understood. However, 
this method can only identify conserved miR-
NAs. miRNAs that are more likely non-conserved 
cannot be identifi ed based on the EST approach. 

 A novel innovation in miRNA detection 
involves the bead-based fl ow cytometric method 
(Lu et al.  2005a ). Each individual bead is marked 
with fl uorescence tags (which can yield up to 100 
colours, each representing a single miRNA) and 
coupled to probes that are complementary to 
miRNAs of interest. miRNAs are ligated to the 5′ 
and 3′ adaptors, reverse transcribed, amplifi ed by 
PCR using a common biotinylated primer, hybri-
dised to the capture beads and stained with strep-
tavidin–phycoerythrin. The beads are then 
analysed using a fl ow cytometer capable of mea-
suring bead colour (denoting miRNA identity) 
and phycoerythrin intensity (denoting miRNA 
abundance). Since hybridisation takes place in 
solution, this method offers more specifi c detec-
tion of closely related miRNAs compared with 
conventional glass-slide microarrays (Lu et al. 
 2005a ).   

    Documented miRNAs in Plants 

 Despite notable recent progress in identifying 
miRNAs, including detailed data on miRNA 
expression pattern and target genes of miRNAs, 
they remain widely distributed in published lit-
erature. To this end, a cohesive database system 
is profoundly needed for data deposit and further 
application. Thus, the availability of a large 
amount of miRNA information, including the 
sequence information, structural features and 
annotated functional roles in crop plants, neces-
sitates in developing databases with specifi c 
goals and tools. There are several miRNA and 
their target databases available in the World Wide 
Web. Some notable databases are miRBase (the 
home of microRNA data; the miRBase sequence 
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database is a searchable database of published 
miRNA sequences and annotation), PMRD (plant 
microRNA database; this database includes all 
publicly known plant miRNA sequences – includ-
ing those in miRBase), MicroCosm Targets (for-
merly miRBase Targets; a web resource 
containing computationally predicted targets for 
microRNAs across many species), miR2Disease-
Base (manually curated database documenting 
known relationships of miRNA dysregulation 
and human disease), miRecords (manually 
curated database of experimentally validated 
miRNA–target interactions), miRvar (database 
for genomic variations in microRNAs), PASmiR 
(a literature-curated and web-accessible data-
base, which provides detailed, searchable 
descriptions of miRNA molecular regulation in 
different plant abiotic stresses), psRNATarget (a 
Plant Small RNA Target Analysis Server) and 
TargetScan (which predicts biological targets of 
miRNAs by searching for the presence of con-
served 8mer and 7mer sites that match the seed 
region of each miRNA), ASRP (collection of 
known miRNAs in plants), miRNA map (collec-
tion of computationally identifi ed miRNA in 
metazoan genomes), miRCen (collection and 
identifi cation of animal miRNA–target interac-
tions using multiple target-prediction pro-
grammes), CoGemiR (comparative genomics of 
miRNAs) and TarBase (collection of experimen-
tal miRNA targets).  

    miRNA Nomenclature 

 Since hundreds of miRNAs specifi c to particular 
crop and thousands across other species are being 
identifi ed, a system of nomenclature has been 
adopted and names are designated to specifi c 
miRNAs before publication of their discovery 
(Ambros et al.  2003 ). Experimentally confi rmed 
microRNAs are given a number that is attached 
to the prefi x mir followed by a dash, e.g. mir-123. 
The uncapitalised mir- refers to the pre-miRNA 
and the capitalised miR- refers to the mature 
form. MiRNAs with similar structures with dif-
ferences at 1 or 2 nucleotides are noted with 
added lowercase letter, e.g. miR-1a and miR-1b. 

It is possible for miRNAs at different loci to pro-
duce the same miRNA, and these are shown with 
additional number, e.g. miR-1-1 and miR-1-2. 
Strictly speaking, microRNA nomenclature 
should also be preceded by fi rst letter of the 
genus and fi rst two letters of the species in which 
they are observed, e.g.  hsa -miR-156, i.e. miR156 
which is identifi ed in  Homo sapiens . On the other 
hand, common miRNA species are also having 
distinct nomenclature, e.g. viral v-miRNA and 
drosophila d-miRNA. microRNAs originating 
from the 3′ end or 5′ end are often denoted with a 
-3p or 5p suffi x, e.g. miR-142-5p and 
miR-142-3p.  

    miRNA Targets 

 As stated earlier, the very fi rst miRNA target was 
noticed through genetic screens performed by the 
Ambros laboratory to characterise the heteroch-
ronic gene pathway (i.e. the temporal progression 
of developmental events in  C. elegans ). They 
uncovered a 22 nt non-coding RNA as the prod-
uct of the  lin-4  gene (Lee et al.  1993 ).  lin-4  RNA 
repressed the protein levels of  lin-14 , a gene that 
functions in the same developmental pathway. 
The  lin-4  RNA had the potential to bind, with 
partial antisense complementarity, to sequences 
found in the 3′-untranslated region (3′-UTR) of 
 lin-14  mRNA and repress its translation (Lee 
et al.  1993 ). A similar kind of regulation was later 
noticed when the discovery by the Ruvkun labo-
ratory, of  let-7 , a second 22nt RNA that also 
functioned in the heterochronic gene pathway, 
was published (Wightman et al.  1993 ). As that of 
 lin-4, let-7  RNA recognised sequences present in 
the 3′-UTR of its  lin-41  mRNA target and 
repressed LIN-41 protein levels. Thus it is obvi-
ous that each miRNA has its own target gene(s), 
whose expression(s) is/are negatively regulated 
by the specifi c miRNA. 

 In plants miRNAs were described fi rst in 
 Arabidopsis  and later in other species. To date, 
there are 5399 plant miRNAs from 61 species 
available at the miRBase (  www.http://www.mir-
base.org/cgi-bin/browse.pl    ; verifi ed on 09th May, 
2013). Most of these miRNAs target transcrip-
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tion factors and thus are implicated in diverse 
aspects of plant growth and development (Jones- 
Rhoades  2012 ). The major challenge in deter-
mining miRNA functions is to identify their 
regulatory targets. By analogy to  lin-4  and  let-7  
RNAs, it is reasonable to suppose that miRNAs 
generally recognise their regulatory targets 
through base pairing. An indication that target 
prediction for certain plant miRNAs might be 
more straightforward came with the identifi ca-
tion of miR171, a plant miRNA with perfect anti-
sense complementarity to the mRNAs of three 
scarecrow-like transcription factors (Llave et al. 
 2002 ; Reinhart et al.  2002 ). 

 Since thousands of miRNAs are being 
reported regularly, identifi cation of miRNA tar-
gets becomes a crucial phase in appreciating 
their regulatory function. The methods to do this 
can be generally classifi ed into two different 
groups according to their generations (some 
selective list of computational methods for target 
prediction are given in Table  4 ). The fi rst-gener-
ation methods such as miRanda, DIANA-
microT, RNAhybrid, MicroInspector and 
TargetScans are based mainly on three character-
istic properties: (1) The 5′ seed of the miRNA 
(nucleotide positions 2–8 of the miRNA) is com-
plementary to the 3′ UTR of the target mRNA. 
(2) The RNA–RNA duplex has a higher negative 
folding free energy. (3) Mature miRNAs, bind-
ing sites of miRNA to mRNA and miRNA–
mRNA duplex all are highly conserved from 
species to species, particularly within the same 
kingdom (Li et al.  2010a ,  b ).

   The new generation of methods often utilises 
machine learning-based approaches. PicTar is a 
typical example. This algorithm scans the align-
ments of 3′ UTRs for those displaying seed 
matches to miRNA and then fi lters the align-
ments according to their thermodynamic stabil-
ity. Each predicted target is scored by using a 
HMM maximum-likelihood fi t approach. In the 
PicTar model, synergistic effects of multiple 
binding sites of one miRNA or several miRNAs 
acting together are accounted for along with 
appropriate scoring of overlapping site and back-
ground for binding (Li et al.  2010a ,  b ). The prob-
abilities are assigned according to experimental 

and computational results. Some experimental 
studies also suggested that site accessibility was a 
critical factor for effi cient repression. Excellent 
comparisons of computational methods used to 
predict miRNAs and their targets are provided in 
Li et al. ( 2010a ,  b ). 

 In plants, the successful targeting reaction 
requires complementarity of the miRNA at most 
of the residues (Mallory and Bouché  2008 ). The 
consequence of the targeting reaction depends on 
the nature of the targeted RNA and the extent of 
complementarity with the miRNA. The target 
RNA is cleaved and the level of the protein prod-
uct is reduced if there is near complete comple-
mentarity, including positions 9 and 10 of the 
miRNA. Translational suppression without turn-
over of the target RNA is mediated by miRNAs 
with incomplete complementarity to their target 
(Lanet et al.  2009 ). In addition, there may be 
miRNA-mediated targeting of chromatin- 
associated RNAs that leads directly or indirectly 
to targeted epigenetic modifi cation (Wu et al. 
 2010 ). In some instances, miRNA-mediated gene 
silencing is a simple negative switch: whenever 
the miRNA gene is active, the target mRNA is 
silent. However, these versatile RNA regulators 
may also participate in feedback loops and carry 
out more subtle roles in genetic regulation 
(MacLean et al.  2010 ). They might dampen fl uc-
tuations in target gene expression, for example, 
infl uence temporal changes. In some instances, 
the miRNAs or their precursors may move 
through plasmodesmata and different stages in 
the feedback system occur in adjacent cells or in 
separate roots and shoots. MiRNAs may also ini-
tiate regulatory cascades with multiple mRNA 
targets (MacLean et al.  2010 ). These cascades 
involve secondary siRNAs (see above) that asso-
ciate with argonaute (AGO) proteins, similarly to 
miRNAs. 

 It has been shown that an individual miRNA is 
able to control the expression of more than one 
target mRNAs and that each mRNA may be regu-
lated by multiple miRNAs (Jones-Rhoades and 
Bartel  2004 ). The 5′ region of miRNA usually 
contributes more to the specifi city and activity in 
binding targets. The interactions between miRNA 
and mRNA are usually restricted to the ‘seed’ 
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   Table 4    Resources used to fi nd miRNA targets using computational strategies   

 Name of the tool  Characteristic features  Website 

 PicTar  HMM maximum- likelihood fi t 
approach 

   http://pictar.mdc-berlin.de/     

 TargetBoost  Boosted genetic programming 
algorithm to create weighted 
sequence motifs 

   https://demo1.interagon.com/demo     

 RNA22  Exhaustive pattern discovery based 
on locally conserved signatures 

   http://cbcsrv.watson.ibm.com/rna22.html     

 PITA  Incorporates the role of target-site 
accessibility within traditional seed 
fi nding procedures 

   http://genie.weizmann.ac.il/pubs/mir07     

 miTarget  SVM based on structural, 
thermodynamic and positional 
features 

   http://cbit.snu.ac.kr/~miTarget     

 MicroTar  Complementarity of miRNAs to their 
target and thermodynamic data 

   http://tiger.dbs.nus.edu.sg/microtar/     

 NBmiRTar  Naive Bayes classifi er based on 
sequence and duplex structures 
feature 

   http://wotan.wistar.upenn.edu/NBmiRTar     

 mirWIP  Structural accessibility of target 
sequences, total free energy of 
miRNA–target hybridisation and 
topology of base pairing to the 5′ 
seed region of the miRNA 

   http://146.189.76.171/query.php     

 Sylamer  Nucleotide pattern analysis based on 
expression profi ling data sets 

   www.ebi.ac.uk/enright/sylamer/     

 GenMiR++  Bayesian algorithm based on 
expression data sets 

   http://www.psi.toronto.edu/genmir     

 TargetScanS  Seed match (SM), sequence 
complementarity (SC) and minimal 
free energy (MFE) of miRNA/target 
duplex; sequence preferences of 
target sites 

   http://www.targetscan.org/     

 miRanda  SM, SC and MFE    http://www.microrna.org/     
 RNAhybrid  Measures SC, MFE and statistical 

signifi cance of miRNA–target 
interactions 

   http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/     

 MirTarget2  Based on machine learning 
technique; a computational model 
was trained by a variety of features 
concerning miRNA–target 
interactions 

   http://mirdb.org/miRDB/     

 DIANA-micro  SM, SC, MFE and sequence 
preferences of target sites 

   http://www.diana.pcbi.upenn.edu/cgibin/microt.
cgi     

 miRcheck  Sequence complementarity, allowing 
gap in miRNA/target duplex (for 
plants) 

   http://web.wi.mit.edu/bartel/pub/software.Html     

 miRU  Sequence complementarity, allowing 
gap in miRNA/target duplex (for 
plants) 

   http://bioinfo3.noble.org/miRNA/miRU.htm     

 fi ndMiRNA  Sequence complementarity; gap not 
allowed (for plants) 

   http://sundarlab.ucdavis.edu/miRNA/     
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sequence near the 5′ terminus in animals despite 
the fact that most plant miRNAs regulate their 
targets based on complete complementarity. 
The  ~  6 to 8 nt ‘seed’ sequence is highly con-
served among species and even a slight change in 
sequence may alter its target spectra. It is also 
suggested that the location of central loop in the 
miRNA–mRNA duplexes may play a key role in 
affecting the effi ciency of gene regulation medi-
ated by miRNAs (Jones-Rhoades  2012 ). 

 miRNAs control the target expression by 
base pairing to sequence motifs in the 3′UTR of 
mRNAs with perfect or near-perfect comple-
mentarities (Jones-Rhoades and Bartel  2004 ). 
Certain AU-rich elements in 3′UTR were 
uncovered to interact with miRNAs and act 
both directly and indirectly as potent post-tran-
scriptional regulatory signals. Analysis of the 
miRNA target sites indicated that genes with 
longer 3′UTRs usually have higher density of 
miRNA-binding sites and are mainly involved 
in developmental  modulations, whereas genes 
with shorter 3′UTRs usually have lower density 
of miRNA-binding sites and tend to be involved 
in basic cellular processes (Jones-Rhoades and 
Bartel  2004 ). These facts emphasise the impor-
tance of 3′UTR in interacting with miRNAs. It 
is also claimed that a small subset of miRNAs 
from plants and animals exert repression regu-
lation by specifi cally targeting the 3′ UTR of 
some mRNAs. In addition, candidate target 
sites of miRNAs falling in the protein- coding 
regions are also identifi able based on computa-
tional and experimental approaches. Hence, it 
is obvious that miRNAs identify their targets by 
multiple pathways or modes (Cai et al.  2009 ). 
Thus the impact of the interaction between 
miRNAs and their targets is further compli-
cated than it was thought. 

 Current target-prediction programmes depend 
on the information from sequence, structure- 
associated free energy and evolutionary conser-
vation to predict candidate mRNAs. Those 
bioinformatic methods usually result in the pre-
diction of tens or hundreds of targets for each 
miRNA with high false positive rates. Therefore, 
further experiments of gain-of-function and loss-
of- function are still needed and will determine 

how many of these predicted targets are genu-
inely targeted by miRNAs. 

 A number of experimental techniques have 
been used to validate miRNA–target relation-
ships that are predicted by bioinformatics. These 
include the detection of cleavage activity in vivo 
or in vitro, the detection of target abundance (at 
the RNA and/or protein level) following pertur-
bation of miRNA function and the effects of 
reducing the complementarity between the 
miRNA and target (Jones-Rhoades et al.  2006 ). 
Another approach is to use microarrays or RNA 
sequencing to globally monitor abundance of 
RNAs following perturbation of miRNA expres-
sion. Another powerful method to empirically 
identify targets of miRNAs (and other small 
RNAs) is to sequence libraries of 5′ fragments 
from uncapped, polyadenylated transcripts 
(which is also referred to as degredome sequenc-
ing). A large number of miRNA–target interac-
tions initially identifi ed via bioinformatics now 
have confi rmed roles in specifi c aspects of plant 
biology (Chen  2009 ). Until now, miRNA target 
identifi cation has relied mainly on computational 
approaches since genome-wide experimental 
approaches have not been developed due to the 
limitation of technology. This problem has 
recently been overcome by approaches that com-
bine HITS-CLIP (high-throughput sequencing of 
RNAs isolated by cross-linking immuno- 
precipitation) with bioinformatic analysis (Chi 
et al.  2009 ). 

 Thus it can be concluded that the scope of 
miRNA-mediated regulation in plants, as cur-
rently understood, is much more limited in terms 
of the numbers of genes targeted. Well- 
characterised plant miRNA–target interactions 
(as identifi ed by bioinformatic and experimental 
approaches outlined above) involve extensive 
complementarity and are relatively few in num-
ber. Most plant miRNA families have 0–10 
known targets (usually from the same gene fam-
ily) in a single genome, implying that less than 
1 % of plant genes are miRNA targets. It has also 
been suggested that plant miRNAs, including 
miRNAs for which verifi ed targets exist, might 
also have large numbers of yet unidentifi ed 
targets.  

Plant miRNomics: Novel Insights in Gene Expression and Regulation



198

    Regulation of the Regulators: 
Genetic Control of miRNA 
Biogenesis 

 Since the discovery of miRNA, bioinformatic 
and experimental analysis has focused mainly on 
the identifi cation and predicted target of miR-
NAs, whereas regulation of miRNA gene expres-
sion remained largely unexplored. As more 
experimental evidence indicated that miRNAs 
played an important role in the development 
stage and mechanism of biotic and abiotic 
responses, it was urgent to understand the regula-
tion process of this petite regulator itself. The 
bioinformatic studies on the regulation of miRNA 
could roughly be divided into two parts. The fi rst 
part focused on prediction of transcription factors 
(TFs) that governed the expression of miRNAs or 
location of the promoter region upstream of 
miRNA sequences. The second part focused on 
the crosstalk between miRNAs and TFs based on 
the experimentally proved or computationally 
predicted TFs and miRNA regulation relation-
ship data sets. miRNA is coordinatively modu-
lated by multifarious effectors such as SNP, 
miRNA editing, methylation and circadian clock. 
Cai et al. ( 2009 ) and Li et al. ( 2010a ,  b ) provided 
a detailed description of such regulations in 
miRNA biogenesis and function.  

    Role of miRNA in Plant Growth 
and Development 

 miRNAs are playing highly signifi cant roles in 
regulatory mechanisms operating in plants, 
including developmental timing, cell differentia-
tion, proliferation and apoptosis. As stated above, 
miRNAs have several distinct features that impart 
specifi c molecular role to them as compared to 
other regulatory RNA species. Most of the known 
miRNAs are encoded as polycistronic transcripts 
and tend to target and regulate a set of mRNAs 
instead of a specifi c mRNA substrate. The cross 
species conserved miRNAs possess a special 
‘seed’ sequence in their 5′ terminus; such conser-
vation suggests that these molecules participate 

in critical cellular processes (Jones-Rhoades and 
Bartel  2004 ; Cai et al.  2009 ; Jones-Rhoades 
 2012 ). 

 Table  5  illustrates some selected examples of 
miRNAs and their specifi c role in plant growth 
and development. Altogether, these results sug-
gest that miRNAs are implicated in various regu-
latory processes and signalling pathways that are 
required for organogenesis in crop plants. 
Additional investigation of miRNA diversity in 
tissues or organs of various species may serve to 
discover new miRNAs, to reveal new targets of 
conserved miRNAs and to suggest additional 
roles of miRNAs in these crop species. It has 
been proposed elsewhere that these new miRNA- 
modulated patterns may be infl uential to cellular 
developmental pattern and that miRNAs may be 
highly interesting targets to understand the con-
trol of cell growth and development in plants 
(Achard et al.  2004 ). For example, it was pre-
dicted that one of the miR396 targets was the  cal-
lose synthase  catalytic subunit ( CFL1, 
AF085717 ), a gene that is differentially expressed 
during cotton fi bre development (Cui et al.  2001 ). 
It was also observed that miR396 was expressed 
in different organs, including fi bre and ovules. 
This suggests that miR396 plays a role in cotton 
fi bre differentiation and development. Further 
study of the regulatory mechanisms of miRNAs 
on  CFL1  and other fi bre-related genes will allow 
better understanding of the molecular mechanism 
of fi bre development in cotton. This can lead to 
effi ciently improve cotton fi bre yield and quality 
more precisely and quickly than ever.

       Role of miRNA in Biotic and Abiotic 
Stress Resistance in Plants 

 Besides the fi ndings of miRNAs acting as master 
regulators of plant growth and development, 
other evidences also suggest that miRNAs play a 
key role in plant stress responses (Kedde et al. 
2012). In addition, the expression profi les of 
most miRNAs that are implicated in plant growth 
and development are signifi cantly altered during 
stress. This clearly implies that attenuated plant 
growth and development under stress may be 
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under the control of stress-responsive miRNAs. 
Even subtle and transient changes in miRNA 
expression during stress can have profound phys-
iological effects (Mendoza-Soto et al.  2012 ). 

 Abiotic and biotic stresses are a big issue for 
plant growth and development and are major con-
straints to agricultural productivity worldwide. 
Examples of abiotic stress or adverse environ-
mental factors include drought, submergence, 
salinity, solar radiation (excess light or high light 
intensities, UV light), extreme temperatures (heat 
and low temperature/freezing stress) and pollut-
ants (heavy metals, herbicides). In addition, low 
concentrations of essential macro- and micronu-
trients or conditions that result in poor uptake of 
these nutrients are also perceived as stress by 
plants. Several fi eld studies showed that environ-
mental stress caused about 20–30 % yield loss 
and some may completely destroy crop yield 
(Gepstein and Glick  2013 ). Similarly, the biotic 
stresses such pests and diseases also cause huge 
loss to the farm productivity. 

 During the evolution, crops have developed 
different mechanisms to resist different environ-

mental stresses, including salinity, cold, drought, 
pests and diseases. The molecular basis of plant 
tolerance to these stresses has been profoundly 
explored over several decades. These research 
efforts have identifi ed numerous genes that are 
induced under such abiotic stress, with the hope 
that over expression of stress-responsive genes 
would improve plant stress tolerance. However, 
these transgenic plants exhibited very small 
improvements in stress tolerance or no improve-
ment at all (Bartels and Sunkar  2005 ), largely 
because the complicated genetic interactions 
underlying plant stress tolerance are not com-
pletely understood, i.e. although several genes 
have been identifi ed and isolated from plants 
(  http://www.plantstress.com/biotech/index.
asp?Flag=1    ), the principle mechanism of plant 
resistance still remains unknown. In addition to 
protein-coding genes, the expression of miRNAs 
in plants is altered during conditions of stress. 
Increasing evidences suggest that miRNAs may 
play an important role in plant response to biotic 
and abiotic stresses (Tables  6 ,  7  and  8 ). The miR-
NAs that have been identifi ed as stress responsive 

    Table 6    Representative examples of miRNAs involved in biotic stress response   

 Name of the 
miRNA  Crop  Predicted target 

 Experimentally 
validated target  Function of miRNA  Reference 

 miR393   Arabidopsis   Genes involved in 
auxin perception 
and signalling 

 –  Protecting plants 
against pathogenic 
bacteria 

 Navarro et al. 
( 2006 ) 

 miR482 and 
miR2118 

 Tomato  –  Disease resistance 
proteins with 
nucleotide binding 
site (NBS) and 
leucine-rich repeat 
(LRR) motifs 

 Contributes to a novel 
layer of defence 
against pathogen 
attack 

 Shivaprasad et al. 
( 2012 ) 

 miR1885   Brassica 
rapa  

 –  TIR–NBS–LRR 
class disease- 
resistant transcripts 

 Induced specifi cally 
by turnip mosaic virus 
(TuMV) infection 

 He et al. ( 2008 ) 

 miR160, 
miR393 and 
miR1510 

 Soybean  –  12 resistance- related 
genes 

 In response to 
soybean mosaic virus 
infection 

 Yin et al. ( 2013 ) 

 miR156 
variants 

  Arabidopsis   –  At3G15270 (SPL 
family members) 

 In response to 
 Brevicoryne brassicae  
attack and 
 Pseudomonas 
syringae  infestation 

 Barah et al. ( 2013 ) 
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in diverse plant species are too numerous to be 
covered comprehensively here, and hence only 
selective examples are listed.

     On several occasions, miRNAs are shown to 
be key regulators in plant disease development 
(Tables  6  and  8 ). Some of the miRNAs may get 
involved in virus-induced gene silencing. Helper 
component-proteinases  (HC-Pro), p19, p21  and 
 p69 , are unrelated viral suppressors of gene 
silencing, and they play important roles in the 
virus response to plant antiviral silencing 
response (Zhang et al.  2007 ). Several investiga-
tions demonstrated that quite a lot of miRNAs are 
related to the activity of these viral suppressors. 
 HC-Pro  inhibited the expression level and activ-
ity of miR171 and caused miR171-related devel-
opmental defi ciency.  P69  enhanced the 
expression and activity of miRNAs and caused 
rapid degradation of miRNA-targeted mRNAs 
and consequently enhance plant resistance to 
pathogens (Zhang et al.  2007 ). miRNAs respon-
sive to plant infection by viruses were also identi-
fi ed in many plant species, such as  Brassica rapa  
(He et al.  2008 ), rice (Du et al.  2011 ),  Arabidopsis  
(Hu et al.  2011 ) and tomato (Lang et al.  2011 ). 
The role of individual miRNAs in plant resis-
tance to viruses has not yet been demonstrated. 
Rather, plants may use the general RNA silenc-
ing machinery to degrade viral RNAs or target 
viral DNAs for methylation (Hohn and Vazquez 
 2011 ). 

 While the role of RNA silencing in defence 
against viruses was unravelled several years ago, 

the involvement of miRNA-guided regulations 
has emerged only recently as one of the many 
strategies developed by plants to protect against 
bacterial pathogens (Navarro et al.  2006 ). 
Perception of fl agellin is crucial for plant resis-
tance to  Pseudomonas syringae  bacterium 
(Gómez-Gómez and Boller  2002 ). The miRNA 
miR393 seems to play an important role in this 
process (Navarro et al.  2006 ). Indeed, fl agellin- 
derived peptide induces the expression of 
miR393a and down-regulates the expression of 
the auxin receptors AFB1 at the transcriptional 
level and TIR1, AFB2 and AFB3 at the post- 
transcriptional level. Although the direct role of 
miR393 in bacterial resistance has not yet been 
demonstrated, auxin signalling is important for 
resistance, and the model predicts that repression 
of auxin signalling by increased miR393 function 
would restrict  P. syringae  growth (Navarro et al. 
 2006 ). Recently, a group of bacteria-regulated 
miRNAs that targets genes encoding proteins of 
the auxin, abscisic acid and jasmonic acid bio-
synthetic and/or signalling pathways was identi-
fi ed (Zhang et al.  2011b ). The expression of 12 
target genes, including  ARF8, ARF10, ARF16, 
ARF17, TIR1, AFB2, AFB3, MYB33  and  MYB65  
which are the targets of miR160, miR167, 
miR393 and miR159, was negatively correlated 
with the accumulation of their miRNAs upon 
 Pseudomonas  infection (Zhang et al.  2011b ). The 
results suggested an important role of these miR-
NAs in plant defence signalling by regulating and 
fi ne-tuning multiple plant hormone pathways. 

      Table 8    Selective examples of miRNAs that are expressed in response to multiple stresses   

 Name of the miRNA  Stress under which it was identifi ed  Reference 

 miR156  Drought, salt, cold, heat, ABA, oxidative, hypoxia, 
UV B 

 Reviewed by Sunkar et al. ( 2012 ) 
and Kruszka et al. ( 2012 ) 

 miR159  Biotic, drought, salt, cold, heat, ABA, hypoxia, UV B 
 miR160  Biotic, drought, salt, cold, heat, ABA, hypoxia, UV B 
 miR162  Drought, salt, cold, hypoxia 
 miR165/166  Biotic, drought, cold, heat, hypoxia, UV B 
 miR167  Biotic, drought, salt, cold, ABA, hypoxia, UV B 
 miR393  Biotic, drought, salt, cold, heat, ABA, UV B 
 miR398  Oxidative, Cu and phosphate defi ciency, UV, salt, 

ABA, water defi cit, addition of sucrose, paraquat, 
ozone or plant pathogens 

 Abdel-Ghany and Pilon ( 2008 ), 
Jagadeeswaran et al. ( 2009 ), Jia 
et al. ( 2009 ), Sunkar et al. ( 2005 ), 
and Yamasaki et al. ( 2007 ) 

Plant miRNomics: Novel Insights in Gene Expression and Regulation
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Similarly, high-throughput sequencing has facili-
tated identifi cation of miRNAs affected in geno-
type sensitive to Asian soybean rust (ASR), a 
foliar disease caused by  Phakopsora pachyrhizi  
in soybean and powdery mildew strain  Erysiphe 
graminis  f. sp . tritici  in wheat (Kulcheski et al. 
 2011 ). MIR-Seq11, MIR-Seq13 and MIR-Seq15, 
which are predicted to target  peroxidases, oxido-
reductases  and translational initiation factor tran-
scripts, are down-regulated upon ASR infection. 
In wheat, 24 miRNAs responsive to powdery mil-
dew infection have also been identifi ed (e.g. 
miR156, miR164, miR167 and miR393; Kruszka 
et al.  2012 ). 

 Similarly, various miRNAs were identifi ed in 
 Arabidopsis ,  Oryza ,  Nicotiana ,  Z. mays , 
Sorghum,  Populus, Gossypium, Brassica, Vitis, 
Physcomitrella  and  Chrysanthemum , and their 
target genes were found to encode various tran-
scriptional factors or important functional 
enzymes that play critical roles in plant response 
to various abiotic stresses (Tables  7  and  8 ). 
Specifi c miRNAs have also been discovered with 
key roles in protecting the plants against particu-
lar abiotic stress. 

 For example, genome profi ling of drought- 
stressed rice has been carried out at various 
developmental stages to reveal drought- 
responsive miRNAs (Zhou et al.  2010 ). It has led 
to the identifi cation of 30 miRNA families, which 
was signifi cantly either up-regulated (such as 
miR395, miR474, miR845, miR851, miR854, 
miR901, miR903 and miR1125) or down- 
regulated (such as miR170, miR172, miR397, 
miR408, miR529, miR896, miR1030, miR1035, 
miR1050, miR1088 and miR1126) during 
drought. Prediction and validation of target genes 
corresponding to these miRNAs and study of 
their regulation at the level of transcription fac-
tors have evidenced the role of these miRNAs in 
drought tolerance (Zhou et al.  2010 ). 

 In another maize study, 39 miRNAs have been 
identifi ed with altered expression under submer-
gence stress (Zhang et al.  2008 ). Among them, 
expression of 19 miRNAs was up-regulated dur-
ing the early stages (0–12 h) of submergence, 
which recovered to normal levels during later 
stages. However, the expression of 12 miRNAs 

was down-regulated during the initial stages and 
up-regulated after 24 h of submergence. 
Interestingly, seven of these 39 miRNAs were 
dramatically induced between 24 and 36 h of 
post-submergence (Zhang, et al.  2008 ). These 
miRNAs targeted genes that actively participate 
in eliminating reactive oxygen species (ROS) and 
aldehyde groups. Also, target genes possess a  cis- 
acting   element that is essential to cope with 
anaerobic conditions. The predicted targets of 
these miRNAs were classifi ed into three catego-
ries (Zhang, et al.  2008 ). The fi rst category 
includes various transcription factors involved in 
plant development and organ formation. For 
example,  ZAG1 , an agamous-like gene, was 
detected as a target of miR159. In addition, 
 HD-ZIP  is a target for miR166 and scarecrow- 
like family ( SCL ) is a target for miR171. The sec-
ond category includes several targets of miRNAs 
that are involved in phytohormone cascade such 
as GA, Myb and auxin-responsive factors 
( ARF12, ARF17  and  ARF25 ). The third category 
includes targets encoding the proteins involved in 
physiological processes. The predicted targets of 
submergence stress-responsive miRNAs are 
involved in carbohydrate and energy metabolism, 
including  starch synthase, invertase , malic 
enzyme and  ATPase , as well as in elimination of 
ROS and acetaldehyde ( ALDH ) (Zhang et al. 
 2008 ). These fi ndings have highlighted the com-
plexity of adaptive plant responses. These adap-
tation strategies are helpful for survival of maize 
seedlings under submergence conditions. 

 From  Arabidopsis , sRNA library was con-
structed to identify sRNAs involved in cold, 
dehydration and salt stress (Sunkar and Zhu 
 2004 ). This study has come out with the identifi -
cation of two previously known miRNAs 
(miR171b and miR319c), 24 novel miRNAs con-
stituting 15 new families and 102 novel endoge-
nous siRNAs. From the identifi ed miRNAs, 
miR393, miR397b and miR402 were up- 
regulated during cold, dehydration and salt stress 
whereas miR389a.1 was down-regulated. 
miR319c was found to be specifi cally 
 up- regulated during cold stress (Sunkar and Zhu 
 2004 ). Microarray-based profi ling of cold- 
responsive miRNAs has also been carried out 
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from rice (Lv et al.  2010 ). Most of the identifi ed 
miRNAs were down-regulated during cold stress. 
miRNAs from miR167 and miR319 families 
were down-regulated, while miR171 families 
were reported for variable expression profi les (Lv 
et al.  2010 ). 

 Similarly, salt-responsive miRNAs have also 
been identifi ed from maize roots (Ding et al. 
 2009 ). miRNA microarray hybridisation has led 
to the identifi cation of 98 salt-responsive miR-
NAs from 27 plant miRNA families. These miR-
NAs showed differential expression during salt 
stress. While 18 miRNAs were expressed in 
maize salt-tolerant species, 25 miRNAs showed 
delayed expression in maize salt-sensitive spe-
cies (Ding et al.  2009 ). Most of the miRNAs 
responsive to salt stress directly regulate tran-
scription factors. From  Z. mays , miR159a/b, 
miR164a/b/c/d and miR1661m have been cloned 
that target transcription factors  Myb, NAC1  and 
homeodomain leucine zipper protein (HD-ZIP) 
(Ding et al.  2009 ). Other salt-responsive tran-
scription factors targeted by miRNAs included 
MADS-box proteins and zinc-fi nger proteins. 
Further experimentation has led to the cloning of 
miRNAs belonging to miR474, miR395 and 
miR396 families from  Z. mays . miR474 and 
miR395 were reported to target negative regula-
tors of salt tolerance. They were up-regulated 
during salt stress, causing suppression of the 
respective factors. On the contrary, miR396 was 
reported to down-regulate in the presence of salt 
stress (Ding et al.  2009 ). 

 In a yet another study, deep-sequencing tech-
nology was chosen to determine the small RNA 
transcriptome of  Saccharum  sp. cultivars grown 
on saline conditions (Bottino et al.  2013 ). They 
constructed four small RNAs libraries prepared 
from plants grown on hydroponic culture exposed 
to 170 mMNaCl and harvested after 1 h, 6 h and 
24 h. Each library was sequenced individually 
and together generated more than 50 million 
short reads, and there were 98 conserved miR-
NAs and 33 miRNAs*. Several of the microRNA 
showed considerable differences of expression in 
the four libraries. The results showed that miR-
NAs had higher expression in samples treated 
with severe salt treatment compared to the mild 

one. Furthermore, the majority of the predicted 
target genes had an inverse regulation with their 
correspondent miRNAs. The targets encode a 
wide range of proteins, including transcription 
factors, metabolic enzymes and genes involved in 
hormone signalling, probably assisting the plants 
to develop tolerance to salinity (Bottino et al. 
 2013 ). 

 Various mechanical stresses involving wind, 
water or any other entity imposing physical 
forces upon the plant body have also been found 
to down- or up-regulate certain miRNAs. For 
example, a comparative analysis of miRNA 
expression was performed in  Populus tricho-
carpa  subjected to mechanical stress via bending 
the plant stem in an arch for 4 d (Lu et al.  2005b ). 
The expression of miR156, miR162, miR164, 
miR475, miR480 and miR481 was found to be 
down-regulated whereas miR408 was up- 
regulated in the xylem tissue of mechanically 
stressed plants as compared to the unstressed 
control (Lu et al.  2005b ). 

 The above fi ndings suggest that miRNA pro-
fi les are unique in closely related genotypes with 
contrasting stress sensitivities. Thus, it is likely 
that a more comprehensive analysis, including 
the impact of such regulation on miRNA targets, 
would provide better insights into miRNA- guided 
gene regulation that differs in stress-tolerant gen-
otypes. Such molecular mechanisms could then 
be incorporated into strategies for improving the 
stress tolerance of crop plants.  

    miRNAs Responsive to Multiple 
Stresses 

 There are some miRNAs that are expressed in 
response to multiple biotic and abiotic stresses 
(Table  8 ). A specifi c well-studied example is 
miR398 which is involved in responses to diverse 
stresses such as oxidative stress, Cu and phos-
phate defi ciency, ultraviolet (UV) stress, salt 
stress, ABA stress and water defi cit and addition 
of sucrose, paraquat, ozone or plant pathogens 
(Abdel-Ghany and Pilon  2008 ; Jagadeeswaran 
et al.  2009 ; Jia et al.  2009 ; Sunkar et al.  2005 ; 
Yamasaki et al.  2007 ). Thus understanding the 
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miR398-mediated stress regulatory network 
would provide new potential tools for genetic 
improvement of combined stress tolerance in 
plants.  

    Forthcoming Perceptions 

 The biological functions of the majority of plant 
miRNAs, including non-conserved and con-
served miRNAs in plants, have yet to be uncov-
ered. Up to now, a large body of evidence supports 
the idea that miRNAs are involved in a broad 
spectrum of biological progresses involving neg-
ative post-transcriptional gene regulation. Based 
on increasing numbers of specifi c miRNA func-
tional study, it is indispensable for us to construct 
a global view about miRNA regulation mecha-
nisms and understand miRNA in different angles 
(Cai et al.  2009 ). Thus the regulation of miRNA 
biogenesis or activity will be a major area of 
interest. As described by Chen ( 2009 ), there are 
several issues to be resolved including the fol-
lowing: ‘Is the processing of specifi c miRNAs 
regulated? Are the activities of specifi c miRNAs 
regulated? What determines when amiRNA 
inhibits the translation of its target mRNA rather 
than cleaving it? How does amiRNA inhibit the 
translation of its target mRNA?’ Similarly, we are 
yet to know the fates of these miRNAs, i.e. after 
repressing their targets, what are the molecular 
mechanisms to get rid of these miRNAs? 

 In view of the important roles of miRNA in 
the regulation of gene expression and hence tis-
sue functions and phenotypes, investigations of 
miRNA offer many opportunities. One applica-
tion is the use of concepts and techniques for 
gene targeting to achieve the inhibition of miR-
NAs in vitro and in vivo (Sun et al.  2010 ). In the 
complementary approach, the development of 
tools for the delivery of miRNAs to suppress the 
expression of target genes involved in pathogen-
esis is equally important. These concepts have 
been adopted for the development of drugs using 
miRNAs (Sun et al.  2010 ). 

 It is generally conceived that miRNAs down- 
regulate gene expression by cleaving mRNA or 
by repressing mRNA translation. Such under-

standing has several applications in agriculture. 
As such, it may be possible to design artifi cial 
miRNAs to suppress target gene expression in 
order to study gene function, similar to the use of 
antisense mRNA and RNAi which are widely 
used as tools for studying gene function (see 
below). Another possibility is the use of miRNA 
knowledge to improve plant yields, quality or 
resistance to various environmental stresses 
including insect and pathogen infection. For 
example, crop resistance to drought could be 
improved by down-regulating miR169 (Table  7 ). 
Further study of miRNAs could provide us with 
new tools for increasing crop yield and/or 
quality. 

 Antagomirs, a group of modifi ed anti-miRNA 
oligonucleotides, are currently the most readily 
available tools for miRNA inhibition. They have 
been applied successfully to inhibit specifi c 
endogenous miRNAs in cell cultures and mice 
(Krutzfeldt et al.  2005 ). To enhance the delivery 
effi ciency of antagomirs to target tissues, several 
techniques were used to conjugate or package the 
antagomirs. These include methods based on the 
uses of lipids (e.g. cholesterol or liposomes), 
peptides (e.g. TAT leading sequences), proteins 
(e.g. binding proteins or antibodies), viruses (e.g. 
retroviral and adenoviral vectors), hydrogel and 
nanoparticles (Sun et al.  2010 ). Further develop-
ments in antagomir oligonucleotide design, pack-
aging and local delivery through novel principles 
and technologies will serve to enhance the effec-
tiveness of these antagomirs. 

 In another strategy, synthetic RNAs contain-
ing miRNA-targeted sites can serve as a ‘decoy’ 
or ‘sponge’ to compete with miRNA in binding to 
its target mRNA and thus inhibit miRNA func-
tions. The concept of amiRNA sponge was 
reported fi rst by Ebert et al. ( 2007 ), who engi-
neered the tandem repeats of the putative miRNA- 
binding sites into the 3′ UTR of green fl uorescent 
protein or luciferase reporter genes. Their results 
demonstrated that the miRNA sponge effectively 
suppresses the expression of the reporter gene. 
Notably, Ebert et al. ( 2007 ) have shown that the 
miRNA sponge outperforms antagomir in most 
miRNAs tested and that the combination of 
sponges and antagomir exhibits a synergistic 
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effect. These studies indicate that miRNA 
sponges can effectively modulate the endogenous 
miRNA and their target functions. Future direc-
tions for bioengineers interested in this area 
include designing and manufacturing miRNA- 
sponge expression systems, engineering miRNA 
sponges to be inducible and tissue specifi c and 
developing and improving various delivery vehi-
cles and tools (Sun et al.  2010 ). 

 It is possible that the engineering of miRNA 
constructs may use some of the strategies estab-
lished for other small RNAs. An example is the 
tunable RNA interference (RNAi) construct 
(Deans et al.  2007 ) with the use of two coupled 
repressor proteins: one controlling the small hair-
pin RNA (shRNA) gene expression and another 
controlling the target gene expression. The 
shRNA and target gene expressions can thus be 
controlled by adding inducers specifi c to their 
coupled repressors. With such multi-repressor 
modules, the target gene can be temporally tuned 
in the presence or absence of shRNA. The vari-
ous components in the construct are modular in 
nature, thus allowing regulation of a desired gene 
in tissue-specifi c and inducible manners. 
Although originally designed for shRNA target-
ing, such a strategy may be applicable for engi-
neering an miRNA-based gene switch (Sun et al. 
 2010 ). 

 As stated in the beginning, artifi cial miRNAs 
(amiRNA) that act on specifi c targets can also be 
created and they have potential applications in 
plant functional genomics (Parizotto et al.  2004 ). 
Such amiRNAs can reduce the abundance of 
gene transcripts containing a complementary 
sequence. Web-based resources have been devel-
oped to aid in plant amiRNA design, such as 
WMD3 (Schwab et al.  2006 ;   http://wmd3.wei-
gelworld.org/    ). The amiRNA sequence is then 
integrated into a modifi ed miRNA precursor 
within a functional miRNA transcript. This 
amiRNA precursor can be inserted into a trans-
formation vector and introduced into plants for 
expression. Similar to the native miRNAs, amiR-
NAs can be processed to their mature forms and 
direct the RISC to down-regulate the target genes. 
For plant species where whole genomes have 
been sequenced, it is possible to avoid off-target 

suppression by selecting an amiRNA sequence 
that can distinguish between closely related 
genes. The amiRNA technique is of great value in 
functional genomics for crop species because 
amiRNAs act as dominant suppressors in the fi rst 
generation of plant transformation. Sun et al. 
( 2012 ) stated that amiRNA transgenics are more 
stable and effi cient than those created by RNA 
interference (RNAi). 

 The greatest gap in our knowledge remains in 
the unknown functions of the majority of genes 
in plants. Future miRNA studies will likely be 
directed to fi nding functions for genes and dis-
secting functional redundancy. Thus, miRNAs 
and amiRNAs are powerful tools for basic 
research and for genetic modifi cations. miRNA- 
based technology will allow the specifi c down- 
regulation of a great many genes of unknown 
function. Using gene-specifi c suppression with 
miRNAs or amiRNAs, it is possible to distin-
guish functions of redundant genes. Genetic 
manipulation or engineering of new miRNAs 
could allow the specifi c regulation of candidate 
genes for modifi cation of metabolism, growth, 
development and adaptation of plants. Such mod-
ifi cations would advance breeding programmes 
in agriculture, horticulture and forestry and 
improve productivity or response to climate 
change.  

    Closing Comments 

 A tiny spark can burst into mighty fl ame. 
Similarly, miRNAs, an evolutionary conserved 
class of small (~22 nt) non-coding RNAs, have 
huge roles in cellular processes, and it has 
recently created much attention among the 
molecular researchers. During earlier days, sev-
eral computational approaches have estimated 
that every biological system may contain ~ 1 % 
miRNA genes of the total protein-coding genes. 
However, later bioinformatic studies indicated 
that the proportion of genes in the genome under 
miRNA regulation may be much larger than 
 previously thought. For example, it is now con-
sidered that about 30 % of all human genes may 
be regulated by miRNAs (Jones-Rhoades  2012 ). 
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However, only few hundred miRNAs have been 
deposited to date in the miRNA database. This is 
far from the predicted miRNA number, and it 
requires more comprehensive strategies to cap-
ture all the miRNAs. 

 Further, there are many questions that remain 
to be addressed (see above). Although much 
work is focused on sRNAs, similar mechanisms 
may also account for the inheritance of other 
non-coding RNAs, including long non-coding 
RNAs (lnRNAs). We now have data on miRNAs 
and miRNA targets in representative species 
from green algae, non-seed plants and gymno-
sperms. But we do not have much information 
about the extent of diversity or conservation of 
miRNA expression within any of these lineages. 
Similarly, the analysis of more examples of 
closely related species and accessions will pro-
vide a clearer picture of how miRNAs evolve 
over shorter time frames. Besides it is unclear 
whether plants under stress use both modes of 
target gene regulation, i.e. degradation of tran-
scripts and translational repression, or whether 
one mode is preferred over the other. 

 Identifi cation of stress-responsive miRNAs is 
largely dependent on sequence-based profi ling, 
which is known to have some bias, and thus 
requires independent validation. Small RNA blot 
analysis, although lacking sensitivity, is a gold 
standard for validation. Most published studies 
have not systematically confi rmed profi ling data 
using small RNA blot analysis. Implementation 
of highly reliable and rigorous assays is essential 
for fi rm characterisation of stress-responsive 
miRNAs in plants. Examining the effect of stress- 
regulated miRNA on its mRNA target using 
degradome analysis can provide robust confi rma-
tion of the stress responsiveness of miRNA (Sun 
et al.  2012 ). In addition to identifying miRNA 
targets, by analysing degradome libraries from 
control and stressed samples, it should be possi-
ble to quantify the impact of a stress-responsive 
miRNA on its mRNA target. 

 Further, studying stress-responsive miRNAs 
and their target gene expression in individual cell 
types will provide greater insights into miRNA 
target networks that operate in a cell- or tissue- 
specifi c manner during stress. As our understanding 

of the roles of miRNAs during stress deepens, the 
possibilities for using miRNA-mediated gene 
regulation to enhance plant stress tolerance will 
become enormous. 

 Thus, investigations on miRNA offer new and 
exciting opportunities for scientists. Manipulation 
of miRNA activities can lead to the integrative 
understanding of the molecular basis of regula-
tion to systems levels and also help in developing 
new ways to design the miRNA sequences for 
enhancement of their agricultural applications 
and to improve the innovative algorithms and 
analysis methods for the further advancement of 
this novel research fi eld. For example, a better 
understanding of small RNA regulation in 
hybrids and allopolyploids will help us effec-
tively select the best combinations of parents for 
producing hybrids and allopolyploid plants and 
manipulate small RNA expression to overcome 
species barriers and produce superior hybrids to 
meet the growing demand in food, feed, cloths 
and biofuels.     
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   Abstract  

  Proteomics is generally defi ned as the simul-
taneous and high-throughput study of protein 
expression profi les in cells, tissues, organs and 
organisms. It is a relatively new scientifi c dis-
cipline which has developed highly signifi -
cantly over the last decade and is now 
recognised as one of the most important tools 
used in the identifi cation and characterisation 
of proteins or genes of interest. The research-
ers have turned to proteomics to study gene 
products and validate their predicted functions 
because the availability of the complete 
genome sequences of a variety of organisms 
itself is not suffi cient to fi nd out biological 
function. Proteomic data for an experiment 
includes quantitative expression profi les, pro-
fi les of posttranslational modifi cations (PTMs) 
and protein interaction networks and linking 
these towards the understanding of molecular 
mechanisms associated with endogenous and 
exogenous cues. The major application of pro-
teomics technologies is to advance our knowl-
edge in crop plant for their development, 
abiotic and biotic stress tolerance, PTMs and 
unravelling signal transduction cascades. 
Further, an in-depth comparative proteome 
study of subcellular organelles could provide 
more detailed information about the intrinsic 
mechanism of developmental or stress 
response. The success in proteomics research 
is attributed to advances in various technology 
platforms associated with MS-based tech-
niques. The accurate quantitation of proteins 
and peptides in complex biological systems is 
one of the most challenging areas of pro-
teomics. The discoveries aimed at improving 
sensitivity, and throughput of both mass anal-
ysers and fragmentation technology enabled 
mass spectrometry (MS)-based proteomics to 
become the mainstream method for the large- 
scale analysis of complex proteomes. Along 
with recent and ongoing improvements in liq-
uid separation technologies and algorithms for 
protein/peptide identifi cation, MS-based pro-
teomics has become a powerful and valuable 
analytical tool to study highly complex and 
dynamic biological systems. In this chapter, 

we describe the recent progress in plant pro-
teomics and highlight the achievements made 
in understanding the proteomes of major 
research area of plant biology.  

  Keywords  

  2-DE   •   Plant proteomics   •   Mass spectrometry 
(MS)   •   Posttranslational modifi cations 
(PTMs)   •   MALDI   •   ESI   •   Subcellular pro-
teomics   •   Secretome   •   Comparative pro-
teomics   •   Membrane proteomics   •   Signalling   • 
  Biotic/abiotic stress  

        Introduction 

 The establishment of the double helical structure 
of DNA by Watson and Crick in  1953  followed 
by the development of DNA sequencing tech-
niques by Sanger et al. in  1977  was a landmark 
discovery that revolutionised life science 
research. The genome sequences of several spe-
cies have been unravelled, from the simplest 
mycoplasma (Wasinger et al.  1995 ) to more com-
plex eukaryotes including various plant species. 
The advent of technology from dideoxy sequenc-
ing methods to automated next-generation 
sequencing platforms has led to the exploration 
of more and more genomes. However, the exact 
function of most of the genes remains obscure, 
and the characterisation of proteins that are 
encoded by the genome is the present-day chal-
lenge. In the post-genomic era, proteomics is one 
of the fastest-growing areas of biological 
research, and its objective has moved beyond 
simple identifi cation and cataloguing of proteins 
to more comprehensive study of functional and 
regulatory aspects. Nevertheless, the goal of pro-
teomics remains to obtain a more comprehensive 
and integrated view of biology by studying all the 
proteins of a cell rather than an individual protein 
using the more broad aspects of dynamic protein 
machinery thereby including many different 
areas of study under the umbrella of proteomics. 
The aim of proteomics is not only to catalogue all 
the proteins in a cell but also to create a complete 
three-dimensional (3-D) map of the cell indicat-
ing its localisation which certainly will require 
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the involvement of a large number of different 
disciplines such as molecular biology, biochem-
istry and bioinformatics (Chen and Harmon 
 2006 ; Graves and Haystead  2002 ). 

    Origins of Proteomics 

 Proteomics is the study of the proteome, i.e. the 
whole protein complement of the genome. 
Proteomics as a technology can be defi ned as the 
identifi cation and characterisation of all proteins 
involved in a particular pathway, organelle, cell, 
tissue, organ or organism that can be studied in 
concert to provide an accurate and comprehen-
sive data about that system both qualitatively and 
quantitatively (Kav et al.  2007 ; Wright et al. 
 2012 ). The terms “proteomics” and “proteome” 
were coined by Wilkins and colleagues in 1995 
as the large-scale characterisation of the entire 
protein complement of a cell line, tissue or organ-
ism that refl ects the terms “genomics” and 
“genome”, which describe the entire collection of 
genes in an organism. The era of proteomics 
starts with the introduction of the two- dimensional 
gel by O’Farrell ( 1975 ), Klose ( 1975 ) and 
Scheele ( 1975 ), who began mapping proteins 
from  Escherichia coli , mouse and guinea pig, 
respectively. However, the development of 2-DE 
was a major step towards the development of pro-
teomics, but the lack of proper sensitive protein 
sequencing and identifi cation technologies ham-
pered its progress. Nonetheless, the need of 
improved sensitive technique was critical for suc-
cess because protein-loading capacity is one of 
the major limiting factors for both one- 
dimensional (1-D) and two-dimensional (2-D) 
gels. Apart from this, biological samples are also 
often limiting. The fi rst major breakthrough 
 technology to emerge for the identifi cation of 
proteins was the inclusion of sequencing of pro-
teins by Edman degradation followed by the 
development of mass spectrometry (MS) tech-
nology. Furthermore, the developments and 
improvements in microsequencing technology 
resulted in increased sensitivity of Edman 
sequencing, and the sensitivity of analysis and 
accuracy of results for protein identifi cation by 

MS have increased by several orders of  magnitude 
that even proteins in the femtomolar range can be 
identifi ed in gels. However, MS is more sensitive, 
can tolerate protein mixtures and is amenable to 
high-throughput operations; it has essentially 
replaced Edman sequencing as a method of 
choice for the protein identifi cation (Aebersold 
et al.  1987 ; Andersen and Mann  2000 ; Pandey 
and Mann  2000 ). The improved techniques in 
2-DE allowed comprehensive protein visualisa-
tion on 2-D gels. The further development of bio-
logical MS and the growth of searchable sequence 
databases led to the advancement of proteomics. 
The advancements of the MS techniques that 
were developed for the ionisation of proteins and 
peptides include matrix-associated laser desorp-
tion ionisation (MALDI) and electrospray ionisa-
tion (ESI) combined with the time of fl ight 
(TOF), ion trap and triple-quadrupole tandem 
MS (MS/MS) spectrometers; these offer high 
sensitivity and mass precision (Karas and 
Hillenkamp  1988 ; Fenn et al.  1989 ; Aebersold 
and Mann  2003 ). 

 Although the separation and visualisation of 
proteins from crude extracts of tissue samples of 
an organism or cell culture by two-dimensional 
gel electrophoresis (2-DGE) followed by identifi -
cation and characterisation by mass spectrometry 
(MS) became a common method of choice in 
proteomic analysis, a well-separated protein mix-
ture within a particular pH range is not only 
important for obtaining a characteristic MS spec-
trum for protein identifi cation but also for the 
quantitative analysis of differentially expressed 
proteins. However, isolation of proteins and 
obtaining a reproducible, well-resolved 2-D gel 
from plant tissue can prove to be particularly 
challenging due to the high phenolic content and 
high carbohydrate/protein ratio in most plant tis-
sues. Nevertheless, the resolution of protein spots 
on a 2-D gel is limited by factors such as abun-
dance, size and other electrophoretic properties; 
the complete proteome has been fractionated into 
sub-proteomes such as subcellular compart-
ments, organelles and multiprotein complexes to 
improve sensitivity and resolution and to reduce 
the overall intricacy (Sarma et al.  2008 ; Jung 
et al.  2000 ; Park  2004 ).  
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    Why Proteomics? 

 The genomic and transcriptomic informations are 
still fragmentary and can be insuffi cient to com-
pletely understand a complex organism as the 
DNA–RNA relationship may not be fully corre-
lated to each other as well as not with proteins. 
Proteins are the functional molecules and, there-
fore, the most promising candidate to refl ect dif-
ferences in gene expression. Genes may be 
present and may be mutated, but they are not nec-
essarily transcribed. Some messengers are tran-
scribed but not translated, and thus the number of 
mRNA copies does not necessarily refl ect the 
number of functional protein molecules, and the 
ability to qualitatively and quantitatively scruti-
nise mRNA and protein populations raises the 
tantalising prospect of deciphering the functional 
and regulatory networks that represent the bridge 
between genotype and phenotype. Contrary to 
the genome and transcriptome, the proteome of a 
given cell or organism is dynamic. The proteome 
of a cell refl ects the immediate environment in 
which it is studied. In response to internal or 
external cues, proteins can be modifi ed by PTMs, 
undergo translocations within the cell or be syn-
thesised or degraded. Thus, examination of the 
proteome of a cell is like taking a “snapshot” of 
the protein environment at any given time. 
Considering all the possibilities, it is likely that 
any given genome can potentially give rise to an 
infi nite number of proteomes. Unravelling the 
proteomes is signifi cantly more challenging and 
complicated than the genomes for three main rea-
sons. First, in higher eukaryotes, a single gene 
often produces many different forms of the pro-
tein, primarily due to alternative splicing and 
various posttranslational modifi cations (PTMs), 
resulting to its functional diversity. Secondly, 
genomes are largely stagnant throughout the life-
time of a cell or organism, whereas proteomes are 
highly versatile. Third, proteomics is currently 
more challenging than genomics because the 
technologies required for proteomics are more 
complex (Hegde et al.  2003 ; Wright et al.  2012 ; 
Graves and Haystead  2002 ; Rose et al.  2004 ; 
Celis et al.  2000 ). Therefore, the utmost need of 

proteomics is but natural and can be broadly 
explained under the following subheads: 

    Genome Annotation 
 The primary goal of all the genome sequencing 
efforts is to ascertain the molecular and the cel-
lular functions of all the gene products. Whilst 
genome sequencing efforts reveal the basic build-
ing blocks of life, a genome sequence alone is 
insuffi cient for elucidating biological function. 
Genome annotation is the means for the identifi -
cation of genes and assigning its biological 
function(s) from a particular genome sequence. 
Current high-throughput genome annotation uses 
a combination of comparative (sequence-based 
homology data) and noncomparative (ab initio 
gene prediction algorithms) methods to identify 
protein-coding genes in genome sequences. 
Sequence-based homology to already character-
ised proteins from other genomes is the basis of 
annotation of genes of which 30–50 % of pre-
dicted gene products either have no known homo-
logs or show too little sequence homology to 
known proteins making the task of genome anno-
tation diffi cult. Since approaches used to corrob-
orate the presence of predicted protein-coding 
genes are typically based on expressed RNA 
sequences, they cannot independently and unam-
biguously determine whether a predicted protein- 
coding gene is translated into a protein. Indeed, 
the dependency on a sequenced genome or cDNA 
library may often be restrictive in the scope of 
studies, particularly for non-model organisms. 
However, one of the fi rst applications of pro-
teomics is to categorise the total number of genes 
out of a genome, and this “functional annotation” 
of a genome is necessary because it is still diffi -
cult to predict genes accurately from genomic 
data. Exact prediction of exon–intron boundaries 
and structure and alternative splicing of most of 
the genes, pseudogenes, promoter regulatory 
regions, untranslated regions and repeats is a dif-
fi cult problem that cannot be precisely predicted 
by bioinformatics. Tools for the annotation of 
genomic and proteomic sequences and their 
structures have been developed during the last 
two decades and eventually made accessible to 
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be used with an added advantage to a huge avail-
ability of characterised data. The databases hav-
ing these data often focus in a particular area of 
annotation and are often most powerful when 
arranged in such a way in which the data can be 
probed computationally. For instance, CATH is a 
database of protein structural domains where an 
extensive view of a chosen protein family or a 
narrower view of a particular protein structure 
can be obtained. Proteomics would not be possi-
ble without genomics; however, this does not 
mean that it is incapable to assist genomics. On 
the contrary, proteomics provides a fast, rela-
tively despicable and confi dent method for 
assembling a large amount of experimental evi-
dence to assist genome annotation. It also has the 
additional advantage of confi rming that tran-
scripts are translated to the proteome stage and 
can help identify functional details of the mature 
protein. Over the last few years, there has been a 
move towards the integration of the wide range of 
genome and proteome annotation methods and 
databases in order to provide an overall view of 
the function of these genes. 

 Nevertheless, proteogenomics, i.e. an inte-
grated approach of genomic information with 
that of data obtained from protein studies, is one 
of the solutions towards this problem to confi rm 
the existence of a particular gene. Proteogenomics 
allows validation of predicted genes and, more 
importantly, correction of genome annotation 
errors such as detection of unannotated genes, 
reversal of reading frames, identifi cation of trans-
lational start sites, stop codon read-throughs or 
programmed frame shifts and detection of signal 
peptide processing and other maturation events at 
the protein level. Several studies dedicated to 
genome reannotation based on experimental pro-
teomics have paved the way for the 
 proteogenomics approach. A high-throughput 
tandem mass spectrometry-based proteomics 
approach can be used to verify coding regions of 
a genomic sequence due to its ability to directly 
measure peptides arising from the expressed pro-
teins. Therefore, proteogenomics approaches 
have the ability to improve the quality of genome 
annotations (Eisenberg et al.  2000 ; Yakunin et al. 
 2004 ; Liska and Shevchenko  2003 ; Ansong et al. 

 2008 ; Orengo et al.  1997 ; Wright et al.  2009 ; 
Reeves et al.  2009 ; Baudet et al.  2009 /2010).  

    Protein Expression Studies 
 Genomic information provides an exceptional 
platform for cross-correlation between transcrip-
tomic and proteomic characteristics of a particu-
lar gene, its expression and biological function(s). 
However, it is implausible that a simple unidirec-
tional or linear relationship between the tran-
scriptome and the proteome exists, as these two 
data sets are distinctly different and both have 
idiosyncratic control and regulation over biologi-
cal effects. Transcriptome, a dynamic link 
between the genome, proteome and the cellular 
phenotype associated with physical characteris-
tics is the subset of genes expressed in a specifi c 
cell or tissue type. Recently, a number of tech-
niques have emerged that provide an extremely 
robust and potent set of tools to study compre-
hensive and quantitative genome expression. 
These include differential display PCR, cDNA 
microarrays and serial analysis of gene expres-
sion (SAGE). However, the analysis of mRNA is 
not a direct refl ection of the protein content in the 
cell consequently having a poor correlation 
between the mRNA and protein expression lev-
els. Transcription is merely the fi rst step in a long 
sequence of events resulting in the synthesis of a 
protein since posttranscriptional control in the 
form of alternative splicing, polyadenylation and 
mRNA editing is an important step further. This 
is a signifi cant step where many different protein 
isoforms can be generated from a single gene, 
whereas translational and posttranslational regu-
lation is also an important step further. Proteins, 
having been formed by translation, are subject to 
PTMs. It is estimated that up to 300 different 
types of PTMs exist. Proteins can also be regu-
lated by proteolysis and compartmentalisation. 
The analysis of protein expression profi les pro-
vides an additional information to genomic and 
mRNA analysis, since a proteome is dynamic and 
is spatially and temporally expressed. In addition 
to it, proteins are often functional as interacting 
molecules that carry out various cellular func-
tions, such as signal transduction and dynamic 
(e.g. phosphorylation) and/or static modifi cations 
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(e.g. disulphide linkage) that may not be percep-
tible from genomic information or from mRNA 
abundance (Corthals et al.  2000 ; Revel and 
Groner  1978 ; Kwon et al.  2006 ).  

    Protein Function 
 In due course of evolution, a large number of pro-
tein families have been produced which share the 
same three-dimensional architecture and often 
have detectable sequence and functional similar-
ity. This conservation allows deducing the struc-
tural design of all proteins in a family even when 
only the structure of a single member is known 
and that eventually allows predicting the biologi-
cal function(s). Despite the advancements in 
techniques for determining protein structure, the 
structures of many proteins are still unknown. 
With the help of protein prediction programs, 
computational analysis of genome sequences is 
producing numerous new  hypothetical  proteins 
of unknown structure and function. These pro-
teins are called “hypothetical proteins” as they 
represent the products predicted from the gene 
sequence; however, no circumstantial evidence 
for their existence and function is available so far. 
Several studies revealed that no function can be 
assigned to about one-third of the sequences in 
organisms for which the genomes have been 
sequenced. The complete identifi cation of all 
proteins in a genome will help the fi eld of struc-
tural genomics in which the ultimate goal is to 
obtain 3-D structures for all proteins in a pro-
teome. This is indispensable since the functions 
of many proteins can only be inferred by exami-
nation of their 3-D structure. Structural genomics 
or structural proteomics can be defi ned as the 
quest to obtain the three-dimensional structures 
of all proteins. Comparatively, as a recent scien-
tifi c discipline, proteomics uses a variety of old 
and new techniques to reveal the structure and 
conformation, as well as measuring protein con-
centrations in varying conditions. Structural data 
can be used to determine the function of various 
proteins, based on comparison to similar proteins 
with known functions. The major challenges 
ahead in structural proteomics include the identi-
fi cation of all the proteins on the genome-wide 
scale, determining their structure–function rela-

tionships and outlining the precise 3-D structures 
of the proteins. Hitherto, X-ray crystallography 
or nuclear magnetic resonance (NMR) spectros-
copy is the technique typically used to determine 
the protein structures. Nonetheless, a detailed 
knowledge of 3-D structure by these techniques 
is still fragmentary. Therefore, computational 
methods such as comparative and de novo 
approaches and molecular dynamic simulations 
are intensively used as an unconventional tool to 
predict the 3-D structures and dynamic behaviour 
of proteins. Computational programs may help to 
predict the structure of proteins having unknown 
function. These programs can prove to be a pre-
dictive model of the unknown protein’s structure 
by comparing the sequence of the unknown pro-
tein to proteins with known 3-D structures and 
function(s) as templates. This structure-based 
prediction of functional information is preferred 
over the sequence-based extrapolations since the 
similarity in structure is generally more decipher-
able than the similarity in sequence, and more-
over, structure frequently allows a more sensible 
and informative transfer of functional description 
than sequence alone. By using the methods that 
rely only on the structure of the protein to be 
characterised, such as the matching of 3-D pat-
terns and precise docking of ligands, structural 
genomics will contribute to functional annotation 
of proteins in addition to improving homology- 
based arguments. However, the fecundity of this 
method depends on the quality of the match 
between the known template proteins and the 
unknown target protein. Nevertheless, these pre-
diction programs do not produce structures with 
the detail or reliability of experimental tech-
niques such as X-ray crystallography or NMR, 
whereas these prediction methodologies provide 
a means to critically analyse in a reasonably lim-
ited time period resulting into the identifi cation 
and characterisation of a large number of new 
proteins identifi ed by the analysis of whole 
genomes. Therefore, the ultimate aim of struc-
tural proteomics is not to obtain the structures or 
models for all the unknown proteins but to eluci-
date its functional annotation (Sánchez et al. 
 2000 ; Edwards et al.  2000 ; Liu and Hsu  2005 ; 
Christendat et al.  2000 ; Eisenstein et al.  2000 ).  
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    Protein Modifi cations 
 The cellular integrity and morphology to accom-
plish numerous biological functions rely on an 
intricate interplay between the thousands of dif-
ferent biomolecules, whereas the basic biological 
functions of proteins are encoded by the associ-
ated genes. However, the real-time dynamics and 
regulation of protein structure and function are 
by and large carried out by specifi c PTMs of pro-
teins such as phosphorylation, glycosylation and 
acylation. During recent years, protein PTMs 
have fascinated the biological and biomedical 
research especially the plant proteomics to 
unravel the mechanisms underlying various stress 
adaptations. Posttranslational modifi cations 
(PTMs) are involved in the regulation of a wide 
range of biological processes such as protein 
structure, activity and stability. Several hundred 
PTMs have been known thus so far; nonetheless, 
relatively very few have been studied using mass 
spectrometry and proteomics. Initially, different 
methods for PTM characterisation are developed 
to study yeast and mammalian biology and later 
on adopted to explore plants. As a part of a quan-
titative proteomics strategy, it is helpful to enrich 
for PTMs on the peptide level to not only identify 
the PTM but also to establish the functional rele-
vance in the context of regulation, response to 
different types of biotic and abiotic stresses etc. 
Using mass spectrometry-based methods, protein 
phosphorylation is the only PTM that has been 
studied extensively thus so far at the proteome- 
wide level in plants. PTMs have been extensively 
exposed to infl uence protein–protein interac-
tions, subcellular localisation and an array of 
both internally and externally generated signal 
transduction into cellular outcomes often leading 
to phenotypic variations. A detailed analysis of 
these modifi cations presents a formidable chal-
lenge; however, their determination generates an 
indispensable insight into the biological 
function(s). Methods and techniques developed 
to characterise individual proteins are now sys-
tematically applied to protein populations. A 
combinatorial approach of function- or structure- 
based purifi cation of modifi ed “sub-proteomes”, 
such as phosphorylated proteins or modifi ed 
membrane proteins, with mass spectrometry is 

particularly successful. Mass spectrometry has 
become a method of choice for the elucidation of 
several types of PTMs in both qualitative and 
quantitative manners. Due to the availability of 
large data sets on the proteome-wide level, the 
identifi cation of combinatorial PTM patterns has 
become feasible. Various reports in this area 
reveal that many proteins undergo multiple modi-
fi cations and the sequential or hierarchical pat-
terns exist on many proteins; the biology of these 
modifi cation patterns is only starting to be unrav-
elled (Jensen  2004 ,  2006 ; Ytterberg and Jensen 
 2010 ; Zhao and Jensen  2009 ; Mann and Jensen 
 2003 ; Young et al.  2010 ).  

    Protein Localisation 
 Signal hypothesis revealed the existence of zip 
codes for directing proteins or protein complexes 
to subcellular compartments such as the nucleus, 
cytoplasm, mitochondria, endoplasmic reticu-
lum, lysosomes and endosomes, peroxisomes, 
Golgi and nucleolus so that they interact at 
defi ned sites at the correct time. Proteins need to 
be localised to their proper cellular compart-
ments in order to perform their biological func-
tions. For instance, to promote gene expression, 
most transcription factors used to localise in the 
nucleus, whereas some proteins, such as the glu-
cocorticoid receptor, may localise in one com-
partment (cytoplasm) temporarily and further 
localise to another compartment (nucleus) in 
response to a stimulus. Assigning a subcellular 
location to a protein is very desirable and inevi-
table to biologists since not only it can help to 
reveal their role in the cell processes but also it 
can redefi ne the knowledge of cellular processes 
by pinpointing certain activities to specifi c organ-
elles as proteins are spatially organised according 
to their function. Protein localisation is one of the 
most important regulatory mechanisms known as 
the mislocalisation of proteins is well known to 
have profound effects on cellular function (e.g. 
cystic fi brosis). Membrane-bound organelles and 
discrete cytoskeletal components are the key fea-
tures of eukaryotic cells that serve to sequester 
the components into well-defi ned spaces. 
Identifi cation of organelle proteins and their 
macromolecular structure is therefore a key step 

Plant Proteomics: Technologies and Applications



220

towards a comprehensive understanding of its 
biology. 

 Although recent genomic approaches promise 
a plethora of information, several fundamental 
proteomic data sets remain uncatalogued. Protein 
localisation is assumed to be a strong indicator of 
gene function and is also useful as a method of 
evaluating protein information inferred from 
genetic data, for instance, supporting or refuting 
putative protein interactions suggested by two-
hybrid assay. Furthermore, the subcellular locali-
sation of a protein can often reveal its mechanism 
of action. Proteomics aims to identify the subcel-
lular localisation of each protein that information 
can be used to generate a 3-D protein map of the 
cell, providing novel information about protein 
regulation. The enrichment of the subcellular 
compartments followed by the identifi cation of 
their protein contents by proteomics is a powerful 
method for rapid protein localisation. To date, 
very few studies have characterised protein local-
isation on a large scale, primarily because tradi-
tional methods to assign proteins to subcellular 
locations are mostly targeted to a single protein 
of interest, and very few high-throughput meth-
ods exist by which reporter fusions or epitope-
tagged proteins can be generated and subsequently 
localised. To address this problem, a large data 
set can be created by integrating the localisation 
data available thus so far (Davis et al.  2007 ; 
Lilley and Dupree  2007 ; Drumm and Collins 
 1993 ; Simpson and Pepperkok  2003 ; Dunkley 
et al.  2004 ; Kumar et al.  2002 ).  

    Protein–Protein Interactions 
 In general, functional proteins interact with each 
other and very rarely act as single isolated entity. 
To elucidate the function(s) of an unknown pro-
tein, a possible approach is to investigate the 
function(s) of proteins interacting with it. The 
systematic study of protein–protein interactions 
for the purpose of elucidating protein functions is 
termed “interaction proteomics”. One of the ele-
mentary signifi cance of proteomics is the under-
standing of protein–protein interactions since the 

processes of cell growth, cell cycle, programmed 
cell death etc. are all regulated by signal trans-
duction through protein complexes. Therefore, 
revealing the mechanism underlying these cellu-
lar processes is important. There are quite a few 
approaches to analyse protein–protein interac-
tions, i.e. based on (1) the biochemical analysis 
of multiprotein complexes, for example, pull- 
down and affi nity capture methods; (2) molecular 
biology approaches that basically include the 
yeast two-hybrid assay, fl uorescence resonance 
energy transfer and bimolecular fl uorescence 
complementation ( BiFC ); and furthermore (3) 
the in silico prediction methods. Proteomics aims 
to develop a complete 3-D map of all protein 
interactions in the cell to identify the members of 
functional protein complexes, pathways and pro-
tein–ligand binding. Recently, proteome-scale 
protein physical interaction maps for several 
organisms have been determined. Further, these 
physical interactions are complemented by a 
wealth of information that includes other types of 
functional relationships between proteins, includ-
ing genetic interactions, co-expression patterns 
and mutual evolutionary history. Whole- proteome 
protein interaction maps can be constructed by 
taking collectively these pairwise linkages. As 
protein–protein interactions are fundamental to 
most biological processes, the systematic and 
logical identifi cation of all protein–protein inter-
actions is considered a key strategy for revealing 
the cellular processes. Consequently, several 
experimental and computational techniques have 
been developed to methodically determine both 
the potential and actual protein interactions in 
selected model organisms. As these interactions 
are likely to be correlated with the protein’s func-
tional properties, protein interaction maps are 
frequently utilised to reveal in a systematic fash-
ion the potential biological role of proteins of 
unknown functional classifi cation. Strategies to 
explore protein–protein interactions, affi nity 
purifi cation and mass spectrometry, yeast two-
hybrid, imaging approaches and various diverse 
databases have been developed. As a result of an 
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increase in the number of identifi ed proteins with 
the development of MS and large-scale proteome 
analyses consequently, the false-positive protein 
identifi cation rate has also increased. Therefore, 
the universal consensus is to confi rm protein–
protein interaction data using one or more inde-
pendent approaches for an accurate evaluation. 
Furthermore, identifi cation and characterisation 
of minor protein–protein interactions are funda-
mental for understanding the functions of tran-
sient interactions and low-abundance proteins. 
The development of new methods and/or 
improvements in existing methods in addition to 
the establishment of protein–protein interaction 
methodologies is highly desirable. These involve 
detection of minor proteins by MS, multidimen-
sional protein identifi cation technology or 
OFFGEL electrophoresis analyses, one-shot 
analysis with a long column or fi lter-aided sam-
ple preparation methods. These sophisticated 
techniques should permit thousands of proteins 
to be identifi ed, whereas in-depth proteomic 
methods should permit the identifi cation and 
characterisation of transient binding or protein–
protein interactions with weaker affi nity (Nabieva 
et al.  2005 ; Pawson and Nash  2000 ; Yook et al. 
 2004 ; Yanagida  2002 ; Fukao  2012 ).  

    Structural Proteomics 
 Recently, a large-scale protein structural determi-
nation initiated the era of “structural genomics” 
or “structural proteomics”. As protein 3-D struc-
tures are more conserved than the sequence, these 
initiatives also pave the way of biochemical or 
biophysical functional characterisation through 
structure. Proteomics studies whose objective is 
to study a detailed account of the structure of pro-
tein complexes or the proteins present in a spe-
cifi c cellular compartment are known as structural 
proteomics. Structural proteomics emerged as 
the outcome of synchronised development of 
high-throughput methodologies and technologies 
that enabled novel data to be generated with 
greater effi cacy. Structural proteomics attempts 
to identify all the proteins within a protein com-

plex or organelle, establish their location and 
characterise all protein–protein interactions. 
Analysis of the experimental or modelled 3-D 
structures is one of the key components for the 
functional understanding of unknown proteins. 
However, structural proteomics technologies are 
generating protein structures at an exceptional 
rate; nevertheless, the current knowledge of 3-D 
structural detail is still limited. It is usually 
accepted that quite a few of the structural pro-
teome has a template structure from which reli-
able conclusions can be drawn; however, 3-D 
structural coverage of proteins may vary. 
Nevertheless, these informations will help piece 
together the overall architecture of cells and 
explain how expression of certain proteins gives 
a cell its unique characteristics leading to a 
unique phenotype. Thus, structural proteomics 
has a major aim to assemble a map of protein 
structures that will represent all the proteins 
included in the “global proteome” (Wild and Saqi 
 2004 ; Norin and Sundström  2002 ; Blackstock 
and Weir  1999 ).    

    Proteome Analysis: Current 
Technology and Challenges 

 The era of genomics is well established with an 
ever-growing number of genomes being 
sequenced and added to the database everyday. 
The fi rst plant genome to be sequenced was that 
of  Arabidopsis thaliana  in 2000, followed by the 
fi rst crop plant  Oryza sativa . Thereafter, multiple 
plant genomes were added to the database, 
tomato being the most recent (2011). However, 
the greater job of genome annotation is still in its 
infancy, and proteomics remains to be the most 
powerful tool. Unlike animal or microbial 
genomes, plant genomes have additional com-
plexities in terms of ploidy levels and genome 
duplication. Besides, the extraction of protein 
and purifi cation presents a greater challenge. The 
era of proteomics started with gel-based 
approaches for the resolution of protein mixtures, 
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which are still considered as the touchstone of 
proteomics though they suffer from various limi-
tations (O’Farrell et al.  1977 ). The initial pro-
teome analysis pipelines were based on a 2-DE 
PAGE separation followed by Edman end 
sequencing methods. However, the advances in 
MS/MS technology have led to more powerful 
tools for the identifi cation of mixture of proteins 
using gel- free methods. Most gel-free approaches 
use a bottom-up strategy where proteins are fi rst 
digested with a proteolytic enzyme, and the 
obtained complex peptide mixture is then sepa-
rated via reversed-phase (RP) chromatography 
coupled to a tandem mass spectrometer. This 
strategy is currently only successful with partial 
or simple mixtures. Another major advent of this 
decade has been the quantitative differential pro-
teomic expression analysis using MS/MS-based 
ICAT and ITRAQ techniques which has truly 
revolutionised the fi eld of proteomics. It has led 
to the automation of the analysis pipeline and 
created a parallel to the high-throughput platform 
of genomic studies ( Gygi et al.  1999 ; Gygi et al. 
 2002 ; Zhou et al.  2002 ). However, the challenges 
with analysis of posttranslational modifi cations 
and dynamic resolution of proteins remain to be 
optimally resolved. In large proteomes, the 
dynamic resolution is generally limited, and only 
the most abundant proteins are detected. This has 
been improved by fractionating a proteome into 
smaller sub-proteomes. In addition, complex pro-
teomes can be analysed more in depth by a com-
bination of separation techniques combining 
gel-based and non-gel-based methods. 

    Mass Spectrometry 

 Mass spectrometry (MS) is a technique for 
“weighing” molecules. However, the mass mea-
surement is not done using balance or scale but is 
based upon the motion of a charged particle, 
called an ion, in an electric or magnetic fi eld. 

 A  mass spectrometer  is an instrument that pro-
duces ions and separates them in a gas phase 
according to their mass-to-charge ratio under an 
electric or magnetic fi eld. 

The origin of mass spectrometry lies in the 
classical experiment by J.J. Thomson more 
than 100 years ago in the University of 
Cambridge, England.  J.J. Thomson  dis-
covered that electric discharges in gases 
produced ions, and these rays of ions would 
adopt different parabolic trajectories 
according to their mass when passed 
through electromagnetic fi elds. This sepa-
ration of ions according to their mass (and 
charge) formed the foundations of modern 
mass spectrometry experiments. 

    

   Francis William Aston , who was a student 
of J.J. Thomson, designed several mass 
spectrographs in which ions were dispersed 
by mass and focused by velocity. This led 
to improvements in mass resolving power 
and the subsequent discovery of isotopes 
for many common naturally occurring ele-
ments. Thomson and Aston were honoured 
for their achievements and received Nobel 
Prizes in Physics and Chemistry in 1906 
and 1922.

Aston FW (1907) Experiments on a new 
cathode dark space in helium and hydro-
gen. Proc R Soc Lond Ser A 
80(535):45–49

Aston FW (1907) Experiments on the 
length of the cathode dark space with vary-
ing current densities and pressures in dif-
ferent gases. Proc R Soc Lond Ser 
79(528):80–95
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  The power of MS/MS lies in the accuracy of 
the instrument. Large biomolecules such as pep-
tides can be measured within an accuracy of 
0.01 % of the molecular mass. This allows for the 
identifi cations of single amino acid differences or 
a posttranslational modifi cation. Small organic 
molecules can be measured to an accuracy of 5 
ppm which is essential for isotopic detections 
and deduction of molecular formulae. Structural 
information can be generated using special types 
of mass spectrometers with multiple analysers 
which are known as “tandem mass spectrome-
ters”. The sample is fragmented inside the instru-
ment and sequentially analysed. The data 
generated is useful for the structure elucidation 
of organic compounds and for peptide or oligo-
nucleotide sequencing. 

 There is wide range of applications possible 
for mass spectrometry in academia, research or 
industry which may be broadly summarised:
•     Accurate molecular mass measurements :  to 

confi rm sample, to determine the purity of a 
sample, to verify amino acid substitutions and 
to detect posttranslational modifi cation   

•    Reaction monitoring :  to monitor enzyme 
reactions, chemical modifi cation and protein 
digestion   

•    Amino acid sequencing :  sequence confi rma-
tion , de novo  characterisation of peptides and 
identifi cation of proteins by database search-
ing with a sequence “tag” from a proteolytic 
fragment   

•    Oligonucleotide sequencing :  sequencing and 
quality control of oligonucleotides   

•    Structure determination :  organic compound 
structure ,  protein folding monitored by H/D 
exchange, protein–ligand complex formation 
under physiological conditions and macromo-
lecular structure determination    

Mass spectroscopy is now essentially used in any 
analytical laboratory for applications ranging 
from analysis of biopolymers, drug discovery, 
drug testing, environmental monitoring, geologi-
cal data mining etc. 

    The Pipeline of Mass Spectroscopy 
 A mass spectrometer consists of three modules: 
(1) an  ion source  that converts the gas phase sam-

ple molecules into ions (or, in the case of electro-
spray ionisation, moves ions that exist in solution 
into the gas phase); (2) a  mass analyser , which 
sorts the ions by their masses by applying elec-
tromagnetic fi elds; and (3) a  detector  that mea-
sures the value of a signal quality and quantity 
and generates temporal data for calculating the 
abundances of each ion present. The inlet intro-
duces the sample into the vacuum of the mass 
spectrometer. In the source region, neutral sam-
ple molecules are ionised and then accelerated 
into the mass analyser. The mass analyser is the 
core of any mass spectrometer. Ions are separated 
in this section, either in space or in time, accord-
ing to their mass-to-charge ratio. After the ions 
are separated, they are detected, and the signal is 
transferred to a data system for analysis. All mass 
spectrometers also have a vacuum system to 
maintain the low pressure or high vacuum 
required for the operation. High vacuum mini-
mises ion–molecule reactions and scattering and 
neutralisation of the ions (Fig.  1 ).  

 A mass spectrometer only recognises 
“MASS”. It produces a spectrum where the 
 x -axis is  m / z  and  y -axis is the intensity or cps 
(counts per sec). Each molecule produces charac-
teristic spectra which are considered as the “mass 
fi ngerprint” for that molecule. The identifi cation 
of the unknown is done by comparing with a 
library of standard mass spectrograms for a wide 
range of molecules. The sample can be in any 
form of matter, i.e. liquid, solid or gas, but can 
only be introduced in a vapour form, which has to 
be ionised essentially. The instrument reads the 
charge imparted to the molecule and not the 
inherent charge of the molecule. Hence, the inlet 
and the source act as feeders for mass analysers 
which are actually responsible for mass 
determination.  

    Ionisation Methods 
 The identifi cation in a mass spectrometer neces-
sarily requires the sample to be introduced as gas 
phase ions. The process of ionisation for nonvol-
atile, polar or charged molecules can occur by a 
loss/gain of an electron or of a charged particle 
(e.g. proton), generating odd or even electron 
ions, respectively. 
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 Various ionisation methods can be used, 
depending on the type of sample under investiga-
tion and the mass spectrometer available 
(“Ionization Methods in Organic Mass 
Spectrometry”, Alison E. Ashcroft, The Royal 
Society of Chemistry, UK, 1997).

  Ionisation Methods Include: 
•   Electron ionisation (EI)  
•   Chemical ionisation (CI)  
•    Electrospray ionisation (ESI)   
•   Fast atom bombardment (FAB)  
•   Field desorption/fi eld ionisation (FD/FI)  
•    Matrix-assisted laser desorption ionisation 

(MALDI)   
•   Thermospray ionisation (TSP)    

 Most ionisation techniques excite the neutral 
analyte molecule which then ejects an electron to 
form a radical cation (M+_)*. Other ionisation 
techniques involve ion–molecule reactions that 
produce adduct ions (MH+). The most important 
considerations are the physical state of the ana-
lyte and the ionisation energy. Electron ionisation 
and chemical ionisation are only suitable for gas 
phase ionisation and are generally considered as 
hard techniques used for organic compounds or 
small molecules. However, soft ionization tech-
niques such electrospray and matrix-assisted 
laser desorption are used to ionize condensed 
phase samples and biomolecular investigations. 
The ionisation energy is important because it 
controls the amount of fragmentation observed in 
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  Fig. 1    The pipeline of mass spectrometry       
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the mass spectrum. Though fragmentation com-
plicates the mass spectrum, it provides structural 
information for the identifi cation of unknown 
compounds. Soft ionisation techniques only pro-
duce molecular ions whilst other techniques are 
more energetic and cause ions to undergo exten-
sive fragmentation. Typically, peptide identifi ca-
tion and thermally labile sample applications 
make use of ESI or MALDI platforms. 

   ESI: Electrospray Ionisation 
 ESI (Fenn et al.  1989 ) is a soft ionisation tech-
nique that results in both single and multiply 
charged ions. The sample is introduced through 
an ultrafi ne needle into a strong electric fi eld 
(typically ±3–5 kV), creating a spray of charged 
droplets. The charged droplets are desolvated by 
a counter current drying gas or heat causing the 
droplet to evaporate. As the solvent evaporates, 
the droplet shrinks and the charge density at the 
surface of the droplet increases. The droplet 
fi nally reaches a point where the coulombic 

repulsion from the electric charges exceeds the 
Rayleigh’s stability limit. Electrostatic repulsion 
greater than the surface tension holding the drop-
let together causes an explosion in the droplet, 
creating multiply charged analyte ions. Because 
electrospray produces multiply charged ions, 
high-molecular-weight compounds are observed 
at lower  m/z  value. This increases the mass range 
of the analyser so that higher-molecular-weight 
compounds may be analysed with a low- 
resolution mass spectrometer (Fig.  2 ).  

 ESI typically generates singly or doubly 
charged ions for peptides <2,000 Da whilst 
higher-molecular-weight peptides yield a series 
of multiply charged ions. These multiple ion 
series give an advantage of independent verifi ca-
tion of precursor ion mass calculation and deriv-
ing various states in the complete reaction. Most 
commercial mass analysers can now be custom-
ised with an ESI source as per the requirement of 
the type of sample.  
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  Fig. 2    Schematic representation of ESI process. The 
electrospray is created by applying a large potential 
between the metal inlet needle and the electrode plate 
(3–5 kV) located at a distance of ~0.5–1.0 cm from the 
needle. The liquid droplets leave the nozzle and the elec-
tric fi eld induces a net charge on the small droplets. As the 

solvent evaporates, the droplet shrinks and the electro-
static repulsions increase. The droplet fi nally reaches a 
point where the coulombic repulsion from this electric 
charge is greater than the surface tension holding it 
together. This causes the droplet to explode and produce 
multiply charged analyte ions       
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   MALDI: Matrix-Assisted Laser Desorption/
Ionisation 
 MALDI (Karas and Hillenkamp  1988 ; Beavis 
and Chait  1996 ) is classically used to analyse 
thermolabile large molecules such as peptides. 
The sample is mixed with excess of specifi c 
wavelength material known as matrix (e.g. 
ά-cyano-4-hydroxycinnamic acid typically used 
for peptides. The sample is ionised by exposure 
to short duration pulses of UV light from nitro-
gen laser. This leads to ionisation, which is gen-
erally protonation, of both the matrix and the 
analyte. The matrix absorbs the primary energy 
and transfers it to the sample, and indirect 
 ionisation of the analyte occurs. Application of a 
high- potential electric fi eld desorbs the ions into 
the mass analyser. The sample gets converted to 
gas phase ions directly from a solid state which is 
suitable for thermolabile molecules such as pep-
tides (Fig.  3 ).  

 MALDI is often a preferred method of choice 
for the analysis of synthetic and natural poly-
mers, proteins and peptides. Analysis of com-

pounds with molecular weights up to 200,000 Da 
is possible.   

    Mass Analysers 
 The ions are created in the source region by any 
of the above-described methods and are acceler-
ated into the mass analyser by an electric fi eld. 
The function of the mass analyser is to separate 
these ions according to their  m/z  value. Each 
analyser has very different operating characteris-
tics, and the selection of an instrument depends 
upon the mass range, type of the analyte, time for 
analysis, resolution etc. 

 Mass analysers are typically described as:
    1.     Continuous analysers 

•     Quadrupole fi lters   
•    Magnetic sectors       

   2.     Pulsed analysers 
•     Time of fl ight (TOF)   
•    Quadrupole ion trap mass spectrome-

ters (QUISTOR)   
•    Fourier transform-ion cyclotron reso-

nance (FT-ICR)         
 Continuous analysers allow a single selected 

 m/z  to the detector, and the mass spectrum is 
obtained by scanning the mass range so that dif-
ferent mass-to-charge ratio ions are detected. It 
can be compared to a fi lter or a monochromator 
used for optical spectroscopy. At a given mass 
window set by the instrument, a certain  m / z  is 
selected whilst other ions are lost. These instru-
ments are useful for single-ion monitoring whilst 
a complex mixture may not result in good 
resolution. 

 Pulsed mass analysers on the other hand scan 
through the entire mass spectrum from a single 
pulse of ions. These instruments have a distinct 
advantage with complex mixtures such as pep-
tides where multiple  m/z  ratios are typically 
observed. They have a higher signal-to-noise 
ratio as compared to the continuous analysers. 
Analysis of peptides generally is done by a TOF 
or QUISTOR analyser.  

   Mass Analysis 
   TOF: Time of Flight 
 The analysis of mass in a TOF instrument is 
determined by measuring the time taken by the 

UV laser l 337nm

Mass Analyzer

+/- 30kV

Matrix

Analyte

  Fig. 3    Schematic representation of MALDI. The sample 
is prepared by mixing the analyte with a matrix compound 
which can absorb the UV laser ( λ  337 nm). This is placed 
on a probe tip or a sample plate generally made of inert 
metal like gold and dried. A laser beam is then focused on 
this dried mixture, and the energy from a laser pulse is 
absorbed by the matrix. This energy is transferred to the 
analyte which both ionises and converts the ions in the 
gaseous phase. These ions are then desorbed into the mass 
analyser       
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charged ion to cover a known distance in vacuum 
under a fi xed magnetic and electric fi eld. The 
mass-to-charge ratio ( m / z ) can thus be deter-
mined as a function of time (Fig.  4 ): 

  

F Q E v B

F ma

m

Q

E v B

a

m

= +( )
=

=
+( )

?

?

?

Lorentz force law

Newton ssecond law

QQ

E v B

d
t

m

Q
Kt

m z t

F m a

=
+( )ì

í
ï

îï

ü
ý
ï

þï

=

?

/ ?

2

2

= Force, = mass, = acceleraation,

= electric field, ? = vector cross product

of ion velocity

E v B

aand magnetic field,

= ion charge, = distance,

= instrument const

Q d

K aant    

  The ions are accelerated into the fl ight tube by 
an electric fi eld (typically 2–25 kV) under vac-
uum. Since the force applied is the same, all the 
ions are accelerated with kinetic energy being 
directly proportional to mass. The velocity of the 
ion is thus an inverse function of mass, i.e. the 
greater the mass of the ion, the longer it takes to 
reach the detector. The striking of the ions at the 
detector is recorded with respect to time frac-
tions, and the number of hits gives the abundance 
of a particular  m / z  signal. The plot between time 

of fl ight and the signal intensity is converted to a 
mass spectrograph for calculation of mass of 
striking fragment ions.  

   QUISTOR: Quadrupole Ion Trap 
 The quadrupole ion trap, which was developed in 
the late 1990s, is a three-dimensional quadru-
pole, which is capable of fi rst trapping the ion 
and then analysing the mass of the entire stream 
of ions from a single source sequentially. The 
signal-to-noise ratio is high as all the ions are 
detected. The QUISTOR consists of a hyperbolic 
ring electrode and two end cap electrodes which 
form a hollow centre or the ion trap. The space 
between the two end caps allows the movement 
of the ions and in and out of the trap. A combina-
tion of RF and DC voltages is applied to the elec-
trodes to create a quadrupole electric fi eld. This 
electric fi eld traps the ions in a potential energy 
well at the centre of the analyser. To obtain a 
mass spectrum, electric fi eld is varied such that it 
sequentially brings ions with increasing  m/z  in 
resonance with the applied frequency. This even-
tually destabilises the ions and the alteration in 
the velocity and trajectory of the ions ejects them 
out of the trap. These sequentially ejected ions 
are then detected by the detector. The precursor 
ion and the product ions produced by collision- 
induced dissociations (CIDs) can be separated in 
time to produce the entire spectrum of ion prod-
ucts. This is particularly useful in determining 
structures and building up protein sequences de 
novo .  Both ESI and MALDI sources can be used 
with an ion trap instrument.  

M+ Ion mirror

Detector

Flight path

  Fig. 4    Time of fl ight mass analyser       
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   FT-ICR: Fourier Transform-Ion Cyclotron 
Resonance 
 FT-ICR (Marshall and Verdun  1990 ; Amster 
 1996 ) instrument captures the ions in a three- 
dimensional space created by a magnetic fi eld. 
The mass analyser consists of a reaction cell 
bound by electrodes known as trapping, excite 
and detect plates and a magnetic fi eld generated 
by supermagnets. The  m / z  value of an ion is 
directly related to the cyclotron frequency. The 
ICR traps ions in a magnetic fi eld that causes ions 
to travel in a circular path. The ion’s cyclotron 
frequency ( ω ) is the angular frequency of an ion’s 
orbit. This frequency is determined by the mag-
netic fi eld strength (B) and the  m/z  value of the 
ion. After ions are trapped in this cell, they are 
detected by measuring the signal at this cyclotron 
frequency. This type of mass analyser has an 
extremely high mass resolution and is useful for 
tandem mass spectrometry experiments. 

      Protein Mass Spectrometry 
 One of primary applications of mass spectrome-
try in proteomics is protein identifi cation or 
sequencing. Proteins of interest generally are 
present as a part of a complex proteome. These 
proteins fi rst need to be fractionated and then 
subjected to mass analysis. There are various 
fractionation platforms which are employed 
before subjecting a protein for identifi cation by 
MS/MS. The workfl ow of a typical proteomic 
analysis is described in Fig.  5 . After the isolation 
of protein mixture, it is subjected to various 
 resolution techniques which may be gel based or 
non- gel based. The protein is then directionally 
cleaved using trypsin, which cuts at the  C -terminal 

 +V
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  Fig. 5    Quadrupole ion trap. ( a ) Ion trap by the ring and the end cap electrodes. ( b ) Ejection of ions sequentially based 
on  m/z  to the detector       

 MS/MS: Tandem Mass Spectrometry 

 Tandem mass spectrometry involves at 
least two stages of mass analysis, with 
some form of fragmentation of the parent 
ion occurring in between the events. 
Multiple stages of mass analysis separation 
can be either achieved in  space  by physi-
cally distinct elements linked together in a 

series. The precursor ion from one unit 
feeds into another for further fragmentation 
to form the product ion. These elements 
could be sectors, transmission quadrupole 
or time-of-fl ight instruments. The separa-
tion of these linear events could also be 
achieved in  time  by trapping the precursor 
ions in three-dimensional space and induc-
ing fragmentation to release the product 
ion at subsequent time intervals. QUISTOR 
and FT-ICR are typically used for tandem 
mass spectrometry experiments. 
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end of arginine or lysine when not followed by 
proline to generate the peptide fragment. The two 
major modes of ionisation used are MALDI and 
ESI which are soft ionisation techniques and gen-
erate moderate number of fragments. Peptide 
fragment masses are determined by MS by either 
peptide mass fi ngerprinting or MS/MS platforms 
(Fig.  6 ).   

   Peptide Fragmentation 
 The types of fragment ions observed in an MS/
MS spectrum depend on the primary sequence, 
the amount of internal energy, ionisation method, 
charged state etc. (Fig.  7 ):
•    Fragments can only be detected if they carry at 

least one charge.  
•   If this charge is retained on the  N -terminal 

fragment, the ion is classed as either  a ,  b  or  c .  
•   If the charge is retained on the  C -terminal, the 

ion type is either  x ,  y  or  z .  
•   A subscript indicates the number of residues 

in the fragment.   
Protein identifi cation process is primarily divided 
into two parts: (1) assimilation of data generated 
by MS/MS in silico and (2) interpretation of the 
data by searching against a database. The mass 
spectrometer only gives masses of individual 

fragment ions as a set observed for a single- 
source ion. Series of  b -ion and  y -ion are required 
to build up the peptide fragment sequence. 
Multiple fragment sequences are overlapped 
before arriving at a consensus sequence. The set 
of fragments generated by MS/MS act as a fi n-
gerprint for an individual peptide. Two or more 
peptides matching to a given protein by searching 
protein sequence databases give the identity of 
the protein.   

   Protein Identifi cation by Peptide Mass 
Fingerprinting 
 The protein is subjected to proteolysis by trypsin 
and peptide fragments are generated. The mass 
for each peptide fragment is determined by 

Isolation of proteins

Gel Based Non-Gel Based

1- DE PAGE
2- DE PAGE  

Chromatographic (LC, GC, HPLC)

Pre-fractionation

Peptide mass fingerprinting, MS/MS

Sequence analysis

Protein Identification

Proteolysis

  Fig. 6    A typical workfl ow 
for a typical protein mass 
spectrometry experiment       
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  Fig. 7    Roepstorff–Fohlmann–Biemann nomenclature 
used when the peptide backbone is fragmented by impart-
ing energy onto the molecule       
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MS. Each protein results in a set of masses 
ascribed to fragment ion. The entire set of frag-
ments ion masses generated by a single protein is 
considered to be unique and serves as a fi nger-
print to identify the protein. The database for 
peptide mass fi ngerprint consists of theoretical 
digest patterns for all protein sequence entries 
serving as the directory of mass fi ngerprint for 
each protein. The generated data can thus be 
matched with the library of mass fi ngerprints in 
these databases. The success of identifi cation of 
PMF is however dependent on sequence avail-
ability of the required protein in the fi ngerprint 
database. Hence, the applications are limited to 
sequenced genomes.  

   Protein Identifi cation by Peptide 
Fragment Ion Searches 
 This protein identifi cation methodology is a hier-
archical process where fi rst a peptide sequence is 
built up by using the MS/MS data for peptide 
fragment ions and then all the peptides identifi ed 
from a single protein are matched against the 
database for identifying the protein. The individ-
ual fragments identifi ed are then assigned to a 
given protein by searching against protein 
sequence databases. The fi delity of a match is 
determined by the total score of the protein iden-
tifi cation which is based on number of peptides 
matching to the same protein, length of the 

match, percentage coverage of the protein etc. 
There are various softwares available such as 
PepIdent and MASCOT being the popular ones 
(Fig.  8 ).      

    Advances in Plant Proteomics 

    Subcellular Proteomics 

 Organelle proteomics involves isolating the 
organelle of interest and producing a catalogue of 
the proteins present in that organelle by some 
form of separation of proteins or their proteolytic 
fragments followed by identifi cation utilising 
mass spectrometry. The organelle preparation 
must be free from contamination from other 
organelle types to determine the specifi c localisa-
tion of a protein with high confi dence. Recently, 
several high-throughput methods have emerged 
involving quantitative strategies, which have 
overcome the need to produce a pure organelle 
for analysis. Each of these methods relies on 
quantitative proteomics to characterise the distri-
bution pattern of organelles amongst partially 
enriched fractions generated by various 
 separation technologies and has the potential to 
discriminate between genuine organelle residents 
and contaminants without preparation of pure 
organelles. 
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  Fig. 8    Example of an 
annotated MS spectrum. 
The information about the 
peptide sequence can be 
inferred from the mass 
differences between the 
peaks (Jonscher  2005 )       
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   Secretome 
 The plant secretome refers to the set of proteins 
secreted out of the plant cell into the surrounding 
extracellular space commonly referred to as the 
apoplast. Secreted proteins maintain cell struc-
ture and act in signalling and are crucial for stress 
responses where they can interact with pathogen 
effectors and control the extracellular environ-
ment. Secretome studies have fi rmly established 
the presence of a substantial level of secreted pro-
teins lacking signal peptides and indicated a large 
degree of plant species specifi city in the compo-
sition of secreted proteins. Plant secretomes have 
been studied in natural conditions (Soares et al. 
 2007 ), in different cultivars (Konozy et al.  2013 ), 
during nutritional defi ciency (Tran and Plaxton 
 2008 ), after hormone treatment (Cheng et al. 
 2009a ,  b ), during temperature change (Gupta and 
Deswal  2012 ), during salt stress (Song et al. 
 2011 ) and in the presence of pathogens and elici-
tors (Kim et al.  2009a ,  b ). Martinez-Esteso et al. 
( 2009 ) studied the grape secretome of SSC in 
response to methylated cyclodextrins and methyl 
jasmonate (MeJA) and showed that the expres-
sion levels of peroxidases, pathogenesis-related 
(PR) proteins, SGNH plant lipase-like proteins, 
xyloglucan endotransglycosylase and subtilisin- 
like protease were affected. In a similar study, 
application of elicitors MeJA and cyclodextrins 
also led to the identifi cation of chitinases and 
other PR proteins in tomato SSC (Briceno et al. 
 2012 ). Gupta et al. ( 2011 ) characterised the sec-
retome from SSC of the legume chickpea and 
identifi ed over 700 proteins by combining 1-D 
SDS-PAGE and HPLC-MS/MS, and comparing 
the secretome based on sequence homology to 
previously published  Arabidopsis, Medicago  and 
rice data showed a large degree of species speci-
fi city in secreted proteins hinting at differences in 
the apoplast composition between species and 
monocots and dicots. Several studies have tar-
geted the rhizosphere. Over 100 secreted proteins 
were identifi ed from rice roots grown in an asep-
tic hydro-culture (Shinano et al.  2011 ). These 
proteins are believed to play an important role in 
the rhizosphere, and a relatively high number (54 
%) had predicted signal peptides.  

   Nuclear Proteome 
 Nuclear proteome has recently gained impor-
tance as nucleus carries the information neces-
sary for controlled expression of proteins and 
thus plays an essential role in determining plant 
response towards any developmental process and 
biotic or abiotic stress (Ref). Nuclear proteins are 
predicted to comprise about 10–20 % of the total 
cellular proteins, suggesting the involvement of 
the nucleus in a number of diverse functions. 
Researchers have identifi ed several hundred plant 
nuclear proteins predominantly from model 
plants  Arabidopsis  (Bae et al.  2003 ) and 
 Medicago  (Repetto et al.  2008 ,  2012 ) and crop 
plants like rice (Choudhary et al.  2009 ), hot pep-
per (Lee et al.  2006 ), soybean (Cooper et al. 
 2011 ), xerophyta (Abdalla et al.  2010 ; Abdalla 
and Rafudeen  2012 ) and chickpea (Pandey et al. 
 2006 ,  2008 ). These proteins were presumably 
associated with a variety of functions, viz. 
nucleoskeleton structure, development, DNA 
replication/repair, chromatin assembly/remodel-
ling, signal transduction, mRNA processing, pro-
tein folding, transcription regulation, transport, 
metabolism and cell defence and rescue. The 
identifi ed proteins revealed the presence of com-
plex regulatory networks that function in this 
organelle. Many proteins with unknown func-
tions have also been added to the database besides 
novel proteins which were expected to be present 
in the nucleus. This clearly displays the power of 
proteomics where unusual locations of a known 
protein may result in totally new function.  

   Mitochondrial Proteome 
 Plant mitochondrial genomes have features that 
distinguish them radically from their animal 
counterparts: a high rate of rearrangement, of 
uptake and of loss of DNA sequences and an 
extremely low point mutation rate. Mitochondria 
act as a cellular powerhouse and also perform 
numerous other activities like nucleotide and 
vitamin synthesis, lipid and amino acid metabo-
lisms and involvement in the photorespiratory 
pathway (Millar et al.  2005 ). Under stress, the 
mitochondrial electron transport chain becomes 
over-reduced, favouring the generation of O 2 •, 
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thus affecting plant growth and development 
(Purvis  1997 ). Kruft et al. ( 2001 ) fi rst used the 
two-dimensional polyacrylamide gel electropho-
resis (2-DE) technique to study the mitochondrial 
proteins. Thereafter, much attention has been 
paid to separate proteins for analysing plant 
mitochondrial proteome under stressful condi-
tion. Gel-free method of mitochondrial proteome 
study using nanoscale 1-D and 2-D liquid chro-
matography (LC) offers advantages (Kristensen 
et al.  2004 ; Brugiere et al.  2004 ; Heazlewood 
et al.  2003 ) over gel-based techniques, as it 
allows separation of highly acidic or highly basic 
proteins, very high- and very low-molecular- 
weight proteins as well as low-abundance pro-
teins. Mitochondria have been a target for 
subcellular proteomics study, as most of the 
stresses primarily impair mitochondrial electron 
transport chain resulting in excess ROS genera-
tion. Mitochondrial proteomics were studied 
from soybean root and hypocotyls under fl ooding 
stress (Komatsu et al.  2011 ), the two contrasting 
wheat cultivars for salinity tolerance at whole- 
plant level (Jacoby et al.  2010 ),  Arabidopsis  for 
metal homeostasis (Tan et al.  2010 ), salt stress- 
induced programmed cell death (PCD) in rice 
(Chen et al.  2009a ,  b ) and pea under drought, 
cold and herbicide stresses (Taylor et al.  2005 ). 
Mitochondrial proteome has huge importance to 
evolutionary biologists where it is an important 
tool to establish the evolutionary linkages owing 
to its maternal inheritance. Besides, the issues of 
male sterility are also attributed to the changes in 
the mitochondrial gene expression.  

   Extracellular Matrix (Cell Wall) 
Proteome 
 Plants, exposed to environmental stress, try to 
change the composition of cell wall to protect the 
cellular integrity for prevent mechanical damage. 
The cell wall or extracellular matrix (ECM) is the 
fi rst compartment that perceives extracellular sig-
nals, transmits them to the cell interior and even-
tually infl uences the cell fate decision. Although 
proteins account for only 10 % of the ECM mass, 
they comprise several hundreds of different mol-
ecules with diverse cellular functions. Increasing 
evidence suggests that there is continuous cross-

talk between the ECM and the cytoskeletal net-
work (Pandey et al.  2010 ). The combination of 
ECM extraction and mass spectrometry appears 
to be a powerful strategy for identifi cation of less 
abundant and previously unknown protein com-
ponents involved in different stress responses. 
Various cell wall proteins have been character-
ised in  Arabidopsis  (Bayer et al.  2006 ; Minic 
et al.  2007 ; Jamet et al.  2006 ,  2008 ; Zhang et al. 
 2011 ),  Medicago  (Watson et al.  2004 ; Soares 
et al.  2007 ), chickpea (Bhushan et al.  2006 ), 
maize (Zhu et al.  2006 ), rice (Jung et al.  2008 ; 
Chen et al.  2009a ,  b ; Cho et al.  2009 ) and potato 
(Lim et al.  2012 ). In addition, many types of 
stress-associated cell wall proteins have been 
identifi ed in crops, including fl ooding stress- 
induced proteins in soybean (Komatsu et al. 
 2010 ) and wheat (Kong et al.  2009 ); drought 
stress-induced proteins in rice (Pandey et al. 
 2010 ), maize (Zhu et al.  2007 ) and chickpea 
(Bhushan et al.  2007 ); hydrogen peroxide- 
induced proteins in rice (Zhou et al.  2011 ); and/
or pathogen-induced proteins in maize or tomato 
(Chivasa et al.  2005 ; Dahal et al.  2010 ). Also, cell 
wall proteins have been studied in wounded 
 Medicago  (Soares et al.  2009 ). Although many 
proteomics studies of primary cell wall have been 
conducted in  Arabidopsis  (Chivasa et al.  2002 ; 
Boudart et al.  2005 ; Jamet et al.  2006 ,  2008 ), 
there have been correspondingly fewer pro-
teomics studies devoted to systematic mapping of 
the proteins of the secondary cell wall (Millar 
et al.  2009 ). The utility of plant secondary cell 
wall biomass for industrial and biofuel purposes 
depends upon improving cellulose amount, avail-
ability and extractability. The possibility of engi-
neering such biomass requires much more 
knowledge of the genes and proteins involved in 
the synthesis, modifi cation and assembly of cel-
lulose, lignin and xylans (Millar et al.  2009 ).  

   Chloroplast Proteome 
 The chloroplasts present in plant and algal cells 
are believed to have descended from an original 
cyanobacterial endosymbiont. An important link 
in the development of this highly specialised 
organelle has been the gene transfer to the nucleus 
and evolution of protein-sorting machinery which 
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still ensures the targeting of these proteins to the 
chloroplast. This information can only be unrav-
elled by studying the proteome distribution inside 
the chloroplast and therefore the special interest 
in this organelle. Moreover, this is the organelle 
involved in carbon fi xation. The physiology of 
the chloroplast can be best studied by the corre-
sponding temporal proteome changes. A 
homology- based comparison of the chloroplast 
proteome of  Arabidopsis  with the total protein 
complement of a cyanobacterium ( Synechocystis ) 
combined with a proteome-wide search for puta-
tive chloroplast transit peptides was carried out 
(Salamini and Leister  2000 ). The present-day 
chloroplast was found to be smaller than the cya-
nobacterial species. The chloroplast proteome 
has been greatly studied under abiotic stress. 
Thirty-two differentially expressed chloroplast 
proteins were found in proteome analysis of soy-
bean chloroplasts responding to ozone stress 
which revealed downregulation of proteins 
involved in photosystem I/II and carbon assimila-
tion, and this might be one of the reasons of 
reduced photosynthetic activity in response to 
ozone (Ahsan et al.  2010 ). In contrast, proteins 
involved in antioxidant defence and carbon 
metabolism increased under stress.  Arabidopsis  
chloroplast proteome using 2D-DIGE technique 
resulted in minimal change in the plastid pro-
teomes in cold shock, whilst short-term cold 
acclimation caused major changes in the stroma 
but few changes in the lumen proteome. In con-
trast, long-term acclimation resulted in modula-
tion of the proteomes of both compartments, with 
appearance of new proteins in the lumen and fur-
ther changes in protein abundance in the stroma 
(Goulas et al.  2006 ). In total, 43 differentially 
displayed proteins were identifi ed which partici-
pate in photosynthesis, other plastid metabolic 
functions, phytohormone biosynthesis and stress 
sensing and signal transduction, presumably 
helping the plant in cold sensing and 
acclimatisation.  

   Membrane Proteome 
 The different organelle membranes play impor-
tant roles in maintaining the homeostasis within 
organelles, as well as whole-cell level. 

Approximately 30 % of the cellular proteome is 
represented by membrane proteins (Schwacke 
et al.  2004 ). The membrane-associated proteins 
perform unique biological roles in development 
as well as stress adaptation. The composition and 
dynamics of membrane proteins refl ect their 
diverse function, and their nature and relative 
amount vary from one organellar membrane to 
another. These proteins perform some of the most 
important functions, like regulation of cell sig-
nalling, cell–cell interactions and intracellular 
compartmentalisation (Wu and Yates  2003 ). The 
plant membrane proteome is more complex com-
pared to that of animal cells due to the presence 
of highly specialised organelles such as plastids 
and vacuoles. Whilst much progress has been 
made in animal membrane proteomics, far fewer 
attempts have been made to characterise the plant 
membrane proteome (Jaiswal et al.  2012 ; Nouri 
and Komatsu  2010 , Kawamur and Uemura  2003 ). 

 Jaiswal et al. ( 2012 ) developed a proteome 
reference map of chickpea to obtain valuable 
insight into the dynamic repertoire of membrane 
proteins, using two-dimensional gel electropho-
resis, and 91 proteins were identifi ed by MALDI- 
TOF/TOF and LC-ESI-MS/MS. These proteins 
were involved in a variety of cellular functions, 
viz. bioenergy, stress-responsive and signal trans-
duction, metabolism, protein synthesis and deg-
radation, amongst others. Signifi cantly, 70 % of 
the identifi ed proteins are putative integral mem-
brane proteins, possessing transmembrane 
domains. 

 Nouri and Komatsu ( 2010 ) investigated the 
polyethylene glycol-induced osmotic stress 
impact on plasma membrane proteome of soy-
bean. Using the gel-based proteomics, four and 
eight protein spots were identifi ed as up- and 
downregulated, respectively, whereas in the 
nanoLC-MS/MS approach, 11 and 75 proteins 
were identifi ed as up- and downregulated, respec-
tively, under polyethylene glycol treatment. 
Osmotic stress-responsive proteins, for example, 
transporter proteins and proteins with high num-
ber of transmembrane helices as well as low- 
abundance proteins, were identifi ed by the 
gel-free proteomics. Mass spectrometric 
approach was widely used for identifi cation of 
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putative plasma membrane proteins of 
 Arabidopsis  leaves associated with cold acclima-
tion (Kawamur and Uemura  2003 ). A signifi cant 
change in protein profi le was observed after cold 
acclimation.   

    Comparative Proteomics for GM 
and Non-GM 

 Transfer of individual genes that encode specifi c 
desirable traits into the host, i.e. genetic modifi -
cation, has become the fastest adopted technol-
ogy in the history of modern agriculture which 
has resulted in improvement in agronomic traits, 
such as resistance to insects, tolerance to herbi-
cides, improved productivity and quality and 
other traits not present before genetic modifi ca-
tion (Garcia-Canas et al.  2011 ). However, modi-
fi cations in a plant genome might result in 
unintended effects, which may affect human 
health or the environment (Ioset et al.  2007 ). 
With the commercialisation of GM crops, these 
unintended effects are one of the most controver-
sial issues in debating the biological safety of 
GM crops. A systematic comparative analysis of 
molecular features of GM crops and their com-
parators is needed to clarify unintended effects 
(Cellini et al.  2004 ; Garcia-Canas et al.  2011 ). 
Profi ling techniques allow simultaneous charac-
terisation and comparison of the genome, pro-
teome and metabolome of an organism, thus 
increasing the chances of detecting the inadver-
tent effects, and have emerged as useful 
approaches (Kuiper et al.  2003 ; Ruebelt et al. 
 2006 ). Comparative proteomic strategies com-
bined with 2-DE and MS and with liquid chroma-
tography tandem mass spectrometry (LC-MS/
MS) have been extensively used to evaluate the 
effects of genetic modifi cation on the proteomes 
of lead GM crops: maize, pea, potato, rice, soy-
bean, tobacco, tomato and wheat. These studies 
involved safety evaluation of GM crops and func-
tional characterisation of GM crops (for review, 
see Gong and Wang  2013 ). Corpillo et al. ( 2004 ) 
fi rst assessed the substantial equivalence of GM 
tomato, resistance to TSWV, using proteomics 
approaches and found no qualitative or quantita-

tive differences between the GM tomato and the 
non-GM control. Similarly, DiCarli et al. ( 2009 ) 
demonstrated that expression of scFv(G4) against 
the CMV coat protein in tomato did not cause 
pleiotropic effects. A proteomics study of GM 
bread wheat overexpressing a low-molecular- 
weight glutenin subunit (LMW-GS) revealed a 
series of variations, including overaccumulation 
of the LMW glutenin and downregulation of all 
other classes of storage proteins, which consti-
tuted a compensatory mechanism (Scossa et al. 
 2008 ). Horváth-Szanics et al. ( 2006 ) used pro-
teomic methods to identify stress-induced pro-
teins in herbicide-resistant GM wheat lines and 
found changed level of LMW seed proteins and 
sensitivity to drought stress in this GM wheat 
under drought stress. Gong et al. ( 2012 ) evalu-
ated proteome differences in seeds from two sets 
of GM rice (Bar68-1 carrying  bar  and 2036-1a 
carrying  cry1Ac/sck ) and their controls by 2-DE 
differential in-gel electrophoresis (2D-DIGE). To 
obtain relatively objective data, this study 
included other rice varieties to evaluate proteome 
variations related to spontaneous genetic varia-
tion, genetic breeding and genetic modifi cations. 
GM events did not substantially alter protein pro-
fi les as compared with conventional genetic 
breeding and natural genetic variation (Gong 
et al.  2012 ). Agrawal et al. ( 2013 ) used 2-DE to 
study comparative proteomics of entire potato 
tuber life cycle of wild-type and AmA1 trans-
genic lines and revealed a role for seed storage 
protein, AmA1, in cellular growth, development 
and nutrient accumulation.  

    Comparative Proteomics Under 
Abiotic Stress 

 Changes in protein accumulation under stress are 
closely interrelated to plant phenotypic response 
to stress determining plant tolerance to stress. 
Therefore, studies of plant reaction upon stress 
conditions at protein level can signifi cantly con-
tribute to our understanding of physiological 
mechanisms underlying plant stress tolerance. 
Proteomics studies could thus lead to identifi ca-
tion of potential protein markers whose changes 
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in abundance can be associated with quantitative 
changes in some physiological parameters used 
for a description of genotype’s level of stress tol-
erance. In the fi eld of plant abiotic stress research, 
the most common case is comparison of pro-
teomes isolated from non-stressed (control) 
plants and the corresponding proteomes upon 
stress conditions. Other cases include compari-
son of proteomes from two different genotypes or 
plant species with contrasting levels of tolerance 
to a given stress factor. 

 The studies aimed at comparison of several 
proteomes are mostly dominated by 2-DE fol-
lowed by protein identifi cation via MS analysis, 
although the sole use of MS techniques not only 
for protein identifi cation but also for protein 
quantitation is sometimes applied (e.g. Patterson 
et al.  2007  (14) used iTRAQ for protein quantita-
tion in two barley cultivars with different sensi-
tivities to elevated concentrations of boron). 
Differential expression proteomics approach is 
used for description of sets of proteomes differ-
ing both in protein quality and quantity, and it is 
aimed at protein identifi cation and relative quan-
titation. However, the differential expression pro-
teomics approach (protein identifi cation and 
quantitation) itself cannot give any information 
on protein function since one certain protein can 
reveal very diverse functions depending on its 
subcellular localisation, posttranslational modifi -
cations or interacting partners. 

   Low-Temperature Stress 
 For proteome analysis under cold stress, leaf tis-
sues from  A. thaliana  and  A. thaliana  cold- and 
salt-tolerant relative  Thellungiella halophila  and 
poplar (Amme et al.  2006 ; Gao et al.  2009a ,  b ) as 
well as root tissue from rice (Hashimoto and 
Komatsu  2007 ; Lee et al.  2009 ) or just trinucleate 
pollen in anthers of rice (Imin et al.  2004 ), plant 
embryos from germinated seeds of soybean 
(Cheng et al.  2010 ) or plant seedlings of rice (Cui 
et al.  2005 ) were employed. Proteome analysis 
has been carried out at whole-cell level as well as 
only at organellar level, e.g.  A. thaliana  nuclear 
proteome upon cold (Bae et al.  2003 ) or pea 
mitochondrial proteome upon cold (Taylor et al. 
 2005 ). Most studies have also indicated changes 

in abundance of enzymes involved in carbohy-
drate metabolism. Enhanced accumulation of 
specifi c dehydration-inducible LEA-II proteins 
named dehydrins has been repeatedly reported 
(Kawamur and Uemura  2003 ; Amme et al.  2006 ; 
Degand et al.  2009 ; Cheng et al.  2010 ; Vítámvás 
and Prášil  2008 ; Vítámvás et al.  2007 ). Increased 
levels of RNA- binding protein cp29 have been 
repeatedly reported (Amme et al.  2006 ; Gao et al. 
 2009a ,  b ) as cold signifi cantly affects proteosyn-
thesis. This protein is localised in chloroplast 
stroma, its activity could be regulated by phos-
phorylation and it is involved in plastid mRNA 
processing (Reiland et al.  2009 ).  

   Heat 
 Heat stress is associated with an enhanced risk of 
improper protein folding and denaturation of sev-
eral intracellular protein and membrane com-
plexes. Heat-stress response at proteome level 
has been studied predominantly in rice (Lee et al. 
 2007 ), in wheat grain during grain fi lling period 
(Skylas et al.  2002 ; Majoul et al.  2004 ), in a heat- 
and drought-tolerant poplar ( Populus euphratica ) 
(Ferreira et al.  2006 ) and also in wild plant 
 Carissa spinarum  inhabiting hot and dry valleys 
in central China (Zhang et al.  2010 ). In all cases, 
a heat-induced increase in several HSPs includ-
ing proteins from HSP100, HSP70 and sHSP 
families has been observed. Small HSPs belong-
ing to cytoplasmic-located sHSPs as well as 
mitochondrial-targeted and chloroplast-targeted 
sHSPs were detected. In heat-treated grains of 
two genotypes of common wheat with contrast-
ing tolerance to high temperatures, Skylas et al. 
( 2002 ) detected seven sHSPs unique to a tolerant 
genotype which have been proposed biomarkers 
of heat tolerance and drought strength. Another 
characteristic feature of heat stress is oxidative 
damage. Upregulation of several enzymes 
involved in redox homeostasis such as GST, 
dehydroascorbate reductase (DHAR), thiore-
doxin h-type (Trx h) and chloroplast precursors 
of SOD was reported (Lee et al.  2007 ). Heat 
stress also induces profound changes in cytoskel-
eton composition indicating its reorganisation 
(Ferreira et al.  2006 ). In addition, an increased 
accumulation of some eukaryotic translation ini-
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tiation factors (eIF4F, eIF5A-3) indicates pro-
found cellular reorganisation leading to 
programmed cell death (PCD) under a long-term 
heat treatment (Majoul et al.  2004 ; Zhang et al. 
 2010 ).  

   Drought 
 Drought stress is associated with a reduced water 
availability and cellular dehydration. Therefore, 
changes in cellular metabolism associated with 
an osmotic adjustment could be expected. 
Proteome changes upon drought have been inten-
sively studied in poplar (Bogeat-Triboulot et al. 
 2007 ; Bonhomme et al.  2009 ), maize roots (Zhu 
et al.  2007 ), soybean roots (Alam et al.  2010a ,  b ) 
and sugar beet (Hajheidari et al.  2005 ), and 
increased levels of several apoplastic ROS- 
scavenging enzymes, namely, peroxidases 
involved in enhance cell wall loosening and pro-
teins involved in pathogenesis and stress defence 
such as polygalacturonase inhibitor proteins, chi-
tinases and osmotin and nodulin precursors were 
found (Zhu et al.  2007 ). Dehydration-induced 
changes in nuclear proteome of chickpea  Cicer 
arietinum  and rice  Oryza sativa  (Pandey et al. 
 2008 ; Choudhary et al.  2009 ) and ECM proteome 
of chickpea (Bhushan et al.  2007 ) have also been 
extensively studied. Proteins involved in carbo-
hydrate and nitrogen metabolism, cell wall modi-
fi cation, signal transduction, cell defence and 
PCD and proteins involved in redox regulation, 
oxidative stress, chaperone function and photo-
synthesis (Rubisco) have also been observed.  

   Waterlogging 
 Ahsan et al. ( 2007 ) and Alam et al. ( 2010a ,  b ) 
have analysed proteome changes as well as 
changes in in vivo hydrogen peroxide (H 2 O 2 ) 
content and lipid peroxidation in tomato leaves 
and soybean roots, respectively, affected by 
waterlogging stress. Interestingly, waterlogging 
has resulted in enhanced levels of H 2 O 2  and lipid 
peroxidation indicating that this stress factor has 
an oxidative component. At proteome level, 
waterlogging induces changes in abundance of 
proteins involved in several processes, namely 
photosynthesis, energy metabolism, redox 
homeostasis, signal transduction, PCD, RNA 

processing, protein biosynthesis, disease resis-
tance, stress and defence mechanisms.  

   Salinity 
 The main crops where effects of salt stress on 
proteome composition are studied are  represented 
by rice (Abbasi and Komatsu  2004 ; Kim et al. 
 2005 ; Yan et al.  2005 ; Dooki et al.  2006 ; Cheng 
et al.  2009a ,  b ), soybean (Sobhanian et al.  2010 ) 
and common and durum wheats (Caruso et al. 
 2008 ; Wang et al.  2008 ) which are all glyco-
phytes. Proteomics experiments carried out on 
glycophytes also include model plants  A. thali-
ana  (Ndimba et al.  2005 ) and tobacco (Dani et al. 
 2005 ). In glycophytes (crops), an increased accu-
mulation of enzymes involved in glycolysis and 
carbohydrate metabolism (fructose-bisphosphate 
aldolase, ENO) is regularly observed which indi-
cates an enhanced need for energy (Abbasi and 
Komatsu  2004 ; Yan et al.  2005 ; Sobhanian et al. 
 2010 ; Ndimba et al.  2005 ). Other major group of 
increased proteins are ROS-scavenging enzymes 
(APX, DHAR, Trx h, peroxiredoxin, SOD) sug-
gesting an oxidative stress (Abbasi and Komatsu 
 2004 ; Kim et al.  2005 ; Dooki et al.  2006 ; Ndimba 
et al.  2005 ). Proteins involved in nucleotide 
metabolism (nucleoside diphosphate kinase 
NDPK, guanine nucleotide-binding protein) and 
fatty acid metabolism (enoyl-ACP reductase) 
were also upregulated (Dooki et al.  2006 ).   

    Comparative Proteomics for Biotic 
Stress 

 Plant pathogens are viruses, bacteria, fungi, 
oomycetes, protozoans and nematodes. Amongst 
all, the majority, and most destructive, are fungi 
and oomycetes (Latijnhouwers et al.  2003 ). 
However, the lifestyles and strategies of patho-
gens are diverse, but for their survival and propa-
gation, at least all must colonise the host and 
overcome its immune system. Conversely, the 
host must overcome the virulence of the patho-
gen if it is to remain healthy. In consequence, 
coevolution of host–pathogen systems has 
resulted in a complex interplay of pathogen- and 
host-derived molecules, resulting in systems with 
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a remarkable degree of conservation (Ronald and 
Beutler  2010 ). 

   Crop–Pathogen Interactions 
 Proteomics is a logical choice for an investigative 
tool since any plant–pathogen interaction lan-
guage use proteins. Two-dimensional gel electro-
phoresis has been initially used for rapidly 
identifying major proteome differences in healthy 
versus inoculated plants. The interaction between 
 Triticum aestivum  and  Fusarium graminearum  
(causing  Fusarium  head blight) (Zhou et al. 
 2006 ; Wang et al.  2005 ), wheat and  Puccinia tri-
ticina  (leaf rust) (Rampitsch et al.  2006a ,  b ), rice 
and  Magnaporthe grisea  (rice blast) (Kim et al. 
 2004a ,  b ),  Brassica napus  (canola) and 
 Leptosphaeria maculans  (blackleg) (Sharma 
et al.  2008 ),  Brassica oleracea  and  X. campestris 
pv. campestris  (black rot) (Villeth et al.  2009 ), 
 Pisum sativum  (pea) and  Peronospora viciae  
(downy mildew) (Amey et al.  2008 ),  rice  and  rice 
yellow mottle virus  (RYMV) (Ventelon-Debout 
et al.  2004 ) and  grapevine  and  Flavescence 
dore’e  phytoplasma (Margaria and Palmano 
 2011 ) were studied through proteomics. 2-DE 
reveals only gross changes in the proteome in 
most of the cases, with common results between 
diverse pathosystems. Metabolic enzymes 
showed increased presence in all of the pathosys-
tems; in particular, glyceraldehyde-3-phosphate 
dehydrogenase was reported to increase in abun-
dance in most of pathosystems. The antioxidant 
enzymes (Zhou et al.  2006 ; Wang et al.  2005 ; 
Rampitsch et al.  2006a ,  b ; Ventelon-Debout et al. 
 2004 ; Margaria and Palmano  2011 ) especially 
ascorbate peroxidases, thioredoxin (Zhou et al. 
 2006 ; Villeth et al.  2009 ; Amey et al.  2008 ), fun-
gal cell wall-degrading enzymes (chitinases and 
b-glucanases) and other pathogenesis-related 
proteins (Zhou et al.  2006 ; Wang et al.  2005 ; 
Rampitsch et al.  2006a ,  b ; Amey et al.  2008 ; 
Margaria and Palmano  2011 ) were showed 
increased abundance for combating the patho-
gens. In grapevine –  Erysiphe necator  (powdery 
mildew) – study, iTRAQ was used to compare 
protein expression levels in a susceptible grape-
vine, Vitis vinifera (Cabernet Sauvignon), com-
pared with mock-inoculated controls. The results 

support the hypothesis that Cabernet Sauvignon 
is able to initiate a basal defence response but 
lacks the necessary R-protein(s) to recognise 
pathogen Avr gene product(s) and therefore suc-
cumbs to disease (Marsh et al.  2010 ).  

   Interaction with Bacterial Pathogens 
and Elicitors 
 Jones et al. ( 2006a ,  b ) reported early changes to 
the defence proteome in three subcellular frac-
tions – total soluble protein, chloroplast enriched 
and mitochondria enriched – after inoculation 
with three different strains of Pst DC3000 and 
provided evidence for the rapid communication 
between organelles and regulation of primary 
metabolism through redox-mediated signalling. 
Jones et al. ( 2006a ,  b ) identifi ed six differentially 
phosphorylated proteins robustly changing 
between a mock-inoculated control, HR and a 
basal defence response in soluble  A. thaliana  leaf 
extracts following bacterial challenge, using 
phosphoprotein affi nity enrichment coupled to 
relative quantifi cation with iTRAQ. This study 
highlights the reproducibility, utility and prob-
lems associated with the quantitative analysis of 
changes in the complex phosphoproteome from 
intact green leaf tissue. Casasoli et al. ( 2008 ) ana-
lysed  A. thaliana  seedling apoplastic proteins 
elicited by oligogalacturonides (OGs) that accu-
mulate upon challenge by pathogenic microor-
ganisms, using 2-D DIGE and many differentially 
expressed or posttranslationally modifi ed apo-
plastic proteins that were identifi ed with either 
putative defensive roles or with structural fea-
tures typical of proteins involved in recognition. 
These fi ndings confi rm the role of the cell wall as 
the fi rst line of defence against pathogens as well 
as a source of molecules important in plant pro-
tection, which help in perception of pathogens. 
The biotic interactions in the rhizosphere during 
the communication between the roots of two 
plants  Medicago sativa  and  A. thaliana  and 
microbes  P. syringae pv. tomato  DC3000 or 
 Sinorhizobium meliloti  strain Rm1021 were stud-
ied, which revealed a specifi c, protein-level 
crosstalk between roots and microbes. It was sug-
gested that secreted proteins may be a critical 
component in the process of signalling and rec-
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ognition that occurs between compatible and 
incompatible interactions (De-la-Pena et al. 
 2008 ). The identifi cation of signalling processes 
and phosphoproteins at the plasma membrane 
was addressed in large-scale global analyses of 
protein phosphorylation in model systems with 
elicitors. Nühse and co-authors used trypsin to 
digest cytoplasmic face-out vesicles and then 
enriched phosphopeptides by strong anion 
exchange (SAX) plus immobilised metal ion 
affi nity chromatography (IMAC) and nanoLC-
 MS/MS as a strategy for large-scale phosphopro-
teomics of the plasma membrane from  A. thaliana  
suspension cells stimulated with fl g22. This iden-
tifi ed over 300 phosphorylation sites on approxi-
mately 200 putative plasma membrane proteins 
(Nühse et al.  2003 ,  2004 ). In addition, more than 
50 sites were mapped on receptor-like kinases 
revealing an unexpected complexity of the phos-
phorylation sites’ characteristics and regulation. 
The isotopic quadruplex iTRAQ labelling of pep-
tides was used to achieve quantifi cation of 
dynamic protein phosphorylation in the same 
model system of  A. thaliana  cells challenged 
with fl g22 (Nühse et al.  2007 ).  

   Plant–Fungus Interaction 
 Over the past decade, proteomics studies have 
contributed new knowledge to the  M. grisea –rice 
interaction. Indeed, the fi rst descriptive pro-
teomics study of a pathogen-infected host plant 
focused on this interaction (Konishi et al.  2001 ). 
Recent experimental evidence based on differen-
tial display analysis of elicitor-responsive pro-
teomes between two rice near-isogenic lines and 
 M. grisea  glycoprotein elicitor suggested that the 
incompatible rice line may possess a more sensi-
tive recognition system that can identify and 
react to specifi c chemical, biological or physical 
triggers in a more effi cient manner, thus eliciting 
an early and fast defence response (Liao et al. 
 2009 ). The authors also examined extracellular 
phosphorylation and identifi ed phosphoproteins 
in both the cell wall (putative lectin receptor-like 
kinase and endochitinase) and culture fi ltrate 
(xyloglucan endo-1,4-b-D glucanases) in chito-
san treatment in  A. thaliana  cell suspension cul-
tures, supporting the view that an extracellular 
kinase activity might be present in plants and an 

extracellular phosphorylation network could be 
involved in intercellular communication (Ndimba 
et al.  2003 ). Proteomic analysis of chitosan- 
treated  V. vinifera  cv. Barbera cell suspensions 
revealed the upregulation of both stilbene and 
 fl avonoid pathways, with the resultant production 
of a wide spectrum of polyphenol antioxidant 
compounds (Ferri et al.  2009 ). The proteome 
changes during the interaction of the model 
legume  M. truncatula  cells in suspension culture 
with a pathogen-derived yeast invertase elicitor 
(YE) and suppressor using  Sinorhizobium meli-
loti  lipopolysaccharide (LPS) were studied using 
2-DE and LC-MS/MS, which revealed upregu-
lated proteins involved in defence only after YE 
but not LPS treatment (Gokulakannan and 
Niehaus  2010 ). The study of an incompatible 
plant–fungal interaction, the  A. thaliana – A. bras-
sicicola  host–pathogen pair, showed that at least 
11 proteins showed reproducible differences in 
abundance by 2-DE, increasing or decreasing 
during the progress of the infection. It was dem-
onstrated that the leaf can limit pathogen infec-
tion whilst keeping its overall activity largely 
intact (Kaschani et al.  2009 ). Differential pro-
teomics study for elicitor-induced sanguinarine 
biosynthesis in opium poppy cell cultures treated 
with  B. cinerea  fungal homogenate was done 
under controlled conditions which provided a 
platform to characterise the induction of antimi-
crobial alkaloid biosynthesis and other plant 
defence pathways (Zulak et al.  2009 ). The abun-
dance of chaperones, heat shock proteins, protein 
degradation factors and pathogenesis-related pro-
teins provided a comprehensive proteomics view 
on the coordination of plant defence responses. 
The elicitor-induced metabolic enzymes repre-
sented the largest category of proteins and 
included S-adenosylmethionine synthetase, sev-
eral glycolytic enzymes, a nearly complete set of 
TCA cycle enzymes, one alkaloid and several 
other secondary metabolic enzymes.   

    Comparative Proteomics for Plant 
Development 

 Proteomics is an important tool for the analysis 
of proteins in organisms at the level of organs, 
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cell populations and subcellular compartments 
under diverse developmental conditions. The 
number of plant developmental studies using 
various proteomics approaches is steadily grow-
ing. Considerable experimental effort was 
devoted to the proteomic investigation of hor-
monal pathways regulating plant development 
such as brassinosteroid signalling (Tang et al. 
 2010 ), auxin signalling (Shi et al.  2008 ), cytoki-
nin regulation (Xu et al.  2010 ; Lochmanová et al. 
 2008 ), cell proliferation and elongation, cell dif-
ferentiation and leaf, root, shoot and other plant 
organ development etc. 

   Cell Proliferation and Elongation 
 Proteomics studies in  Medicago truncatula  
showed protein expression changes primarily in 
the cell division-related processes such as metab-
olism, energy housekeeping or the control of pro-
tein synthesis. Further, the stress-related proteins 
preferentially accumulate dividing tissues, such 
as root meristem (Holmes et al.  2006 ) and prolif-
erating protoplasts (De Jong et al.  2007 ). In both 
cases, mainly pathogenesis-related proteins, such 
as PR-10 and heat shock proteins, exhibited 
higher abundance in dividing tissues. In another 
proteomics study of a transcription factor NTM 
(for NAC with transmembrane motif 1) mutant 
line in  Arabidopsis , elevations of beta- glucosidase 
homolog 1 and annexin expression were found 
altered and exhibiting reduced cell division rate 
(Lee et al.  2008 ). Different proteomics studies 
showed that differential regulation of annexins is 
also linked to other plant developmental pro-
cesses including pollen germination (Dai et al. 
 2007 ), cotton fi bre elongation (Zhao et al.  2010 ) 
and somatic embryogenesis (Gómez et al.  2009 ). 
These fi ndings also confi rm a functional role of 
some ROS-related proteins such as ascorbate per-
oxidase (Holmes et al.  2006 ), dehydroascorbate 
reductase, glutathione transferase (Lee et al. 
 2008 ) and mitochondrial manganese superoxide 
dismutase (Shi et al.  2008 ) activity in the cell 
division regulation. The role of vigorous actin 
and microtubule cytoskeleton dynamics in cell 
expansion is also refl ected in proteomics studies 
(Chan et al.  2007) . Two independent comparative 
studies showed downregulation of alpha-tubulin, 
beta-tubulin and tubulin-folding cofactor A and 

profi ling in mutant cotton fi bres with inhibited 
elongation (Zhao et al.  2010 ; Pang et al.  2010 ). 
Similar results showing upregulation of fi ve actin 
and two beta-tubulin isoforms were obtained dur-
ing fi bre elongation (Yang et al.  2008 ). High- 
throughput proteomics study on  Lilium 
longifl orum  pollen grain membrane proteins pro-
vided valuable contribution to the elucidation of 
pollen tube polar growth (Pertl et al.  2009 ). 
Remarkably, the expression levels of proteins 
involved in membrane/protein traffi cking (Rab 
11b GTPase, V-type ATPase and the H+ pyro-
phosphatase) raised simultaneously with proteins 
involved in signal transduction, stress response, 
protein biosynthesis and folding, during the ger-
mination of pollen grains. In contrast, proteins 
involved in cytoskeleton, carbohydrate and 
energy metabolism and transport of ions were 
upregulated earlier, when the pollen just started 
to germinate (Pertl et al.  2009 ).  

   Cell Differentiation 
 In a cell differentiation study, protein profi ling of 
seed-derived calli on different regeneration media 
with different relative concentrations of cytoki-
nin and auxin showed differences mainly in car-
bohydrate and energy metabolism and stress-/
defence-related proteins (Yin et al.  2008 ). 
Interestingly, these protein groups were also acti-
vated in  Vanilla planifolia  calli directed for shoot 
organogenesis (Palama et al.  2010 ). In addition to 
cell differentiation, it is possible to reprogram 
differentiated cells to retain the competency of 
cell division and organ regeneration by using par-
ticular external hormone composition. Kinetin 
and 2,4-D induced a dedifferentiation of 
 Arabidopsis  cotyledon cells and was accompa-
nied by protein phosphorylation (Chitteti and 
Peng  2007a ,  b ). This hormonal treatment induced 
also protein synthesis, changes in the chromatin 
structure, cytoskeleton reorganisation and preva-
lent downregulation of chloroplast proteins 
(Chitteti et al.  2008 ). Various proteomics 
approaches were applied to study somatic 
embryogenesis of diverse plant species such as 
cassava ( Manihot esculenta  (Baba et al.  2008 ; Li 
et al.  2010 )), oak ( Quercus suber  (Gómez et al. 
 2009 )), Valencia sweet orange ( Citrus sinensis  
(Pan et al.  2009 )), grapevine ( Vitis vinifera  
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(Marsoni et al.  2008 )) and  Vigna unguiculata  
(Nogueira et al.  2007 ). These reports included 
studies on protein expression changes during 
somatic embryogenesis and comparative studies 
between embryogenic and nonembryogenic calli 
as well as between gametic and somatic 
embryogenesis.  

   Seed Germination 
 Extensive effort was also dedicated to the pro-
teomic investigation of seed germination. In a 
study of comparison of the endosperm cap pro-
teome of ABA-inhibited vs. non-inhibited germi-
nating cress ( Lepidium sativum ), seeds showed 
specifi c, ABA-responsive, early germination pro-
cesses, such as lipid mobilisation, energy produc-
tion, proteolysis and increase in abundance of 
antioxidant enzymes (Müller et al.  2010 ) These 
data suggested that the cress endosperm cap is 
not a storage tissue similar to cereal endosperm. 
Instead, it is a metabolically very active tissue 
regulating the rate of radicle protrusion. The 
changes in the proteome of rice embryo during 
germination (Kim et al.  2009a ,  b ) revealed that 
enzymes detoxifying reactive oxygen species, 
protein degradation proteins and cytoskeleton- 
associated proteins play an important role during 
seed germination. The data of some studies sug-
gest that protein phosphorylation plays an impor-
tant role in seed germination. One of these studies 
on protein phosphorylation during maize seed 
germination revealed 39 protein kinases, 16 
phosphatases and 33 phosphoproteins containing 
36 phosphorylation sites (Lu et al.  2008 ). At least 
one-third of these phosphoproteins represented 
key components involved in biological processes 
like DNA repair, gene transcription, RNA splic-
ing and protein translation related to the seed 
germination.  

   Seed Development 
 Seed development studies in Brazilian pine high-
lighted an active oxidative stress metabolism 
(ascorbate peroxidase as well as peroxiredoxin) 
in early seed development along with higher 
abundance of enzymes involved in cell wall 
expansion (alpha-xylosidase and type IIIa mem-
brane protein cp-wap13) (Balbuena et al.  2009 ). 

Storage proteins (e.g. vicilin-like storage protein) 
and proteins involved in respiration (triosephos-
phate isomerase, fructose-bisphosphate aldolase 
and isocitrate dehydrogenase) were accumulated 
in the later stages of seed development. The 
upregulation of glutamine synthase during the 
early cotyledonary stage indicated active biosyn-
thesis and conversion of glutamine to glutamic 
acid Balbuena et al.  2009 ). Similarly protein 
expression profi les in endosperm and embryo 
proteomes of dry seed of  Jatropha curcas  indi-
cated some similarities in metabolic pathways 
between them. However, embryos generally pos-
sess proteins mainly involved in anabolic pro-
cesses and accumulate stress-related proteins, 
implying increased embryo requirements for pro-
tection against stress (Liu et al.  2009 ).  

   Plant Organ Development 
 Nozu et al. ( 2006 ) studied developmental changes 
in root, stem and leaf proteomes in rice during the 
fi rst 10 weeks after budding and showed that 19 
proteins were present in all developmental stages 
in all tissues which represent metabolic proteins 
as well as oxidative stress-related proteins such 
as catalase isozyme A, superoxide dismutase 
ascorbate peroxidase and peroxiredoxin. Another 
study in soybean showed that protein transport 
regulatory proteins, especially those involved in 
the transport of nuclear-encoded chloroplastic 
protein into chloroplasts, were presumably 
involved in leaf development and maturation 
(Ahsan and Komatsu  2009 ). 

 The mechanisms of maize lateral and seminal 
root formation were extensively studied by com-
parative proteomics approaches using maize 
mutant lines. The rum1 (rootless with undetect-
able meristems 1 (Saleem et al.  2009 )) mutant 
line is altered in both seminal and lateral root for-
mation, whilst the rtcs (rootless concerning 
crown and seminal roots (Muthreich et al.  2010 )) 
line does not form seminal roots. The comparison 
of rtcs and wild-type maize embryos showed that 
changes in disulphide isomerase expression 
which is involved in protein folding, as well as 
embryonic protein DC-8, generally seem to have 
a role in various pathways essential for the for-
mation of different root types (Muthreich et al. 
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 2010 ). In addition, the proteomics study on rum1 
transgenic line revealed that the proteins related 
to pyridoxine biosynthesis are involved in rum1- 
dependent pathway of root formation (Saleem 
et al.  2009 ). Proteome changes during bud devel-
opment (Bi et al.  2010 ) were elucidated in  Pinus 
sylvestris  L. var. mongolica in order to study 
mechanisms of bud dormancy induction and 
release. Stress-induced ascorbate peroxidase, 
pathogenesis-related proteins and heat shock pro-
teins were involved in bud dormancy induction, 
and the proteins involved in protein synthesis, 
cell wall biogenesis and cytoskeleton were 
upregulated during dormancy release. The com-
parison of fl ower and bud proteomes suggested 
that sucrose generation derived by upregulated 
phosphoglucomutase and downregulated glyco-
protein could serve as an inducer of fl avonoid- 
and anthocyanin-related genes important for 
petal growth and colour development in mature 
fl ower. 

 The proteomics approach was found to be 
powerful for the investigation of potato ( Solanum 
tuberosum ) tuber formation (Agrawal et al.  2008 ; 
Lehesranta et al.  2006 ; Fischer et al.  2008 ) along 
with root, leaf and fl ower development. Changes 
in the proteome during tuber initiation and growth 
refl ect mainly the processes connected to the 
accumulation of storage reserves and starch syn-
thesis. Thus, storage proteins, protease inhibitors 
and proteins involved in secondary metabolism 
were upregulated during tuber growth. 
Additionally, some isoforms of patatins, a large 
family of primary storage proteins, were shown 
to accumulate in non-swelling stolons, possibly 
indicating their involvement in tuber initiation 
(Agrawal et al.  2008 ; Lehesranta et al.  2006 ). 

 Proteomic investigations of corn rachis, which 
delivers essential nutrients to the developing ker-
nels in maize early during maturation (25 vs. 50 
days after silking), revealed signifi cantly 
increased expression (2.4- to 14.5-fold) of many 
stress-/defence-related proteins in mature rachis. 
They included PRm3 (class III chitinase), PR-1, 
PR-10, beta-1,3-glucanase, endo-1,3-beta- 
glucanase, germin-like protein subfamily 1 mem-
ber 17, permatin and Asr protein (Pechanova 
et al.  2011 ). Additionally, profi lin, an actin-bind-

ing protein which regulates actin polymerisation 
(Staiger et al.  2010 ), was also upregulated during 
rachis development and maturation. Previous 
proteomics study revealed that an inhibition of 
pollen tube tip growth by latrunculin B (an inhib-
itor of actin polymerisation) was well correlated 
with downregulation of profi lin (Chen et al. 
 2006 ). Recently, profi lin2 was identifi ed by pro-
teomics and cell biology approaches as a new 
cytoskeletal protein modulating vesicular traf-
fi cking in  Arabidopsis  roots (Takáč et al.  2011 ).  

   Fruit Ripening 
 Fruit ripening is a developmental complex pro-
cess which occurs in higher plants and involves a 
number of stages displayed from immature to 
mature fruits that depend on the plant species and 
the environmental conditions. Due to the huge 
amount of metabolic changes that take place dur-
ing ripening in fruits from higher plants, the 
accomplishment of new throughput methods 
which can provide a global evaluation of this pro-
cess would be desirable. Differential proteomics 
of immature and mature fruits would be a useful 
tool to gain information on the molecular changes 
which occur during ripening, and also the investi-
gation of fruits at different ripening stages will 
provide a dynamic picture of the whole transfor-
mation of fruits. 

 The 2-DE of tomatoes in the different ripening 
stages was analysed for changes in proteome 
composition. The results showed that an overall 
intensity increase during ripening was detected in 
26 spots, whereas a decrease was seen in 27 
spots, and two spots reached their maximum at 
the breaker or light-red stage (Kok et al.  2008 ). 
One important fruit ripening-related protein acid 
beta-fructofuranosidase was found to be upregu-
lated in the breaker stage, downregulated in the 
subsequent turning and light-red stages and then 
once again upregulated in the red stage of ripen-
ing (Kok et al.  2008 ). Parallel studies carried out 
in three different ripening stages of tomato 
(unripe, medium ripened and fully ripened) 
resulted in the identifi cation of pectin esterase 
and heterotrimeric GTP-binding protein frag-
ment homologous to tobacco (Schuch et al. 
 1989 ), which might be implicated in cell wall 
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softening and changes in fi rmness and are pro-
posed as the ripening specifi c markers in tomato, 
since their levels were upregulated during tomato 
ripening (Schuch et al.  1989 ). However, the 
majority of proteins that were characterised cor-
responded to genes known to be regulated during 
tomato fruit development. Proteome maps 
obtained at three stages of ripening were com-
pared to assess the extent to which protein distri-
bution differs in grape skin during ripening. The 
comparative analysis showed that numerous sol-
uble skin proteins evolved during ripening and 
revealed specifi c distributions at different stages. 
Proteins involved in photosynthesis (Rubisco), 
carbohydrate metabolism (aconitate hydratase, 
transketolase, phosphoenolpyruvate carboxylase, 
oxalyl-CoA decarboxylase and aldehyde dehy-
drogenase) and stress response (HSP17.7) were 
identifi ed as being over-expressed at the begin-
ning of colour change (Deytieux et al.  2007 ). At 
harvest, the dominant proteins were involved in 
defence mechanisms. In particular, increases in 
the abundance of different chitinase and β-1,3- 
glucanase isoforms were found as the berry rip-
ened. This observation could be correlated with 
the increase of the activities of both of these 
enzymes during skin ripening. Thus, the differ-
ences observed in proteome maps clearly showed 
that signifi cant metabolic changes occur in grape 
skin during this crucial phase of ripening 
(Deytieux et al.  2007 ).   

    Posttranslational Modifi cations 

 Often low abundance and/or low concentration 
including reversible and labile nature of many 
PTMs create a multifaceted challenge for the 
analysis of PTMs such as phosphorylation, gly-
cosylation and cysteine oxidation. For improved 
recognition and site depiction, some novel MS/
MS fragmentation strategies such as selective 
enrichment, electron capture/transfer dissocia-
tion (ECD/ETD) and derivatisation/labelling 
have been used. In addition to it, changes to the 
analytical setup such as negative ion mode and 
the use of nonstandard, from time to time basic 
sample solutions have also been employed. All 

these are crucial for quantitative plant proteomics 
where PTMs are playing a substantial role. 

   Phosphorylation 
 Protein phosphorylation is indeed an imperative 
PTM in plants, as well as in animals, involved in 
various cellular processes. Presence of around 
1,000 and 500 protein kinases in  Arabidopsis  and 
human, respectively, and the recent identifi cation 
of numerous phosphopeptides in large-scale 
plant phosphoproteomics further strengthen the 
importance of phosphorylation as well (Huang 
et al.  2009 ; Van Bentem et al.  2008 ; Reiland et al. 
 2009 ). Therefore, the quantitation of phospho-
proteomes is of utmost importance to unravel the 
molecular mechanism behind the cellular pro-
cesses such as signalling pathways, since phos-
phorylation and dephosphorylation may be 
perhaps the initial signalling events, triggering a 
chain of downstream signalling cascades which 
ultimately culminates into the differential expres-
sion of gene(s). 

 The tendency of the acidic phosphate group(s) 
to lower the pI of proteins in 2-DE makes it more 
suitable approach to study phosphorylation 
changes since protein isoforms can be resolved. 
Phosphorylated proteins can be particularly 
detected using nonradioactive stains such as 
Pro-Q Diamond (Gerber et al.  2006 ,  2008 ; 
Chitteti and Peng  2007a ,  b ; Boudsocq et al.  2007 ) 
and alternatively by incorporated radiolabeled  32 P 
(Rampitsch et al.  2006a ,  b ). The specifi c use of 
Pro-Q Diamond is for the quantitation and identi-
fi cation of differentially regulated phosphopro-
tein isoforms in tobacco elicitation (Gerber et al. 
 2006 ) and in the cellular dedifferentiation of 
 Arabidopsis  (Chitteti and Peng  2007a ,  b ), includ-
ing the analysis of  Arabidopsis  cells under 
osmotic stress or ABA-dependent stress 
(Boudsocq et al.  2007 ). In addition to it, for the 
enrichment and quantifi cation of phosphopro-
teins, Pro-Q Diamond can be used as a purifi ca-
tion tool (Ito et al.  2009 ). Nonetheless, quite 
often, 2-DE protein spots cannot be used to 
establish the site of phosphorylation, especially 
in the case of membrane proteins, which includes 
several phosphoproteins. 
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 Low stoichiometry and competitive tendency 
for ionisation due to the presence of non- 
phosphorylated peptides in vicinity often neces-
sitate the enrichment of phosphopeptides for 
MS-based phosphoproteomic analysis. Several 
techniques thus so far are available for selective 
enrichment (Dunn et al.  2010 ), particularly in 
plant proteomics, and several of these techniques 
have also been used such as immobilised metal 
affi nity chromatography (IMAC) (Grimsrud 
et al.  2010 ) and metal oxide affi nity chromatog-
raphy (MOAC) (Hsu et al.  2009 ) alone or in com-
bination (Sugiyama et al.  2008 ). 

 The best employed method prior to any selec-
tive enrichment is chemical labelling since phos-
phoprotein/phosphopeptide enrichment steps can 
add signifi cantly to the technical bias in quantita-
tive analysis. A recent large-scale phosphopro-
teomic SILAC study of mouse liver also indicates 
the preference of metabolic labelling over phos-
phoprotein/phosphopeptide enrichment steps 
(Pan et al.  2008 ). Likewise, the most appropriate 
quantitation technique for plant phosphopro-
teomics is the metabolic labelling using  15 N salt 
(Oda et al.  1999 ), as observed in the case of 
 Arabidopsis  cells treated with the fl agellin bacte-
rial elicitor fl g22 and the fungal elicitor xylanase 
(Benschop et al.  2007 ). More than 1,000 phos-
phopeptides from plasma membrane fraction 
were quantifi ed in this study, and out of that, 76 
and 9 phosphopeptides were differentially regu-
lated following fl g22 and xylanase elicitation. 
Nevertheless, in a very similar study of 
 Arabidopsis , cells were treated with the fl g22 
elicitor, and quantitation with iTRAQ was chosen 
over  15 N metabolic labelling due to its multiplex-
ing capabilities. In this investigation, due to the 
more precise analysis, considering only the ratios 
with at least a twofold difference, the number of 
differentially phosphorylated peptides was 
restricted, i.e. only 12 phosphopeptides were 
induced (Nuhse et al.  2007 ). However, the con-
sistency of the data between both the studies 
implies the identifi cation of the relevant phos-
phorylation sites.  

   Redox Proteomics 
 Environmental stimuli signifi cantly infl uence the 
redox status of proteins, predominantly in biotic 
and abiotic stresses as an oxidative burst associ-
ated with the production of reactive oxygen spe-
cies (ROS) is mainly induced by it (Jaspers and 
Kangasjarvi  2010 ; Torres  2010 ). Usually, cyto-
plasm is reductive in optimal conditions which 
favour the reduction of sulfhydryl groups. 
Nevertheless, cysteines are worst affected 
amongst the others due to ROS production by the 
formation of disulphide bonds, unstable sulfo-
nate groups or the irreversible sulfi nic or sulfonic 
acids, even though other residues can also be oxi-
dised. Therefore, to study the redox status of pro-
teins and to quantify reduced cysteines on 
cysteine-containing peptides, chemical labels 
that target cysteinyl groups can be used. For the 
quantifi cation of the reduced cysteines with fl uo-
rescent labels, such as monobromobimane 
(mBBr), cyanide-5-maleimide (cy5m) or CyDyes 
and DIGE, subsequently protein isoform separa-
tion on conventional 2-D gels can be used. 
Diagonal 2-D native SDS-PAGE is also an alter-
native (Yano and Kuroda  2008 ; Stroher and Dietz 
 2006 ). A comparative analysis can be possible 
between the native fl uorescent labelled samples 
with reduced cysteinyl groups and with samples 
that have been fully reduced by DTT or tris(2- 
carboxyethyl) phosphine (Fu et al.  2008 ; Hurd 
et al.  2009 ). Labelling of the free SH groups with 
ICAT reagents can also be a method of choice 
which can allow a gel-free quantitative study of 
the redox proteome in plants (Stroher and Dietz 
 2006 ; Hagglund et al.  2008 ,  2010 ). However, 
using sequential nonreducing/reducing 2-D SDS- 
PAGE, redox proteomics has also been under-
taken without labels (Cumming et al.  2004 ). 
Several of the thioredoxin (Trx) targets or the 
related glutaredoxin (Grx) targets have been 
investigated in various redox plant proteome 
studies (Rinalducci et al.  2008 ). Both Trx and 
Grx are involved in the reduction of disulphide 
bonds in proteins (Montrichard et al.  2009 ; 
Rouhier  2010 ). The redox proteome studied in 
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Trx-linked reactions during seed germination is 
commendable one (Yano and Kuroda  2006 ; 
Alkhalfi oui et al.  2007 ). 

 During oxidative stress, one of the most com-
mon PTMs is the protein carbonylation by alde-
hyde or ketone formation on Lys, Arg, Pro or Thr 
side chains (Rinalducci et al.  2008 ). Quantifi cation 
of carbonyl groups is possible by derivatizing 
them with 2,4-dinitrophenylhydrazine (DNPH) 
and detecting the DNP adducts with DNP mono-
clonal antibodies (Tanou et al.  2009 ). On the 
other hand, a hydrazide biotin-streptavidin 
enrichment methodology allows high-throughput 
fi ndings of carbonylated proteins by MS 
(Soreghan et al.  2003 ). A detailed proteomics 
study of citrus and apple plants subjected to 
salinity stress and senescence, respectively, 
revealed a surge of carbonylation events in plant 
proteomes (Qin et al.  2009 ). Non-MS-based 
affi nity detection and quantitation techniques 
coupled with 2-DE are used in these studies.  

   Nitrosylation 
 Nitric oxide is a well-established signal molecule 
involved in plant stress response and develop-
ment and, to some extent, as ROS as well 
(Lindermayr and Durner  2009 ; Qiao and Fan 
 2008 ). Stress due to nitric oxide leads to the for-
mation of nitrosylated cysteines or nitrated. 
Methods such as “biotin switch” and “affi nity 
purifi cation” have also been devised to exclu-
sively target and enrich proteins containing nitro-
sylated cysteines (Lindermayr and Durner  2009 ; 
Torta et al.  2008 ). For quantitative proteomic 
analysis of nitrosylated cysteines using straight-
forward SYPRO Ruby staining intensity values, 
“biotin switch” enrichment method has also been 
used coupled with 2-DE and MS (Romero- 
Puertas et al.  2008 ). Differentially nitrosylated 
proteins in HR and subsequent programmed cell 
death (PCD) in  Arabidopsis  due to the infection 
with an incompatible bacterial pathogen have 
been investigated in this study. Similarly, to allow 
a straightforward quantitation of this PTM, meth-
ods have been developed to detect o-nitrotyrosine 
using iTRAQ reagents (Chiappetta et al.  2009 ). 
In sunfl ower hypocotyls, nitrotyrosine antibodies 
were used for the detection and quantitation of 

nitrotyrosine by Chaki et al. ( 2009 ). 1-D and 2-D 
Western blots were used to detect differential 
nitration following treatment leading to HR in 
tomato cells by Cecconi et al. ( 2009 ). An increase 
in nitrosylated proteins following salinity stress 
in citrus plants has been observed by Tanou et al.. 
However, no nitrated proteins were identifi ed by 
MS in these studies.  

   S-Glutathionylation 
 Glutathionylation, a type of PTM, is an eminent 
result of cysteine modifi cation. Glutathionylation 
is a consequence of oxidative or nitrosative stress 
and is perhaps involved in cellular signalling 
(Dalle-Donne et al.  2007 ). Different methods are 
nowadays available for the detection of this PTM; 
for instance, 35 S-glutathione labelling, 2-DE 
separation and biotin-glutathione affi nity purifi -
cation are used to distinguish induced glutathio-
nylation levels of  Arabidopsis  proteins subjected 
to oxidative stress (Dixon et al.  2005 ; Gao et al. 
 2009a ,  b ).   

    Unravelling Signal Transduction 
Cascades Using Proteomics 
Approaches 

 Signalling processes usually involve direct physi-
cal contacts between different components in a 
pathway, in order to transfer a “signal” from 
receptors to transcription factors or other intra-
cellular effector proteins. Combinatorial interac-
tions between signalling proteins can be crucial 
for determining their cell type-specifi c functions, 
subcellular localisation and stability. Therefore, 
the identifi cation of protein complexes and post-
translational modifi cations of signalling proteins 
are essential to understand signal transduction 
cascades. The signal is often transmitted from 
receptors via phosphorylation of intermediate 
and effector proteins. Protein phosphorylation 
ensures fast and reversible response to different 
stimuli. Proteomics approaches are being used to 
study changes in phosphorylation in response to 
variation in light or temperature (Bonardi et al. 
 2005 ; El-Khatib et al.  2007 ), invasion of patho-
gens (for review, see Quirino et al.  2010 ), hor-
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mones (El-Khatib et al.  2007 ; Li et al.  2009 ; 
Chen et al.  2010 ) and salt stress (Chitteti and 
Peng  2007a ,  b ). An alternative commonly used 
mechanism for signal transduction is the target-
ing of repressor proteins for degradation via 
ubiquitylation (for review, see Vierstra  2009 ). 

 Tandem affi nity purifi cation (TAP) 
approaches, Strep-tags and biotin tags have been 
successfully used in plants. Alternatively, protein 
fusions to green fl uorescent protein (GFP) are 
being used, which allow the direct visualisation 
of the protein expression and subcellular locali-
sation in plants (Karlova et al.  2006 ). Combination 
of affi nity purifi cation and separation by size 
exclusion and/or blue native PAGE potentially 
enables the detection of distinct complexes 
formed by one protein (Remmerie et al.  2009 ). 
Recently, the fi rst systematic proteomics efforts 
to unravel “interactomes” of specifi c signalling 
processes have been accomplished. Proteins of 
the 14-3-3 family are components of many sig-
nalling pathways and bind to a wide variety of 
client proteins in a phosphorylation-dependent 
manner. Chang et al. ( 2009 ) performed TAP-tag 
purifi cation of a generic subunit of 14-3-3 protein 
complexes that was expressed from a constitutive 
promoter. Complex partners were identifi ed by a 
quantitative, MudPIT-based strategy. This 
approach revealed 101 new potential 14-3-3 cli-
ents, indicating that 14-3-3s are some of the most 
connected nodes in the emerging protein–protein 
interaction network of plants. Another recent 
proteomics study characterised the core cell cycle 
interactome in  Arabidopsis  cell cultures; com-
plex partners of 102 cell-cycle associated pro-
teins, constitutively expressed as fusion to an 
improved version of the TAP tag (GS-tag), were 
isolated (Van Leene et al.  2010 ).   

    Plant Proteomics: Challenges 
and New Frontiers 

 Plant proteomics as a discipline has grown multi-
tudes after the release of the model dicot genome 
sequence of  Arabidopsis  ( Arabidopsis  Genome 
Initiative  2000 ) and the monocot genome of rice 
(Goff et al.  2002 ). There has been a signifi cant 

improvement in plant-specifi c protocols from 
sample extraction to mass spectrometric analysis. 
A signifi cant challenge in proteomics when 
studying plants or any complex biological system 
is the inability to measure the entire proteome 
(Ahn et al.  2007 ). Although limiting, a number of 
approaches have been used to partially overcome 
these restrictions. This includes sample fraction-
ation and the enrichment of protein subpopula-
tions or compartments prior to sample analysis 
by mass spectrometry (Eubel et al.  2008 ; Huang 
et al.  2009 ; Hynek et al.  2009 ; Ferro et al.  2010 ). 

 Techniques involving quantitation by mass 
spectrometry are now led by the next-generation 
label-free techniques (Schulze and Usadel  2010 ). 
The utilisation of unlabeled targeted approaches 
(selected reaction monitoring, SRM) has greatly 
improved sample sensitivity and reproducibility 
by mass spectrometry (Lange et al.  2008 ). The 
ongoing advancement of MS instrumentation and 
approaches such as sequential window acquisi-
tion of all theoretical fragment ion spectra 
(SWATH; Gillet et al.  2012 ) has enabled current 
researchers to employ a wider range of method-
ological approaches. The label-free technique 
relies upon the uniqueness of a peptide sequence 
being monitored which is only a possibility in 
species with well-characterised genomes such as 
 Arabidopsis  or rice (Rost et al.  2012 ). However, 
in other plants, this remains a challenge, as with-
out complete genome sequences, confi dence in a 
peptide’s uniqueness is limited. 

 Another challenge is to integrate the available 
proteomic data sources and create community 
plant resources to create a web of interlinked 
repositories. Plant research has signifi cantly 
advanced the fi eld of proteomics by overcoming 
plant-specifi c challenges and by contributing to 
the development of plant-specifi c-related tech-
nologies and analyses. Recently, a coordinated 
effort was made to create an aggregation portal to 
summarise the varied  Arabidopsis  proteomic 
resources in a single interface that was introduced 
(Joshi et al.  2011 ). Such integrated approaches 
are to be fostered for the future of data manage-
ment and analysis. This resource is signifi cant in 
that it represents the fi rst example of proteomic 
data unifi cation by a variety of specialty research 
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groups. Whilst proteomics research in plants will 
be greatly supported by general advances in the 
fi eld, there still remains many specifi c problems 
that will ultimately require tailored solutions for 
plant research.  

    Summary 

 The primary objectives of plant proteomics in 
general remain: (1) to get insight into the physiol-
ogy of different plant species, varieties and their 
performance towards development parameters, 
yield indices, pathogen response, abiotic stress 
management, fruiting etc., (2) to develop 
improved and safe crops to meet the goals of food 
security and (3) to develop sustainable agricul-
ture practices and reduce the impact of agricul-
ture on the environment. Proteomics research is 
the need of the hour and essentially required to 
integrate the genomic codes to the functional 
applications. There has been a tremendous devel-
opment in the technology of proteome analysis 
from gel-based basic tools to the current quanti-
tative MS/MS-based automated platforms. There 
has been an exemplary rise in the proteomics 
studies in the post-genomic era ranging from 
applications in crop improvement, posttransla-
tional modifi cations to understanding the natural 
processes. However, the applications of the pro-
teomic applications need to integrate with the 
systems biology approach. The genome has lim-
ited meaning without a proteome complement 
which further can only be fully understood by 
functional characterisation or understanding the 
metabolome. A broader, interdisciplinary global 
network should combine multiple strategies 
simultaneously to integrate the advances in plant 
biotechnology to reach the larger objective of 
food security and sustainable development.     
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   Abstract  

  The science of plant metabolomics has revolu-
tionised the underlying platform of research 
on biological systems. The integration of plant 
metabolomics with allied branches, namely, 
system biology, biostatistics and in silico biol-
ogy, has emerged as signifi cant advancement 
in comprehensive metabolic profi ling of phy-
tomolecules in plant. Further, metabolomics 
strategies with high level of compositional 
specifi city dealing with both intra- and inter-
level organisation of the organism have 
achieved the predefi ned standards with over-
whelming response. The present chapter 
entails the achievements and challenges asso-
ciated with research on plant metabolomics, 
beginning with a brief introduction on plant 
metabolomics as interdisciplinary fi eld and 
recent approaches employed for profi ling of 
plant metabolites. Further, the chapter 
describes the omics strategies involved in 
metabolome research and various analytical 
techniques employed for detection and quanti-
fi cation of plant metabolites. The application 
ranging from metabolic engineering to abiotic 
stress response and from in vitro studies to 
application in functional genomics highlights 
the rising signifi cance of plant metabolomics 
as a functional genomics tool. Although stud-
ies on plant metabolome have emerged as pro-
spective strategies and contributed 
tremendously to its growth in recent years, 
some of the major challenges associated need 
to be addressed for the science of plant metab-
olomics to fl ourish and strengthen in future. 
Metabolomics is a relatively newer approach 
aimed at improving understanding of meta-
bolic networks and the subsequent biochemi-
cal compositions of the plants and other 
biological organisms. The important aspects 
relevant to metabolomics are presented, and 
perspectives of metabolomics exploitation in 
the future are outlined. As such, metabolomics 
is providing new dimensions in the study of 
systems biology, enabling the in-depth under-
standing of the intra- and extracellular interac-
tions of plant cells. Metabolomics is also 
developing into a valuable tool that can be 

used to monitor and assess gene function and 
to characterise post-genomic processes from a 
broad perspective.  

  Keywords  

  Bioinformatics databases   •   Fourier transform 
ion cyclotron resonance MS (FT-ICR-MS)   • 
  Functional genomics   •   In vitro studies   •   Plant 
metabolomics   •   Metabolic engineering   • 
  Statistical analysis  

        Plant Metabolomics 

 Integrated biology as a science incorporating 
‘omics’ approaches of analysis and inferences is 
fast emerging as next level of understanding 
 biological processes collectively as a system of 
functioning and response. This approach of inte-
grating metabolomics, genomics, proteomics, 
transcriptomics, ionomics, etc. applies to all bio-
logical kingdoms: plants, animals and microbes. 
However, these systems also differ substantially 
in their complexity of organisation and micro- 
level compositions. Therefore, metabolomics of 
plants, animals and microbes may in essence 
require the same level of technology platforms 
but involves specifi city. This specifi city is most 
relevant for metabolomics because of composi-
tional specifi cities of not only organism types but 
also due to signifi cant differences among fami-
lies, genera, species, subspecies and at times 
members. Further, from that perspective, plants 
are most complex as they differ most in terms of 
their metabolome particularly secondary 
metabolome. 

 Plant metabolomics combines resolution and 
identifi cation strategies employing sophisticated 
analytical techniques together with statistical 
analysis procedures for quantifi cation of cellular 
metabolic profi le and their relationships (Fig.  1 ). 
A metabolome truly includes total metabolites 
produced by an organism during lifetime. 
Therefore, it is impractical to sample it all times 
and in all situations. Nevertheless, a reference 
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metabolome can be practiced to identify varia-
tions among known metabolites and expansion of 
the library by addition of new entities detected 
and identifi ed. Metabolomics also defi nes the 
biochemical networks and the role of a particular 
metabolite in a biological entity. Further, obser-
vations from high-throughput approaches 
employed for determination of expression pat-
terns of genes (transcriptomics) and identifi ca-
tion/quantifi cation of proteins (proteomics) are 
also considered in manifesting the changes in 
metabolomics and functioning and response of 
the biological systems through the statistical 
applications of correlations and integrations 
(Schuhmacher et al.  2013 ). The study of plant 
metabolomics comprises of the analytical tech-
niques, namely, metabolic profi ling, the quantita-
tive estimation of a group of secondary 
metabolites originating from a particular meta-
bolic pathway (Dunn et al.  2005 ; Roessner et al. 
 2001 ); metabolic fi ngerprinting, which quantify 
the complete profi les of a subset of metabolites 
(Ryan and Robards  2006 ); and target isotope- 
based analysis, which aims at the analysis of a 
specifi c group of intermediary metabolites of a 
particular biochemical pathway (Boros et al. 

 2005 ). Plant metabolomics is an extensive fi eld 
encompassing additive inclusion of more than 
200,000 secondary metabolites (Fiehn  2002 ).  

 The rising popularity of plant metabolomics 
can be attributed to the fact that it provides an 
integrated and high-throughput networked link-
ing of metabolites, striking a shift from the con-
ventional phytochemistry or biochemical 
estimations of only selected core metabolites and 
thereby restricting to short focus to a big 
subject.  

    Primary Plant Metabolomics 

 Plants produce vast number of chemicals which 
exhibits chemical diversity as well as complexity 
among members of a chemical group. They are 
collectively referred to as plant metabolites. A 
large number of these chemicals are essential for 
growth, survival and propagation (reproduction) 
of the plant under normal environmental condi-
tions as such or by combination/multimerisation 
within themselves and/or with other molecules 
(Table  1 ). They are, therefore, designated as 
 primary metabolites. Carbohydrates, amino 

Metabolomics 
databases
BMRB metabolomics
KEGG database  

Plant 
metabolomics

Metabolic
profiling

Bioinformatics
approaches

NMR

• Nuclear Magnetic Resonance
• LC-MS TOF

MS

• Mass spectroscopy  
• ESI-MS

HPLC

• High Pressure Liquid 
Chromatography

• UPLC

Metabolic 
fingerprinting

Target isotope-
based analysis

Softwares/prediction
tools

Web 
servers

Statistical
analysis

Genome 
sequencing

 projects

  Fig. 1    General schematic representation of techniques utilised in plant metabolomics       
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acids, peptides, proteins, lipids, nucleotides, hor-
mones, etc. constitute the major categories of pri-
mary metabolites (Table  1 ). The studies focusing 
on plant metabolism constitute an integral aspect 
of the science of plant physiology and biochem-
istry. These studies involve analysing the dynam-
ics of variations in the content of these metabolites 
in specifi c tissues under different environmental 
conditions. Therefore, comprehensive metabolic 
profi ling at a single instance forms the biggest 
challenge in estimation of diversifi ed metabo-
lites. Because the nature and characteristics of 
the compounds differ, there is no one method or 
approach that can facilitate measurement of all 
the chemicals, different analytical techniques are 
employed for measuring metabolites based on 
their principle of identifi cation as well as the sen-
sitivity, accuracy and resolution of the tech-
niques. Nevertheless, comprehensive profi ling of 
metabolites still remains a major challenge.

      Carbohydrates 

 Carbohydrates constitute a major group of com-
pounds in plants. They have been subclassifi ed 
into groups such as monosaccharides, disaccha-
rides, oligosaccharides and polysaccharides. The 
mono-, di- and trisaccharides are low-molecular- 
weight molecules and are referred to as sugars. 

    Monosaccharides 
 Monosaccharides are the simplest carbohydrates, 
structurally defi ned as aldehydes or ketones with 
two or more hydroxyl groups. The classifi cation 
of monosaccharides is based on three parameters: 
the number of carbon atoms present, location of 
carbonyl group and chirality. Monosaccharides 
with three carbon atoms are known as trioses, 
four are tetroses, fi ve are pentoses, six are hex-
oses, etc. If the carbonyl group is an aldehyde, it 
is aldose, and if the carbonyl group is a ketone, 
then the molecules are referred to as ketose. 
Except for the fi rst and the last carbon (asymmet-
ric), each possesses a hydroxyl group. These 
result in chirality with the occurrence of stereo-
isomers in R or S form. Monosaccharides serve 
signifi cant function as building blocks for nucleic 
acid and fuel molecules in cellular mechanisms 

(glucose). Further, these molecules serve as raw 
material in biosynthesis of polysaccharides. 
Metabolomics of carbohydrates in principle does 
not involve measurement of merely these sugars 
and their polymers, but it must include intermedi-
ates of different biochemical pathways that are 
involved in the biosynthesis (anabolism) and deg-
radation (catabolism) of these carbohydrates and 
their conjugates. Therefore, it involves extraction 
and analysis of metabolic intermediates of sev-
eral biochemical pathways such as glycolysis, 
HMP pathway, TCA cycle, starch and cellulose 
synthesis, photosynthetic carbon reduction cycle, 
trehalose synthesis, etc. Since the nature of these 
intermediates vary widely not only as functional 
groups but also as their conjugates (like phos-
phorylated metabolites, nucleotide sugars, fatty 
acids, etc.), measurement approaches and plat-
forms also vary. Therefore, such metabolomics is 
not only important for understanding physiology 
of carbohydrates but also of the carbohydrate 
metabolism-based intermediate that participates 
in different metabolic pathways of the plant.  

    Disaccharides and Trisaccharides 
 Two and three monosaccharide units joined 
through a glycosidic linkage are termed as a 
disaccharide and trisaccharides, respectively. 
These are the simplest polysaccharides, the 
chemical formula is C 12 H 22 O 11 , and examples 
include lactose, maltose, sucrose, cellobiose and 
trehalose. The metabolomics of carbohydrates 
involving these disaccharides and trisaccharides 
must entail analysing the products of sequence of 
reactions that are related to the biosynthesis and 
degradation of these di- and trisaccharides.  

    Polysaccharides 
 Polysaccharides are long chains of monosaccha-
rides joined together by glycosidic bonds. They 
show variation in structures ranging from linear 
to branched chain structure. Examples include 
structural polysaccharides such as chitin or cel-
lulose and storage polysaccharides such as starch 
and glycogen. The general chemical formula is 
Cx(H 2 O)y, where x is between 200 and 2,500. 
These molecules are important class of 
 biopolymers playing signifi cant role in structural 
architecture or storage of food reserves for the 
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cell. Starch is a polymer of glucose, occurs as 
storage polysaccharide in plants and exists in the 
form of amylase and branched amylopectin in 
plant. Other examples of polysaccharides are 
galactomannan, xylan, arabinoxylan, mannan, 
fucoidan, laminarin and chrysolaminarin which 
are found selectively in the plants and often 
exhibit bioactivities. Metabolomics of polysac-
charides includes not only analysis of these end 
products but also basis of their variation in con-
tent and physiological roles. This necessitates 
understanding the variations in the content of 
their conjugative molecules, metabolites involved 
in their storage, structural organisation as well as 
regulated degradation.   

    Amino Acids and Proteins 

 Proteins are large, macromolecules formed by 
amino acids, the building blocks of proteins. 
There are 20 amino acids constituting a block of 
monomers. In addition, there are several nonpro-
tein amino acids that have a specialised role. 
Metabolomics of amino acids and proteins 
involves not only separation of the amino acids 
and proteins but also their identifi cation and esti-
mation of the levels of metabolites that contribute 
to the level of amino acids. The later involves 
metabolic intermediate of the pathways of the 
synthesis and degradation of amino acids and 
their corresponding carboxylic acids and amines. 
Amino acids and proteins are resolved and anal-
ysed by different techniques; the former involve 
an LC-MS approach and/or dedicated amino acid 
analyser, while the latter are analysed by electro-
phoresis or capillary electrophoresis and identi-
fi ed by MALDI-TOF-TOF and/or LC-MS-MS.  

    Lipids 

 Lipids constitute a class of macromolecule play-
ing a pivotal role in cellular processes and are 
amphiphilic or hydrophobic molecules and 
include sterols, fats, waxes, phospholipids, 
 fat- soluble vitamins (vitamins A, D, E and K), 
monoglycerides, diglycerides and triglycerides. 

Lipids are broadly classifi ed in mainly eight 
classes: glycerolipids, glycerophospholipids, 
sphingolipids, fatty acids, saccharolipids, 
polyketides (derived from ketoacyl subunits con-
densation), prenol lipids (isoprene unit condensa-
tion) and sterol lipids, respectively. Acylglycerols 
are the lipids composed of fatty acids conjugated 
with glycerol by an ester bond at one or more of 
the hydroxyl groups of glycerol and their deriva-
tives. The following is a brief introductory 
description of the different lipid classes. 

    Glycerophospholipids 
 Glycerophospholipids, also referred to as phos-
pholipids, are universal in occurrence and form 
an integral component of lipid bilayer, cellular 
signalling and cellular metabolism (Berridge and 
Irvine  1989 ). Common examples of glycerophos-
pholipids are phosphatidylcholine (lecithin) and 
phosphatidylserine.  

    Glycerolipids 
 Glycerolipids are composed of three hydroxyl 
groups of glycerol esterifi ed to different fatty 
acids, also known as mono-, di- and trisubsti-
tuted glycerols (Coleman and Lee  2004 ). 
Functionally, they serve as storage deposits in 
animal tissues and provide cellular energy dur-
ing pathway reactions. Other subclasses of glyc-
erolipids include glycosylglycerols (one or more 
sugar residues attached to glycerol through gly-
cosidic linkage), for example, digalactosyldiac-
ylglycerols found in plant membranes (Holzl 
and Dormann  2007 ).  

    Sterol Lipids 
 Sterol lipids are an essential component of cell 
membranes together with sphingomyelins and 
glycerophospholipids, for example, cholesterol 
and derivatives. Ergosterol is the predominant 
sterol in fungal cell membranes (Deacon  2005 ), 
while plant membranes are composed of campes-
terol, brassicasterol and beta-sitosterol, respec-
tively. Metabolomics of lipids is a vast fi eld due 
to chemically diverse nature of different lipids. 
This entails different pathways like MVA path-
way, DOXP pathway, fatty acid synthesis, 
 glycerol production and conjugation of the 
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 primary lipid metabolites with phosphate, sul-
phate, carbohydrates, etc., and therefore, metabo-
lomics demands estimation of the intermediates 
of all these metabolic pathways and processes.    

    Plant Secondary Metabolomics 

 Secondary metabolites can be defi ned as the 
group of low-molecular-weight compounds, gen-
erally produced in plant besides the primary bio-
synthetic networks of carbohydrate, lipid and 
protein metabolism. These are not regarded as 
essential for plant growth and development but 
perform signifi cant functions in certain essential 
biochemical pathways leading to production of 
bioactive compounds in plant. The biosynthesis 
of specifi c secondary metabolites has been 
favoured during the course of evolution address-
ing different needs of plant systems from vola-
tiles and pigments responsible for fl oral scent and 
thereby pollination or antimicrobial activity 
against pathogen attack. Different enzymes have 
evolved to catalyse similar but not identical func-
tion catering with the need of specifi c plant lin-
eages. Furthermore, these confer the plant with 
several important properties for better adaptabil-
ity and survival such as defence mechanisms 
(alkaloid toxins), pollination (pigments), signal-
ling molecules (chemoattractants), drug mole-
cules (antibiotics) and food additives 
(sweeteners). The secondary metabolites are gen-
erally signifi cant natural products and confer 
pharmacological properties to the plant. Several 
classes of secondary metabolites serve other 
important functions, namely, alkaloids as phyto-
alexins, fl avonoids as free radical scavengers and 
terpenoids as insect pollinators. Others may be 
involved in cellular signalling or antimicrobial 
activity. Several classes of secondary metabo-
lites, namely, terpenoids, fl avonoids, steroids, 
alkaloids, phenylpropanoids, cyanogenic gluco-
sides, etc., exist in plant and are classifi ed based 
on their chemical structure as well as biological 
properties (Tables  1 ,  2 , and  3 ). Some of the sig-
nifi cant classes are discussed as under.

       Flavonoids 

 Flavonoids are polyphenolic compounds, 
 ubiquitously present in the plant kingdom as sec-
ondary metabolites and account for more than 
4,500 representatives. Flavonoids are synthesised 
by the phenylpropanoid pathway which begins 
with the conversion of phenylalanine to 
4-coumaroyl- CoA (Ververidis et al.  2007 ). It 
combines with malonyl-CoA to form chalcones 
(contain two phenyl rings) and forms the back-
bone of fl avonoids. The next step leading to ring 
closure results in the formation of fl avonoids. 
The enzymatic reactions proceed to form fl ava-
nones, dihydrofl avanols and anthocyanins. Many 
products like fl avonols, fl avan-3-ols, proanthocy-
anidins (tannins) and other polyphenolics are 
formed during enzymatic modifi cation. The fl a-
vonoids are subdivided into subclasses, namely, 
fl avones, fl avonol, fl avanone, fl avanonol, fl avans, 
anthocyanidins, chalcones, aurones, catechins 
and isofl avanoids, respectively (Table  1 ). 

 The presence of fl avonoids in plant promotes 
plant–animal interactions. Examples include the 
cyanidins, pelargonidins and delphinidins which 
attract pollinators and act as seed dispersers 
(Croteau et al.  2000 ). These are important plant 
pigments for fl ower coloration thereby promot-
ing pollination; they may also act as chemical 
messengers and cell cycle inhibitors and in fl oral 
pigmentation and symbiotic nitrogen fi xation. 
Furthermore, fl avonoids have been found to 
exhibit diverse pharmacological properties. Some 
fl avonoids act as insect feeding attractants (iso-
quercetin in mulberry), bitterness in plants (pro-
anthocyanidins) and signalling molecules in 
bacterial interactions (luteolin and apigenin) and 
as antifungal agents (isofl avonoids), respectively 
(Croteau et al.  2000 ).  

    Steroids 

 Steroid molecules are found in plants, animals 
and fungi, and all steroids are formed from cyclo-
artenol (in plants) and from lanosterol (animal 
and fungi). The structure consists of 17 carbon 
atoms joined together in the form of four fused 
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    Table 3    A summary of sterols, their occurrence in the plant kingdom and their functional properties   

 Sterols  Chemical structure  Occurrence/functions  References 

 Cholesterol or 
(3β)-cholest-5-en-3-ol 

      

 Present in animal cell 
membranes, essential for 
membrane permeability and 
fl uidity. Also, precursor for 
steroid hormones, vitamin D 
and bile acids 

 Tuli et al. 
( 2009 ) 

 Ergosterol or 
ergosta-5,7,22-trien-3β-ol 

      

 Found in fungi, component 
of fungal and yeast cell 
membranes. Precursor of 
vitamin D2, target for 
antifungal drugs, for 
example,  Claviceps  fungus, 
rye and alfalfa 

 Deacon 
( 2005 ) 

 Campesterol or 
campestanol; 
(24 R )-ergost-5-en-3β-ol 

      

 Found in fruits, vegetables 
and nuts, anti-infl ammatory, 
inhibits mediators causing 
matrix degradation in 
osteoarthritis, precursor of 
anabolic boldenone, for 
example, lemon grass 
(citronella) 

 Beta-sitosterol or 
22,23-dihydrostigmasterol 

      

 Widely distributed in the 
plant kingdom, reduces 
cholesterol levels in blood 
and precursor of anabolic 
steroid boldenone, for 
example, cashew fruits, 
pumpkin seeds, etc. 

 Brassicasterol or 
ergosta-5,22-dien-3β-ol 

      

 28-Carbon sterol 
synthesised by unicellular 
algae and some terrestrial 
plants, for example, oilseed 
rape, used as biomarker for 
the presence of algae, for 
example,  Mirabilis jalapa  

(continued)
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rings: three cyclohexane rings and one cyclopen-
tane ring. The steroids differ from each other by 
functional groups present in fused core structure 
and by the oxidation state of the rings. 
Functionally, steroids and their metabolites are 
signalling molecules (steroid hormones) and 
components of cell membranes (along with phos-
pholipids) and serve as energy reserves for cel-
lular metabolism. The biosynthesis of steroids is 
an anabolic process occurring through the meva-
lonate pathway (cytoplasm) in animals employ-
ing acetyl-CoA as starting material to form 
dimethylallyl pyrophosphate (DMAPP) and iso-
pentenyl pyrophosphate (IPP). In plants and bac-
teria, non-mevalonate/DOXP pathway operates 
using pyruvate and glyceraldehydes 3-phosphate 
as substrates. 

    Sterols 
 Sterols or steroidal alcohols are an important 
class of organic molecules and found in fungi, 
plants and animals (Table  3 ). Phytosterols are 
found in plant, for example, stigmasterol, beta- 
sitosterol and campesterol, while cholesterol is 
an important zoosterol present in cell membranes. 
Ergosterol is present in cell membranes of fungi 
and performs similar function as cholesterol. The 

biosynthesis of sterols is from acetyl-CoA via the 
HMG-CoA pathway (Fig.  2 ). Functionally, ste-
rols play an important role in cell physiology. 
Further, phytosterols have shown to block cho-
lesterol absorption sites in the human intestine in 
clinical trials thereby promoting cholesterol- 
lowering effect. In some plants, sterols occur as 
glycosides and known as saponins which account 
for the foaming effect in the plant. The examples 
include diosgenin (present in  Dioscorea) , a ste-
roidal sapogenin. Solasodine is a steroidal alka-
loid found in family Solanaceae, in potato and 
tomato (Tuli et al.  2009 ).    

    Cyanogenic Glycosides 

 One of the most extensive classes of secondary 
metabolites is cyanogenic glycosides. These 
metabolites can be defi ned as glycosides of 
alpha-hydroxynitriles and are stored in plant vac-
uoles (Vetter  2000 ). More than 2,500 plant fami-
lies including ferns, gymnosperms and 
angiosperms have been found to constitute cya-
nogenic glucosides (Zagrobelny et al.  2008 ) 
Cyanogenic glycosides are mainly found in sor-
ghum, cassava and barley and are biosynthesised 

Table 3 (continued)

 Sterols  Chemical structure  Occurrence/functions  References 

 Stigmasterol 

      

 Unsaturated plant sterol 
found in plants, precursor of 
semisynthetic progesterone 
and vitamin D3, used in 
prostate, ovarian, colon and 
breast cancer, respectively 

 Avenasterol 

      

 Natural, non-cholesterol- 
containing sterol 
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from six amino acids, namely,  L -valine, 
 L- PHENYLALANINE  ,  L -isoleucine,  L -leucine and 
cyclopentenyl-glycine, a nonprotein amino acid 
(Ganjewala et al.  2010 ). Studies on sorghum have 
contributed immensely to the knowledge of bio-
synthesis and regulation of cyanogenic glyco-
sides in plants. The biosynthetic pathway of CGs 
includes three essential steps, namely, cyto-
chrome P450–mediated conversion of a precur-
sor amino acid to aldoxime through 
N-hydroxylation of the amino group of amino 
acid, conversion of aldoxime to cyanohydrins by 
P450s and glycosylation of cyanohydrins by 
UDP-glycosyltransferases. A study has shown 
the organisation of CYP79A1, CYP71E1 and 
UDP-glucosyltransferase as metabolon, leading 
to effective channelling of intermediates in the 
biosynthesis of dhurrin in sorghum. The presence 
of cyanogenic glycosides in plants is signifi cant 

in plant–insect interaction as well as chemical 
defence system. These also serve as prospective 
candidates in studies pertaining to chemo- 
taxonomy (Vetter  2000 ). Furthermore, CGs act as 
phagostimulant for herbivores specifi c for 
CG-containing plants. The catabolism of CGs 
results in β-cyanoalanine (a neurotoxin), serving 
as a signalling molecule to restrict pathogens. 
Further, the research on CGs is essential because 
certain commercial crops like sorghum, barley 
and cassava constitutes cyanogenic glycosides as 
secondary metabolites. Also, deciphering the 
biosynthetic pathway, identifi cation of pathway 
enzymes and regulatory mechanisms would serve 
as an ideal approach in development of cyano-
gens free crop plants. The science of metabolic 
engineering of cytochrome P450s has proved 
successful in creating transgenic cassava with 
absence of cyanogenic glycosides.  
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  Fig. 2    Schematic representation of MVA and DOXP pathway for the synthesis of steroids and terpenoids, the major 
secondary metabolome       
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    Terpenoids 

 Terpenoids are one of the largest groups of natu-
rally occurring compounds and are reported to 
occur from several genera of plants and lower 
organisms. Often, terpenoids are associated 
with various pharmacological activities. 
Terpenoids are composed of basic isoprene units 
and exist in several diversifi ed structural forms 
varying in basic isoprene units. These groups of 
compounds are highly diverse in nature and are 
synthesised through a complex set of biochemi-
cal reactions and crosstalk between cytosol and 
plastids involving MVA and DOXP pathways 
(Fig.  2 ). Various classes of terpenoids are 
reported to occur in literature and have diverse 
functional and eco-physiological roles in plants 
(Sangwan et al.  2001 ,  2003 ). Lower terpenoids 

are basically volatile and attribute specifi c aro-
matic characters to the particular aromatic plant 
and species (Sangwan and Sangwan  2000 ) and 
are known to play and modulated under various 
adaptive conditions (Sangwan et al.  1993 , 
 1994 ). These volatile compounds are monoter-
penoids and sesquiterpenoids and are generally 
accumulated in specialised structures such as 
trichomes in plants (Fig.  3 ). Higher terpenoids 
found in several medicinal plants are nonvola-
tile in nature and are reported to have various 
clinical and pharmacological applications 
(Shanker et al.  1999 ; Bose et al.  2013 ; Sangwan 
et al.  2011 ; Tiwari et al.  2013 ). Using newer 
omics approaches more and more novel terpe-
noid compounds are being isolated and reported 
for their further utilisation and commercial 
exploitation.   
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  Fig. 3    Microscopic view of glandular trichomes and secondary metabolome of  Artemisia annua  as detected by HPLC 
and GC-MS       
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    Alkaloids 

 Alkaloids are also one of the most prominent 
plant secondary metabolites occurring in plants 
and other organisms. Alkaloids are nitrogen con-
taining, amino acid-derived low-molecular- 
weight compounds and have been associated 
with various clinical and pharmacological activi-
ties. Many of the alkaloids are toxic in nature if 
taken at higher concentration. Of late, there is 
tremendous omic progress concerning alkaloids. 
Several studies have been made available in 
recent past where biosynthesis, accumulation, 
genomics and metabolomics of alkaloid contain-
ing compounds have been taken considerably 
(Facchini et al.  2004 ; Kushwaha et al.  2013 , 
 2014 ).   

    Recent Approaches in Plant 
Metabolomics 

 The study of plant metabolomics has grown sig-
nifi cantly from a small hypothetical approach to 
a promising, scientifi c methodology during the 
past few years utilizing several analytical 
 techniques for metabolome analysis (Table  4 ); 
mass spectrometry and other chromatographic 
techniques like liquid or gas chromatography and 
NMR are being used for simultaneous analysis of 
metabolites (Roessner and Bowne  2009 ). These 
techniques are highly sensitive and sophisticated 
but fail to resolve certain limitations. The high 
abundance and complexity of plant metabolites is 
a major hindrance in complete analysis of metab-
olome by a single technique (Roessner and 
Bowne  2009 ). A range of techniques including 
metabolic profi ling and fi ngerprinting constitutes 
the core of metabolomics strategies and detects 
the presence of all metabolites. An initial screen-
ing approach for the presence of metabolites 
between test and control compound is performed 
through NMR, Raman spectroscopy, Fourier 
transform (FT) IR spectroscopy and electrospray 
ionisation (ESI) MS (Allwood et al.  2008 ). 
Additionally, the identifi cation and quantifi cation 
of an extract coemploying chromatographic tech-
niques, namely, GC or LC coupled to MS or 
HPLC, is achieved through metabolic profi ling. 

Moreover, MS profi ling co-integrated with com-
putational methods allows identifi cation of 
diverse metabolites and their screening within the 
system (Goodacre  2005 ). Spectroscopic tech-
niques offer a rapid and precise estimate of a 
sample, leading to a high- throughput analysis.

   The science of plant metabolomics has 
emerged as a scientifi c breakthrough owing to its 
wide and signifi cant applications ranging from 
plant metabolic engineering to disease diagnostics 
and nutritional aspects to pharmacogenomics. The 
study of metabolites is utilised to delineate the 
effect of gene deletions and transgenic (Weckwerth 
et al.  2004 ), to decode the genetic mechanism of 
metabolic pathway (Keurentjes et al.  2006 ), to 
study the effect of stress such as salinity or tem-
perature (Kim et al.  2007 ) and to identify bio-
marker in genetically modifi ed crops to identify 
desirable or undesirable traits (Catchpole et al. 
 2005 ) or mutant screening in plant population. The 
presence of primary and secondary metabolites 
which contributes to colour and fl avour of tomato 
were studied through metabolomics approach 
(Schauer et al.  2005 ). Other examples include the 
metabolic sample analysis from conventional and 
genetically engineered potato tubers to conclude 
whether the genetically modifi ed crop harbours 
any undesirable or harmful traits (Catchpole et al. 
 2005 ). Subsequently, the science of metabolic 
 profi ling was utilized in study constituting 
 degradation of linoleic acid in stored apples 
(Beuerle and Schwab  1999 ).  

    Omics Approaches 
in the Development of Plant 
Metabolomics 

 Bioinformatics forms an integral aspect of 
metabolomics, and the omics approaches have a 
signifi cant role in the development of metabolo-
mics, also addressed as ‘computational metabo-
lomics’. Certain key areas in bioinformatics 
which need to be addressed for the development 
of metabolomics include data management, pro-
cessing of analysed data, statistical analysis, data 
organisation and integration and generation of a 
global mathematical model for defi ning meta-
bolic network (Shulaev  2006 ). 

N.S. Sangwan et al.



273

 Metabolomics databases are the collection 
of data about diverse metabolites, numerous 
biochemical reactions and pathways in differ-
ent organisms and contribute to the better 
understanding of metabolome coverage and 
analysis. Such detailed study would decode the 
mechanisms in plant metabolism together with 
highlighting the parameters for chemical diver-
sity occurring among plant metabolites. 
Further, the metabolic pathway databases 
would serve as an ideal platform in  comparative 
genomics and genome annotation studies 
(Wishart  2007 ). However, the information on 
metabolites is increasing day by day, and the 

databases need to be constantly upgraded for 
reference purpose. More information regarding 
the subcellular location of metabolites, their 
concentrations, classifi cation, NMR or MS 
spectra and physical properties should be 
included to enhance the precision and accuracy 
of the database. For this, the available data 
should be experimentally validated, refer-
enced, interpreted and ideally should provide 
maximum information about the metabolome 
of an organism (Wishart  2007 ). 

 Metabolic correlation network has been 
designed to incorporate and correlate the enor-
mous metabolic information (Steuer et al.  2003 ). 

   Table 4    Technologies related with metabolome analyses   

 Name of technique  Molecules for separation  References 

 Thin-layer chromatography (TLC)  Primary and secondary metabolites  Mishra et al. ( 2012 ) 
 Infrared spectroscopy (IR)  Used in quality control, measurement 

of CO 2  concentrations in greenhouses 
and measurement of the degree of 
polymerisation in polymer 
manufacture 

 Stuart ( 2012 ) 

 Nuclear magnetic resonance (NMR)  Structural assignment  Chaurasiya et al. ( 2012 ), Pauli 
( 2001 ), Sidhu et al. ( 2011 ) and 
Bharti et al. ( 2011 ) 

 Mass spectrometry (MS)  Determination of mass  Yates ( 1998 ) 
 High-performance liquid 
chromatography (HPLC) equipped 
with different kinds of detectors: UV 
or photodiode array (PDA), 
fl uorescent, electrochemical, etc. 

 Separation and identifi cation of 
macromolecules from primary and 
secondary metabolites 

 Yadav et al. ( 2014a ,  b) , Sangwan 
et al. ( 2004 ,  2007 ,  2008 ) and 
Mishra et al. ( 2008 ) 

 Capillary electrophoresis (CE) coupled 
to different detectors: UV, laser- 
induced fl uorescent (LIF), mass 
spectrometer (MS or MSMS), etc. 

 Separation and identifi cation of 
macromolecules from primary and 
secondary metabolites 

 Warren and Adams ( 2000 ), Wang 
et al. ( 2003 ) and Markuszewski 
et al. ( 2003 ) 

 Gas chromatography (GC) coupled to 
different detectors: MS or MSMS, FID 

 Separation and identifi cation of 
mainly volatile macromolecules as 
well as derivatised phytomolecules of 
primary and secondary metabolites 

 Duran et al. ( 2003 ), Roessner- 
Tunali et al. ( 2003 ), Colebatch 
et al. ( 2004 ), Fiehn and Weckwerth 
( 2003 ), Joy et al. ( 2013 ) and 
Chatterjee et al. ( 2010 ) 

 Liquid chromatography tandem mass 
spectrometry (LC/MS or LC/MS/MS) 

 Identifi cation of phytomolecules  Tuli et al. ( 2009 ) 

 Fourier transform ion cyclotron mass 
spectrometry (FTMS) 

 Identifi cation and mass determination 
of compounds of primary and 
secondary metabolites 

 Marshall et al. ( 1998 ) 

 HPLC coupled to NMR detection (LC/
NMR) 

 Identifi cation and mass determination 
of compounds of primary and 
secondary metabolites 

 Sidhu et al. ( 2011 ) 

 HPLC coupled to NMR and MS 
detectors (LC/NMR/MS) 

 Identifi cation and mass determination 
of compounds of primary and 
secondary metabolites 

 Bharti et al. ( 2011 ) 
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Such correlation would facilitate the determina-
tion of carbon and nitrogen levels resulting from 
transcriptional and biochemical regulations of 
cellular processes and enzymatic conversions 
(Rhee et al.  2006 ). The science of plant metabo-
lomics has broadened its perspective to include 
the data analysis on metabolic fl uxes which mea-
sures fl ow between different metabolites. 
However, the measurement and analysis of fl uxes 
is a diffi cult task because of limitations in avail-
ability of in vivo dat pertaining to location and 
topology of the metabolic pathways and diffi cul-
ties associated with modelling intracellular trans-
port of metabolites (Shanks  2005 ). Stoichiometric 
analysis, defi nes the frequently used methodol-
ogy for the quantifi cation of reactants and prod-
ucts, thereby fl ux estimation for a single 
metabolite (Edwards and Palsson  2000 ). This 
method has limitation with large metabolic net-
works, metabolic cycles, parallel metabolic path-
ways and reversible reactions (Wiechert et al. 
 2001 ). A useful in silico tool for metabolic fl ux 
analysis is the FluxAnalyzer for MATLAB that 
co-integrates metabolic pathway and fl ux analy-
sis (Klamt et al.  2003 ). The use of radioisotopes 
such as  13 C carbon labelling tends to overcome 
certain disadvantages of stoichiometric fl ux anal-
ysis (Chaurasiya et al.  2012 ). However, an exten-
sive and exhaustive approach for analysis of 
C-constrained fl ux (stoichiometric model with 
some fl ux ratio constraints and stoichiometric 
balances) is required (Rhee et al.  2006 ). Finally, 
all the data corresponding to fl ux balances, meta-
bolic control, connectivity as well as optimisa-
tion of metabolic pathway can be analysed and 
co-integrated, and simulation can be performed 
in a cellular modelling environment employing 
Cell Designer (  http://www.systems-biology.org    ) 
or E-Cell (  http://www.e-cell.org/    ), respectively.  

    Data Acquisition 

 Signifi cant advances over the years have 
improved manifold our capacity to simultane-
ously analyse an array of organic components in 
complex biological mixtures. However, to 
achieve an entire metabolite complement of a 

plant in a single step is next to impossible due to 
dynamic state of metabolism at any given time. 
The presence of more than a lakh secondary 
metabolites in plants, including >6,000 fl avo-
noids and >12,000 alkaloids, in the plant king-
dom along with large variation of principal 
components within a tissue makes plant metabo-
lomics analyses more than complex (Hall  2006 ). 
This plethora of structurally and functionally 
related compounds poses a herculean task to sep-
arate, detect and document these all together. 
Therefore, combinations of multiple and parallel 
extraction and detection techniques using 
hyphenated systems are employed to cover a 
comprehensive image of metabolite complement. 
Initially, a proven protocol might be applied in 
order to develop a primary insight which might 
be magnifi ed at certain points following more 
focused approach towards a set of compounds. 
The success of a developed procedure may be 
driven by present metabolites, sample prepara-
tion, extraction and detection techniques. 

    Plant Material and Sample 
Preparation 

 One of the most important limitations of analyti-
cal techniques is that these capture a metabolic 
snapshot of the given sample at the time of har-
vesting and preparation. Although, this informa-
tion itself is considerably rich as concerned with 
data acquisition for metabolomics studies, it is 
nevertheless affected by time and method of tis-
sue harvesting and sampling, as failure in proper 
handling might yield misleading inferences. In 
case of plants, it is more cumbersome to maintain 
uniformity in cultivation compared to microor-
ganisms or animals. Similarly, temporal and spa-
tial metabolic dynamics of plants should also be 
concerned due to large variations observed across 
geography and climate. In order to minimise 
these effects, all the material to be analysed 
should be grown and harvested together at one 
place. To minimise such artefactual errors, large- 
scale cultivation of plant material in a large- 
volume growth chamber should be preferred 
(Trethewey  2004 ). In cases where geographical 
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factor is to be analysed, biological differences 
might be less clear and would require additional 
experiments to minimise the gap between 
observed and actual differences. Artefactual vari-
ations among the samples analysed are one of the 
most important hindrances. Sampling is another 
important step that needs to be paid careful atten-
tion to minimise experimental error. To maintain 
uniformity, growth stage as well as time of sam-
pling should be carefully monitored. Even after 
harvesting, a great care should be paid to the 
treatments of the collected material so that proper 
metabolic status can be maintained.  

    Extraction of Metabolites 

 At present, not a single extraction and detection 
method could be employed to all known groups 
of metabolites. Due to chemical complexity, met-
abolic heterogeneity and dynamic range of 
metabolites, multiparallel technologies are the 
only option to develop a broad metabolic snap-
shot. A vigilant assortment of extraction, separa-
tion and detection methods may be deployed to 
acquire biochemical data of biological samples. 
In order to develop a refi ned metabolite profi le, 
analysis of all the extracts, polar, nonpolar, lipo-
philic and volatile fractions, is desirable. 
Similarly, the characteristics of the targeted 
metabolite, the range of metabolites to be exam-
ined and their quantaties would form a basis for 
the development of the optimized protocol. 
Metabolic profi ling by any method is expected to 
cover a wide range of metabolites. Metabolite 
extraction methods generally include liquid 
phase extraction, liquid–liquid extraction and 
solid–liquid extraction (liquid extraction fol-
lowed by extraction with solid phase material). In 
particular, volatile metabolite extraction methods 
include solid phase extraction (trapping), steam 
distillation, headspace and solid phase micro- 
extraction (SPME) respectively.  

    Derivatisation of Metabolites 

 Some of the analytical procedures might require 
the derivatisation of target metabolites. For 

example, in case of GC-MS, only volatile 
 compounds are detected, whereas most hydro-
philic metabolites should be derivatised by vari-
ous methods reported in literature such as 
silylation or other derivatisation methods. If UV 
or fl uorescence detection is employed, HPLC 
analysis also requires derivatisation of the target 
sample such as in case of artemisinin detection 
from plant samples. Artemisinin is converted into 
Q290 and Q262 which absorb in UV range and 
make estimation of artemisinin and related com-
pounds in a more precise manner (Yadav et al. 
 2014a ,  b ). Similarly many secondary metabolites 
from  W. somnifera  have been detected success-
fully by using a variety of detectors including 
ELSD and PDA (Chaurasiya et al.  2007 ; Sangwan 
et al.  2008 ). Specifi city as well as effi ciency of 
any protocol should be validated in terms of 
reproducibility of results in several replicated 
samples. It is also desirable that the stability of 
the derivatised metabolites may be retained till 
the analysis is completed.  

    Analytical Techniques 
in Metabolomics 

    Separation, Detection 
and Quantifi cation 
 Separation and detection of metabolites are the 
most important steps in metabolomics studies. 
These steps usually employ chromatographic or 
electrophoretic methods coupled to mass spec-
trometry. Detection methods other than MS are 
generally used for quantifi cation purposes. MS is 
utilised for identifi cation purposes. In this regard, 
metabolomics data should be viewed in two inde-
pendent categories, resolution and quantifi cation. 
The methods chosen for separation as well as 
detection strongly affect both resolution and 
quantifi cation. However, as a practical approach, 
either resolution or quantifi cation should be given 
priority. Various technologies related with metab-
olome are listed in Table  1 . These techniques are 
used singly or in combination depending upon 
the type of metabolites in target. The application 
of metabolic profi ling for the identifi cation of 
genes involved in the biosynthesis of metabolites, 
whose production is defi ned by detailed informa-
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tion encoded by specifi c genes in plants, specifi c 
tissues, or cell types, is a powerful approach in 
plant metabolomics. 

   Separation Techniques 
 Gas chromatography cointegrated with mass 
spectrometry (GC-MS) is a powerful technique 
providing high chromatographic resolution. 
However, the chemical derivatization of biomole-
cules forms an essential requirement with some 
exceptions (volatile analysis does not require 
derivatization). The technique of gas chromatog-
raphy cannot be used for the analysis of polar 
metabolites. Comparatively, HPLC is another 
 signifi cant analytical tool, which could be utilized 
for the quantifi cation of a much wider range of 
metabolites but with a lower chromatographic 
resolution. Subsequently, capillary electrophore-
sis (CE) exhibits better prospects in terms of 
higher separation effi ciency than HPLC and broad 
analysis of a wider range of metabolites than GC 
as well as analysis of charged metabolites [52].  

   Detection Techniques 
 Various detection methods are utilised for metab-
olomics analyses depending on the structure and 
properties of metabolite. Mass spectrometry 
(MS), the initial technology for metabolome anal-
ysis, defi nes an integrated technology platform 
incorporating HPLC, GC, or CE, respectively. 
The technique is utilized for the identifi cation and 
quantifi cation of metabolites according to its frag-
mentation pattern. The technique demonstrates 
specifi city and sensitivity (although sensitivity is 
more important for HPLC since it is affected by 
charged metabolites and may be subject to ion 
suppression artifacts) respectively. A resurgence 
has been witnessed in the past decade with respect 
to surface-based mass analysis with emerging MS 
demonstrations on negligible background and 
reduced sample preparation. The challenges 
include the analysis of metabolites directly from 
biofl uids and tissues because of the complexity of 
these samples, which constitutes an enormous 
range of metabolites. Nanostructure-initiator MS 
(NIMS) (Northen et al.  2007 ; Woo et al.  2008 ), 
has been developed, an advanced method which 
facilitates the identifi cation of small molecules. 

The application of MALDI projects signifi cant 
background at <1,000 Da, a major hindrance in 
the analysis of metabolites having low mass ratios 
as well as limitations consisting of spatial resolu-
tion of matrix crystals when compared with tissue 
imaging. Additionally, another limitation includes 
the size of resulting matrix crystals, which limits 
the spatial resolution which could be obtained in 
tissue imaging. Several other matrix-free desorp-
tion/ionization-based approaches have revolution-
ized the analysis of biofl uids and tissues. 
Secondary ion mass spectrometry (SIMS) was the 
initial approach applied for the analysis of metab-
olites from biological samples, the main advan-
tage being high spatial resolution (as small as 50 
nm), a powerful feature of tissue imaging with 
MS. One of the advantages of secondary ion mass 
spectrometry (SIMS) includes high spatial resolu-
tion (<50 nm). However, it’s having limited sensi-
tivity (>500 Da). Another matrix-free technique 
which utilizes a charged solvent spray to desorb 
ions present on the surface is designated as 
desorption electrospray ionization (DESI). The 
benefi ts of this method are that there is no require-
ment of a special surface and analysis is per-
formed at ambient pressure with complete 
monitoring of the samples, while spatial resolu-
tion is a limitation in focusing the charged solvent 
spray. Laser ablation ESI (LAESI), a recently 
developed technique, solves these disadvantages 
to a certain extent. 

   Thin-Layer Chromatography 
 It is an analytical technique employed for initial 
screening of metabolites present in a living sys-
tem. The chromatographic separation relies on 
separation of substances partitioned between two 
phases: a mobile phase and a stationary phase. 
The principle of thin-layer chromatography 
includes a solid phase (the adsorbent) coated as a 
thin layer (20 mm thick) onto a solid support. 
Different kinds of materials like plastics, glass 
and aluminium are used as solid supports. Further, 
the mixture of compounds to be separated is dried, 
dissolved in the respective solvent and spotted on 
the solid plate. A compound which is adsorbed 
strongly on the solid phase tends to move less 
with the mobile phase and vice versa. Another 
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important aspect of TLC  estimation includes the 
solubility percentage of a particular compound in 
a respective solvent. The fact that a substance 
show relative solubility in a particular solvent will 
result in faster elution than the other substance. 
The compounds in a mixture/extract are separated 
based on their Rf values. It is defi ned as the dis-
tance travelled by a substance relative to the dis-
tance moved by the solvent. It is one of the 
effi cient and robust techniques utilised in identifi -
cation/formation of respective compounds as well 
as their separation.  

   High-Pressure Liquid Chromatography 
 Plants are good sources of millions of different 
metabolites with various chemical structures as 
well as bioactivities. Different analytical tech-
niques are in common use for the analysis, chem-
ical characterization, as well as quantifi cation of 
these metabolites. High-performance liquid chro-
matography (HPLC) is one of them and used to 
separate, identify, and quantify the components 
in a mixture. In the HPLC method, a liquid sam-
ple is passed through a column, which is packed 
with solid adsorbent material. Different analytes 
in the sample interact differently with the adsor-
bent material of the column and inhibit analyte 
fl ow. The strength of interaction decides the elu-
tion time of the analyte. Weaker interaction 
results in short elution time, while stronger inter-
action results in long elution time. The sorbents, 
granular materials, are the active components of 
the column and made up of solid particles (2–50 
μm) like silica, polymers, etc. The mobile phase 
passed through the column is a mixture of sol-
vents like water, acetonitrile, and/or methanol. 
The interactions between analytes and sorbents 
are very physical in nature (such as hydrophobic, 
dipole–dipole, and ionic, most often a combina-
tion) and greatly infl uenced by the mobile-phase 
composition as well as temperature and play 
important roles in analyte separation. Nowadays, 
the HPLC instrument is totally controlled by dig-
ital microprocessors and software. UV/Vis, pho-
todiode array (PDA), evaporative light scattering 
detector (ELSD), and mass spectrometry (MS) 
are various detectors and very common in use for 
HPLC. A very small volume (in μL) of sample 

mixture to be analyzed is introduced into the 
main stream of the mobile phase passing through 
the column. Different analytes of the sample have 
different velocities because of specifi c physical 
interactions with the sorbent or stationary phase 
of the column. The time between sample injec-
tion and an analyte reaching the detector at the 
end of the column is the retention time and, under 
specifi c conditions, believed to be an identifying 
characteristic of a given analyte. The reduction of 
particle size in packing materials results in higher 
operational pressure as well as improved chro-
matographic resolution. Two kinds of HPLC, 
normal-phase chromatography and reverse-phase 
chromatography, are used very commonly; nor-
mal–phase chromatography was developed fi rst 
by chemists. In this method, separation of ana-
lytes is based on their affi nity with a polar sta-
tionary surface such as silica by polar interaction 
such as hydrogen bonding or dipole–dipole type 
of interactions with the sorbent surface. On the 
contrary, reversed-phase HPLC (RP-HPLC) has 
a nonpolar stationary phase and an aqueous, 
moderately polar mobile phase. RP-HPLC oper-
ates on the principle of hydrophobic interactions. 
Nowadays, reversed-phase HPLC is used very 
commonly (Yadav et al.  2014a ,  b ; Sangwan et al. 
 2004 ,  2007 ,  2008 ; Chaurasiya et al.  2007 ; Mishra 
et al.  2008 ). Chaurasiya et al. ( 2007 ) have ana-
lyzed withanolides in the root and leaf of Withania 
somnifera by HPLC, attached with two different 
detectors: photodiode array and evaporative light 
scattering detection. A reversed-phase HPLC 
method for the simultaneous analysis of nine 
structurally similar withanolides (17-hydroxy 
withaferin A, 27-hydroxy withanone, withaferin 
A, 17-hydroxy-27-deoxy withaferin A, withano-
lide A, 27-hydroxy withanolide B, withanolide 
D, 27-deoxywithaferin A and withanone) has 
been developed. This technique was used by sev-
eral authors for withanoloid detection in Withania 
somnifera L. (Chaurasiya et al.  2007 ; Sangwan 
et al.  2004 ,  2007 ,  2008 ; Mishra et al.  2008 ; Sabir 
et al.  2008 ).  Artemisia annua , another important 
medicinal plant well known for its antimalarial 
properties, is the only source of artemisinin. 
RP-HPLC is the favourite technique throughout 
the world for detection and quantifi cation of 
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 artemisinin and its metabolites (Vetter  2000 ). Van 
Nieuwerburgh et al. ( 2006 ) reported the detection 
and quantifi cation of artemisinic acid, dihydroar-
temisinic acid and arteannuin B from  Artemisia  
samples by RP-HPLC electrospray quadrupole 
time-of-fl ight tandem MS (Van Nieuwerburgh 
et al.  2006 ; Mannan et al.  2010 ). The report of 
artemisinic acid detection and quantifi cation by 
HPLC-ELSD was also available in literature 
(Ferreira and Gonzalez  2008 ; Kjaer et al.  2013 ). 
Recently we have reported the use of HPLC-PDA 
for detection and quantifi cation of artemisinin, 
dihydroartemisinic acid and arteannuin B in 
 Artemisia annua  crude plant extract (Yadav et al. 
 2014a ,  b ). The solvents used were methanol, 
water and acetic acid. Yadav et al. ( 2014a ,  b ) have 
used two different protocols: one for artemisinin 
and the other for dihydroartemisinic acid and 
arteannuin B. Artemisinin was fi rst derivatised to 
Q260 through Q290 by acid–base reaction and 
then run through HPLC for detection and quanti-
fi cation, while dihydroartemisinic acid and arte-
annuin B were detected in intact form without 
modifi cation (Fig.  3 ). The application of HPLC is 
very wide and used in the secondary metabolite 
profi ling of plants, substrate and product identifi -
cation and quantifi cation in catalytic reaction. 
For example, glucosyltransferases are enzymes 
catalysing the conversion of sterol to its gluco-
sidic form. Both sterol as well as sterol gluco-
sides can be detected and quantifi ed by the help 
of HPLC. The application of HPLC is very wide 
and applicable to different fi elds biological 
sciences.  

   Flow or Direct Injection/Infusion (FI/DI-MS) 
 This is essentially mass spectrometry without 
any separation. MS is one of the most sensitive 
detection techniques and is a method of choice 
for plant metabolomics studies. A single mass 
spectrum thus produced represents a rapid quali-
tative screening tool appropriate for quality con-
trol, mutant screening, biodiversity analysis, etc. 
Mass spectrometry is often used in parallel to 
chromatographic separation as a detection tech-
nique. Hyphenated techniques usually present 
high sensitivity and resolution with a reproduc-
ible fragmentation pattern of molecules.  

   Liquid Chromatography–Mass Spectrometry 
(LC-MS) 
 LC-MS presents one of the most resourceful 
techniques for plant metabolomics as it provides 
an affordable analysis of large group of plant sec-
ondary metabolites. Developments of ultra- 
performance systems and column chemistry have 
improved the separation and resolution to 
 manifold. However, limited use of the technique 
with the molecules that could be ionised to be 
detected in MS put a restriction to its universal 
adoptability. Nonetheless, an array of techniques 
are available to ionise the separated molecules in 
LC systems including electrospray ionisation 
(ESI), atmospheric pressure chemical ionisation 
(APCI) and photoionisation (PI). The high-preci-
sion analytical separation hyphenated with accu-
rate sensitivity of MS systems has paved the way 
for well-resolved metabolomics snapshots of 
complex plant samples in recent times. High- 
resolution mass spectroscopy coupled with liquid 
chromatography (LC-HRMS) led to identifi ca-
tion of several novel compounds from the metab-
olite profi le of fruits of  W. somnifera . Several 
metabolites have been identifi ed in the study, and 
the mass spectra of compounds aid in structural 
elucidation on the foundation of accurate molec-
ular masses as well as fragment ions. Plenty of 
inventive compounds have been elucidated as 
imitative of withanamides (Tuli et al.  2009 ). 

 Liquid chromatography–mass spectrometry 
(LC-MS) spectral reference libraries of standards 
are of fi nite utilization. Multidimensional 
 instrumental techniques like liquid chroma-
tography–mass spectrometry (LC-MS), gas 
chromatography–mass spectrometry (GC-MS), 
tandem mass spectrometry (MS/MS) or nuclear 
magnetic resonance (NMR), either alone or in 
combination, are in use for initial identifi cation 
of stranger appearances from biological samples 
and allow structural elucidation as well as rela-
tive profi ling in plants. Liquid chromatographic 
quadrupole tandem time-of-fl ight mass spectros-
copy (LCQTOF-MS/MS) empowers researchers 
with actual mass and product ion information of 
metabolites separated by chromatography. These 
mass data are further used to fi nd an elemental 
composition of compounds and also used to 
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match with accessible mass information in 
 databases like the NIST and/or KEGG to predict 
the possible structures. The stepwise fragmenta-
tion of isolated compounds by tandem MS does 
give metabolite ion information to determine the 
structure. But the fi nal confi rmation of the com-
pound identity is necessary and done in two 
ways: (1) by analysis of an authentic standard 
substance and (2) by analysis by NMR. NMR is 
highly chemical sensitive and a method of prefer-
ence for compound identifi cation. NMR in com-
bination with other chromatographic techniques 
like LC and MS (LC-MS-NMR) is a supreme 
technology for both peak identifi cation as well as 
structure elucidation (Wolfender et al.  2003 ). 

 Application of liquid chromatography cou-
pled to liquid chromatography–electrospray ion-
ization–mass spectrometry (LC-ESI-MS) in 
metabolomics is a supplementary approach to 
gas chromatography–electron impact–mass spec-
trometry (GC-EI-MS) and provides twofold 
advantages: (1) no need of chemical alteration of 
compounds before analysis and (2) effi ciency in 
separating and quantifying highly polar, ther-
mounstable, and high–molecular weight com-
pounds like oligosaccharides or lipids. For the 
analysis of plant metabolites, liquid chromatog-
raphy in combination with different detectors like 
UV/Vis, photodiode array (PDA), evaporative 
light scattering detector (ELSD), and mass spec-
trometry (MS) is already in use and popular in 
scientifi c communities since several years. 
Varieties of columns and different LC methods 
are reported in scientifi c literature for separation, 
detection, and quantifi cation of diversifi ed com-
pounds from plant origin. Coupling of LC with 
MS is a formidable combination and facilitates 
further selectivity, sensitivity, and impartial 
detection along with structural information of 
detected compounds.  

   Profi ling of Metabolites and Metabolomics 
Using GC-MS 
 GC-MS is principally deployed to separate and 
detect volatile compounds, e.g. low molecular 
weight alcohols, monoterpenes (C10) and esters, 
which is a bottleneck as it might miss the thermo-
labile compounds. The novel reports on the 

 technology of derivatization are extensively 
 exercisable to primary metabolites. Based on the 
category of metabolomics explication, GC-MS 
analyses may be carried, and obtained data must 
be determined by gas chromatography–mass 
spectrometry (GC-MS) subcomponents, which 
are part of metabolome estimate components. 
Comparison of spectra and peak is commonly 
identifi ed by methods like dot-product approach, 
probability-based matching and similarity indi-
ces (Stein and Scott  1994 ). The GC-MS profi ling 
of more than 670 metabolites was performed 
from root and leaf of tobacco,  Nicotiana taba-
cum  (Birkemeyer et al.  2003 ). This outcome eval-
uates generic chemical derivatization by 
N-methyl-N-(trimethylsilyl)-trifl uoroacetamide 
(MSTFA) reagent and tert-butlydimethylsilylane 
with the application of N-methyl-N-(tert.-
butyldimethylsilyl)- trifl uoroacetamide 
(MTBSTFA) reagent. For a simultaneous study 
of metabolites from different plant species like 
Arabidopsis thaliana (Fiehn et al.  2000 ), Solanum 
tuberosum (Roessner et al.  2000 ), Medicago 
truncatula (Duran et al.  2003 ), Lycopersicon 
esculentum (Roessner-Tunali et al.  2003 ), 
Saccharum offi cinarum, Lotus japonicas 
(Colebatch et al.  2004 ), and Cucubita maxima 
(Fiehn and Weckwerth  2003 ), a gas chromatogra-
phy–mass spectrometry (GC-MS) instrument is 
used in the scientifi c realm. Recent studies have 
shown that GC-MS-MS analysis is also proven 
useful in identifying structurally very close sub-
strate and compounds such as tropine, pseudotro-
pine and tropinone which in turn help to identify 
particular specifi c reaction in the alkaloid biosyn-
thetic pathway (Kushwaha et al.  2014 ). 

 Recently reports have shown unusual exis-
tence of elemol rich essential in  Dioscorea  plant 
species which is traditionally known to be a dios-
genin producer. GC-MS studies revealed as much 
as 70 peaks in  Dioscorea composita  and  D. fl ori-
bunda  (Joy et al.  2013 ). Similarly several peaks 
of lower terpenes and monosesquiterpenoids and 
sesquiterpenoids were detected and identifi ed 
(Yadav et al.  2014a ,  b ). Recently, GC-MS 
approach was followed to generate a metabolo-
mics profi le of hexane fraction of  Withania som-
nifera  extracts (Chatterjee et al.  2010 ). In this 
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comprehensive analysis of crude extracts of leaf 
and root of  W. somnifera , NMR and chromato-
graphic (HPLC and GC-MS) techniques were 
followed. The added role of gas chromatography 
belongs to lipidomics that basically instigates 
lipid metabolites. The chromatographic analysis 
of polar and complex lipids by conventional 
chromatography is an arduous and time- 
consuming method and includes lipid separation 
into classes, their derivatization, as well as fatty 
acid chain analysis. Contrary to this, mass spec-
trometry–dependent analysis of lipids is fast and 
yields a comprehensive profi le. Basically, a lipid 
profi ling process includes solvent extraction of 
lipids from tissues, amalgamation of phospho-
lipid and/or galactolipid internal standards with 
suitable solvents, and fi nally the analysis of the 
mixture by electrospray ionization tandem mass 
spectrometry (ESI-MS/MS) (Welti et al.  2003 ).  

   Metabolite Profi ling and Metabolomics 
Using NMR 
 NMR is an abbreviation for nuclear magnetic 
resonance and a kind of spectroscopic technique 
with mileage of spin power of nucleus. The 
nuclear spin is the total angular momentum pres-
ent in the nucleus of atoms. Only the nuclei that 
have a nonzero nuclear spin exhibit nuclear mag-
netic resonance. Among this group of atoms are 
1H, 13C, 15N, and 31P, which are elements that 
are present in bio-organic molecules. NMR has 
competence to illuminate the comprehensive 
chemical structure of a molecule and/or com-
pound (Pauli  2001 ). 

 NMR is a technique with dynamic capability, 
which can be applied to various perspectives of 
metabolomics. The very fi rst perspective is the 
ability to identify the molecule due to 1H, which 
is present in practically all bio-organic molecules 
with elevated natural profusion of 99.9816–
99.9974 % and utmost consumed nucleus for 
NMR dimensions. Basically, the analytical pro-
cedure to isolate the compound/molecule of 
inquisitiveness are used, isolated molecule was 
solubilised in suitable solvent for accession of 1H 
two-dimensional (2D)-NMR spectra as 1D-1H 
NMR spectrum alone is not enough for complete 
structural elucidation of bio-organic compounds. 
To elucidate the 3D position of the protons in a 

molecule, homonuclear 1H-2D spectra such as 
correlated spectroscopy (COSY), total correla-
tion spectroscopy (TOCSY), and Nuclear 
Overhauser Effect Spectroscopy (NOESY) are 
used. 

 There is a wide diversity of different types of 
NMR measurements, according to the interest of 
the user in particular chemical features. Another 
metabolomics application is in vivo NMR. A 
recent example of NMR-based metabolomics 
study is characterisation of 17 metabolites from 
the fruits of  Withania somnifera  at different 
developmental stages (Sidhu et al.  2011 ). The 
technique is also useful in generating compara-
tive metabolic profi les of plants grown in differ-
ent geographical regions. Examples include 
generation of metabolic profi les employing 1H 
NMR spectroscopy followed by principal com-
ponent analysis (PCA) and hierarchical cluster-
ing analysis (HCA). The 1H NMR spectra 
showed the presence of diverse metabolites, 
namely, amino acids, fl avonoids, lipids, organic 
acids, sugars, and withanolides in leaves of 
 Withania somnifera . High-resolution magic angle 
spinning (HR MAS) and nuclear magnetic reso-
nance spectroscopy (MRS) have been utilized to 
cognize the chemotypic variations of leaves as 
well as roots for four chemotypes of Withania 
somnifera (Bharti et al.  2011 ). A prominent che-
motypic variation obtained in 41 diverse primary 
metabolites has been exposed by statistical anal-
ysis (multivariate principal component analysis 
(PCA)) on HR-MAS 1H NMR spectra of leaves. 
Another important aspect of NMR spectroscopy 
is also involved in assigning pathway establish-
ment because the 13C labelling pattern and retro-
biosynthetic approaches have revealed the major 
participation of major pathways in  W. somnifera  
(Chaurasiya et al.  2012 ).  

   Capillary Electrophoresis–Mass Spectrometry 
(CE-MS) 
 Capillary electrophoresis–mass spectrometry 
(CE-MS) is such a sensitive technology that can 
cumulatively quantify several metabolites with-
out any chemical derivatization in low amounts 
of samples. With its highly resolved separation 
and accurate detection of water-soluble fractions, 
it is poised to be a strong combinatorial technique 
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for plant metabolomics studies of primary and 
secondary nature. CE methodology is usually 
very fast, consumes little sample and reagents 
and more economical than chromatography and 
electrophoresis. Capillary electrophoresis (CE) 
has proven an immense possibility for extensive 
experiments of biological samples. It can be used 
for a broad range of substances from small mol-
ecules including inorganic ions like carbohy-
drates, amino acids, peptides, nucleosides, 
nucleotides, organic acids, vitamins, drugs, and 
steroids to larger molecules like nucleic acids, 
proteins, hormones, and alike living cells. The 
application of capillary electrophoresis (CE) in 
metabolomics study accounts with pervasive 
study of innate low–molecular weight molecules 
and/or compounds. Accordingly, metabolomics 
methods of capillary electrophoresis (CE) to dis-
tinguish, to detect, and to quantify maximum 
number of metabolites in a single run are usually 
developed. The concept behind capillary electro-
phoresis–mass spectrometry (CE-MS) is fi ne 
separation of metabolites, ionization of separated 
metabolites, and identifi cation of ionized metab-
olites by comparing obtained ions with a range of 
m/z values. This technique is strong enough for 
simultaneous assessment of about 1000 charged 
metabolites in biological samples. Capillary elec-
trophoresis (CE) aided with electrospray ioniza-
tion–mass spectrometry (CE–ESI-MS) becomes 
a more specifi c, reassuring, and disparate tech-
nology and can be used for microseparation of 
metabolites in metabolomics study. Lots of tre-
mendous experiments have been done in plant 
metabolomics by using capillary electrophore-
sis–mass spectrometry (CE-MS) instruments and 
methods. Some evidences are analysis of amino 
acids and sugars in plant fl uids and tissue extracts 
(Warren and Adams  2000 ); analysis of organic 
acids in different plant parts (Wang et al.  2003 ); 
analysis of carboxylic acid metabolites, pyridine, 
and adenine nucleotide metabolites in bacterial 
cell extracts (Markuszewski et al. 2003); analysis 
of different secondary metabolites like iridoids, 
fl avonoids, and phenolic compounds in bark and 
leaves (Cheung et al.  2003 ) etc. Albeit, the 
 limitation of capillary electrophoresis (CE) is 
resolution because of less migration time, but 
competent sensitivity as well as selectivity for 

metabolomics study can be effectuated with the 
help of capillary electrophoresis–mass spectrom-
etry (CE-MS).  

   Fourier Transform Ion Cyclotron Resonance 
MS (FT-ICR-MS) 
 FT-ICR-MS is a slowly but strong growing tech-
nique for metabolomics studies offering more 
accurate and highly resolved molecular mass 
estimations. Nonetheless, high chromatographic 
resolution becomes less important due to 
extremely high mass resolution means; however, 
it creates a bottleneck as isomers, abundant in 
plant extracts, cannot be distinctly identifi ed. 
This approach is successfully applied to assess 
the metabolic status of transgenic tobacco carry-
ing glutamate dehydrogenase gene from  E. coli . 
FT-ICR-MS detected 283 ions in roots and 98 
ions in leaves that appeared to be changed signifi -
cantly due to altered GDH activity. 42 % of ions 
were inferred to known metabolites such as cer-
tain amino acids, organic acids, sugars and some 
fatty acids.     

    Data Analysis 

 With the ability to generate never preceding 
amount of raw data, a whole new world of sci-
ence has emerged that deals with the handling 
and analysis in silico of all the metabolites. This 
has enabled the development of necessary soft-
ware for collection and pre-processing the data in 
order to direct comparison of data sets from rela-
tive analyses. Data analyses by in silico tools 
empower searching and processing of data to 
point out as well as isolate elements of inquisi-
tiveness, aid in demonstration of intricate data in 
a comprehensible and intellective manner, and 
facilitate data storage in an effective way.  

    Data Pre-processing 

 Data pre-processing is an essential prerequisite 
for metabolomics studies in plants where it aims 
to assess broad developmental differences, phe-
notypic modifi cations or multifactorial responses 
of plants to abiotic or biotic stresses. Citing the 
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highly complicated, multidimensional 
 metabolomics data sets, effective manual data 
handling does not seem feasible. Development of 
dedicated bioinformatics and statistical tools that 
convert this data into information has made it 
rather easy. Moreover, emerging visualisation 
tools have made these complex data sets rela-
tively and effectively understandable. 
Unavoidable artefacts or inherent imperfections 
are natural to any omics approach, and this is true 
to data generated by any chromatographic proce-
dure representing the fi rst challenge to the effec-
tive comparison a large set of chromatograms/
mass spectra. With the data generated by HPLC-
PDA, warping procedures such as correlative 
optimised warping (COW), dynamic time warp-
ing and permutational time warping appear to be 
methods of choice. Further, SPECALIGN and 
METALIGN have been equally applied appropri-
ately for both GC-MS and LC-MS data sets. 
These packages perform alignment of spectra, 
baseline correction and noise reduction, effec-
tively reducing size of data sets and comparative 
analysis time.  

    Data Mining and Visualisation 

 In order to convert raw data produced from a 
machine into biologically relevant information, 
processed data sets must be subjected to effective 
analysis followed by standard statistical fi ltering 
leading to differential comparisons and reliable 
conclusions. Unsupervised discriminatory 
approaches such as principal component analysis 
(PCA) and hierarchical clustering (HCA) or 
supervised approaches such as partial least 
squares (PLS) or SIMCA are generally used 
methods at present. Effective data visualisation 
tools enable us to simplify and more easily com-
prehend the multidimensional complexity gener-
ated data sets. Some popular techniques aim for 
analyses of metabolic data include correlation 
optimised warping, hierarchical cluster analysis 
and self-organising mapping. 

    Correlation Optimised Warping (COW) 
 Until recently, most of the metabolomics data 
was analysed based on the selected peaks and 

their area. This reduced data size also presented a 
problem of specifi c peak selection. This limita-
tion could be overcome by taking all the peaks in 
a chromatogram in consideration. However, it is 
important to normalise all the peaks as small 
variation generated by experimental errors may 
drift the peaks signifi cantly. COW is an approach 
adopted to align two chromatograms by linear 
stretching and compression, to the time axis of 
one profi le. The optimal alignment is indepen-
dent to the compounds in question and decided 
by the calculated correlation. Any chromato-
graphic data may be subjected to correlation opti-
mised warping.   

    Data Storage and Database Building 

 Ability to process data in order to minimise the 
size while keeping the information intact is a key 
to effective database building. While aim of a 
particular experiment is used to be limited, the 
application of the data generated in the process 
might be large and might be sought in future pro-
vided the effi cient and effective storage. Perhaps 
the biggest challenge of metabolomics stands 
from the current lack of appropriate databases 
and data exchange formats. This presents a need 
for biochemical ontologies to clearly specify 
each metabolite its relation with others along 
with suitable databases to store metabolomics 
data to facilitate relevant queries.   

    Plant Metabolomics and Statistics 

 A cluster of small molecules discovered in a cell, 
organ, or organism is metabolomic. The basis of 
this metabolomics consideration is dependent on 
two different perspectives: the chemometric and 
the targeted or comprehensive profi ling. Both 
perspectives are contrasting in nature; the chemi-
cal compounds are not identifi ed fi rst in the che-
mometric approach, while in the targeted or 
comprehensive profi ling approach, chemical 
compounds are identifi ed fi rst. In the chemomet-
ric approach, a spectral pattern of the chemical 
compound was used for statistical analysis to dif-
ferentiate samples, while in the targeted or 
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 comprehensive profi ling approach, a chemical 
compound was identifi ed fi rst and then statisti-
cally analyzed to identify relevant biomarkers. 
The chemometric approach attached with an ana-
lytical technique is popular as a general statistical 
approach. Monovariate statistical analysis and 
multivariate statistical analysis are two different 
classes of the chemometric approaches. 

    Monovariate Statistical Analysis 

 Analysis of chemical samples generates adequate 
data. These data must be processed to fi nd the 
relationship among the obtained data. The 
 chemometric approaches are used to discover 
information from multivariate data. The various 
aspects and knowledge of statistical and mathe-
matical areas are used in chemometric approaches 
to rediscover similarity patterns in the data, to 
address material properties, and to submit and 
use the multivariate models. Different mathemat-
ical as well as statistical laws are in common use 
to discover experimental data, to endow statisti-
cal information about each variable, to fi nd cor-
relations among variables, and to detract data 
dimensionality. One of the most famous analyses 
in the scientifi c world, the analysis of variance, 
ANOVA (Stuart  2012 ; Miller and Miller  1993 ), is 
practiced to obtain most signifi cant variables in 
the sample differentiation. One-way and two-
way ANOVA analysis was used to differentiate 
the statistically signifi cant differences between 
artemisinin accumulation and yield and peltate 
glandular trichomes in water-stressed samples as 
well as plant developmental stages (Yadav et al. 
 2014a ,  b ). Multivariate data analysis (MANOVA) 
is the extension of ANOVA, and it is applied 
commonly when two or more related variables 
are considered and cannot be merged. MANOVA 
considers only variables which can be distin-
guished as having noble credibility.  

    Multivariate Statistical Analysis 

 Huge amounts of high-dimensional and complex 
data sets are generated in metabolomics 

 disciplines. It is very arduous to explore and 
decode by phenomenal inspection and/or by 
using any traditional univariate statistical method. 
To rediscover signifi cant knowledge from such 
huge experimental data sets, mathematical mod-
eling approaches of multivariate data analysis 
(MVDA) methods are therefore used (Fiehn 
 2002 ; Vichi and Saporta  2009 ; Van den Berg 
et al.  2009 ). One variable is considered in mon-
ovariate statistical analysis, while correlations 
among two or more variables are considered in 
multivariate statistical analysis. Multivariate data 
analysis is commonly used to track data overview 
and to classify and/or distinguish among groups 
of observations and regression modeling between 
two different sets of data along X- and Y-axes. 
The huge amount of high-dimensional and com-
plex metabolomics data sets are chemometrically 
dissected in unsupervised as well as supervised 
ways (Table  5 ).

       Principal Component Analysis 

 The objective of principal component analysis 
(PCA) is to cede optimal sample separation by 
exercising nodal vectors spanning an n-dimen-
sional space. The reduction in the system dimen-
sionality is also a motive of principal component 
analysis (PCA). Principal component analysis 
(PCA) is one type of compression technique 
(Deacon  2005 ; Sangwan et al.  2001 ; Jackson 
 1991 ), a classical “unsupervised” technique for 
the primary analysis of data, and is extensively 
used. Principal component analysis (PCA) delin-
eates the distinction in a set of multivariate data 
in terms of orthogonal variables or principal 
components. As each orthogonal variable or prin-
cipal component (PC) reckons for a section of the 
total variance of the data set, principal compo-
nent analysis (PCA) is a kind of additive model. 
Principal component analysis (PCA) rediscovers 
linear relationships of the discrete variables in the 
original data or principal components (PCs) 
orthogonally connected and delineates the prime 
trends of data. The very fi rst step of principal 
component analysis (PCA) is to discover the 
minimum number of meaningful orthogonal 
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 variables or principal components (PC). These 
orthogonal variables or principal components 
(PCs) are used to reconstruct the original data 
matrix. On the basis of the orthogonal variables 
or principal components (PCs) variable scores, 

different PCs are clustered together. The descrip-
tor matrix X of principal component analysis 
(PCA), mathematically projected into a low-
dimensional space, is endowing explainable 
comprehension of the rudimentary complicated 

   Table 5    List of some of unsupervised and supervised chemometric methods generally used in analysis of multivariate 
data set   

 Model type  Model  Linear/non-linear  References 

 Unsupervised model  Canonical correlation analysis 
(CCA) 

 Linear  Anderson ( 1984 ) 

 Clustering and disjoint principal 
component analysis (CD-PCA) 

 Linear  Vichi and Saporta ( 2009 ) 

 Hierarchical clustering analysis 
(HCA) 

 Linear  Makretsov et al. ( 2004 ) 

 Kernel canonical correlation 
analysis (KCCA) 

 Non-linear  Larson et al. ( 2014 ) 

 Kernel principal component 
analysis (KPCA) 

 Non-linear  Twining and Taylor ( 2001 ) 

 Kohonen artifi cial neural 
networks (KANN) 

 Non-linear  Kohonen and Honkela 
( 2011 ) 

 Multilevel simultaneous 
component analysis (MSCA) 

 Linear  Ceulemans et al. ( 2013 ) 

 Principal component analysis 
(PCA) 

 Linear  Miller and Miller ( 1993 ) and 
Vichi and Saporta ( 2009 ) 

 Simultaneous component 
analysis (SCA) 

 Linear  Smilde et al. ( 2005 ) 

 Weighted principal component 
analysis (WPCA) 

 Linear  Fan et al. ( 2011 ) 

 Supervised model  Backpropagation artifi cial 
neural networks (BANN) 

 Non-linear  Michalopoulos and Hu 
( 2002 ) 

 ANOVA–simultaneous 
component analysis (ASCA) 

 Linear  Smilde et al. ( 2005 ) 

 Discriminant analysis (DA)  Linear  Guo et al. ( 2007 ) 
 Kernel-orthogonal partial least 
squares-DA (K-OPLS-DA) 

 Non-linear  Boccard and Rutledge 
( 2013 ) 

 Kernel partial least squares-DA 
(KPLS-DA) 

 Non-linear  Rosipal and Kramer ( 2005 ) 

 N-way PLS-DA (N-PLS-DA)  Linear  Perez-Enciso and Tenenhaus 
( 2003 ) 

 Orthogonal partial least 
squares-DA (OPLS-DA) 

 Linear  Boccard and Rutledge 
( 2013 ) 

 Bidirectional orthogonal 
PLS-DA (O2PLS-DA) 

 Linear  Boccard and Rutledge 
( 2013 ) 

 Orthogonal signal correction 
(OSC) 

 Linear  Niazi and Azizi ( 2008 ) 

 Principal component 
discriminant analysis (PCDA) 

 Linear  Jombart et al. ( 2010 ) 

 Partial least squares (PLS)  Linear  Maitra and Yan ( 2008 ) 
 Soft independent modelling of 
class analogy (SIMCA) 

 Linear  Maesschalck et al. ( 1999 ) 

 Partial least squares 
discriminant analysis (PLS-DA) 

 Linear  Maitra and Yan ( 2008 ) 
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data set by the mean deciphering similarities or 
differences among PCs (Fig.  4 ). The obtained 
score matrix gives intelligence about the kind of 
relationships between objects (e.g., trends, 
groupings, and outliers). The principal compo-
nent analysis can also be used for cultivar coloni-
zation on the basis of oil trade type (Fig.  4 ).    

    Plant Metabolomics and Abiotic 
Stress 

 All organisms grow or develop in a healthy way 
inside a boundary of environmental circum-
stances; any divergence in these optimum envi-
ronmental circumstances is believed to be stress, 
which is greatly responsible for losses in plant 
productivity. These stresses are also accountable 
for spatial or geographical as well as temporal or 
growing-season restrictions in the cultivation of 
crops. To comprehend the fundamental network 
underlying the stress responses, lots of scientifi c 
efforts have long been addressed. The search for 
the identifi cation of specifi c genes and/or metab-
olites accountable for tolerance phenotypes in 
plants is continuing. With the advent of “omics” 
approaches, high-throughput analysis of changes 
induced by environmental stresses becomes easy 
and extends the zone of examination. 

 A wide range of osmolytes amass in plants 
upon exposure to osmotic stress to maintain the 
important cellular functions such as turgor pres-
sure in plant cells. The different solutes amass in 
plant cells upon exposure to osmotic stress and 
reckon in different sugars, polyols, betaines, and 
amino acids (Yadav et al.  2014a ; Sabir et al. 
 2012a ; Shulaev et al.  2008 ). Different compounds 
have different roles like scrubbing reactive oxy-
gen species (ROS) activity, maintaining struc-
tures of enzymes and proteins, membrane 
integrity, acting as osmoprotectants, acting as 
low–molecular weight chaperones, acting as che-
lating agents, redesigning lipids, stabilizing the 
photosystem II complex, etc. to mitigate the 
adverse effect caused by osmotic stress. Glycine, 
betaine, proline, and mannitol are some of the 
examples (Szabados and Savoure  2010 ). 

 Plant responses to different kinds of stress are 
different. For instance, plant responses to tem-
perature variation represented by the growing 
season was the induced metabolic changes, plant 
responses to cold exposure were uniform alloca-
tion of metabolic changes, while heat-induced 
metabolic alterations in plants betide within the 
fi rst 30 minutes (Gray and Heath  2005 ; Kaplan 
et al.  2004 ). Several compounds like amino acids, 
β-alanine, GABA, putrescine, fumarate, and 
malate as well as several carbohydrates were 
found affected by heat shock, and most of them 
were discovered to be correlated (Kaplan et al. 
 2004 ). Various metabolites like amino acids, 
polyamines, and several carbohydrates showed a 
very similar kind of response between the two 
thermal stresses. Most of these compounds are 
compatible solutes in the cytosol and/or precur-
sors for secondary metabolite biosynthesis. 

 Water defi cit stress or drought is a signifi cant 
restriction for plant growth and productivity. The 
very fi rst responses of the plant upon exposure to 
drought are retardation of vegetative growth, 
decline in photosynthetic rate, and stomata clo-
sure. A crucial mechanism of adaptation to water 
defi cit stress in plants is osmotic adjustment to 
maintain cell turgor pressure by accumulating 
solutes, leading to reduced osmotic potential 
(Yadav et al.  2014a ; Sabir et al.  2012a ). The phy-
tohormone abscisic acid (ABA) production in 
plants gets induced upon exposure to water  defi cit 

4 6

5

7 9
8

11

10

1
3 2

z

y

x

Citronella
species

Lemongrass
species

Palmorosa
species

  Fig. 4    Representative example of principal component 
analysis (PCA)-based alignment of  Cymbopogon  species. 
RAPD profi les were generated for  Cymbopogon  species 
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stress. The scientifi c literature supports 
 involvement of both ABA-dependent as well as 
ABA-independent pathways in plant drought 
responses (Yamaguchi-Shinozaki and Shinozaki 
 2006 ). A complicated network of genes and 
metabolites is involved in the modulation of 
drought stress–mediated responses in plants, and 
several drought-inducible genes have been iden-
tifi ed and characterized so far in several plant 
species. Nowadays, researchers are addressing 
the global metabolic changes induced in plants 
by water defi cit stress (Yadav et al.  2014a ; 
Sangwan et al.  1993 ,  1994 ). The levels of various 
metabolites like proline and phenolics involved 
in adaptation mechanisms were estimated in 
plants exposed to stress.  

 Metabolites involved in adaptation mecha-
nisms and tolerance to different stresses act as 
antioxidants (Sangwan et al.  1993 ,  1994 ; Yadav 
et al.  2014a ; Sabir et al.  2012a ), and polyphenols 
have been highlighted in scientifi c literature. 
Dehydration initiates an increase in the content of 
proline as well as soluble carbohydrates. The 
localization of different metabolites like carbo-
hydrates, amino acids, phenolics, etc., in plant 
cells depends on their possible function as cellu-
lar protectants against drought stress (Sangwan et 
al.  1993 ,  1994 ; Yadav et al.  2014a ,  b ; Sabir et al. 
 2008 ). Osmotic adjustment, ionic balance in 
cells, and diverse molecular as well as biochemi-
cal alterations among different species are differ-
ent plant adaptation responses addressed in 
scientifi c literature (Sangwan et al.  1993 ,  1994 ).  

    Plant Metabolomics-Integrated 
Functional Genomics 

 The term  metabolomics  is factually extensive, a 
nonbiased and high-throughput examination of 
complex metabolite mixtures of biological sam-
ples. This is likely a holistic approach to analyses 
of metabolomes. Recent advancement and devel-
opment in different analytical tools as well as 
functional genomics approaches comprehen-
sively boost the metabolomics study. The over-
view of metabolic approaches is very broad and 
very complex and requires establishment of a 

multifaceted and integrated strategy for best 
 sample extraction, metabolite separation/detec-
tion/identifi cation, metabolite quantifi cation, and 
automated techniques of data gathering/handling/
analysis. To achieve this goal, development of 
both analytical as well as computational tech-
niques is imperative. Microbes as well as plants 
are the overall richest source of diverse metabo-
lites. Several bacterial genomes are already 
sequenced, and it is discovered that only few 
hundred metabolites can be biosynthesized, for 
example, around 580 different metabolites from 
Bacillus subtilis and about 800 different metabo-
lites from Escherichia coli. But in case of plants, 
the scenario is totally different. This value is 
likely to be in thousands to millions for even indi-
vidual plants. Merely the number of genes pres-
ent ranging between 20,000 and 50,000 in plants 
cannot produce such rich sources of metabolites, 
but the presence of several multiple-substrate-
specifi c enzymes, the presence of subcellular 
compartments in a cell, and the occurrence of 
nonenzymatic reactions as well are also respon-
sible. According to the available scientifi c litera-
ture, about 50,000 different compounds from 
plants have already been illuminated, and it is 
anticipated that around 200,000 or even more dif-
ferent compounds from the plant kingdom will 
approach in future (Pichersky and Gang  2005 ; 
Fiehn et al.  2001 ; Bino et al.  2004 , Marja et al. 
 2005 ; Tohge et al.  2005 ). For example, in impor-
tant medicinal plants, withanolides from Withania 
somnifera (Sangwan et al.  2008 ; Chaurasiya 
et al.  2007 ; Sangwan et al.  2004 ; Chaurasiya 
et al.  2007 ; Mishra et al.  2008 ), artemisinic 
metabolites from Artemisia annua (Yadav et al. 
 2014a ), camphor, different monoterpenoid and 
sesquiterpenoid volatiles from Artemisia annua 
essential oil (Yadav et al.  2014a ), menthol and 
related volatile monoterpenoids from Mentha 
arvensis (Bose et al.  2013 ), and elemol and vola-
tiles from Dioscorea species (Joy et al.  2013 ) 
have been reported. Thus, metabolomics itself 
presents a ponderable challenge for plant scien-
tists and researchers. With the discovery of high-
density microarray techniques, next-generation 
sequencing technologies, and bioinformatics 
tools, whole genome and/or transcriptome 
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 analysis is possible in a high-throughput manner. 
Concretely, the description and analysis of the 
whole transcriptome empower scientists and 
researchers to identify, characterize, and localize 
the entire stream of pathway transcripts starting 
from the transcriptional factors and fi nally to the 
effector genes whose expression is regulated by 
specifi c transcriptional factors. The transcrip-
tome explication helps researchers to discover 
coregulatory pathways by exploring up-/down-
regulation of huge sets of transcripts associated 
with common regulatory and/or biosynthetic 
pathways (Sangwan et al.  2013 ). Thus, the study 
of metabolomics-integrated functional genomics 
is of great relevance to defi ne the genetic ele-
ments of plant responses to abiotic stress condi-
tions. The discovery of high-throughput 
sequencing technologies and bioinformatics tools 
has signifi cantly increased the genesis as well as 
analysis of transcriptome/genome data and the 
competence of acquiring alteration in expression. 
These advancements in technologies and concept 
lead to determine transcription start sites at 5’ 
UTR, polyadenylation signals at 3’ UTR, alterna-
tive splice sites, as well as quantitative data on 
gene transcript abundance in tissues and/or cells 
(Sangwan et al.  2013 ). These next-generation 
sequencing technologies are deep-sequencing 
technologies exploring the route for global 
genomics as well as transcriptomics discoveries 
and will evidently lead to novel fi ndings about 
plant abiotic stress responses.  

    Metabolomics-Embedded Plant 
Biotechnology 

 Plant metabolites are to play diverse roles in 
plants like resistance against pathogens, combat 
against stress responses, color, taste, and aroma 
of fruits and fl owers (Sangwan et al.  2011 ). The 
interactions between the genotype and the 
 environmental stimuli result in the biochemical 
phenotype of an organism; but these interactions 
are regulated to maintain the homeostasis by the 
fl uctuations in intracellular physiological 
 conditions of a cell/organ/organism (Weckwerth 
 2003 ). Thus, it is very critical to identify and 

quantify metabolites simultaneously for proper 
 understanding of the dynamics of the metabo-
lome. Fluxes in metabolic pathways under vari-
ous stimuli decode the positive/negative role of 
metabolites. The ideal of metabolomics analysis 
is to discover the alteration in biochemical path-
ways as well as metabolic networks to fi nd the 
relation with the physiological and/or develop-
mental phenotype of a cell/tissue/organism 
(Weckwerth  2003 ). Scientifi c literature provides 
several instances where alteration in metabolic 
pathways result transformed plants with an aug-
mented nutritional value like the case of geneti-
cally modifi ed rice Golden Rice (GR) amass 
β-carotene in the endosperm (Ye et al.  2000 ). The 
use of genetically modifi ed Golden Rice (GR) 
allowed detracting vitamin A defi ciency, which is 
a major worldwide nutritional problem. GR2, an 
advanced variety of Golden Rice (GR), was 
developed by the overexpression of a phytoene 
synthase gene. GR2 amassed higher amounts of 
carotenoids (84 % of the total is β-carotene) than 
GR (Paine et al.  2005 ). Another example is the 
genetically modifi ed plant with higher anthocy-
anin content. Anthocyanins are basically fl avo-
noids, contributing to colors as well as antioxidant 
properties of plants. These metabolites are to 
play great roles in human health by caring against 
human diseases, but low contents in plants are 
major limitations to optimal benefi ts. Recently, a 
genetically modifi ed tomato plant was developed 
with higher amounts of anthocyanins compara-
ble to the high-anthocyanin-containing plants 
 blackberries and blueberries (Butelli et al.  2008 ). 
These new varieties of genetically modifi ed 
tomatoes have dark purple coloration with 
 threefold higher antioxidant capacity. Nowadays, 
use of plant metabolomics to understand pro-
cesses at a cellular level such as the cellular 
responses to stress conditions is in fashion. The 
increased production of monoterpenoid and ses-
quiterpenoid volatiles of Artemisia annua essen-
tial oil under prolonged water defi cit stress is 
believed as an environmental perception of 
drought defi cit conditions (Yadav et al.  2014a ). 
Some applications related to metabolomics-
embedded plant biotechnology are metabolic 
engineering of biochemical pathways, discovery 
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of gene function, and engineering biochemical 
pathways for pharmaceutical production (Table  6 ).

       Metabolomics Resources 

 Huge amounts of metabolomics data are gener-
ated in metabolomics experiments. To properly 
store and retrieve metabolomics data, need of 
databases arises. There are various metabolomics 
resources and metabolite databases available 
nowadays, as listed in Tables  7  and  8 . The Golm 
Metabolome Database holds knowledge of mass 
spectra from active metabolites identifi ed and 
quantifi ed by gas chromatography–mass spec-
trometry (GC-MS) and gas chromatography 
(GC). The Madison Metabolomics Database is a 
resource for metabolomics research based on 
nuclear magnetic resonance (NMR) and mass 
spectrometry (MS). Metabolights, another inte-
grative database, is cross species, having infor-
mation about structures of different metabolites, 
spectra of different metabolites, as well as bio-
logical roles of these metabolites.  

 Metabolomics at Rothamsted (MeT-RO) is an 
initiative metabolomics resource holding informa-
tion about several resources helpful to plant and 
microbial metabolomics. Another metabolic data-
base, the Metlin Metabolite Database, consists of 
information about 55,000 metabolites, almost 
50,000 higher solution tandem mass spectrometry 
(MS/MS) spectra and tandem mass spectrometry 
experiments. PRIMe is a platform for RIKEN 
metabolomics and is a database concatenating 
genomic as well as metabolomics data. This data-
base consists of information about metabolites 
obtained from different instruments like nuclear 
magnetic resonance (NMR) spectroscopy, gas 
chromatography–mass spectrometry (GC-MS), 
liquid chromatography–mass spectrometry (LC-
MS), and capilary electrophoresis–mass spec-
trometry (CEMS). Several databases dedicated to 
plant species have also been developed.  

 Plant metabolomics is one example and ini-
tially started as a metabolomics and functional 
genomics tool for explaining the functions of 
Arabidopsis genes. Databases on particular plants 
are also available like Metabolome Tomato 

Database having  information on metabolites 
identifi ed by liquid chromatography–mass spec-
trometry (LC-MS). A closely related database is 
Terpmed, specifi cally for terpenoids, which con-
tains information about plant terpenoids, natural 
products, and other secondary metabolites of 
therapeutic uses. The Armec Repository Project 
was created as a tool to annotate fl ow injection 
electrospray MS (FIE-MS) data, but information 
about HPLCESI-MS can also be found in this 
database. Besides, the Armec database is expand-
ing and including information about additional 
species like food crops and human metabolomes 
for use in nutrition research. There are several 
database resources that combine metabolite data 
with metabolic pathways like MetaCyc that hold 
information about 1,800 pathways from more 
than 2,000 organisms. 

   Table 6    Some applications of metabolomics in plant 
biotechnology   

 Organism  Applications 

  Catharanthus 
roseus  

 Improvement of the production of 
anticancer indole alkaloid by 
overexpression of ORCA3 and G10H 
in  C. roseus  plants (Pan et al.  2012 ; 
Perez-Enciso and Tenenhaus  2003 ) 

  Panicum 
virgatum  

 Increased amounts of phenolic acids 
and a monolignol analog associated 
with more facile cell wall 
deconstructions (Niazi and Azizi 
 2008 ; Tschaplinski et al.  2012 ) 

  Solanum 
tuberosum  (L) 

 Increased drought tolerance by 
expression of trehalose-6- phosphate 
synthase 1 (Jombart et al.  2010 ; 
Kondrak et al.  2012 ) 

  Oryza sativa   Modulation of salt tolerance by 
reduction of  OsSUT1  ( O. sativa  
sucrose transporter 1) (Maitra and 
Yan  2008 ; Siahpoosh et al.  2012 ) 

  Arabidopsis 
thaliana  

 Distinguish transgenic and non-
transgenic plants (Maesschalck et al. 
 1999 ; Ren et al.  2009 ) 

  Solanum 
lycopercium  

 Higher accumulation of fl avonoids 
and thus nutritional value in tomato 
plants carrying a mutation in HPI/
LeDDBI gene (Geladi and Kowalski 
 1986 ; Calvenzani et al.  2010 ) 

  Withania 
coagulans  

 Accumulation of withanoloids in 
agrobacterium-mediated genetically 
transformed  Withania coagulans  
(Jackson  1991 ; Mishra et al.  2012 ) 
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   Table 7    Omics approaches constitute an integral aspect of plant metabolomics   

 S. no.  Name of Web resources  Application of resources 

 1  Human Metabolome Database (  http://www.hmdb.ca/    )  Chemical and biological data of human 
metabolites 

 2  Golm Metabolome Database (  http://gmd.mpimp-golm.mpg.de/    )  GC-MS 
 3  Madison Metabolomics Consortium Database (  http://mmcd.

nmrfam.wisc.edu/    ) 
 NMR and MS 

 4  MetaboLights (  http://www.ebi.ac.uk/metabolights/    )  Metabolite structures, spectra, function/
cross-species 

 5  Metabolomics at Rothamsted (  http://www.metabolomics.bbsrc.
ac.uk/MeT-RO.htm    ) 

 Plant and microbial metabolites 

 6  METLIN Metabolite Database (  http://metlin.scripps.edu/    )  High-resolution MS/MS spectra and 
tandem MS experiments 

 7  PRIMe (  http://prime.psc.riken.jp/    )  Genomic and metabolomics data/NMR 
spectroscopy, GC-MS, LC-MS and 
CE-MS 

 8  Plantmetabolomics (  http://plantmetabolomics.vrac.iastate.edu/
ver2/    ) 

  Arabidopsis  and other plants 

 9  Metabolome Tomato Database (  http://appliedbioinformatics.
wur.nl    ) 

 Metabolites identifi ed by LC-MS 

 10  TERPMED (  http://www.terpmed.eu/databases.html    )  Plant terpenoids, natural products, 
secondary metabolites/therapeutic drugs 

 11  BiGG Database (  http://bigg.ucsd.edu/    )  Systems biology simulation and metabolic 
fl ux balance modelling, comprehensive 
information of gene, proteins and 
metabolites 

 12  SetupX (  http://fi ehnlab.ucdavis.edu/projects/binbase_setupx    )  Web-based metabolomics, the capture and 
display of GC-MS metabolomics data 

 13  BinBase (  http://fi ehnlab.ucdavis.edu/projects/binbase_setupx    )  GC-TOF metabolomics database 
 14  SYSTOMONAS (SYSTems biology of pseudOMONAS) 

(  http://www.systomonas.de    ) 
 Contains extensive transcriptomic, 
proteomic and metabolomics data as well 
as metabolic reconstructions of this 
pathogen 

 15  KEGG (Kyoto Encyclopedia of Genes and Genomes) (  http://
www.genome.jp/kegg/    ) 

 Information of metabolomes of wide 
variety of organisms (>700), >15,000 
compounds (from animals, plants and 
bacteria), 7,742 drugs, ~11,000 glycan 
structures 

 16  HumanCyc (Encyclopedia of Homo sapiens Genes and 
Metabolism) (  http://humancyc.org/    ) 

 A bioinformatics database that describes 
the human genome and human metabolic 
pathways 

 17  BioCyc (Pathway/Genome Databases and Pathway Tools 
Software) (  http://biocyc.org/    ) 

 Collection of 371 pathway/genome 
databases, each database describes the 
genome organisation and metabolic 
pathways of a single individual 

 18  Reactome (  http://www.reactome.org/    )  Database of biological pathways, protein 
traffi cking and signalling pathways and 
metabolic pathways 

 19  Chemical Entities of Biological Interest (ChEBI) (  http://www.
ebi.ac.uk/chebi/    ) 

 Dictionary of small, chemical compounds 

 20  PubChem (  http://pubchem.ncbi.nlm.nih.gov/    )  Database consists of chemical structure of 
small, organic molecules and information 
of their biological activities 

 21  ChemSpider (  http://www.chemspider.com/    )  Database of organic molecules 

(continued)
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Table 7 (continued)

 S. no.  Name of Web resources  Application of resources 

 22  KEGG GLYCAN (  http://www.genome.jp/kegg/glycan/    )  Collection of experimentally determined 
glycan structures 

 23  In Vivo/In Silico Metabolites Database (IIMDB) (  http://
metabolomics.pharm.uconn.edu/iimdb/    ) 

 Database includes ∼23,000 known 
compounds (mammalian metabolites, 
drugs, secondary plant metabolites and 
glycerophospholipids) and >400,000 
computationally generated human phase-I 
and phase-II metabolites of these known 
compounds 

 24  DrugBank (  http://www.drugbank.ca/    )  Comprises of detailed information about 
drug (i.e. chemical, pharmacological and 
pharmaceutical) data and comprehensive 
drug–target information. 

 25  Therapeutic Target Database (TTD) (  http://bidd.nus.edu.sg/
group/cjttd/    ) 

 Provides information about known 
therapeutic protein and nucleic acid 
targets, disease condition, pathway 
information and drugs/ligands against 
these targets 

 26  The Pharmacogenomics Knowledge Base (PharmGKB 
database) (  http://www.pharmgkb.org/    ) 

 Repository for genetic, genomic, 
molecular and cellular phenotype data as 
well as clinical data of people who 
participated in pharmacogenomics studies 

 27  SuperTarget (  http://insilico.charite.de/supertarget/    )  Contains data set of ~7,300 drug–target 
relations, tools for 2D drug screening and 
sequence comparison 

 28  STITCH (search tool for interactions of chemicals) (  http://
stitch.embl.de/    ) 

 Includes information about metabolic 
pathways, crystal structure and drug–
target interactions 

 29  BioMagResBank (BMRB) (  http://www.bmrb.wisc.edu/    )  Repository for experimental NMR spectral 
data, mainly for macromolecules 

 30  METLIN Metabolite Database (  http://metlin.scripps.edu/    )  Repository of metabolic information and 
tandem mass spectrometry data 

 31  High-Quality Mass Spectral Database (MassBank) (  http://www.
massbank.jp/    ) 

 Mass spectral database containing 
high-resolution MS spectra of metabolites 

 32  Madison Metabolomics Consortium Database (MMCD) (  http://
mmcd.nmrfam.wisc.edu/    ) 

 Database of small molecules of biological 
signifi cance 

 33  Birmingham Metabolite Library Nuclear Magnetic Resonance 
database (BML-NMR) (  http://www.bml-nmr.org/    ) 

 It contains 3,328 NMR spectra of 208 
common metabolite standards (includes 
both 2-D 1H J-resolved spectra and 1-D 
1H spectra, recorded at 500 MHz) 

 34  Fiehn GC-MS Database (  http://fi ehnlab.ucdavis.edu/
Metabolite-Library-2007    ) 

 The collection has data on 713 compounds 
(name, structure, CAS ID, other links) for 
which GC/MS data is provided 

 35  On-Line Metabolic and Molecular Basis of Inherited Disease 
(OMMBID) (  http://www.ommbid.com    ) 

 Web-assessable library of number of 
metabolic disorders including the genetics, 
metabolism, diagnosis and treatment 

 36  METAGENE (  http://www.metagene.de/    )  The database defi nes the errors in 
metabolism, (highlighting genetic cause, 
disease, treatment and the metabolite 
concentration) 

 37  COLMAR Metabolomics Web Portal (  http://spinportal.magnet.
fsu.edu/    ) 

 Web server suite which generates a 
covariance NMR spectrum and NMR data 
of individual components in metabolomics 
mixtures 

(continued)
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       Major Challenges in Plant 
Metabolomics 

 The metabolomics analyses require high- 
throughput technologies aiming to rapid separa-
tion, identifi cation and structure elucidation. 
Despite of its immense signifi cance and valuable 
contribution to plant biotechnology, the science 
of plant metabolomics withholds some major 
challenges which need to be addressed. The sci-
ence of plant metabolomics has fl ourished both 
in the development of new analytical techniques 
as well as in the expansion of application areas 
(Mendes  2002 ). Past studies focused on profi ling 
of metabolites and fi ngerprinting, but the canvas 
of metabolomics has expanded its horizon to 
study of fl ux pumps. It has become an integral 
aspect of system biology with the predominance 
of NMR and mass spectrometry methods. 
However, computational approaches offer the 
biggest challenge in comprehensive analysis of 
metabolome of an organism. The key areas of 
research includes the identifi cation of metabolic 
networks which infl uence metabolite profi les, 
elucidation of the chemical structures of large 

number of metabolites which are already detected 
and to establish standards for data format and 
analysis (Mendes  2002 ). A co-integrated 
approach including proteomics, transcriptomics 
and metabolomics application would provide the 
detailed information of the biological system, but 
the authentication of standards would make this 
feasible. The next level aims at the integration of 
these data in global model defi ning the complete 
metabolome. Assessment of genetically 
 engineered crops is another key area which 
requires the application of metabolomics. The 
genetic alteration in crops might result in unde-
sirable/harmful traits which might prove hazard-
ous for human consumption. Since, metabolomics 
involves the analysis of metabolites at the basic 
level, the careful assessment and monitoring of 
changes occurring at the genome, transcript and 
metabolic levels in GM crops becomes a neces-
sity. Further, the generated data should be further 
analysed and integrated in terms of system biol-
ogy, thereby avoiding the unpredictable effects in 
GM crops (Oksman-Caldentey and Inze  2004 ; 
Rischer and Oksman-Caldentey  2006 ). Despite 
the major advances made in the fi eld of plant 

Table 7 (continued)

 S. no.  Name of Web resources  Application of resources 

 38  Biological Magnetic Resonance Data Bank (BMRB) (  http://
www.bmrb.wisc.edu/    ) 

 Data from NMR spectroscopy on proteins, 
peptides, nucleic acids and other 
biomolecules 

 39  SUGABASE (  http://glycomics.ccrc.uga.edu/GlycomicsPortal/    )  A carbohydrate NMR database from the 
Netherlands 

 40  ChEMBL (  http://www.ebi.ac.uk/chembl/    )  Database consists of small drug-like 
molecules 

 41  Cambridge Structural Database (CSD)  Repository of 500,000 small molecules 
and their crystal structures  42  (  http://www.ccdc.cam.ac.uk/prods/csd/csd.html    ) 

 43  KEGG LIGAND (  http://www.genome.jp/ligand/    )  Database includes compound, reactions, 
Rclass, Rpair and enzymes 

 44  Klotho (  http://www.biocheminfo.org/klotho    )  Classifi cation and collection of biological 
compounds 

 45  AANT (  http://aant.icmb.utexas.edu/    )  Nucleotide–amino acid interaction 
database 

 46  LIGAND (  http://genome.ad.jp/ligand/    )  Database has chemical compounds and 
reactions occurring in biological pathways 

 47  ZINC (  http://zinc.docking.org/    )  Consists of commercially available 
compounds for screening purpose 

 48  FDA drug (  http://www.centerwatch.com/patient/drugs/drugIsal.
html    ) 

 Comprises of drug list, approved by FDA 

  The table summarises the available bioinformatics resources and databases available for comprehensive analysis of 
metabolite in plant metabolome  
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research, the underlying biological mechanisms 
that contribute to biosynthesis of metabolites and 
their enormous diversity remain less understood. 
The science of plant metabolomics has coevolved 
with the allied branches of proteomics and tran-
scriptomics; however, certain major task needs to 
be accomplished for metabolome analysis, for 
instance, the unavailability of a universal method 
for isolation and quantifi cation of the total metab-
olites present in a cell at a particular time. 
Clustering of the LC-MS and GC-MS data may 

be a prospective solution to this problem (Jones 
et al.  2003 ; Bednarek et al.  2005 ; Jing et al.  2009 ; 
Pu et al.  2009 ; Banyai et al.  2010 ; Maes et al. 
 2010 ; Mishra and Srivastava  1991 ; El-Khateeb 
 1994 ; Farooqi et al.  1994 ; Verpoorte et al.  1993 ; 
Werrman and Knorr  1993 ; Fett-Neto et al.  1992 ; 
Kyung-Hee et al.  1994 ; Sabir et al.  2007 ,  2010 , 
 2011 ,  2012b ; Goossens et al.  2003 ; Mendes 
 2002 ; Rischer and Oksman- Caldentey  2006 ; 
Krizevski  2009 ). Another key approach to decode 
the complex biosynthetic mechanisms of 

   Table 8    Bioinformatics resources utilised for analysis of proteins in plant metabolome   

 S. No.  Web resources  Application on protein analysis 

 1  CSA (  http://www.ebi.ac.uk/thorntonsrv/databases/CSA/    )  Contains data on catalytic 
residues and active site in 
enzymes with known 3D 
structures 

 2  PDBSite (  http://srs6.bionet.nsc.ru/srs6/    )  3D structure of protein 
functional regions 

 3  ANTIMIC (  http://research.i2r.a-star.edu.sg/Templar/DB/ANTIMIC    )  Database is a collection of 
antimicrobial peptides 

 4  Genomic Threading Database GTD (  http://bioinf.cs.ucl.ac.uk/GTD    )  Structural annotations of the 
entire proteomes 

 5  MMDB (  http://www.ncbi.nlm.nih.gov/Structure    )  Database of 3D structures (part 
of NCBI, Entrez) 

 6  E-MSD (  http://www.ebi.ac.uk/msd    )  Database of macromolecular 
structure (part of ERI) 

 7  PDBsum (  http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/    )  Analysis of total PDB 
structures 

 8  GenDiS (  http://caps.ncbs.res.in/gendis/home.html    )  Classifi es the distribution of 
protein structural superfamilies 
in genome 

 9  ISSD (  http://www.protein.bio.msu.su/issd    )  Includes the integrated data of 
sequence structure of a protein 

 10  Protein Folding Database (  http://pfd.med.monash.edu.au    )  Includes experimental 
information on protein folding 

 11  SCOP (  http://scop.mrc-lmb.cam.ac.uk/scop    )  Provides a detailed account of 
structural classifi cation of 
proteins 

 12  3D-GENOMICS (  http://www.sbg.bio.ic.ac.uk/3dgenomics    )  Includes structural annotation 
of complete proteomes 

 13  SWISS-MODEL Repository (  http://swissmodel.expasy.org/repository    )  Annotated 3D protein models 
 14  ASC (  http://bioinformatica.isa.cnr.it/ASC    )  Collection of biologically 

active peptides 
 15  eMOTIF (  http://motif.stanford.edu/emotif    )  Determination of motifs in 

protein sequence 
 16  PASS2 (  http://ncbs.res.in/~faculty/mini/campass/pass.html    )  Comprises of structural motifs 

of protein superfamilies 
 17  GTOP (  http://spock.genes.nig.ac.jp/~genome/    )  Prediction of protein folds from 

genome sequences 
 18  ModBase (  http://salilab.org/modbase    )  Includes annotated comparative 

structure models 
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 secondary metabolites includes the combination 
of data mining metabolic module and science of 
proteomics and transcriptomics, respectively 
(Jones et al.  2003 ; Bednarek et al.  2005 ; Jing 
et al.  2009 ; Pu et al.  2009 ; Banyai et al.  2010 ; 
Maes et al.  2010 ; Mishra and Srivastava  1991 ; 
El-Khateeb  1994 ; Farooqi et al.  1994 ; Verpoorte 
et al.  1993 ; Werrman and Knorr  1993 ; Fett-Neto 
et al.  1992 ; Kyung-Hee et al.  1994 ; Sabir et al. 
 2007 ,  2010 ,  2011 ,  2012b ; Goossens et al.  2003 ; 
Mendes  2002 ; Rischer and Oksman-Caldentey 
 2006 ; Krizevski  2009 ). Further, the integration of 
methodologies with accurate and powerful pre-
dictions from different areas of scientifi c fi elds is 
required for complete analysis of metabolic con-
tent, the ‘metabolome’ of a biological system.     
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     Abstract  

  Glycomics, the study of entire complement of 
sugars in an organism, helps to analyze the 
interaction of sugar with other macromole-
cules like carbohydrates, proteins, and nucleic 
acid. Greater structural complexity, nonlinear 
relationship of glycans with genome, and dif-
fi culty in isolation, characterization, and syn-
thesis of complex oligosaccharides pose a 
signifi cant challenge to glycomics. The isola-
tion of plant glycoconjugates from natural 
sources is a complex process due to the lack of 
high-throughput user-friendly tools. Recent 
chemical advances have opened new and 
exciting possibilities in obtaining pure and 
chemically defi ned glycan moieties. 
Chromatographic techniques, tandem mass 
spectrometry, MALDI-mass spectrometry, 
ESI-mass spectrometry, NMR spectroscopy, 
and carbohydrate/lectin microarray are impor-
tant tools for glycomics. Glycogene microar-
rays are useful to identify differentially 
expressed glycosylation-related genes and to 
study glycan biosynthesis, structure, and func-
tion. Effi cient glycoinformatics have consid-
erably enhanced the glycomic research by 
improving the data quality and reducing 

        S.   Yadav ,  Ph.D.    •    D.  K.   Yadav ,  Ph.D.    •    N.   Yadav ,  Ph.D.    
   S.  M.  P.   Khurana ,  Ph.D.      (*) 
  Amity Institute of Biotechnology , 
 Amity University Harayana , 
  Gurgaon ,  Haryana ,  India   
 e-mail: smpaulkhurana@gmail.com  

      Plant Glycomics: Advances 
and Applications 

           Sarika     Yadav    ,     Dinesh     K.     Yadav    ,     Neelam     Yadav    , 
and     S.    M.     Paul     Khurana    

 Contents 

  Introduction to Glycomics  .....................................   300 

  Glycans  ....................................................................   301 
  Types of Glycans on the Basis of Constituent 
Monomer  ..................................................................   301 

  Homopolysaccharides  .........................................   302 
  Heteropolysaccharides  ........................................   302 

  Glycoconjugates  .....................................................   302 
  Glycoproteins: Protein-Linked Glycans  ..................   302 

  N-Linked Glycans  ...............................................   302 
  O-Linked Glycans  ...............................................   304 

  Mechanisms of Glycosylation  ..................................   306 
  Mechanism of N-Glycosylation  ..........................   306 
  Mechanism of O-Glycosylation  ..........................   306 

  Glycolipids: Lipid-Linked Glycans  .........................   307 
  Biosynthesis of Glycolipids  ................................   307 

  Importance of Plant Glycomics 
in Biopharming .......................................................   310 

  Techniques for Detection/Quantitation 
of Glycosylation  ......................................................   313 
  Mass Spectrophotometry  .........................................   315 
  Nuclear Magnetic Resonance (NMR) 
Spectroscopy  ............................................................   316 
  Microarray  ................................................................   317 

  Carbohydrate Microarray  ....................................   317 
 Lectin Microarray  ................................................   317 
 Glycogene Microarray .........................................   319 

  Glycoinformatics: Bioinformatics 
for Glycome Analysis  ..............................................   320 

  Applications of Plant Glycomics  ...........................   321 

  Summary  .................................................................   323 

 References  ...............................................................   324 

mailto:smpaulkhurana@gmail.com


300

experimental costs. Glycans including lectins 
provide both structural and functional diver-
sity to plants and are useful in transgenic tech-
nologies to increase resistance to pathogens 
and pests. Plant glycomics fi nd their applica-
tions in biopharming and biopharmaceutics 
and provides a novel area of advanced gly-
come research to understand structure–func-
tion relationships of glycans. Unraveling the 
mysteries of glycomics would indeed be very 
benefi cial as sugars play key role in many bio-
logical processes such as signaling, stress 
responses, and immunity.  

  Keywords  

  Biopharming   •   Glycans   •   Glycoconjugates   • 
  Glycomics   •   Glycoinformatics   •   Glycosylation   
•   Lectins   •   Mass spectrometry   •   Microarray   • 
  Nuclear Magnetic Resonance spectroscopy  

        Introduction to Glycomics 

 Glycome refers to the entire complement of sug-
ars, whether free or in the form of glycoconju-
gate, of an organism, including genetic, 
physiologic, pathologic, and other aspects. The 
term “glycomics” is analogous to genomics and 
proteomics and deals with the comprehensive 
study of glycome. The term glycomics has been 
derived from the “glyco” as prefi x that refers to 
sweetness or a sugar and following the “omics” 
as naming convention established by genomics, 
which deals with genes and proteomics, which 
deals with proteins. Glycomics involves the sys-
tematic study of all glycan structures of a given 
cell type or organism and is a subset of glycobiol-
ogy. Glycomics, since deals with assembly and 
expression of glycoconjugates in the biological 
system, helps to analyze, understand, and relate 
the collection of glycans to biological processes 
including the interaction of carbohydrates with 
carbohydrates, proteins, and nucleic acid. 

 Glycoconjugates are known to be involved in 
a variety of biological processes in the form of 
glycopeptides (combination of carbohydrates 
and proteins), glycolipids (combination of carbo-

hydrates and lipids), glycosaminoglycans, pro-
teoglycans, or other glycoconjugates. 

 Carbohydrates coat found in variety of cells 
are intimately involved in various biological pro-
cesses including viral entry, cell recognition, 
 signal transduction, cell differentiation, cell–cell 
interactions, bacteria–host interactions, micro-
bial pathogenesis, immunological recognition, 
fertility, and development. According to the 
Swiss-Prot database, more than 50 % of the 
eukaryotic proteins (Apweiler et al.  1999 ), and 
about one-third of biopharmaceuticals (Walsh 
and Jefferis  2006 ), are glycoproteins. 

 The major limitation for the advancement in 
the fi eld of glycomics is the greater structural 
complexity of these biomolecules as compared to 
nucleic acids and proteins including branching 
and linkage diversity. Besides, there exists a non-
linear and indirect relationship of glycans with 
genome owning to the secondary modifi cations 
of the monomers (Fig.  1 ). Furthermore, the diffi -
culty in isolating, characterizing, and synthesiz-
ing complex oligosaccharides has been a 
signifi cant challenge to progress in the fi eld. 
Thus, the technologies for rapid assessment of 
glycan structures (i.e., glycomics) are still in the 
developmental stages.  

 Recent chemical advances, such as improved 
synthetic methods, including the development of 
an automated solid phase synthesizer, and meth-
ods for enzymatic synthesis, have opened new 
and exciting possibilities in obtaining pure, 
chemically defi ned glycan moieties. At the same 
time, the fi eld has seen growing interest in the 
development of carbohydrate microarrays and 
neoglycoconjugates to facilitate otherwise labori-
ous biological studies. By unifying synthetic 
advances and new biochemical tools, it is now 
possible to expand the tool chest available to the 
glycomics researcher. 

 In the past few years, application of system-
atic methods has been used to study glycans and 
their interactions. The increasing number of data-
bases, web sites, and glycan libraries are address-
ing the needs of glycobiologists and 
glycochemists. Glycoinformatics, the informat-
ics tools available for assessing primary data 
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such as covalent, three-dimensional structures of 
glycans as well as glycoconjugates and  organizing 
such data into databases for scaling up the gen-
eration of primary data, prediction, and charac-
terization of structural or functional relationships. 
This chapter gives an overview of the status of 
glycosciences and perspectives on the applica-
tion of some of the emerging technologies.  

    Glycans 

 The term glycan refers to compounds that consist 
of a large number of monosaccharides linked by 
a glycosidic bond. D-glucose is the most com-
mon constituent of glycans; however, D-fructose, 
D-galactose, L-galactose, D-mannose, 
L-arabinose, D-fucose, and D-xylose are also fre-
quent constituents. Some monosaccharide deriv-
atives found in glycans include the amino sugars 

(D-glucosamine and D-galactosamine) as well as 
their derivatives ( N -acetylneuraminic acid and 
 N- acetylmuramic acid) and simple sugar acids 
(glucuronic and iduronic acids). The term glycan 
refers to the carbohydrate part of a glycoconju-
gate, viz., glycoproteins, glycolipids, or proteo-
glycans. Glycans usually consist of an 
O-glycosidic linkage among the monosaccha-
rides. Cellulose in plants is a glycan composed of 
β-1,4-linked D-glucose, while chitin in fungi is a 
glycan composed of β-1,4-linked 
 N -acetyl-D-glucosamine. 

    Types of Glycans on the Basis 
of Constituent Monomer 

 On the basis of sugar monomers, the glycans can 
be classifi ed as homopolymer and heteropolymer 
which can be further linear or branched. 

  Fig. 1     Glycomic complexity refl ecting cellular com-
plexity : Given that glycan structures are regulated by 
metabolism and glyco-enzyme expression and glycans 
modify both proteins and lipids, functional glycomics also 

requires the tools of genomics, proteomics, lipidomics, 
and metabolomics (Adapted from Hart and Copeland 
 2010 )       
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    Homopolysaccharides 
 Homopolysaccharides are composed of a single 
type of sugar monomer. These are usually named 
after the sugar unit they contain, for example, 
 glucans  (glucose homopolysaccharides) and 
 mannans  (mannose homopolysaccharides). In 
general, homopolysaccharides have a well- 
defi ned chemical structure with variable molecu-
lar weight even from a single source because 
these are synthesized by an enzyme-catalyzed 
biological process that lacks any genetic infor-
mation about the size. Major examples include 
 cellulose , an unbranched homopolysaccharide of 
D-glucose monomers linked together by β-1,4- 
glycosidic linkage, and  glycogen , a branched 
homopolysaccharide of D-glucose monomers 
joined by α-1,4-glycosidic linkages.  

    Heteropolysaccharides 
 Heteropolysaccharides or heteroglycans are the 
polysaccharides consisting of two or more differ-
ent monosaccharide or its derivatives. Most of the 
naturally occurring heteroglycans contain only 
two different units closely associated with lipid 
or protein, but few representatives are known to 
have three or more different monosaccharide 
units. Thus, heteroglycans have complex struc-
ture that are diffi cult to be studied. The major het-
eropolysaccharides include glycoproteins 
(carbohydrates conjugated to proteins) and gly-
colipids (carbohydrates conjugated to lipids) 
found in plants and animals.    

    Glycoconjugates 

 Glycoconjugates is the classifi cation for carbohy-
drates covalently linked with other chemical spe-
cies such as proteins, peptides, lipids, and 
saccharides. Glycopeptides, peptidoglycans, gly-
colipids, glycosides, and lipopolysaccharides are 
some of the major glycoconjugates involved in 
cell–cell interactions, in cell–cell recognition, in 
cell–matrix interactions, and in detoxifi cation 
processes (Lis and Sharon  1993 ). 

 Major classes of glycoconjugate include gly-
coproteins (carbohydrates conjugated to pro-

teins) and glycolipids (carbohydrates conjugated 
to lipids) found in plants and animals. 

    Glycoproteins: Protein-Linked 
Glycans 

 Carbohydrates attached to protein can be classi-
fi ed into two main categories on the basis of link-
age of sugar moities to the amino acid of the 
protein chain:  N-glycans  and  O-glycans.  The  O - 
and  N -linked glycans are more common in 
eukaryotes as compared to prokaryotes. 

    N-Linked Glycans 
 In plants, like other eukaryotes, the  N -glycans are 
covalently linked to the amide group of specifi c 
asparagine (Asn) residues constitutive of 
 N- glycosylation sites of the protein in endoplas-
mic reticulum (ER). The  N -glycosylation sites 
are made up of tripeptide Asn-X-Ser/Thr where 
X can be any amino acid except proline and 
aspartic acid (Kornfeld and Kornfeld  1985 ). All 
 N -glycans share a common minimal structure 
(Man3GlcNAc2) consisting of an N, N′-diacetyl 
chitobiose unit, a β-mannose residue linked to the 
chitobiose, and two α-mannose residues linked to 
3rd and 6th hydroxyl of the  β -mannose residue 
(Kornfeld and Kornfeld  1985 ). 

 The plant  N -glycans were earlier classifi ed 
into two major categories, namely, the high-
mannose- type and complex-type  N -glycans. 
Later, Lerouge et al. ( 1998 ), on the basis of 
nuclear magnetic resonance (NMR)- and mass 
spectrometry (MS)-based studies, reclassifi ed the 
plant  N -glycan into following four classes, viz., 
high-mannose-type, complex-type, 
paucimannosidic- type, and hybrid-type 
 N -glycans (Fig.  2 ).  

   High-Mannose-Type N-Glycans 
 High-mannose-type  N -glycans from 
Man5GlcNAc2 to Man9GlcNAc2 are formed 
due to the limited trimming of Glc and Man resi-
dues from the precursor oligosaccharide 
Glc3Man9GlcNAc2 (Fig.  3 ).  

 In plants, high-mannose-type  N -glycans were 
fi rst reported in soybean agglutinin and found to 
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be  N -linked to various extracellular and vacuolar 
glycoproteins (Lis and Sharon  1978 ). High-
mannose- type  N -glycans of spinach and maize 
calreticulin with unique  N -linked oligosaccha-
rides have been identifi ed as glycoprotein- 
specifi c chaperone in ER (Navazio et al.  1996 ; 
Pagny et al.  2000 ).  

   Complex-Type N-Glycans 
 Like other eukaryotes, plant complex-type 
 N -glycans are formed by the glycosidases and 
glycosyltransferases specifi c processing of high-
mannose- type  N -glycans in the Golgi apparatus. 
Complex-type plant  N -glycans are characterized 
by  α (1,3)-fucose and/or a  β (1,2)-xylose residues, 
respectively, linked to the proximal  N -acetyl glu-
cosamine and to the  β -mannose residues of the 
core, respectively, and by the presence of  β (1,2)-
 N -acetyl glucosamine residues linked to the 
 α -mannose units (Fig.  4 ).  

 Larger complex-type plant  N -glycans identi-
fi ed contain additional  α (1,4)-fucose and  β (1,3)-
galactose residues linked to the terminal  N -acetyl 
glucosamine units (Fitchette-Lainé et al.  1997 ; 
Melo et al.  1997 ). Such modifi cations yield 

Gal β 1-3(Fuc α 1-4)GlcNAc sequences known as 
Lewis acid antigens and usually found on cell 
surface glycoconjugates in mammals (Fig.  4 ). 
Similar structures have been isolated from syca-
more laccase, miraculin, and a pollen allergen 
from  Cryptomeria japonica  (Fitchette-Lainé 
et al.  1997 ; Melo et al.  1997 ).  

   Paucimannosidic-Type N-Glycans 
 Altmann ( 1997 ) proposed this nomenclature for 
modifi ed form of insect  N -linked glycans lacking 
terminal  N -acetylglucosamine residues linked to 
the  α -mannose residues of the core. The 
paucimannosidic- type  N -glycans refer to modi-
fi ed plant oligosaccharides with only an  α (1,3)-
fucose and/or a  β (1,2)-xylose residue linked, to 
the proximal GlcNAc and the  β -mannose resi-
dues, respectively, in the core Man3GlcNAc2 
(Fig.  5 ), or to the restricted core Man2GlcNAc2.  

 Earlier described as phytohemagglutinin-type 
 N -glycans, these were identifi ed from various 
plant glycoproteins (Bollini et al.  1985 ; Sturm 
et al.  1992 ; Gray et al.  1996 ; Oxley et al.  1996 ; 
Yang et al.  1996 ; Costa et al.  1997 ). This class of 
 N -glycans is formed as a result of the elimination 

  Fig. 2    Major classes of  N -glycans found in plants       

  Fig. 3    Structures of high-mannose-type  N -glycans Man5-GlcNAc2 to Man9GlcNAc2       
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of terminal residues from complex-type 
 N -glycans and found typically in vacuole 
glycoproteins.  

   Hybrid-Type N-Glycans 
 Hybrid-type  N -glycans are formed by the pro-
cessing of only  α (1,3)-mannose branch of the 
intermediate Man5GlcNAc2 resulting in oligo-
saccharides having  α (1,3)-fucose and/or a  β (1,2)-
xylose residues linked to GlcNAcMan5GlcNAc2 
(Fig.  6 ) (Oxley et al.  1996 ).    

    O-Linked Glycans 
 The  O -glycans are linked to the hydroxyl group 
of serine (Ser), threonine (Thr), hydroxylysine, 
or hydroxyproline (Hyp) residues in the protein 
chain (Fig.  7 ).  O -linked glycans in eukaryotes are 
assembled by addition of one sugar moiety at a 
time on a serine or threonine residue of a peptide 
chain in the Golgi apparatus (GA). The  O -linked 

glycans are formed by the addition of an 
 N -acetylgalactosamine (GalNAc) residue on the 
hydroxyl groups of Ser or Thr. Unlike  N -linked 
glycans, there is no known consensus sequence. 
The presence of a proline residue at either −1 or 
+3 relative to the serine or threonine is favorable 
for  O -linked glycosylation.  

 Limited information is available about the 
plant  O -linked glycans that are usually consid-
ered as structurally different from mammalian 
O-glycans. Humans  O -glycans are mucin-type 
 O -glycans, with xylose residues  O -linked to Ser 
or Thr in proteoglycans and glycoproteins. In 
contrast, plant  O -linked glycans are formed by 
the nucleocytoplasmic  O -glycosylation during 
the transient addition of a single 
 N -acetylglucosamine (GlcNAc) residue on the 
Ser and Thr residues of the peptide chain (Zachara 

  Fig. 4    Structures of 
complex-type  N -glycans       

  Fig. 5    Structures of paucimannosidic-type  N -glycans 
Man3(Xyl)(Fuc)GlcNAc2       

  Fig. 6    Structures of hybrid-type  N- glycans 
GlcNAcMan5(Xyl)(Fuc)GlcNAc2 from plant 
glycoproteins       
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and Hart  2006 ). Putative mammalian mucin-type 
 O -glycosylation has been reported from some of 
plant Golgi membrane proteins and rice glutelin 
(Mitsui et al.  1990 ; Kishimoto et al.  1999 ). 

 The detailed information about the genetic 
basis for the biosynthesis of  O -linked glycans 
(galactose-serine, galactose-hydroxyproline, 
arabinose-hydroxyproline) is lacking, and it is 
assumed that some among the many known 
β(1,3)-glycosyltransferase homologues in plants 
(20 homologues in  Arabidopsis ) are involved in 
formation of the β(1,3)-galactose backbone of 
arabinogalactan side chains (Fig.  8 ).  

 Role of arabinogalactans in plant development 
is established by the effects of arabinogalactans 
binding reagents on the growth of pollen tube 
tips, somatic embryogenesis, and cell expansion 
and/or division (Majewska-Sawka and Nothnagel 
 2000 ) which is probably resulting in the plant 
homologues of animal proteoglycans. 

 The extensions and arabinogalactan proteins 
(AGPs) are well-known O-linked glycans con-
taining proteins in plants and belong to Hyp-rich 
glycoproteins (HRGPs). The O-glycosylation of 
HRGPs results from two consecutive post- 
translational modifi cations involving the hydrox-
ylation of some Pro residues by prolyl 

4-hydroxylases (P4Hs) in the ER, and the subse-
quent O-glycosylation of some, but not all, Hyp 
residues by glycosyltransferases in the 
GA. Extensins are extensively O-glycosylated, 
with one to four arabinosyl residues O-linked 
onto most Hyp residues, and galactose (Gal) resi-
dues bound to many Ser residues (Fig.  9 ), two 
types of O-glycosylation that were also described 
for lectins in Solanaceae (Showalter  2001 ).  

 AGPs are the most highly glycosylated 
HRGPs, with Hyp residues frequently glycosyl-
ated by either large arabinogalactan glycomod-
ules (Fig.  9 ) or short unbranched 
arabinooligosaccharides (Pope  1977 ; Qi et al. 
 1991 ). HRGPs are involved in many aspects of 
plant growth and development (Seifert and 
Roberts  2007 ), and many effects of O-linked gly-
cosylation on the biological activity of these pro-
teins have been described. Reagents binding or 
cleaving the O-glycans of AGPs were shown, for 
instance, to affect growth of pollen tubes, cell 
expansion, somatic embryogenesis, or xylem dif-
ferentiation (Motose et al.  2004 ; van Hengel et al. 
 2001 ).   

  Fig. 7    Types of O-glycans found in plant glycoproteins. Hydroxyproline is unique feature of plants and members of 
chlorophyceae       

  Fig. 8    Structures of different types of  O -glycans in plants (Wilson  2002 )       
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    Mechanisms of Glycosylation 

    Mechanism of N-Glycosylation 
 N-glycosylation of plant proteins starts in the ER 
with the transfer of oligosaccharide precursor 
(Glc3Man9GlcNAc2) by the oligosaccharyl 
transferase from a dolichol lipid carrier to spe-
cifi c Asn residues on the nascent polypeptide 
chain. The precursor is subsequently modifi ed by 
glycosidases and glycosyltransferases during the 
transport of the glycoprotein to its fi nal localiza-
tion. Oligosaccharide precursor 
Glc3Man9GlcNAc2 fi rst undergoes an early 
trimming of the three terminal glucose units cata-
lyzed by the glucosidases I and II in the ER 
(Szumilo et al.  1986a ,  b ). A transient reglucosyl-
ation by an ER UDPglucose:glycoprotein gluco-
syltransferase may occur subsequently which is 
involved in the quality control of glycoproteins in 
the ER (Hammond et al.  1994 ). Plant N-glycans 
can be further modifi ed in the Golgi into complex- 
type N-glycans during the transport of the glyco-
protein from the  cis , through medial to  trans  
cisternae. First, the α-mannosidase I ( α -Man I) 
removes one to four  α (1,2)-mannose residues and 
converts Man9GlcNAc2 to Man5GlcNAc2 
(Sturm et al.  1987 ; Szumilo et al.  1986a ,  b ). 
Biosynthesis of complex-type N-glycans starts 
with the addition of a fi rst N-acetylglucosamine 
residue to the α(1,3)-mannose branch of the 
Man5GlcNAc2 high-mannose-type glycan. This 
step is catalyzed by the 
N-acetylglucosaminyltransferase I (GNT I) to 
yield GlcNAcMan5GlcNAc2 (Tezuka et al. 
 1992 ). Two additional mannose residues are then 
removed from GlcNAcMan5GlcNAc2 by the 
 α -mannosidase II ( α -Man II), and another outer 
N-acetylglucosamine residue is transferred by 
the N-acetylglucosaminyltransferase II (GNT II) 
to the  α (1,6)-mannose branch (Tezuka et al. 
 1992 ). At this stage,  α (1,3)-fucosylation and 
 β (1,2)-xylosylation of the core Man3GlcNAc2 
may occur to yield plant-specifi c N-linked gly-
cans. The sequences of the xylosylation and the 
fucosylation events are not completely under-
stood. Plant N-linked glycans having only a 
 β (1,2)-xylose or only an  α (1,3)-fucose residue 
have been identifi ed in plant glycoproteins (Costa 

et al.  1997 ; Ohsuga et al.  1996 ).  α (1,3)-
Fucosylation and  β (1,2)-xylosylation are two 
independent events in plants. Plant hybrid-type 
N-glycans could result from an uncompleted 
action of  α -Man II (Fig.  10 ).  

 Terminal fucose and galactose residues can be 
further added to complex-type N-glycans to yield 
one or two Gal β 1-3(Fuc α 1-4)GlcNAc sequences 
known as Lewis acid antigen involved in cell–cell 
recognition and cell adhesion processes. After 
maturation in the ER and the Golgi apparatus, 
complex-type N-glycans can be further modifi ed 
during the glycoprotein transport to, or in, the 
compartment of its fi nal destination. Typical 
vacuole- type modifi ed N-glycans containing 
fucose and/or xylose residues but devoid of ter-
minal glucosamine residues are named 
paucimannosidic- type N-glycans which can only 
result from post-Golgi modifi cations occurring 
on complex-type N-glycans (Lerouge et al. 
 1998 ).  

    Mechanism of O-Glycosylation 
 In plants, O-glycosylation has been described 
mainly for the hydroxyl groups of Hyp, Ser, and 
Thr residues. Plant and mammalian O-glycans 
usually are considered as structurally different, 
but with two notable exceptions. A fi rst exception 
is the nucleocytoplasmic O-glycosylation 
observed during the transient addition of a single 
N-acetylglucosamine (GlcNAc) residue onto Ser 
and Thr residues of the peptide backbone 
(Zachara and Hart  2006 ). The second exception 
is a putative mammalian mucin-type 
O-glycosylation reported for some plant Golgi 
membrane proteins and rice glutelin (Mitsui et al. 
 1990 ; Kishimoto et al.  1999 ). The exact mecha-
nism of O-glycosylation is not well established in 
plants. Unlike  N -glycosylation, there is no known 
consensus sequence for  O-glycosylation.  The 
main O-glycosylated proteins in plants, exten-
sions, and arabinogalactan proteins (AGPs), 
belong to Hyp-rich glycoproteins (HRGPs). The 
O-glycosylation of HRGPs results from two con-
secutive post-translational modifi cations involv-
ing the hydroxylation of some Pro residues by 
prolyl 4-hydroxylases (P4Hs) in the ER and sub-
sequent O-glycosylation of some, but not all, 

S. Yadav et al.



307

Hyp residues by glycosyltransferases in the GA 
(Fig.  9 ). Extensins are extensively glycosylated, 
with one to four arabinosyl residues O-linked 
onto most Hyp residues, and galactose (Gal) 
bound to many Ser residues (Fig.  7 ), two types of 
O-glycosylation that were also described for lec-
tins in Solanaceae (Showalter  2001 ). AGPs are 
highly glycosylated on Hyp residues by either 
large arabinogalactan glycomodules or short 
unbranched arabinooligosaccharides (Qi et al. 
 1991 ). HRGPs are involved in many aspects of 
plant growth and development, and O-linked gly-
cosylation is known to affect the biological activ-
ity of these proteins. Removal of O-glycans of 
AGP affects growth of pollen tubes, cell expan-
sion, somatic embryogenesis, or xylem differen-
tiation (Motose et al.  2004 ).   

    Glycolipids: Lipid-Linked Glycans 

 The term glycolipid is used for amphiphathic 
molecules containing one or more mono- or oli-
gosaccharide moiety linked by a glycosidic link-
age to a hydrophobic ceramide moiety. The 
asymmetric distribution of hydrophilic head and 
nonpolar hydrophobic hydrocarbon (acyl) chain 
in glycolipids leads to aggregation that forms a 
cluster in an aqueous environment forming the 
lipid bilayer. Thus, glycolipids play an important 

role in membrane stabilization. Glycolipids, such 
as acylglycerol, ceramides (N-acyl sphingoid), 
prenyl phosphate, glycosylated glycerolipids, 
sterols, or a sphingolipids, are present in almost 
all biological membranes. Galactolipids are the 
most abundant membrane lipids especially in 
green tissues representing ~75 % of total mem-
brane lipids content (Dörmann and Benning 
 2002 ). Glycolipids in plants exist as free sterols, 
acylated sterols, steryl glycosides, and acylated-
steryl glycosides. Naturally occurring steryl 
 glucoside have been identifi ed as 
3-β-hydroxyglucosides, where C-1 of the carbo-
hydrate participate in the formation of glycosidic 
linkage (Grunwald  1978 ). The most abundant 
sugar reported in steryl glucoside is glucose, 
although galactose, mannose, and gentiobiose 
also have been found in abundance. 

    Biosynthesis of Glycolipids 
 Studies on steryl glucoside and esterifi ed steryl 
glucoside biosynthesis of various plants have 
suggested that esterifi ed steryl glucoside forma-
tion could occur via two pathways (Frasch and 
Grunwald  1976 ; Grunwald  1978 ; Potocka and 
Zimowski  2008 ). In the fi rst one, acyl groups are 
transferred from phospholipids to steryl gluco-
side by a microsomal enzyme. In the second pro-
posed pathway, a soluble enzyme uses acyl 
groups originating from galactolipids for steryl 
glucoside acylation but at a distinctly lower rate. 
The oligosaccharide of complex glycolipids is 
synthesized by stepwise addition of sugars cata-
lyzed by specifi c glycosyltransferases in the 
Golgi apparatus. Most of the glycosyltransfer-
ases that synthesize the glycolipids are typical 
Golgi-resident type II integral membrane pro-
teins. The components of glycolipid machinery 
are distributed in the lumen and membrane where 
membrane-bound sugar transporters and donor 
sugar nucleotides direct the biosynthesis of basic 
oligosaccharide structures of different glycolip-
ids (Fig.  11 ).  

 Ceramide is the lipid moiety of glycosphingo-
lipids which is transported from the ER to the 
proximal Golgi by the cytosolic protein 
CERT. CERT extracts ceramide from ER through 
its FFAT and START domains and transfers it to 

  Fig. 9    Plant-specifi c  O -glycans: ( a ) extensin-type 
 O -glycans and ( b ) arabinogalactan proteins (AGP)-type 
 O -glycans       
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Golgi apparatus in a non-vesicular manner 
(Hanada et al.  2009 ). After transport of ceramide 
in the proximal Golgi, it is converted to glucosyl-
ceramide (Cer-Glc) by ceramide glucosyltrans-
ferase (GlcT). The catalytic site of GlcT is 

oriented toward the cytoplasm and has type III 
topology. Further, Cer-Glc is transported to the 
distal Golgi by FAPP2, where it is translocated to 
the luminal leafl et. Cer-Glc is converted into Cer- 
Lac (Cer-Glc-Gal) and higher glycolipid deriva-

  Fig. 10    Processing of plant N-linked glycans in ER and 
the Golgi apparatus. Abbreviations: α-Man I, 
α-mannosidase I; α-Man II, α-mannosidase II; GNT I, 
N-acetylglucosaminyltransferase I; GNT II, 
N-acetylglucosaminyltransferase II;  β (1,2)-XylT, β(1,2)-

xylosyltransferase; α(1,3)-FucT, α(1,3)-
fucosyltransferase; β(1,3)-GalT, 
β(1,3)-galactosyltransferase; α(1,4)-FucT, α(1,4)-
fucosyltransferase (Adapted from Lerouge et al.  1998 )       
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  Fig. 11     Pathway of biosynthesis of glycolipids : show-
ing only Cer-Glc derived species of the “a”, “b,” and “c” 
gangliosides series. GalT, UDPGal:ceramidegalactosyltra
nsferase; CerGalST, PAPS-galactosylceramidesulfotransf
erase; GlcT, UDP-Glc:ceramideglucosyltransferase; 
GalT1, UDP-Gal:glucosylceramidegalactosyltransferase; 
SialT1, CMP- NeuAc:lactosylceramidesialyltransferase; 
SialT2, CMP-NeuAc:GM3 sialyltransferase; GalNAcT, 

UDP-GalNAc: LacCer/GM3/GD3/GT3 
N-acetylgalactosaminyltransferase; GalT2, UDP-Gal: 
GA2/GM2/GD2/GT2 galactosyltransferase; SialT3, 
CMP-NeuAc:GD3 sialyltransferase; SialT4, CMP-
NeuAc:GA1/GM1/GD1b/GT1c sialyltransferase; SialT5, 
CMP-NeuAc:GM1b/GD1a/GT1b/GQ1c sialyltransfer-
ase. Nucleotide sugar donors that participate in each trans-
fer step are not shown in Figure (Maccioni et al.  2011 )       

 

Plant Glycomics: Advances and Applications



310

tives by GT acting in the lumen of the distal 
Golgi (Fig.  11 ) (D’Angelo et al.  2007 ; Maccioni 
 2007 ). 

 Cer-Glc is also transported directly to the 
plasma membrane but is poorly used for synthe-
sis of more complex glycolipids and turns over 
rapidly (Warnock et al.  1994 ). It has been pro-
posed that FAPP2 may also transport Cer-Glc 
from the  cis  Golgi to the ER, where after translo-
cating to the lumen, it would enter the secretory 
pathway and is further modifi ed to higher-order 
derivatives in the Golgi lumen (Halter et al. 
 2007 ). Ceramide galactosylation takes place in 
the ER by a type I ceramide galactosyltransferase 
(GalT), with a luminal N-terminal domain bear-
ing an ER retrieval signal (KDEL) and the cata-
lytic site (Schulte and Stoffel  1993 ; Sprong et al. 
 1998 ). Cer-Gal is the precursor of sulfatides 
(Cer-Gal-SO4) by accepting sulfate residues 
from donor 3′-phosphoadenosine-5′-
phosphosulfate in the C-3 of the galactose 
(Cumar et al.  1968 ) catalyzed by 
sulfotransferase.    

    Importance of Plant Glycomics 
in Biopharming 

 Plants can carry out posttranslational protein 
modifi cations in a similar manner if not identical 
as that of mammalian cells. Thus, human like 
complex glycosylation capability of plants is 
well known. Moreover, the targeted engineering 
of plant  N -glycosylation pathway allows the pro-
duction of proteins carrying largely homoge-
neous, human-type oligosaccharides to reduce 
the risk of allergenicity when those products are 
aimed for human use. 

 The agricultural large-scale production of 
recombinant proteins is known as  biofarming , 
whereas it is referred as  biopharming  when deals 
with medicinal or pharmaceutical proteins. Plants 
are gaining increasing acceptance as bioreactors 
since they possess a number of attractive features 
for the large-scale production of industrial 
enzymes and pharmaceuticals (Yadav et al. 
 2013 ). (Table  1 ).

   Plant cell as well as plant organ culture are of 
signifi cance for the production of such proteins, 
like root cell cultures have been reported for the 
production of mouse immunoglobulins (Doran 
 2000 ; Sharp and Doran  2001a ,  b ). Moreover, 
plant bioreactors are safer as compared to animal 
expression systems because they act as non-host 
system for human pathogens, such as viruses and 
prions (Fischer and Emans  2000 ; Larrick and 
Thomas  2001 ; Daniell et al.  2001 ). Plant cells are 
known to have ability to assemble multimeric 
human proteins such as mammalian immuno-
globulins (Larrick and Thomas  2001 ). Also the 
genetically engineered plants have been used for 
the production of such proteins for targeted 
expression to certain parts of the plant, such as 
seeds (Giddings et al.  2000 ; Chadd and Chamow 
 2001 ; Russell  1999 ; Hood and Jilka  1999 ; Zeitlin 
et al.  1998 ; Fiedler and Conrad  1995 ; Horvath 
et al.  2000 ). This enables easy harvesting, stor-
age, and allowing fl exibility in subsequent pro-
cessing of such proteins. Moreover, development 
of the transgenic plant expression systems such 
as banana and cassava (Schenk et al.  1999 ; Zhang 
et al.  2000 ) would help to cope with the availabil-
ity of pharmaceutical and therapeutic products in 
developing countries where the specialized tech-
nology for cell culture is not be widely 
accessible. 

 It also includes the production of edible vac-
cines in genetically modifi ed plants expressing 
recombinant bacterial or viral proteins in edible 
parts to stimulate an immune response in the 
human after consuming them. The mice fed on 
transgenic alfalfa expressing a foot-and-mouth 
disease virus protein produced an immune 
response to the pathogen (Wigdorovitz et al. 
 1999 ). Human trials at initial phase using pota-
toes expressing an antigen, Norwalk virus capsid 
protein, showed signifi cant titers of specifi c anti-
gen detectable in the subjects’ serum (Tacket 
et al.  2000 ). 

 Plants have emerged as an attractive expres-
sion system for the production of recombinant 
proteins for therapeutic use. However, the plants 
have differences in their glycosylation state as 
compared to mammalian system. One of major 
difference is that plant cells do not synthesize 
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sialylated glycans. Presence of terminal sialic 
acid glycan prevents the rapid opsonization of 
antigens and, hence, assures the protective 
response of a vaccine. Also plants synthesize gly-
can residues that are not found in human glyco-
conjugates (Lerouge et al.  1998 ). Plant glycans 
usually contain xylose, rhamnose, arabinose, and 
1–3 fucose residues that are not found in human 
glycans. 

 Plant  O -linked glycans are usually linked to 
serine, threonine, or hydroxyproline (unlike 
human). Plant  O -linked glycans are highly glyco-
sylated therefore called as proteoglycans instead 
of glycoproteins. These generally include exten-
sins involved in plant cell wall synthesis; lectins 
and soluble arabinogalactans present in exudates, 
cell walls, and intercellular spaces. Extensins 
typically consists of short arabinose chains linked 
to hydroxyproline and galactose (either mono-
saccharides or disaccharides of galactose) linked 
to serine. Soluble arabinogalactans are highly 
glycosylated with glycans that are rich in rham-
nose, arabinose, galactose, glucuronic acid, 
galacturonic acid, and their methylated deriva-
tives. The  O -linkage is often between a Gal or 
Glc residue and a hydroxyproline of the polypep-
tide backbone. 

 Plant  N -linked glycans are slightly different 
structurally from those of humans, while resem-
ble more to those of insects. These are processed 
in the ER and Golgi apparatus almost in the same 
way as the human  N -glycans. Plants have high- 
mannose  N -linked glycans due to incomplete 
processing of the core intermediate and have a 
general formula of Man5–9GlcNAc2. Further 
trimming of core and subsequent chain extension 
then gives rise to heterogeneous complex-type 
 N -glycans having antennae rich in Fuc, xylose, 
GlcNAc, and Gal (Altmann et al.  2001 ; Lerouge 
et al.  1998 ). 

 Plant cells synthesize complex glycan struc-
tures some of which are not present in human 
cells and are allergenic to humans. Most impor-
tantly α1 → 3-linked Fuc and β1 → 2-linked 
xylose are known to induce a strong IgE-mediated 
immune response (Fotisch and Vieths  2001 ). 
Thus, it represents a signifi cant barrier to their 

use for synthesis of glycoproteins for human use. 
However, genetic humanization of plant- 
expressed glycoproteins has been successfully 
shown and suggests the successful use of plants 
as bioreactor. 

 One of the most developed areas of research 
utilizing transgenic plants for the production of 
human therapeutics and pharmaceuticals includes 
the production of immunoglobulins or plantibod-
ies (Daniell et al.  2001 ; Sala et al.  2003 ). This 
commonly aims the production of an antibody 
for topical application to mucosal surfaces and/or 
for oral administration. Plants exist as only com-
mercially viable expression system for the pro-
duction of sIgA (Larrick and Thomas  2001 ). An 
IgA antibody produced against  Streptococcus 
mutans  in tobacco has shown promising early 
results under clinical trials as oral topical admin-
istration to prevent dental caries (Larrick et al. 
 2001 ). Humanized antibodies against herpes sim-
plex virus glycoprotein expressed in transgenic 
soybean produced for vaginal administration 
were shown an effective immunopreventative 
agent against genital herpes infection in mouse 
(Hood and Jilka  1999 ). Tobacco has been used to 
express antibodies against different lymphomas 
(McCormick et al.  1999 ) and carcinoembryonic 
antigen (CEA) (Vaquero et al.  2002 ). 

 Plants  N -glycosylate the immunoglobulins in 
the same way as in humans, but the glycoforms 
synthesized are found to be more variable and 
highly composed of β1 → 2-linked xylose and 
α1 → 3-linked Fuc attached to the core 
Man3GlcNAc2 (Garcia-Casado et al.  1996 ). The 
difference in the glycosylation pattern of anti-
bodies produced by plant as compared to human 
cells is important due to their potential immuno-
genicity in the human recipients. However, there 
are reports where a plantibody injected into mice 
did not elicit an adverse immune reaction 
(Chargelegue et al.  2000 ). The glycosylation of 
both endogenous plant glycoproteins and trans-
genic glycoproteins expressed in tobacco plant is 
reported to be altered in the leaves during senes-
cence (Elbers et al.  2001 ). Thus, suggesting the 
effect of physiological conditions affecting gly-
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cosylation and deliberate modifi cation of plant 
glycosylation pathways. 

 Genetically manipulated plant resulting in the 
premature termination of glycan synthesis, to 
prevent formation of immunogenic structures, 
would help to alleviate the problem of potential 
antigenicity by plant-expressed glycosylated pro-
teins of human use. For example, knockout 
GlcNAc transferase I would inactivate the path-
way by which complex  N -glycans are extended 
from the GlcNAc2Man5 core. Another approach 
would be to prevent the glycoprotein from reach-
ing the Golgi apparatus for fi nal glycan process-
ing that could be achieved by incorporating an 
ER retention sequence (C-terminal KDEL 
sequence) with the gene coding for the recombi-
nant glycoprotein (Yadav et al.  2012 ). Plants with 
such modifi cation synthesize proteins that carry 
unmodifi ed high-Man-type glycans. Such gly-
cans are not directly immunogenic to human but 
poorly suited to human therapeutics as they are 
being rapidly cleared from circulation, due to 
recognition by the macrophage Man receptor. 
Therefore, knocking out plant glycosylation 
enzymes that build the immunogenic glycan 
structures would be more logical approach. For 
example, inactivation of the xylosyltransferase 
that adds xylose residues to plant glycoproteins 
(Leiter et al.  1999 ). 

 A glycosylated protein can be engineered if 
the  N -linked glycosylation sequon Asn-X-Ser/
Thr is altered. Addition of Lys-Asp-Glu-Leu 
(KDEL) at the C-terminus targets proteins to the 
proximal ER reduces the incidence of core 
 N -linked xylose and Fuc in favor of high-Man- 
type glycosylation patterns (Wandelt et al.  1992 ; 
Yadav et al.  2012 ). Even introduction of an addi-
tional human transferase would help to synthe-
size a more comprehensive array of human 
glycans. For example, introduction of human 
β-1,4 galactosyltransferase for stable expression 
in tobacco cells resulted in conversion of plant- 
type glycans to more human glycoforms due to 
synthesis of galactosylated structures (Palacpac 
et al.  1999 ). Also, β-1,4 galactosyltransferase 
transfected tobacco cells expressing mouse 
immunoglobulins produced partially galactosyl-

ated glycoforms of the plantibodies (Bakker et al. 
 2001 ). 

 A major challenge for plant expression system 
would be to achieve sialylated glycans from 
transgenic plant cells as plants do not synthesize 
sialic acids. Thus require to introduce and target 
not only appropriate and functional sialyltrans-
ferases but also enzymes for its synthesis and 
transport. Misaki et al. ( 2003 ) showed that cul-
tured plant cells expressing human β-1,4 galacto-
syltransferase produced glycoproteins with 
Gal-extended  N -linked glycans, appropriate for 
in vitro sialylation.  

    Techniques for Detection/
Quantitation of Glycosylation 

 Both prokaryotes and plants—owing to their 
diverse, versatile, and easily adaptable biosyn-
thetic machinery—exhibit a large repertoire of 
monosaccharide building blocks (e.g., 
l- rhamnose, N-acetyl-d-fucosamine, etc.) as part 
of their lipopolysaccharides, capsular polysac-
charides, antibiotic glycosides, and plant-derived 
polysaccharides, which, in contrast, are not found 
in humans. Consequently, the study of glycomics 
of prokaryotes and the plant kingdom is indeed a 
daunting task in relation to mammalian genome 
(Varki et al.  2008 ). However, there are some 
common features found with respect to biosyn-
thetic protein  N -glycosylation pathways between 
plant and mammalian systems, with the excep-
tion of sialic acids which are unique to mammals 
(Wilson  2002 ). Both genomics and proteomics 
are made “relatively” simple due to their 
template- driven nature arising out of base-pair 
complementarities and trinucleotide codon- 
driven transcriptional and translational processes. 
In comparison to genomics and proteomics—
where automated synthesis, amplifi cation, 
expression, and characterization have become 
routine—the tools available for glycomics are 
few. This necessitated the development of unique 
tools that are currently reaching a reasonable 
level of sophistication for use by nonspecialists 
(Bertozzi and Kiessling  2001 ; Pilobello and 
Mahal  2007 ; Prescher and Bertozzi  2006 ). The 
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enormous diversity of structures created from 
limited number of monosaccharides building 
blocks coupled with its non-template-driven 
nature has made the task of system-wide glycan 
profi ling a challenging task (Cummings  2009 ; 
Gabius et al.  2004 ) (Fig.  12 ).  

 A major obstacle for the advancement of gly-
comics has been the lack of sensitive and easy-to- 
use high-throughput analytical tools. The 
availability of well-characterized enzymes with 
known substrate specifi cities, such as PNGase-F 
(useful for cleaving the intact N-linked glycans 
out of the asparagine (Asn) side chain), endo-H 
(useful for cleaving the internal β-(1,4)- GlcNAc 
residue of N-linked glycans leaving one GlcNAc 
attached to peptide backbone), and several plant 
and bacterial glycosidases (useful for distin-
guishing specifi c anomeric linkages), and ana-
lytical chromatographic methods, based on 
electrochemical detection and fl uorophore 
derivatization of the reducing end anomeric car-
bon (Domann et al.  2007 ), enabled detailed and 
thorough characterization of the total oligosac-

charide structures and linkages (Ghesquiere et al. 
 2006 ; Ramachandran et al.  2006 ). Parallel 
advances in stereochemically controlled synthe-
sis and purifi cation of oligosaccharides produced 
homogenous glycans that served as reference 
standards for biological specimen-derived gly-
cans, haptens for conjugation, production of 
monoclonal antibodies, and vaccine development 
(Buskas et al.  2006 ; Seeberger and Werz  2007 ; 
Wang et al.  2007 ). However, the characterization 
of a complete structure of a glycan using enzymes 
and chromatography involves tedious and time- 
consuming efforts (Ding et al.  2009 ; Patwa et al. 
 2009 ; Zheng et al.  2007 ). 

 The advent of proteomics and evolution of 
powerful user-friendly MS technologies espe-
cially methods coupled to chromatography and 
bioinformatics has enabled rapid analysis of gly-
cans (Bielik and Zaia  2010 ; von der Lieth et al. 
 2006 ; Werz et al.  2007 ; Zaia  2008 ). Mass spec-
trometry, microarray and bioinformatic tech-
niques have the advantage to rapidly scan and 
analyze samples in a high-throughput manner. 

  Fig. 12    Complexity and diversity of eukaryotic glycome: 
the information fl ow from genome to glycome increases 
exponentially (diagram not drawn to scale). Glycans pro-
vide functional diversity originating from only a single 
gene. Glycome is generated by complex, non-template-

driven biosynthetic glycosylation pathways, governed by 
availability of carbohydrate substrates, expression, and 
activity levels of enzymes and sugar–nucleotide 
transporters       
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    Mass Spectrophotometry 

 Glycosylation defi nes the adhesive properties of 
cell surfaces and the surrounding extracellular 
environments. Cells respond to stimuli by alter-
ing glycan expression; glycan structures vary 
according to spatial location in tissue and tempo-
ral factors. Effective analytical methods are 
needed for speedy identifi cation of new targets 
and the development of industrial glycoprotein 
products. MS is an enabling technology in gly-
comics. MS has gained widespread use in glycan 
and glycosylated protein analysis due to its high 
selectivity, sensitivity, and ability to analyze 
complex mixtures rapidly. The advent of soft 
 ionization techniques such as ESI and MALDI 
has revolutionized the glycan research. 

 MS is capable of providing structural con-
straints for purifi ed molecules, although com-
plete structural determination typically requires 
several analytical technologies including MS, 
linkage analysis, and NMR. MS methods are also 
used to maximize the structural information pro-
duced, given limiting resources in terms of time, 
labor, and sample quantity. Mass spectrometry 
has the advantage to rapidly scan and analyze 
samples in a high-throughput manner, once the 
glycans or glycopeptides have been isolated, with 
or without permethylation, or enriched using 
lectin- based affi nity chromatography. In “omics” 
fi elds, tasks are usually divided between discov-
ery and targeted analysis. Thus, determination of 
glycan masses is often an early step in profi ling 
glycan expression. The masses of glycans 
released from biological source may be deter-
mined rapidly and with low sample consumption 
and high throughput. The resulting information 
shows the abundances of all glycan compositions 
present and do not determine the abundances of 
individual glycan structures, because of the pres-
ence of structural isomers. Combinations of sepa-
rations and tandem mass spectrometry may be 
used to build information defi ning the structures 
of glycans present from product ion patterns. 
Unlike peptides, which are made of amino acid as 
building blocks with distinct molecular mass 
enabling easy identifi cation of unique peptide 
sequences, the isobaric nature of various mono-

saccharide components of glycans complicates 
the assignment. So, although one could easily 
predict the size of the oligosaccharides and gen-
eral components such as number of hexosamines, 
hexoses, sialic acids, etc., using mass spectrom-
etry, the specifi c monosaccharides and their ste-
reochemical linkages have to be deduced based 
on known biochemical pathways (North et al. 
 2009 ; von der Lieth et al.  2006 ). High-end tech-
niques such as tandem mass spectrometry (MS)n, 
which study fragmentation of a given molecular 
ion peak and generation of fi ngerprint-like pat-
terns, are being currently developed to identify 
the component monosaccharides, their linkage 
positions, and anomeric orientations. The chemi-
cal composition of the carbohydrate monosac-
charide residues strongly infl uences the ionization 
of glycoproteins (Zaia  2008 ). Glycoconjugate 
glycosylation tends to increase the acidity of gly-
coproteins relative to aglycon. Thus, glycosyl-
ation increases both the hydrophilicity and 
surface activity of the modifi ed proteins and pep-
tides. These effects strongly infl uence the ioniza-
tion of glycoconjugates, relative to unmodifi ed 
proteins or peptides. Thus, if analyzing a glyco-
protein tryptic digests using positive ion mass 
spectrometry, the unmodifi ed peptides will be 
least acidic and more likely to form abundant 
positive ions, with the result that the ionization of 
glycosylated proteins will be suppressed. As a 
general principle, samples to be analyzed using 
mass spectrometry should be separated into frac-
tions of approximately equal acidities to mini-
mize the extent to which ion suppression occurs. 

 To simplify the vast number of structures pos-
sible for a given oligosaccharide purely based on 
mathematical permutations and for matching of a 
given mass spectrometry ion peak to relate to a 
minimal set of glycans, qualifi ed databases were 
developed using known mammalian biosynthetic 
glycosylation pathways as limiting parameters 
(Cooper et al.  2001 ; Goldberg et al.  2005 ; 
McDonald et al.  2009 ). Rigorous mathematical 
models correlating expression levels and activi-
ties of enzymes involved in N-glycan biosyn-
thetic pathways to the overall mass spectrometry 
profi le of glycans have been developed to analyze 
differential glycosylation patterns (Krambeck 
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et al.  2009 ). Notwithstanding intense efforts by 
multiple research groups, the use of mass spec-
trometry as a stand-alone technique for complete 
characterization of glycans is still far from 
complete. 

 Although fast atom bombardment ionization 
was used to develop many of the principles of 
modern glycoconjugate mass spectrometry (Zaia 
 2010 ), the matrix-assisted laser desorption/ion-
ization (MALDI) (Karas and Hillenkamp  1988 ; 
Karas et al.  1987 ) and electrospray ionization 
(ESI) (Meng et al.  1988 ; Whitehouse et al.  1985 ) 
are the preferred methods. 

 Acidic glycan residues dissociate to a substan-
tial degree during the MALDI process. The result 
is that losses of sialic acid, sulfate, and phosphate 
residues are likely to be observed for native car-
bohydrates and glycoconjugates using 
MALDI. The ESI process confers less vibrational 
energy on the analyte molecules with the result 
that fragmentation of glycoconjugates is gener-
ally not observed. ESI may be used either by 
direct infusion of an analyte solution or by direct 
connection to a liquid chromatography column. 

 Quantitative measurement is facilitated by 
chromatographic separation of glycans prior to 
MS so as to minimize ion suppression effects. 
Although the structures of glycans separated by 
chromatographic retention time may be corre-
lated based on retention time to glycan standards 
(Guile et al.  1996 ; Knezevic et al.  2009 ), the use 
of a mass spectral detector facilitates the devel-
opment of a retention time library against which 
unknown glycan compositions may be referenced 
(Pabst et al.  2007 ). 

 Mass spectrometric analysis of glycoconju-
gates with higher molecular weight is made chal-
lenging by both the comparative fragility of 
glycan chains and their heterogeneity. Thus, 
although MALDI produces low charge states that 
are readily interpretable, glycans often undergo 
fragmentation during the ionization process. 
Permethylation substantially stabilize glycans as 
compared to native molecules. Use of ESI is 
more likely to result in ionization without frag-
mentation. The ion patterns, however, may be 
extremely complex due to carbohydrate poly-
meric complexity and overlapping charge state 

envelops. These principles are shown in the anal-
ysis of a dextran 5,000 polymeric mixture using 
ESI-MS and MALDI-TOF-MS (Deery et al. 
 2001 ). Comparable results on these polysaccha-
rides were obtained using the two techniques for 
these neutral, relatively stable, polysaccharides. 
Although MALDI-MS of permethylated glycans 
was found to be as good as chromatographic 
techniques, it suffered from frequent loss of ter-
minal sialic acid residues. On the other hand, LC/
ESI-MS was found to retain sialic acids intact. 
The masses have to be mapped with an online 
MALDI-MS glycomics database. In another 
inter-laboratory study for structural analysis of 
N-linked glycans, wide variations were found for 
levels of sialylation, fucosylation, and antennary 
branching, highlighting method variability and 
the need for well-characterized reference stan-
dards (Thobhani et al.  2009 ) (Fig.  13 ).  

 More recently, a highly sensitive approach 
using Fourier transform ion cyclotron mass spec-
trometry (FT-ICR-MS) was used to characterize 
different glycans including glycolipids (Park and 
Labriella  2005 ; Hakanssan et al.  2001 ; McFarland 
et al.  2005 ). Further, nanoscale liquid delivery 
using chip-based electrospray interface has been 
coupled with tandem MS as well as FT-ICR-MS 
for high sensitivity characterization of glycans 
(Froesch et al.  2004 ; Zamfi r et al.  2004 ).  

    Nuclear Magnetic Resonance (NMR) 
Spectroscopy 

 Nuclear magnetic resonance (NMR) spectros-
copy is another powerful technique for obtaining 
important sequence information on glycans. The 
one-dimensional proton and carbon (anomeric 
nuclei) spectra of a glycan mixture along with the 
coupling constants of homonuclear (gradient- 
selected correlation spectroscopy, gCOSY, and 
total-correlated spectroscopy, TOCSY) and het-
eronuclear (heteronuclear multiple-quantum cor-
relation, HMQC, and heteronuclear multiple-bond 
correlation, HMBC) spectra provide quantitative 
information about distinct monosaccharide 
(Guerrini et al.  2001 ; Manzi et al.  2000 ; Lopez 
et al.  1997 ). The anomeric chemical shifts of 
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monosaccharides can be classifi ed further on the 
basis of neighboring monosaccharide (at reduc-
ing end) which would provide the abundance of 
specifi c linkage between two monosaccharides. 
When studying biological samples with large 
mixture of glycans, these techniques have certain 
limitations and high sample amount is required. 
Multiple steps of enzymatic and other fragmenta-
tion methods are required for larger glycan mix-
tures which make these steps highly complicated 
for high-throughput analysis.  

    Microarray 

    Carbohydrate Microarray 
 Carbohydrate microarray technologies are 
emerging as a novel tools for glycomics that are 
revolutionizing studies of carbohydrate–protein 
interactions and the elucidation of carbohydrate 
ligands involved not only in endogenous receptor 
systems but also pathogen–host interactions 
(Paulson et al.  2006 ; Horlacher and Seeberger 
 2008 ; Liang et al.  2008 ; Liu and Feizi  2008 ) (Fig. 
 14 ). The main advantage of microarray analysis 
is that a broad range of glycans can be immobi-
lized on solid matrices as minute spots and simul-
taneously interrogated. The multivalent display 
of arrayed oligosaccharides can serve to mimic 
cell surface display and can be used to detect very 
low affi nities of interactions that involve carbo-
hydrates. The miniaturization in microarrays is 

advantageous and well suited for investigations 
in glycomics as thousands of binding events can 
be assessed in parallel on a single chip containing 
only tiny amounts of sample.  

 Carbohydrate microarray methods fall into 
two broad categories: polysaccharide microar-
rays and oligosaccharide microarrays. 
Polysaccharide samples derived from natural 
sources can be readily and randomly immobi-
lized on solid matrices based on hydrophobic 
physical absorption (Wang et al.  2002 ; Willats 
et al.  2002 ; Moller et al.  2007 ) or charge-based 
interaction (Shipp and Hsieh-Wilson  2007 ) to 
generate polysaccharide microarrays. 
Oligosaccharide microarrays, on the other hand, 
provide detailed information on structure-activity 
relationships in carbohydrate recognition events. 
The oligosaccharides, being hydrophilic in 
nature, are diffi cult to immobilize. This is usually 
overcome by conjugating natural or chemically 
synthesized oligosaccharides to lipids by reduc-
tive amination to generate neoglycolipid (NGL) 
probes with amphipathic properties for arraying 
(Fukui et al.  2002 ; Feizi and Chai  2004 ) (Fig. 
 15 ).   

   Lectin Microarray 
 Lectins are defi ned as proteins—that bind carbo-
hydrates present on glycoconjugates as ligands—
that are neither enzymes (carbohydrate 
processing), antibodies (anticarbohydrate anti-
bodies), nor proteins that bind small carbohy-

  Fig. 13    A workfl ow diagram showing utilization of traditional MS/MS in combination with liquid chromatography 
(LC/MS/MS) for automated, high- throughput analysis of glycoproteins       
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drate molecules (energy metabolism) (Goldstein 
et al.  1980 ). Lectins, which are available in plenty 
in plant seeds and could be isolated in enriched 
forms relatively easily, induced agglutination in 
blood cells and were instrumental in the study of 
blood group classifi cation and as affi nity matri-
ces for purifi cation of glycoproteins and cell sep-
arations (Rudiger and Gabius  2001 ). Lectins are 
known to play vital roles in plant physiology, 
development, and stress response. Most legumi-
nous lectins are metalloproteins with tightly 
bound Ca ++  and Mn ++ , which are essential for 
carbohydrate-binding activity. Most plant lectins 
are relatively soluble and can be purifi ed to 
homogeneity on appropriate immobilized carbo-
hydrate matrices. 

 Since lectins differ in the types of carbohy-
drate structures they recognize with high affi nity, 
they are also useful in the characterization of gly-
coconjugates. Because of the tremendous diver-
sity of carbohydrate-binding specifi cities among 
the plant lectins, some researchers classify them 
according to the small carbohydrate haptens they 
recognize, e.g., galactose-binding lectins or 
GlcNAc-binding lectins. On the other hand, lec-
tins act as tools for screening and agglutination, 
via interaction with bacterial polysaccharides 
including Nod factors, for attachment of symbi-
otic bacteria (e.g., rhizobia) and fungi, which 
help in nitrogen fi xation and facilitate 
mutualism. 

 Lectin microarray technology has been used 
to profi le the glycosylation of a multitude of bio-
logical and clinical samples, leading to new clini-
cal biomarkers and advances in glycobiology. 
Lectin microarrays, which include >90 plant lec-
tins, recombinant lectins, and selected antibod-
ies, are used to profi le N-linked, O-linked, and 
glycolipid glycans. The specifi city of glycan pro-
fi ling depends upon the carbohydrate-binding 
proteins arrayed. The current set targets 
 mammalian carbohydrates including fucose, high 
mannose, branched and complex N-linked, α- 
and β-galactose and GalNAc, α-2,3- and α-2,6-
sialic acid, LacNAc, and Lewis X epitopes 
(Pilobello et al.  2013 ). 

 Several lectins were immobilized to a suitable 
solid phase (microscopic slide) optimized using 
multiple chemical methodologies, conditions 
(humidity, buffer, and temperature), spot size, 
and spot morphology. Methods for lectin immo-
bilization rely on various methods such as (1) 
carbine insertion, (2) biotin–avidin bridge, (3) 
attachment of amine functional group of lysine 
side chains of protein-backbone of lectins for 
immobilization to solid surface through epoxy- 
functionalized (glycidyl derivative) or 
N-hydroxysuccinimidyl (NHS)-derived esters, 
(4) exploitation of self-assembled monolayers 
(SAM) of thiols on gold-coated surfaces, and (5) 
3D hydrogel surfaces. In all methods there is a 
lack of absolute control in guaranteeing the opti-
mal orientation, native multimeric quarternary 

  Fig. 14    Application of 
carbohydrate microarray       
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structure, optimal multivalent clustering of car-
bohydrate recognition domains (CRD) of lectins 
and their metal ion requirements. A mild 
periodate- based oxidation of glycan chains of 
lectin, as employed for glycosylated antibody 
microarrays (Chen et al.  2007 ), followed by 
anchoring to hydroxylamine or hydrazine- 
containing solid surfaces should be a useful 
approach (Fig.  16 ).  

 This method would leave the CRD of lectins 
intact, tuck away the crossreacting glycan por-
tions of lectin, and might greatly improve opti-
mal orientation of lectins in their native 
multimeric forms. Such hydrazide- or 
hydroxylamine- based methodologies have been 
used to capture glycans from glycoproteins and 
mammalian cells (Wollscheid et al.  2009 ). Lectin 
microarrays provide a rapid, sensitive, and high- 
throughput screening tools for glycoprotein pro-
fi ling. Application of lectin microarrays with 
complementary glycomics technologies holds 
potential for decoding the “glycocode” and 
development of new and effective diagnostics 
and therapeutics.  

   Glycogene Microarray 
 In an attempt to overcome one of the major issues 
in glycomics, glycan structure characterization 
through MS, a bioinformatic method to predict 
glycan structures in a particular cell through the 
gene expression profi les was developed (Raman 
et al.  2005 ). Measurement of simultaneous 
expression of several thousand genes in different 
cells to construct genetic networks and pathways 
has been an important component of a systems 
approach to molecular and cell biology. 
Glycogene microarray technologies are used to 
identify the differentially expressed 
glycosylation- related genes. In this method, the 
concept of a “co-occurrence score” was calcu-
lated based on the co-occurrence of pairs of links 
within the same glycan structures. It was expected 
that by doing so the substrate specifi city of glyco-
syltransferases could be captured in a single 
numerical matrix. Once this co-occurrence score 
matrix was developed, it could be used to make 
predictions from expression data. Development 
of a gene microarray (glycogene-chip v1) using 
the “Affymetrix” technology are a step toward 

  Fig. 15    Schematic 
representation of NGL- 
based oligosaccharide 
microarray       
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obtaining global information related to glycan 
biosynthesis, structure, and function (Comelli 
et al.  2002 ). The chip contains families of hun-
dreds of genes, termed here “glycogenes,” coding 
for proteins responsible for glycan synthesis and 
glycan recognition, including glycosyltransfer-
ases and other glycan-processing enzymes, 
enzymes relating to nucleotide synthesis and 
transport, proteoglycans, and glycan-binding 
proteins. Thus, these glycogene microarrays pro-
vide tremendous information about simultaneous 
expression of glycan biosynthetic enzymes that 
can be then correlated with the actual glycan 
structures, which had been characterized in a 
given sample.   

    Glycoinformatics: Bioinformatics 
for Glycome Analysis 

 “Glycomics,” the scientifi c attempt to character-
ize and study carbohydrates, is a rapidly emerg-
ing branch of science, for which informatics is 
just beginning. The structures of glycans as sec-
ondary gene products cannot be easily predicted 
from the DNA sequence. Glycan sequences can-
not be described by a simple linear one-letter 
code as each pair of monosaccharides can be 
linked in several ways and branched structures 
can be formed. The availability of comprehensive 
databases and corresponding bioinformatics 
tools, to access and analyze the large amounts of 
experimental data relating to the structure of car-
bohydrates, will be a prerequisite for the success 
of the large-scale glycomics projects that aim to 
decipher new, so far unknown, biological func-
tions of glycans. Effi cient bioinformatics descrip-
tions and tools can considerably enhance the 
effi ciency of glycomics research in terms of data 
quality, analysis, and experimental costs. 
Glycomics requires sophisticated algorithmic 
approaches. Several algorithms and models have 
been developed for glycobiology research in the 
past several years. Few of the bioinformatics 

  Fig. 16     Summary of lectin microarray technologies . 
Lectin microarray involves various immobilization tech-
nologies (1) using lectins derived from multiple sources 
(2). Glycoconjugates binding from a diverse set of ana-
lytes of biological samples (3) have been detected using 
multiple detection approaches (4). Lectin microarrays 
provide a rapid, sensitive, and high-throughput screening 
tools for glyco-profi ling (5). SAM, self-assembled mono-
layers; SELDI, surface-enhanced laser desorption ioniza-
tion; NHS, N-hydroxysuccinimide esters; Au, gold-coated 
surfaces       
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algorithms developed for genomics/proteomics 
can be directly adapted for glycomics. The devel-
opment of algorithms, which allow a rapid, auto-
matic interpretation of mass spectra to identify 
glycans structure, is currently the most active 
fi eld of research. Bound to proteins, as glycopro-
teins, glycans are known to affect the functions of 
proteins. More than half of all protein sequences 
deposited in the SWISS-PROT databank include 
potential glycosylation sites and thus may be gly-
coproteins. Based on an analysis of well- 
annotated and characterized glycoproteins in 
SWISS-PROT, it was concluded that more than 
half of all proteins are glycosylated (Apweiler 
et al.  1999 ). 

 The development and use of informatics tools 
and databases for glycobiology and glycomics 
research has increased considerably in recent 
years. However, the general development in this 
fi eld can still be considered as being in its infancy 
when compared to the genomics and proteomics 
areas. In terms of bioinformatics in glycobiology, 
there are several paths of research that are cur-
rently in progress. The development of algo-
rithms to reliably support the characterization of 
glycan structures for high-throughput applica-
tions is the most immediate demand of the gly-
comics community. Additionally, several major 
glyco-related projects (Consortium for Functional 
Glycomics) (Raman et al.  2006 ), KEGG Glycan 
(Hashimoto et al.  2006 ), GLYCOSCIENCES.de 
(Lütteke et al.  2006 ) are maturing and provide 
well-structured glyco-related data that are await-
ing data mining and analysis. With the exciting 
new developments in carbohydrate arrays and 
automated MS annotation, the analysis of the 
glycome has reached a new level of sophistica-
tion, which requires broader informatics support. 
Tables  2  and  3  summarize the Web-based 
resources for glycomics.

         Applications of Plant Glycomics 

 Carbohydrates conjugated to proteins and lipids 
are arguably the most abundant and structurally 
diverse class of molecules in nature. Complex 
glycans are mainly attached to secreted or cell 
surface proteins. Unlike the structure of linear 
DNA and protein sequences, glycans have het-
erogeneous structures that differ in composition, 
branching, linkage, and anomericity. 
Advancement in genomics and proteomics has 
not helped the glycomics as the sequence infor-
mation of DNA and proteins have no direct infor-
mation about biosynthesis of the glycan chains 
composition, branching, and linkage. These dif-
ferences have made the identifi cation of the num-
ber, structure, and function of glycans in cell 
physiology a daunting task; hence, the glycomic 
research lagged far behind genomics and pro-
teomics. However, advancement in technology, 
rapid growth, and the importance of integral gly-
cans in biology had immensely aided the gly-
comic research (Varki et al.  2008 ). 

 The scope of the glycomics challenge is 
immense. The covalent addition of glycans to 
proteins and lipids represents not only the most 
abundant post-translational modifi cation (PTM) 
but also by far the most structurally diverse modi-
fi cation. It is estimated that >50 % of polypep-
tides are covalently modifi ed by glycans 
(Apweiler et al.  1999 ); however, this estimate do 
not include the O-GlcNAc modifi ed myriad of 
nuclear and cytoplasmic proteins (Hart et al. 
 2007 ). Every unique glycan–protein linkage is 
different and providing both structural and func-
tional diversity. Consideration of the structural 
diversity of additional branches of glycans and 
complex terminal saccharides on glycans 
increases the molecular and functional diversity 

   Table 2    Major glycomic initiatives and their web resources   

 Glycomics initiatives  Web resources 

 Consortium for Functional Glycomics (CFG; USA)  CFG (  http://www.functionlaglycomics.org    ) 
 Collaborative Glycomics Initiative (Europe)  EuroCarbDB (  http://www.eurocarb.org    ) 
 Human Disease Glycomics/ Proteomics Initiative (Japan)  HGPI (  http://www.hgpi.jp    ) 
 Complex Carbohydrate Research (Georgia, USA)  CCRC (  http://www.ccrc.uga.edu    ) 
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of varied protein-bound glycans exponentially. 
Continued research into structural–functional 
relationships between glycans and proteins also 
has potential to result in second-generation prod-
ucts engineered to optimize therapeutic effi cacy. 

 Plants represent an unprecedented approach 
for the production of pharmaceutically important 
and commercially valuable proteins in plants. 
Plant lectins with fungicidal and insecticidal 
activities are used in transgenic technologies to 
increase plant resistance to pests and phytopatho-
gens (Melnykova et al.  2013 ). The introduction 
of lectin-like kinases genes into plant genome 
was shown to protect plants against environmen-

tal stresses and regulate plant growth. Engineering 
of phytolectins allows obtaining molecules with 
known carbohydrate specifi city that can be 
applied in various areas. The studies are under-
way with the aim of design of lectin-based drug 
delivery systems as well as the pharmaceutical 
drugs containing plant lectins. Because of the 
ability of phytolectins to bind to different sub-
stances, they can be more widely used in the 
future. 

 Plant glycomic research also has signifi cant 
applications in  biopharming  of proteins and 
enzymes involving glycosylation. Plants are 
gaining increasing acceptance as bioreactors and 

   Table 3    Web-based resources for glycomics and their datasets/informations   

 Web recourse  Datasets or information 

  Consortium for Functional glycomics (CFG; USA)  
 GBP molecule page (  http://www.functionalglycomics.org/
glycomics/molecule/jsp/gbpMolecule-home.jsp    ) 

 Information portal with access to CFG and public 
databases 

 Glycan database (  http://www.funtionlaglycomics.org/
glycomics/molecule/jsp/carbohydrate/
carbMoleculeHome.jsp    ) 

 Database of glycan structures with search interfaces 
and links to CFG glycan array and MALDI-MS data 

 Glycan profi ling data (  http://www.funtionlaglycomics.org/
glycomics/publicdata/glycoprofi ling.jsp    ) 

 Raw and annotated MALDI-MS profi les of glycans 
from mouse and human cells and tissues 

 Glycan array screen data (  http://www.funtionlaglycomics.
org/glycomics/publicdata/primaryscreen.jsp    ) 

 Raw data, bar graph of mean binding signal of GBP 
to each glycan in the array with links to their 
structures in glycan database 

 Gene microarray data (  http://www.funtionlaglycomics.org/
glycomics/publicdata/microarray.jsp    ) 

 Gene expression profi les of glycan biosynthesis 
enzymes and GBPs in various cells and tissues 
supplied by the investigators 

 Transgenic mice phenotyping data (  http://www.
funtionlaglycomics.org/glycomics/publicdata/
phenotypingjsp    ) 

 Experimental protocols, data fi les corresponding to 
various phenotyping analysis of transgenic mice 

  Koyoto Encyclopedia of Genes and Genomes (KEGG; Japan)  
 KEGG Glycan database (  http://glycan.genome.jp    )  Database of glycan structures obtained from 

CarbBank and updated with structures from other labs 
 KEGG Pathways database (  http://www.genome.jp/kegg/
pathway.html    ) 

 Collection of 15 glycan biosynthesis pathways with 
links to around 100 glycan biosynthesis enzymes 

  Other glycomics resources  
 Glycosuite database (  http://www.glycosuitedb.org    )  Commercial database and tools for glycans 
 Sugarbase (  http://boc.chem.uu.nl/sugarbase.html    )  Glycan NMR database; chemical shifts of glycan 

structures 
 Lectin database (  http://imperial.ac.uk/research/
animallectins/    ) 

 Collection of information on animal lectins 

 Three-dimensional Lectin database (  http://www.cermav.
cnrs.fr/lectins    ) 

 Three-dimensional structures of lectins in the PDB 

 Bacterial Glycan database (  http://www.glyco.ac.ru/bcsdb    )  Database of bacterial glycan structures 
 CAZy (  http://afmb.cnrs-mrs.fr/CAZY/    )  Carbohydrate active enzyme database 
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are used for large-scale production of industrial 
enzymes and pharmaceuticals (Yadav et al. 
 2013 ). Plants are potential hosts for the expres-
sion of recombinant glycoproteins intended for 
therapeutic purposes. Many transgenic crops 
such as tobacco, soybeans, maize, etc. have been 
used for overexpression of the pharmaceutically 
important proteins and have signifi cant advan-
tages overexpression in conventional expression 
systems such as bacterial, yeast, insect, or animal 
cell lines. One of the major advantages of using 
transgenic plants, compared with the alternative 
production systems for biopharmaceuticals, is 
their ability to perform most of the post- 
translational modifi cations (PTMs) required for 
protein activity, together with their capacity for 
large-scale production. 

 However, plants are unable to exactly 
 reproduce human-type glycosylation patterns in 
biopharmaceuticals (Gomord and Faye  2004 ; 
Faye et al.  2005 ). The  N -glycans of mammalian 
glycoproteins produced in transgenic plants 
 differ from their natural counterparts. It has been 
observed that modifi ed plant  N -glycans are 
 frequently observed on pollen grains and food 
allergens of plant origins containing exclusive 
β(1,2)-xylose linked to the core mannose and 
α(1,3)-fucose residues substituting proximal 
 N -acetylglucosamine and behave as a strong 
plant glycoallergens. With the prospect of using 
plants as alternative hosts to mammalian cell 
lines for the production of therapeutic glycopro-
teins, signifi cant progress has been made toward 
the humanization of protein  N -glycosylation in 
plant cells. Successful efforts have been made 
mainly focusing on the compartment targeted 
expression of therapeutic proteins, the knockout 
of plant-specifi c  N -glycan-processing genes, 
and⁄or the introduction of the enzymatic machin-
ery catalyzing the synthesis, transport, and addi-
tion of human sugars to optimally utilize the 
plant glycome. 

 Nowadays polysaccharide-based biomaterials 
are an emerging class in several biomedical 
fi elds. Most of the polysaccharides used are 
derived from natural sources such as tamarind 

seed polysaccharide (TSP), alginate, and chitin. 
Plant glycomics therefore has huge applications 
in biomedical and glycotherapeutics and may 
revolutionize the fi eld of biopharmaceutics. 

 Glycome profi ling, using plant glycomic 
approaches, also lends itself well to moderate to 
high-throughput screening of plant cell wall/bio-
mass samples. Glycome profi ling may prove to 
be a broadly applicable experimental approach to 
a wide variety of studies on plant cell wall/bio-
mass samples (Pattathil et al.  2012 ). Plant cell 
wall polysaccharides makes about 75 % of cell 
wall components. These can be broken down to 
produce sugar substituent which can be used for 
biofuel production. Plant glycomic studies using 
carbohydrate microarray and lectin microarray 
can also be employed for exploring host–parasite 
interactions in plants. The fi eld provides huge 
scope for advance researches. 

 The emerging fi eld of glycomics relies upon a 
diverse set of technologies and strategies such as 
glycoarrays, high-performance liquid chroma-
tography (HPLC), MS, NMR spectroscopy, data-
bases and libraries of natural glycan, and 
synthetic chemistry. These research tools are sup-
ported by bioinformatics and molecular model-
ing of glycans. The application of these latest 
advances in biotechnology should result in novel 
applications of glycomics approaches to diagnos-
tics and glycotherapeutics and in twenty-fi rst- 
century glycomics may emerge as the new 
genomics. Figure  17  summarizes some of the 
applications of plant glycomics.   

    Summary 

 Glycomics involves the systematic study of all 
glycan structures of a given cell type or organism 
and is a subset of glycobiology. Advance gly-
comic studies suffer major limitations due to 
greater structural complexity of glycan biomole-
cules as compared to nucleic acids and proteins 
including branching and linkage diversity. The 
isolation of carbohydrates and glycoconjugates 
from natural sources is tedious, frequently yields 
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heterogeneous products, and produces little 
material. N-linked glycoproteins are the major 
glycan present in plants and are biosynthesized 
by a complex mechanism of glycosylation. 
O-linked glycan are less abundant in plants and 
unlike  N -linked glycans, there is no known con-
sensus sequence for glycosylation. In compari-
son to genomics and proteomics—where 
automated synthesis, amplifi cation, expression, 
and characterization have become routine—the 
tools available for study of glycomics are few. 
Therefore, there is a need for development of 
unique tools for glycomic studies. The enormous 
diversity of structure of monosaccharides has 
made the task of system-wide glycan profi ling a 
challenging task. Currently used tools for 
 glycomic studies include chromatographic tech-
niques, MALDI-ToF-MS, ESI-MS, NMR spec-
troscopy, and microarray. Development of 
high-throughput tandem mass spectrometry and 
carbohydrate/lectin microarray has revolution-
ized the fi eld of glycomics. Glycogene microar-
ray technologies are used to identify the 
differentially expressed glycosylation-related 
enzyme genes. Development of a gene microar-
ray using the “Affymetrix” technology is a step 
toward obtaining information about glycan bio-
synthesis, structure, and function. Effi cient bioin-

formatic tools (glycoinformatics) have 
considerably enhanced the effi ciency of glycomic 
research, in terms of data quality, analysis, and 
experimental costs. However, the fi eld can still be 
considered as being in its infancy. Several glyco- 
related projects (Consortium for Functional 
Glycomics), KEGG Glycan, and 
GLYCOSCIENCES.de are maturing and provide 
detailed glyco-related data. 

 Plant glycans including lectins are involved in 
cell–cell interactions and play signifi cant role in 
providing both structural and functional diversity 
to plants. Plant lectins with fungicidal and insec-
ticidal activities are used in transgenic technolo-
gies to increase plant resistance to pests and 
phytopathogens. Plant glycomic studies fi nd their 
applications in biopharming using transgenic 
approaches.     
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     Abstract  

  The plant lipidomics is a comprehensive sys-
tem of all lipids in plants with respect to cell 
signalling, membrane architecture, transcrip-
tional and translational modulation and cell-
cell and cell-protein interactions in response 
to environmental changes over time. This 
chapter is mainly focused on the role of plant 
lipids in signalling pathways during stress 
conditions, which were described in detail. In 
order to ameliorate lipid research, various ana-
lytical methods developed to characterise and 
quantify lipids are discussed with the salient 
points. Various lipid databases are provided 
which will be useful to access a wide range of 
information about lipids. Few online resources 
for the lipids are also described. This can help 
further research in the fi eld of plant lipido-
mics. In conclusion, the role of plant lipids 
over human health and some of biological 
roles were illustrated.  

  Keywords  

  Lipidomics   •   Plant lipid   •   Plant defence   • 
  Signal transduction  

  Abbreviations 

   ABA    Abscisic acid   
  ATNHX1    Vacuolar Na + /H +  antiporter   
  ATP    Adenosine triphosphate   
  ALA    Alpha-linolenic acid   
  Ca 2+     Calcium ion   
   CAT1     Catalase1 gene   
  cAMP    Cyclic AMP   
  CDP-DAG    Cytidine diphosphate 

diacylglycerol   
  CID    Collision-induced dissociation   
  CLA    Conjugated linoleic acid   
  CMP    Cytidine monophosphate   
  CoA    Coenzyme A   
  DAG    Diacylglycerol   
  dc    Direct current   
  DGDG    Digalactosyldiacylglycerol   
  DPG    Diphosphatidylglycerol   
  DGPP    Diacylglycerol pyrophosphate   

  DHA    Docosahexaenoic acid   
  EPA    Eicosapentaenoic acid   
  ER    Endoplasmic reticulum   
  ESI    Electrospray ionisation   
  FT-ICR    Fourier transform ion cyclotron 

resonance   
  FTMS    Fourier transform mass 

spectrometer   
  GDP    Guanosine diphosphate   
  GTP    Guanosine triphosphate   
  H 2 O 2     Hydrogen peroxide   
  HPLC    High-pressure liquid 

chromatography   
  ILCNC    International Lipid Classifi cation 

and Nomenclature Committee   
  [Ins(1,4,5)P 3 ]    Inositol (1,4,5) trisphosphate   
  IP3R    Inositol triphosphate receptors   
  IR    Infrared lasers   
  LA    Linoleic acid   
  LC    Liquid chromatography   
  LIMSA    Lipid mass spectrum analysis   
  LIT    Linear ion trap   
  LTPs    Lipid transfer proteins   
  LTQ    Linear trap quadrupole   
  LPC    Lysophosphatidylcholine   
  MALDI    Matrix-assisted laser desorp-

tion/ionisation   
  MAPK    Mitogen-activated protein kinase   
  MGDG    Monogalactosyldiacylglycerol   
  MPIS    Multiple precursor ion scanning   
  MRM    Multiple reaction monitoring   
  MS    Mass spectrometry   
  NMR    Nuclear magnetic resonance   
  NP    Normal phase   
  OCN    Oscillating capillary nebuliser   
  PA    Phosphatidic acid   
  PAK    Phosphatidic acid kinase   
  PC    Phosphatidylcholine   
  PE    Phosphatidylethanolamine   
  PG    Phosphatidylglycerol   
  PI    Phosphatidylinositol   
  PI3K    Phosphoinositide 3-kinase   
  [PI-PLC]    Phosphoinositide-specifi c phos-

pholipase C   
  PIP2    Phosphatidylinositol-4,5-bipho-

sphate      
  PKC    Phosphokinase C   
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  PK-C    Protein kinase C   
  PLA 2     Phospholipase A 2    
  PLC    Phospholipase C   
  PLC-DAG    Phospholipase C-Diacylglycerol 

kinase   
  PLD    Phospholipase D   
  [PtdIns(4,5)P 2 ]    Phosphatidylinositol 4,5-bis-

phosphate   
  PtdOH    Substrate phosphatidic acid   
  PUFAs    Polyunsaturated fatty acids   
  rf    Radio frequency   
  ROS    Reactive oxygen species   
  RP    Reverse phase   
  SA    Sialic acid   
  SAR    Systemic acquired resistance   
  SECD    Spectrum extraction from chro-

matographic data   
  SIMS    Secondary ion mass 

spectrometry   
  SMILES    Simplifi ed Molecular Line 

Entry Specifi cation   
  THAP    2,4,6-Trihydroxyacetophenone   
  TLC    Thin-layer chromatography   
  TOF    Time of fl ight   
  TP    Tonoplast   
  TAG    Triacylglycerol   
  TVP1    Vacuolar-type proton translo-

cating pyrophosphate1   
  UV    Ultraviolet   

          Introduction 

 Lipids are the fundamental components of bio-
logical membranes and play an important role in 
biological systems (Wenk  2005 ). In plants, lipids 
and lipid-based derivatives fulfi l many key func-
tions like storage of carbon energy, cell compart-
mentalisation, protection against pathogens and 
developmental processes. Lipids comprise a wide 
range of functional and regulatory molecules 
such as fatty acids, glycerophospholipids, etc., 
and each cell type exhibits a different lipid com-
position and distribution. Lipids are essential 
cellular constituents that have multiple distinct, 
yet critical roles in cellular function. Membrane 

lipids act as second messengers through the 
action of a variety of intracellular enzymes 
(Roberts  2002 ). 

 The origin of lipidomics is intrinsically linked 
to metabolomics, since lipidomics is a sub- 
meadow of metabolomics that aims to detect and 
quantify the presence of lipids in biological sam-
ples. Metabolomics is related to the comprehen-
sive investigation of the metabolome; it represents 
a vast number of compound classes, including 
nucleic acids, amino acids, sugars and lipids 
(Watson  2006 ). These compounds have diverse 
physicochemical properties and occur in differ-
ent concentration ranges that can vary in both 
space and time (Carrasco-Pancorbo et al.  2009 ). 
In the systems biology point of view, plant lipido-
mics is more than just the complete characterisa-
tion of all lipids in a particular cell type, and it 
could be defi ned as ‘the comprehensive under-
standing of the infl uence of all lipids on plant 
system with respect to cell signalling, membrane 
architecture, transcriptional and translational 
modulation, cell-cell and cell-protein interac-
tions, and response to environmental changes 
over time’ (Watson  2006 ). The ultimate goal of 
scientists around the world is to connect ‘omics’ 
sciences and cross-link available fi ngerprints of 
genes, transcripts, proteins and metabolites to get 
a closer look at the cell interactome and function. 
The integration of lipidomics with genomics, 
proteomics and metabolomics will thus provide a 
powerful tool to decode molecular mechanisms 
of lipid-associated disorders and to identify bio-
markers and novel therapeutic targets. 

 Plant lipidomics focuses on effi cient analysis 
of the entire spectrum of lipids in plant system, 
known as a lipidome. This approach provides 
important insights into the function of a single 
lipid molecular species. 

 Plant lipids exhibit immense combinatorial 
and structural diversity. However, the role of lip-
ids has been complicated by their structural 
diversity and considerable technical challenges 
associated with distinguishing pathogenic from 
non-pathogenic lipid species that contain thou-
sands of isoforms. 
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    Classifi cation of Lipids 

 To support the emerging fi eld of plant lipidomics, 
a comprehensive classifi cation system for lipids 
with a universal platform compatible with bioin-
formatics requirements was proposed (Fahy et al. 
 2005 ) under the leadership of the International 
Lipid Classifi cation and Nomenclature 
Committee (ILCNC) which is focused primarily 
on mammalian lipids. Further, the system has 
been updated to encompass lipid structures from 
non-mammalian sources such as plants, bacteria 
and fungi (Fahy et al.  2009 ). As a result, lipids 
were regrouped under the following eight catego-
ries that cover eukaryotic and prokaryotic 
sources: fatty acyls, glycerolipids, glycerophos-
pholipids, sphingolipids, sterol lipids, prenol lip-
ids, saccharolipids and polyketides. Each lipid 
category contains distinct classes, subclasses, 
subgroups and subsets (Lipid Maps  2009 ).  

    Physical Properties of Lipids 

 Lipids are hydrophobic or amphipathic mole-
cules that participate in different types of associa-
tions (Israelachvili  1992 ). Neutral or non-polar 
lipids (e.g. sterol esters, glycerolipids, hydrocar-
bons and carotenoids) participate in non-covalent 
interactions through their hydrocarbon chains 
with other lipids and hydrophobic regions of 
proteins.  

    Cellular Functions of Lipids 

 Plant cellular membranes consist of complex 
arrangements of lipids and proteins which fulfi l 
diverse functions in the cell (Dowhan  2009 ) 
like compartmentalisation of cellular mem-
branes and organelles by defi ning permeability 
barriers with respect to their surrounding 
milieu. The multi- component assemblage of 
cell membranes exhibits complex phase behav-
iour, with regions of structural and composi-
tional heterogeneity. 

 Lipids provide the matrix within which mem-
brane proteins fold that mediates membrane traf-
fi cking events, specifi c lipid molecular species 
involved in signalling processes by defi ning 
membrane domains and by acting as primary and 
secondary messengers.  

    Genetics of Plant Lipids 

 Plants are attractive experimental objects for 
genetic studies of lipid metabolism for several 
reasons: (1) There is substantial interest in explor-
ing the degree to which genetic methods can be 
used to modify the oil composition of seeds. (2) 
Alterations can be made in the fatty acid compo-
sition under certain conditions which helps in the 
isolation of a wide range of mutants. (3) 
Producing transgenic plants has opened up 
entirely new opportunities to apply genetic tech-
niques for the analysis and modifi cation of plant 
lipid metabolism (Ohlrogge et al.  1991 ).   

    Organellar Lipidomics 

    Plastids 

 Chloroplast membranes can be divided into two 
functional regions such as envelope and thyla-
koid membranes. The envelope is constituted 
with inner and outer achlorophyllous membranes 
which spatially separates the cytosol from the 
plastid compartment. Over 80–90 % of polar lip-
ids are accumulated in plastid envelope and thy-
lakoid membrane (Dorne et al.  1990 ). The outer 
leafl et of the thylakoid membrane is enriched 
with monogalactosyldiacylglycerol (MGDG) 
and phosphatidylglycerol (PG), whereas the 
inner leafl et consist of digalactosyldiacylglycerol 
(DGDG), this variation in the distribution was 
due to stable asymmetric transmembrane of thy-
lakoid membrane occurring in a variety of mono-
cot and dicot species (Giroud and Siegenthaler 
 1988 ; Joyard et al.  1991 ; Rawyler et al.  1987 ; 
Siegenthaler and Giroud  1986 ).  
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    Mitochondria 

 The major lipids of plant mitochondrial mem-
branes are phosphatidylcholine (PC), phosphati-
dylethanolamine (PE) and diphosphatidylglycerol 
(DPG) and to a lesser extent phosphatidylinositol 
(PI) and phosphatidylglycerol (PG). Phosphatidic 
acid is synthesised  via  the stepwise acylation of 
sn-glycerol-3-phosphate by long-chain fatty 
acyl-CoA thioesters. The synthesis of the other 
major phospholipids of plant mitochondria (PC, 
PE, PG and PI) mainly occurs in the endoplasmic 
reticulum (ER), and these molecules must be fur-
ther transported to mitochondria. Hence, plant 
mitochondria like plastids appear to be semi- 
autonomous with regard to the formation of their 
membrane glycerolipids.  

    Glyoxysomes 

 Glyoxysomes are specialised peroxisomes found 
in plants, and it contains enzymes that initiate the 
breakdown of fatty acids. A plant glyoxysomal 
membrane contains PC, PG, PI and PE. Further, 
it is confessed that they are unable to synthesise 
these lipids, which are delivered from their site of 
synthesis mainly in the ER and then exported to 
glyoxysomal membranes.   

    Membrane Lipidomics 

    Lipid Content of Plant Membrane 

 Theoretically, the animal lipidome encompasses 
10,000 glycerophospholipid species; 100,000 
sphingolipids species; thousands of mono-, di- 
or/triglycerides and numerous fatty acids with 
sterol-based structures. The plant lipidome is also 
believed to display this broad lipid complexity. 

 The intracellular delivery of soluble and insol-
uble membrane components to different cellular 
compartments is required to establish and main-
tain the latter’s identity and specifi c functions. 
Protein sorting and transportation to various cel-
lular locations has been extensively investigated 
in many plant models. These studies have allowed 

the discovery of multiple targeting sequences, 
which not only allow a specifi c targeting to dif-
ferent organelles but also to a sub-compartment 
of a given organelle (Bar-Peled et al.  1996 ). All 
cell membranes have distinct and specifi c lipid 
compositions which contribute to their identity.  

    Lipid Delivery to the Plasma 
Membrane 

 The plasma membrane-mediated biosynthesis of 
most lipids takes place primarily in the ER and to 
a lesser extent in the Golgi apparatus. Such intra-
cellular region implies that the lipid molecules 
are more or less specifi cally transported to the 
cell surface (Moreau et al.  1998 ).   

    Cell-Free Reconstitution of Lipid 
Transport 

 The endoplasmic reticulum plays a vital role in 
vesicular transport and was fi rst studied in vivo. 
Later, permeabilised cells and cell-free systems 
were developed to identify membrane and cyto-
solic proteins involved in vesicular transport both 
in animal cells and yeast. ATP plays a crucial role 
in activating downstream chain reaction in both 
formation and fusion of the vesicles. Coat pro-
teins, GTP binding proteins, cytosolic proteins 
and membrane proteins of budding, targeting and 
fusion machineries have also been shown to be 
involved. However, the vesicular transport is 
largely accepted in animal and yeast cells, the 
morphological and biochemical evidence of the 
existence of vesicular intermediate in plant is 
restricted to post-Golgi events (Rothman and 
Wieland  1996 ). 

 Several new compounds have been discovered 
in marine and lacustrine sediments. Instead of 
terrestrial plants, micro-algae have been consid-
ered as better source for lipids (Welti et al.  2007 ). 
Plant-derived biomarkers typically include long- 
chain  n- alkanes,  n- fatty acids and  n- fatty alco-
hols (Brull et al.  2009 ). Hence, the majority of 
the functional plant lipids are phosphatidylinosi-
tol and related lipids. Phosphatidylinositol is an 
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important lipid, both as a key membrane constit-
uent and as a participant in essential metabolic 
processes in all plants, both directly and  via  a 
number of metabolites. It is an acidic (anionic) 
phospholipid that in essence consists of a phos-
phatidic acid backbone, linked  via  the phosphate 
group to inositol (hexahydroxycyclohexane). In 
most organisms, the stereochemical form of the 
last is  myo -D-inositol (with one axial hydroxyl in 
position 2 with the remainder equatorial), 
although other forms ( scyllo - and  chiro- ) have 
been found on occasion in plants. As with phos-
phatidylglycerol, phosphatidylinositol is formed 
biosynthetically from the precursor cytidine 
diphosphate diacylglycerol (CDP-DAG) by reac-
tion with inositol and catalysed by the enzyme 
CDP-DAG inositol phosphatidyltransferase 
(phosphatidylinositol synthase); the other prod-
uct of the reaction is cytidine monophosphate 
(CMP). The enzyme is mainly located in the ER, 
plasma membrane of many plants and cytosolic 
side of the bilayer. Phosphatidylinositol is then 
delivered to other membranes either by vesicular 
transport or via the agency of specifi c transfer 
proteins (McDonald et al.  2007 ). 

 The pioneering work of Mable and Lowell 
Hokin in the 1950s led to the discovery that phos-
phatidylinositol was converted to polyphos-
phoinositides with important signalling and other 
functional activities. This lipid is now known to 
be phosphorylated by a number of different 
kinases that place the phosphate moiety on posi-
tions 3, 4 and 5 of the inositol ring. Seven differ-
ent isomers are known, all of which have distinct 
biological activities. The most signifi cant 
in quantitative and possibly biological terms 
were long thought to be phosphati dylinositol 
4- phosphate and phosphatidylinositol 
4,5- bisphosphate, but it is now recognised that 
3-phosphorylated forms are also extremely 
important (Klose et al.  2012 ). 

    Phosphatidylinositol 4-Phosphate 

 Phosphatidylinositol 4-phosphate is the precur-
sor for 4,5-bisphosphate, and it binds to a protein 
on the cytoskeleton of the cell with its own char-

acteristic functions. Some of these participate in 
vesicle formation, while others like the oxysterol- 
binding protein are involved in lipid transfer and 
protein enrolment in the Golgi complex. The bio-
logical properties of phosphatidylinositol 
5- phosphate have taken longer to unravel, 
because of the diffi culties in isomer separation. It 
is now apparent that it is involved in the osmo-
regulation process in plants and also has signal-
ling functions (Byrdwell  2001 ).  

    Phosphatidylinositol 
4,5-Bisphosphate 

 Phosphatidylinositol 4,5-bisphosphate is espe-
cially important as a precursor of further metabo-
lites, because of signalling functions in the 
plasma membrane. Phosphatidylinositol 
4,5-bisphosphate forms complexes with phos-
pholipase C and regulates ion channels for potas-
sium, calcium, sodium and other ions. In most 
instances, it increases channel activity, while the 
enzyme phospholipase C hydrolysis reduces.  

    Lysophosphoinositides 

 Lysophosphoinositides are water-soluble glyc-
erol phosphoinositides which are fully deacyl-
ated into phosphatidylinositol and 
phosphatidylinositol phosphates. Like other lyso-
phospholipids, lysophosphatidylinositol conju-
gates with a single fatty acid linked to the glycerol 
moiety. The formed intermediates are involved in 
the remodelling of the fatty acid compositions of 
lipids, whenever arachidonic acid is released for 
eicosanoid biosynthesis (Fahy et al.  2005 ).   

    Lipid Signalling in Plants 

 Signal transduction is the process in which all 
cells constantly receive and act in response to 
new signals from their environment. Many uni-
cellular organisms respond to signalling mole-
cules secreted by adjacent cells for cell-cell 
communication. 
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 The signalling molecules may be chemical in 
nature, for instance, hormones, pathogen elici-
tors, mating receptors, ozone and physical 
changes (light, temperature and osmotic pres-
sure). Cells must continuously monitor their 
environmental behaviour and translate this infor-
mation into an appropriate response  via  recep-
tors. The information carried over the plasma 
membrane into the cytoplasm will be achieved by 
initiating specifi c ion cascade reactions, receptor 
kinases or via second messenger-mediated effec-
tor response. Understanding the molecular mech-
anism behind these pathways of cell signalling 
has become the foremost part of the current 
research. 

    Receptor-Mediated Signalling 
Molecules 

 Many of the molecules transmit the information 
form one cell to another. Such molecules can act 
as ligands that bind to receptors expressed by 
their target cells. There is signifi cant distinction 
in the structure and function of each type of 
ligands that serve as signal transmitters. Usually 
the signalling molecules used by plants vary in 
complexity from simple gases to proteins. 

 As mentioned earlier, all signalling molecules 
act by binding to receptors expressed by their tar-
get cells. In several cases, these receptors are 
expressed on the target cell surface, but some 
receptors are intracellular proteins located in the 
cytosol or the nucleus. These intracellular recep-
tors responded to small lipophilic signalling mol-
ecules that are able to diffuse across the plasma 
membrane. Various lipids are involved in inter-
vening plant growth, development and responses 
to biotic/abiotic cues, and their production is 
regulated by lipid-signalling enzymes. Lipid- 
hydrolysing enzymes play a crucial role both in 
the production of lipid messengers and in other 
processes, such as cytoskeletal rearrangement, 
membrane traffi cking and degradation. Studies 
on the downstream targets and modes of action of 
lipid signals in plants are still in their premature 
stages, but distinguishing features of plant lipid- 
based signalling are being recognised. The func-

tions of the major classes of lipid signalling are to 
trigger cell surface receptors in plant under vari-
ous environmental conditions. 

 Lipids signalling in plants are mediated by an 
ample range of molecules such as glycerolipids 
(Meijer and Munnik  2003 ), sphingolipids 
(Sperling and Heinz  2003 ), fatty acids (Farmer 
et al.  2003 ), oxylipins (Scherer  2002 ) and sterols 
(Lindsey et al.  2003 ). Several advances were 
made over the past years in understanding lipid 
signalling and related hydrolytic enzymes. The 
signalling pathways activated by certain enzymes 
in plants use a variety of mechanisms that are 
conserved in animal cells, which are unique to 
plants. 

    Phospholipids 
 Phospholipids are not just structural components 
of membranes; they can also be essential cofac-
tors for membrane enzymes, signal precursors or 
signalling molecules of themselves. In every 
eukaryotic cell, the total phospholipids consist of 
1–2 % of phosphatidic acid (PA). Most of it 
involved in the biosynthesis of structural phos-
pholipids, glycolipids in the ER and plastids by 
acylating glycerol 3-phosphate and lysophospha-
tidic acid. 

 The synthesis of PA is mediated by phospholi-
pase in the plasma membrane activated by a spe-
cifi c membrane receptor binding to an 
extracellular hormone, pathogen or physical 
stress. The activated receptor transmits the signal 
by direct interaction with the phospholipase D or 
by indirect interaction via DAG kinase-mediated 
phosphorylation of DAG by G-protein-coupled 
receptors (Fig.  1 ).   

    Regulation of Phospholipid Signalling 
by G-Protein-Coupled Receptors 
 As we know from animal systems that the largest 
family of cell surface receptor transmits signals 
to intracellular targets by activating heterotri-
meric G-proteins. More than thousands of 
G-protein-coupled receptors have been identifi ed 
in animals (responsible for smell, sight and taste), 
and plants induce growth (Scherer  1995 ), auxin 
signalling (Millner  1995 ; Millner and Causier 
 1996 ), plant defence response (Beffa et al.  1995 ) 
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and mastoparan stimulation (Chandra et al. 
 1996 ). 

 The breakthrough in G-protein came from 
mammalian hormones (such as epinephrine) that 
regulate the synthesis of cyclic AMP (cAMP), an 
important second messenger that mediates cellu-
lar response to a variety of hormones. Later, 
Martin Rodbell in the 1970s discovered that the 
phosphorylation-dependent GTP is activated fol-
lowed by activation of cAMP which is mediated 
by adenyl cyclase. 

 G-protein consists of three subunits (α, β and 
γ) commonly called heterotrimeric G-proteins, 
and the activation involves the binding of 
α-subunit to guanine nucleotides, which  regulates 
G-protein activity. In the quiescent state, α is 
bound to GDP (guanine diphosphate) in complex 
with β and γ. Binding of ligand to receptor, 
induces conformational changes, such that the 
cytosolic region of the receptor interacts with 
G-protein and stimulates the exchange of its GDP 
for GTP. The activated GTP-α complex then 
 dissociates from β and γ which remain together 
and function as a βγ complex. Both α and βγ 
 subunits can then modulate different target 
 effectors including phospholipase C, 
 phospholipase D, phospholipase A, PI3K, adenyl 
cyclase and ion channels (Cho et al.  1995 ; Kim 
et al.  1996 ) dependent on the specifi city of the 
subunits (Fig.  2 ).  

 G-protein activators stimulate phospholipase 
A 2  (PLA 2 ), phospholipase C (PLC) and phospho-
lipase D in in vivo studies (Legendre et al.  1993 ; 
Munnik et al.  1997 ). Phosphatidic acid kinase 
(PAK) may also be activated, but the increase in 

DGPP could just refl ect the increase in substrate 
(PtdOH) concentration from PLC and PLD activ-
ity (Munnik et al.  1996 ). As of now, there is no 
possible data that PI3K is activated by G-protein 
signalling.  

    Key Mediators of Phospholipid 
Signalling 
 The pathway unique to phospholipid-based sig-
nalling is complex sequestered process. The 
stimulation of surface receptors can trigger not 
just PLC but a variety of phospholipid- 
metabolising enzymes such as phospholipase D 
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(PLD), phosphoinositide 3-kinase (PI3K) and 
phospholipase A 2  (PLA 2 ). In  Arabidopsis , the 
PLD family consists of fi ve different genes, 
which have been categorised into four subgroups: 
α, β, γ and δ, based on their evaluated size, bio-
chemical properties and amino acid sequence. 
PLDs from many different plant species have 
been cloned and most of them have been found to 
be α subfamily (Wang  2000 ). 

 Certain agonists, stimulate cells using second 
messengers which can induce hydrolysis of the 
minor lipid phosphatidylinositol 4,5- bisphosphate 
[PtdIns(4,5)P 2 ]. A variety of hormones stimulate 
the hydrolysis of PtdIns(4,5)P 2  by a 
phosphoinositide- specifi c phospholipase C 
[PI-PLC] which results in two products, inositol 
1,4,5-trisphosphate [Ins(1,4,5)P 3 ] and DAG, both 
of which functions as second messengers 

(Berridge and Irvine  1989 ; Michell  1975 ). The 
aqueous soluble property of Ins(1,4,5)P3 is 
released into the cytosol where it elicits the 
downstream of G-protein-coupled receptors and 
protein tyrosine kinase for the regulation of Ca 2+  
and calmodulin-dependent enzymes which medi-
ated ion-gated channels (Fig.  3 ). The hydrolysed 
lipid product of DAG remains in the membrane 
and activates protein-serine-threonine kinases, a 
protein kinase C (PKC) family. This family plays 
an important role in the control of cell growth and 
differentiation (Munnik  1999 ; Nobes et al.  1995 ). 
Though, the function of DAG remains unclear, 
certain experimental studies concluded its role in 
recurrent phosphorylation of phosphatidic acid 
by DAG-specifi c kinase (Van der Luit et al.  2000 ; 
Den Hartog et al.  2001 ).    
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    Lipid Signalling During Plant Stress 

 Osmotic stress formed during drought, freezing 
temperatures, salt-contaminated soils and water 
stress hormone; abscisic acid (ABA) seems to 
trigger lethal effect on plants (Fig.  4 ). Both the 
PLC and the PLD pathways have been exten-
sively implicated in various plants (Wang et al. 
 1997 ; Arisz et al.  2003 ). Addition of salt was 
found to inhibit PLD activity in tobacco pollen 
tubes, due to a subclass of tissue-specifi c PLD 
response. Finally, it was revealed that PLDδ is 
the responsible enzyme involved in dehydration 
under drought condition by stimulating PLD 
activity-mediated expression of the gene that 
encodes PLDδ. Silencing this isoform severely 
reduced the drought-induced PA response 
(Katagiri et al.  2001 ).   

    ROS-Mediated Stress Signalling 

 External stresses induce accumulation of reactive 
oxygen species (ROS) such as superoxide, hydro-
gen peroxide and hydroxyl radicals in plants. 
These ROS elicit severe damage to cells by con-
tributing to stress injury in plants (Prasad et al. 
 1994 ). Because ABA was revealed to induce 

H 2 O 2  production (Pei et al.  2000 ), hence, ROS 
may act as intermediate signals for ABA in medi-
ating other response agents like catalase1 gene 
( CAT1 ) expression (Guan et al.  2000 ), thermotol-
erance (Gong et al.  1998 ), activation of Ca 2+  
channels in guard cells, stomatal closure (Zhang 
et al.  2001 ) and ABA biosynthesis (Zhao et al. 
 2001 ). In animal cells, declined tyrosine phos-
phatase activity causes an increase in the stimula-
tion of mitogen-activated protein kinase (MAPK) 
pathways because tyrosine phosphatase elicits its 
feedback effect through dephosphorylation in 
MAPK pathway. Augmented evidences sug-
gested that, transgenic plant showed higher ROS 
scavenging activity by over expressing free radi-
cal scavenger which contributes to stress damage 
(Kocsy et al.  2001 ). In hypersensitive responses, 
sialic acid (SA) is thought to initiate ROS signal-
ling in plants by activating MAPK (Hoyos and 
Zhang  2000 ). The transgenic  Arabidopsis  
expressing a salicylate hydroxylase ( NahG ) gene, 
it is concluded that increased osmotic stress tol-
erance might result from decreased SA-mediated 
ROS generation in the  NahG -expressing plants. 

 In yeast and in animals, mitogen-activated 
protein kinase (MAPK) pathways are responsible 
for the production of compatible osmolytes and 
antioxidants. MAPK pathways are activated by 

  Fig. 4    Lipid signalling pathways in response to cold, ROS, osmotic stress and pathogenic conditions       
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receptors/sensors such as protein tyrosine 
kinases, G-protein-coupled receptors and two- 
component histidine kinases. Among these 
receptor-type proteins, histidine kinases have 
been unambiguously identifi ed in plants. An 
 Arabidopsis  histidine kinase, AtHK1, can com-
plement mutations in the yeast two-component 
histidine kinase sensor SLN1 and, therefore, may 
be involved in osmotic stress signal transduction 
in plants. Understanding the in vivo function of 
AtHK1 and other putative histidine kinases and 
their relationship to osmotic stress-activated 
MAPK pathways will certainly shed light on 
osmotic stress signal transduction.  

    Phospholipid Response During Cold 
Stress 

 Mechanical strain on the receptor (stress) acti-
vates nearby phospholipase C (PLC), which 
hydrolyses the phosphatidylinositol-4,5- 
biphosphate (PIP2) in the plasma membrane, and 
releases IP3 in the cytosol and DAG remains in 
the membrane lipid. IP3 enters into the tonoplast 
(TP), where it merges with specifi c inositol tri-
phosphate receptors (IP3R) that activate Ca 2+  
channels that move Ca 2+  ions from the vacuole to 
the cytosol. Calcium ion might also activate other 
protein kinases, either in free or bound form to 
calmodulin, and participate in altering the cold 
stress-stimulated cellular response. Meanwhile, 
IP3 will be dephosphorylated upon hydrolysis to 
form IP2 then to IP, which is subsequently con-
verted back to phosphatidylinositol (PI) in the 
plasma membrane for another cycling. The acti-
vation of certain Ca 2+  channels by cold stress may 
result from physical alterations in cellular struc-
tures (Sangwan et al.  2001 ; Wang and Nick 
 2001 ).  

    Pathogen-Induced Stress Response 

 Certain pathogenic elicitors (microbes) activate 
the phospholipase C-diacylglycerol kinase (PLC- 
DAG) pathway. Recently, Avr4-specifi c elicitor, 
which is derived from  Cladosporium fulvum , was 

shown to prompt PA response in transgenic 
tobacco cells expressing the  Cf-4  resistance gene. 
The increase in PA is likely to be upstream which 
corresponds with those for other elicitors and 
confi rms that PA is an early signal in the defence 
response of plants. PLD is also involved in plant 
defence, but it appears to play a role in secondary 
responses. Pseudomonas infection initiates over- 
expression of PLDs in  Arabidopsis  species. 
Similarly in rice crop, the gene encoding PLD 
was increased in response to  Xanthomonas ory-
zae  bacterial infection (de Torres Zabela et al. 
 2002 ). Other experimental studies in tomato cells 
reported that supplementation of xylanase in cul-
tured cells of tomato showed signifi cant increase 
in expression of PLD gene (Laxalt et al.  2001 ). 

 Enzymes involved in PA cellular responses 
have been discovered and that many more PA tar-
gets have not yet been identifi ed. In earlier stud-
ies of PA targets, several mechanisms have 
emerged by which PA can exert its effects. Most 
of the PA signalling depend on interaction with 
other proteins or are activated by the target pro-
teins. Further progress in disentanglement cross-
talk mechanisms among the different lipid 
signalling processes will certainly improve our 
understanding of lipid-mediated signalling in a 
vast scope.   

    The Plant Defence Mechanisms 

 During evolution, each organism developed a 
wide range of mechanisms against adverse envi-
ronmental conditions or infectious organisms. 
The epidermis of a plant is a very specialised 
layer, which plays a critical role in the develop-
ment and survival of the whole organism (Reina- 
Pinto and Yephremov  2009 ). There are interesting 
parallels between animal and plant defence 
responses as demonstrated by the structural and 
functional conservation of their signal transduc-
tion processes. Lipids are not genetically encoded 
like other small molecules (proteins). But they 
are generated and metabolised by enzymes under 
the infl uence of biotic and abiotic factors. 
Certainly, both factors can reduce the average 
productivity limit by 65–87 %, depending on the 
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crop. Plants are rapidly being attacked by certain 
fungi, bacteria, nematodes and feeding insects. In 
order to protect from these lethal effect, they are 
developing defence mechanisms to keep these 
predators away from the bay (Laxalt and Munnik 
 2002 ). There are numerous stress factors depend-
ing on their exposition time and their concentra-
tion that can able to reduce the growth rate: in 
particular, salt stress is certainly one of the most 
serious abiotic factors limiting the productivity of 
crop plants. Moreover, improving salt tolerance 
in plants might have much wider implications, 
because transgenic salt-tolerant plants often 
 produce tolerance to other stress response chill-
ing, freezing, heat and drought (Bavaro et al. 
 2007 ). 

    Biotic Stress 

 The stress of living organisms is known as biotic 
stress. It includes bacterial, viral or fungal attack. 
Necrotrophy is the process of necrosis in which 
the plant cells degraded in response to biotic 
stress. However, plant cell remains alive in biot-
rophy, whereas the cell remains normal initially 
and destroyed later in hemibiotrophy (Poltronieri 
et al.  2011 ). In all the above cases, the plants 
respond by activating inositol-3-phosphate for 
further signalling cascades (Hu et al.  2009 ).  

    Abiotic Stress 

 The abiotic stress can be mechanical wounding, 
ozone, UV illumination, salinity, drought, etc., 
have multiplicative effects on abiotic stress con-
sequences and seriously threaten sustainable 
agricultural production. Therefore, the subject of 
abiotic stress response in plant metabolism, pro-
ductivity and sustainability is gaining consider-
able signifi cance in the contemporary world 
(Ahmad and Prasad  2004 ). Drought reduces pho-
tosynthesis by decreasing both leaf area and pho-
tosynthetic rate per unit leaf area. Withholding of 
excess water also changes the physical environ-
ment for plant growth as well as crop physiology 
(Kramer  1980 ). Most studies have reported that 

mineral uptake declines when water stress inten-
sity increases (Akınc and Losel  2012 ). Plant 
response to cold and freezing involves three dis-
tinct phases: cold acclimation, freezing and post- 
freezing recovery. During cold acclimation, the 
degree of fatty acid unsaturation and the content 
of phospholipids increase. During freezing, dra-
matic lipid alterations take place in both extra-
plastidic and plastidic membranes. Membrane 
lipids undergo many changes in plants exposed to 
various stress conditions. Quantitative lipid pro-
fi ling reveals lipid alterations, and examination 
of these changes often suggests potential mecha-
nisms for the stress-induced changes.  

    Role of Secondary Metabolites 
in Defence Mechanisms of Plants 

 Plants produce a high diversity of natural prod-
ucts or secondary metabolites with a prominent 
function in the protection. There are four major 
groups of secondary metabolites, viz., terpene, 
phenolics, nitrogen and sulphur containing com-
pounds. Terpenes composed of 5-carbon isopen-
tanoid units are toxins to many herbivores. 
Phenolics are synthesised primarily from prod-
ucts of the shikimic acid pathway having several 
important defensive roles in the plants (Boller 
 1995 ). Members of N and S containing com-
pounds are synthesised principally from common 
amino acids. There are 100,000 known secondary 
metabolites involved in plant defence systems. In 
the last few years, researchers have isolated 
numerous plant resistance genes, recognised as R 
genes which function against fungi, bacteria and 
nematodes. Most of the R genes are thought to 
encode receptors that recognise and bind specifi c 
molecules originating from pathogens which 
may be proteins, peptides, lipids, etc. (Mazid 
et al.  2011 ).  

    Stress-Responsive Gene Expression 

 Lipids have long been recognised as signalling 
molecules that have the capacity to trigger genes 
against stress response. Several genes have been 
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characterised for their role on stress protection. 
ERECTA is a gene regulating transpiration effi -
ciency affecting stomatal closure, while the plant 
is able to maintain biomass production. Other 
important regulatory proteins involved in drought 
stress are proton anti-porters TNHX1 and a pro-
ton pyrophosphatase TVP1 are shown to protect 
against salinity and drought stress in  Arabidopsis . 
Plants can also sense and respond to mechanical 
stimuli, like animals by mechano-transduction, a 
complex process involving the participation of a 
multitude of sensors, signalling molecules and 
genes (Han and Yuan  2009 ).  

    Plant Disease Resistance 

 It is diffi cult to quantify the damage done by all 
plant diseases. The microorganism can form 
symbiotic relationships with the host like 
 Rhizobium  spp. The microorganism may cause 
disease in the host plant, the host plant develops 
resistance to the pathogen and no infection devel-
ops. The host plant may show some tolerance to 
infection; in this case, the pathogen is able to 
grow and replicate, but symptoms of infection are 
minimal. The introduction of local defence path-
ways may lead to the introduction of intercellular 
signals that produce a systemic response, termed 
systemic acquired resistance (SAR) (Hong et al. 
 2008 ).  

    Cold Stress 

 Low temperature is one of the main environmen-
tal factors which may infl uence many physiologi-
cal processes in plants. Changes in membrane 
lipid composition play important roles in plant 
adaptation and survival during cold stress. Plant 
response to cold and freezing involves three dis-
tinct phases: cold acclimation, freezing and post- 
freezing recovery. During cold acclimation, the 
degree of fatty acid unsaturation and the content 
of phospholipids increase. During freezing, dra-
matic lipid alterations take place in both extra-
plastidic and plastidic membranes. Plant stress 
caused by freezing has been an area of intensive 

research for many years, but the molecular and 
cellular mechanisms of freezing injury and toler-
ance are not well understood. The recovery phase 
involves tissue thawing, cellular rehydration, res-
toration of cell structure and resumption of cel-
lular activities. The ability to successfully 
undergo these processes depends on membranes 
and is critical for cellular survival after freezing. 
Plant models such as  Arabidopsis  have led to 
many important mechanistic insights into plant 
lipid metabolism in response to freezing (Chen 
et al.  2013 ). Expansion of this approach to plants, 
which harbour unique lipids, such as galactosyl 
glycerolipids, should greatly facilitate the under-
standing of lipid functions in plant growth, devel-
opment and stress responses. One major form of 
freezing damage is due to the formation of lipid 
hexagonal II phase in regions where the plasma 
membrane and the chloroplast envelope are 
closely placed. Stress induces reduction in nutri-
ent uptake, reduced cell growth and enlargement, 
leaf expansion, assimilation, translocation and 
transpiration. More research need to be focus on 
improvements of crop productivity, the develop-
ment of high-yielding genotypes, which can sur-
vive unexpected environmental changes, 
particularly in regions dominated by water defi -
cits. Today, advanced tools are required to moni-
tor the alteration in plant lipids and their 
mechanism of adaptability under stress.   

    Analytical Strategies in Lipidomics 

 Analytical strategies in lipidomics are gaining 
more attention among the researchers due to its 
importance in various fi elds. Shifting from basic 
lipid research, the trend is to understand global 
lipid metabolite change in a system integrated 
context to shed light into the pathophysiology 
(Han and Gross  2003 ). Various efforts have been 
taken to promote research in the fi eld of lipido-
mics. One such effort is ‘Lipidomics Expertise 
Platform’, an initiative by the European Union in 
the year 2005 which offers online resource 
(  http://www.lipidomics.expertise.de    ) regarding 
information relating to institutions involved, lipid 
databases, lipid standards and methods. 
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 To steer this lipid research, advancement in 
the fi eld of analytical methods to characterise and 
quantify lipids is increasing. Though lipidomics 
is a promising fi eld, certain challenge remains 
unclear. First, the data regarding the lipids in an 
individual organism is lacking. Second, mapping 
lipidomes are still out of reach. Third, structural 
identifi cation of lipids by mass spectrometry 
(MS) is complicated. Hence, techniques for 
structural identifi cation should be worked out, 
and fourth, the diversity of lipids makes it impos-
sible to adapt a common method for extraction, 
separation and detection of lipids. Advancement 
in lipidomics from traditional lipid research is 
focused on two important points: (i) to  understand 
the association between lipid metabolic pathways 
in biological systems and the metabolic health 
and (ii) how the changes in these pathways are 
related to the disease pathology (Wiest and 
Watkins  2007 ). Techniques used in the identifi ca-
tion and quantifi cation of lipids are broadly clas-
sifi ed into
•    Mass spectrometry (MS)-based techniques  
•   Non-MS-based techniques    

    Mass Spectrometry-Based 
Techniques 

 Mass spectrometry is a promising technique in 
analysing lipid because of its ability to segregate 
and characterise charged analytes in gaseous 
phase depending on their mass-to-charge ratio 
(m/z). Upon characterisation and segregation, 

information regarding the individual structure 
can be obtained by fragmenting the lipid ions 
using collision-induced dissociation (CID). To 
record these fragmentation reactions, various 
techniques such as tandem MS or MS/MS or MS 
are used. Basically, three important sections are 
involved in mass spectrometry (Fig.  5 ).
    1.    An ion source   
   2.    Mass analyser to measure the ionised 

analytes   
   3.    A detector which records ion signal corre-

sponding to m/z value    
Initially, only small and volatile lipids were anal-
ysed using MS, and later on, ions of intact bio-
molecules were analysed using electrospray 
ionisation (ESI) (Karas and Hillenkamp  1988 ) 
and matrix-assisted laser desorption/ionisation 
(MALDI) (Fenn et al.  1989 ) without fragmenting 
high molecular weight and non-volatile lipids. 
The difference between ESI and MALDI is that 
ESI probes produces gas-phase ions from mole-
cules in a solution and coupled directly to liquid 
chromatography. Whereas, in MALDI, intact 
gas-phase ions are produced from samples 
embedded in a dry, crystalline matrix  via  laser 
pulses. Apart from these mass analysers, there 
are also other analysers such as Paul ion trap, the 
linear quadrupole, time of fl ight, Fourier trans-
form ion cyclotron resonance (FT-ICR) and orbi-
trap. These analysers are often coupled with 
multistage instruments. Commonly coupled 
instruments are the quadrupole-linear ion trap 
and quadrupole-time-of-fl ight and linear ion 
trap-orbitrap.  

Sample Introduction Ion source Analyser

Detector

  Fig. 5    Schematic representation of the basic components of MS       
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    Ion Trap Mass Spectrometer 
 Ion trap mass spectrometer is one of the most 
commonly used MS in laboratories. It is coupled 
with high-pressure liquid chromatography 
(HPLC) through the ESI interface. Based upon 
the user-selected time, ion trap MS can capture 
ions and trapped ions are subjected to MS, MS/
MS and even MS analysis. A couple of advan-
tages are economic viability and high sensitivity. 
Use of ion trap MS in lipidomics began by Larsen 
and co-workers (Larsen et al.  2001 ) to character-
ise phospholipids up to MS 4 . Apart from benefi ts, 
few disadvantages are low mass accuracy and 
low dynamic ranges which often result from the 
ion trap’s limited resolving powers, space charg-
ing effects and its low-duty cycle caused from the 
overhead time required to trap and manipulate 
ions for MS experiments. The development of a 
‘linear’ or a ‘two-dimensional ion trap’, linear 
trap quadrupole (LTQ) or linear ion trap (LIT) 
can partly expand dynamic range and increase 
resolution (Schwartz et al.  2002 ).  

    Triple Quadrupole 
 Triple quadrupole has been the analyser of choice 
for many researchers because of its wide advan-
tages such as its ability to perform precursor ion 
scans, neutral loss scans and its exquisite sensi-
tivity for identifying specifi c small molecules for 
lipid analysis. In brief, quadrupole consists of 
four accurately matched parallel metal rods. 
Oscillating high-frequency electric fi elds are pro-
duced when direct current (dc) and radio fre-
quency (rf) are applied to the electrodes, and the 
mass separation is accomplished by the oscillat-
ing motion of ions in this electric fi eld. Ions of 
specifi c m/z values pass through quadrupole rods 
provided with a specifi c dc and rf potentials. In 
triple quadrupole instruments, three quadrupoles 
are arranged sequentially. Q1 and Q3 are oper-
ated by both dc and rf potentials, whereas Q2 is 
operated with only the rf potential (Dass  2007 ). 
The Q2 allows all ions to pass through and serves 
as a total ion containment region and a collision 
cell. Because ions in the range 0–100 eV can be 
transmitted through quadrupoles, the MS/MS 
fragmentations in triple quadrupole instruments 

are performed via low-energy fragmentation 
processes. 

 These instruments can perform tandem MS/
MS experiments as follows: precursor ions of a 
defi ned m/z are transmitted by fi rst quadrupole 
(Q1), fragmented  via  CID in second quadrupole 
(Q2), and the resulting ions are separated in third 
quadrupole (Q3). Tandem MS runs on three scan 
modes: (1) a product ion scan done for a selected 
precursor ion; (2) a precursor ion scan is done for 
a user-selected product ion; and (3) a neutral loss 
scan is performed to reveal precursors that frag-
ment by ejecting a neutral fragment of molecular 
mass selected by the user. Among different scan-
ning modes, multiple reaction monitoring 
(MRM) where signals are recorded from defi ned 
m/z values in both precursor and product ions 
which help to bring out precise results. 

 Though triple quadrupole has various advan-
tages, they also have several disadvantages and 
few of which are (1) low resolving power, (2) 
medium mass accuracy and (3) very low duty 
cycle for scanning modes (excluding MRM). 
This low mass accuracy makes it tougher to 
explicitly identify the lipids. Alternate to this tri-
ple quadrupole, instruments such as QQ-TOF 
(Ekroos et al.  2002 ) where third quadrupole (Q3) 
is replaced by time of fl ight (TOF) can provide 
precise mass accuracy but they cannot perform 
precursor and neutral scans. To overcome these 
drawbacks, an instrument where Q3 is replaced 
with LIT named QQ-LIT (or Q trap) is used 
which can perform precursor and neutral loss 
scans as well as multistage MS/MS (MS) 
(Hopfgartner et al.  2004 ).  

    Imaging MS by MALDI-TOF 
 One of the most promising techniques in the fi eld 
of lipidomics is MALDI-TOF which is used 
mainly for imaging lipids in tissues. The sample 
is coated with a solid matrix (any aromatic com-
pound) with a specifi c absorption spectrum. 
Within the vacuum chamber, the sample is intro-
duced and a pulsed laser which emits light at a 
particular wavelength (depending on the solid 
matrix) is focused on the region of interest. The 
matrix is then vaporised and the analytes (lipids) 
are carried along (Fig.  6 ).  
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 After this process, lipids are charged and these 
ions are accelerated over a short distance by 
means of electric fi eld. All the ions, based on 
their mass, receive identical kinetic energy and 
travel at different velocities. These ions are then 
introduced into a TOF mass spectrometer con-
sisting of a long-fi eld free fl ight-tube maintained 
under suffi ciently high vacuum so that no ion col-
lisions with background gas molecules can occur. 
Because no external forces (via electric fi elds) 
are applied, the lipid ions travel through the 
fl ight-tube with the mass-dependent velocities 
that they acquired during the brief initial accel-
eration. Therefore, by measuring the time 
required for the lipid ions to traverse this tube, 
their m/z values can be deduced. In applications 
devoted to mapping the lipid profi les across a tis-
sue slide, the process is then repeated by moving 
the laser beam across the slide. 

 For tissue imaging using MALDI MS, the tis-
sues are frozen and cut into slices at a range of 
5–14 μm and embedded into a matrix usually 
2,5-dihydroxybenzoic acid or 
2,4,6- trihydroxyacetophenone (THAP) for lipids 
(Stubiger and Belgacem  2007 ). MALDI imaging 
usually uses a N 2  UV wavelength 337 nm for lip-
ids, and for phospholipids, infrared (IR) lasers of 
wavelength 249 nm are used (McDonnell and 
Heeren  2007 ). Apart from these coating tech-
niques, oscillating capillary nebuliser (OCN) 
system sprays the matrix aerosol as small drop-
lets on the sample which improves matrix homo-
geneity and solvent control effects (Chen et al. 
 2008 ). Deviating from the conventional usage of 
laser beam, secondary ion MS (SIMS)-TOF uses 
high-energy particle bombardment with a con-
tinuous energetic ion beam such as Bi 3  +  and Ga +  

(Nygren et al.  2004 ). Though the complexity in 
analysing the lipids is increasing, elemental iden-
tifi cation and sensitivity still need to be addressed.  

    High-Resolution and High Mass 
Accuracy Mass Spectrometer 
 Lipids are identifi ed based upon their mass using 
Fourier transform mass spectrometer (FTMS) 
which is one of the most accurate instruments 
available because it has the ability to trap ions in 
a strong magnetic fi eld under high vacuum. For 
analysing lipid mixture, FTMS is coupled with 
HPLC-ESI. Apart from its accuracy, as like any 
other complex instrument, their disadvantages 
are that they are expensive and need skilled 
labour for operation and maintenance. In FTMS, 
higher magnetic fi eld is achieved by a supercon-
ducting magnet that needs continuous cooling by 
liquid helium. As an alternative to FTMS, orbi-
trap has similar resolving capacity and high mass 
accuracy like FTMS. It is based on oscillating 
electric fi eld. Orbitrap is less expensive and eas-
ier to operate. Linear ion trap-FT and linear ion 
trap-orbitrap are usually used for lipid quantifi ca-
tion and identifi cation (Schwudke et al.  2007 ). 
Maxis, a recently developed MS by Bruker, can 
analyse lipids at sub-ppm mass accuracy, and 
hence, FTMS will be replaced by Orbitrap and 
Maxis.  

    Direct-Infusion ESI-Based MS 
Technologies 
 The sensitivity of ESI-MS is more when com-
pared to other fast atom bombardment MS (Han 
and Gross  1994 ). Nano-spray MS with a fl ow rate 
in nL/min is more sensitive than other conven-
tional methods (Ishida et al.  2004 ). ESI-MS helps 
in the detection of lipid species at femtometre 
amounts (Gross and Han  2006 ). In spite of cer-
tain advantages, ESI is not widely used in lipido-
mics because during ESI process, phospholipids 
can either acquire positive or negative charge 
which can be studied only using positive or nega-
tive ESI-MS/MS. At certain time, some phospho-
lipids do not acquire any charge and cannot be 
analysed. Survey scans help in determining the 
molecular weight of the lipid; hence, accuracy of 
molecular weight is directly proportional to the 

  Fig. 6    Diagram representation showing pulsed laser 
emitting light and analytes are carried with charge       
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accuracy in lipid prediction. In the second stage, 
lipids are subjected to collision-induced dissocia-
tion (CID) and the fragmentation patterns help in 
understanding lipid structure (e.g. polar head 
group and fatty acyl moieties). Lipid subclasses 
such as lysophosphatidylcholine (LPC), sphingo-
mylein, phosphatidylcholines (PCs), phosphati-
dylethanolamines and phosphatidylserines can 
be detected by positive ESI-MS/MS. The frag-
mentation of protonated PC, LPC and SM ions 
yield a peak at m/z = 184 which is the diagnostic 
fragment for the phosphocholine head group. A 
precursor ion scan of m/z = 184 would therefore 
highlight the PC-containing lipids out of all the 
lipids present. Further interest, [M + H] +  ions of 
PCs appear at even m/z values (the closest integer 
to accurate mass), while protonated SMs exhibit 
odd m/z values (Brugger et al.  1997 ). The frag-
mentation of protonated PE yields a peak at 
[M + H–141] + , which corresponds to the neutral 
loss of the polar head group (PE) and PS ions 
([M + H] + ) at [M + H– 185] + in a tandem mass 
spectrum, arising from the loss of the polar head 
group.  

    Lipid Separation 
 Without front-end separation, the extracts of lip-
ids can be analysed directly by electrospray MS 
(Ivanova et al.  2001 ). Certain lipid species have 
low ionisation capabilities, and those lipids can-
not be subjected to directed infusion (Wenk et al. 
 2003 ). Most of the lipids are separated by vac-
uum separation techniques like TLC, normal 
phase (NP) and reversed phase (RP) liquid chro-
matography (LC) (Houjou et al.  2005 ) (Fig.  7 ). 

Based upon the polarity of their head groups, 
TLC and normal phase liquid chromatography 
(NP-LC) separate phospholipids while RP-HPLC 
separates the phospholipids based on their hydro-
phobicity and their fatty acyl chains. The princi-
ple of separation in RP-HPLC is based on the 
length of the fatty acyl chain, the longer the 
chain, the slower the elution. Furthermore, unsat-
urated fatty acids elute faster than the saturated 
form. Certain phospholipids have different fatty 
acyl chains but identical molecular mass which 
causes problems in direct-infusion ESI-MS/
MS. This can be overcome by using RP-HPLC 
with a C 30  derivatised silica column. Though 
there are certain hurdles like sample loss in LC 
separation (NP and RP) and lipid oxidation in 
TLC, HPLC with ESI-MS/MS has been a method 
of choice for lipidomics studies.   

    Quantifi cation of Lipids 
 In infusion ESI-MS and in the absence of ionisa-
tion suppression effects, the intensity of MS peak 
is directly proportional to the lipid concentration, 
but in LC-ESI-MS, the area of the peak deter-
mines the concentration of lipids in a mixture. 
Hence, MS techniques can also be used for lipid 
quantifi cation (Zacarias et al.  2002 ). Depending 
on the phospholipid class, the responses by the 
instruments are different. Because of the differ-
ent ionisation effi ciency of the polar head groups 
in lipids, the intensity of the peak cannot blindly 
determine the abundance of lipids. High intensity 
peak can sometimes determine lower concentra-
tion hence an appropriate internal standard must 
be added to the sample mixtures (DeLong et al. 
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  Fig. 7    Schematic diagram of LC-MS system       
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 1999 ). Isotopically labelled lipids are also used 
as an internal standard in the quantifi cation of lip-
ids because isotopically labelled standards and 
normal sample counterpart will have the same 
physiochemical properties. An example simple 
MS spectra used in the quantifi cation of plants 
phosphatidylcholines (Fig.  8 ). There are certain 
diffi culties in choosing the right internal stan-
dard; hence, quantifi cation is limited to a few tar-
geted lipids.    

    Non-MS-Based Techniques 

    Nuclear Magnetic Resonance 
 Although mass spectrometry techniques are 
widely used in lipids, certain non-MS techniques 
like NMR have also been used in analysing abun-
dant lipids (cholesterol and phosphocholine). 
Adosraku et al. studied lipid profi les in human 
erythrocytes using proton nuclear magnetic reso-
nance (Adosraku et al.  1994 ). To characterise 
phospholipid composition in body tissues and 
fl uids, high-resolution  31 P-NMR was used. The 
latest technique in NMR is  two-dimension-
al   1   H   13         - C   heteronuclear single quantum coher-
ence  NMR (2D HSQC NMR) which was used for 
lipidomics in mycobacteria. Limited interest in 
these NMR-based analyses is because of their 
limited sensitivity, and these advanced tech-
niques are yet to be used in plant lipidomics 
(Wenk  2005 ).  

    High-Throughput Molecular Lipidomics 
 Various cellular functions such as energy homeo-
stasis and intracellular signalling depend upon 
regulation of lipid catabolism and anabolism 
(Woods and Jackson  2006 ). These metabolisms 
are altered in various diseases such as cardiovas-
cular diseases, neurodegenerative diseases, can-
cer and infl ammation (Hiukka et al.  2009 ). 
Hence, studying the changes in the lipid compo-
sition has become a promising fi eld in the bio-
marker of plant lipidomics. To analyse large 
number of samples, high-throughput lipidomics 
uses automated systems and 96-well plates to 
analyse large number of samples in a short time 
when compared to manual extraction. Shotgun 
and LC-MRM platforms are used to analyse 
extracted lipids to obtain error-free lipidomic 
data with high sensitivity, stability and reproduc-
ibility. Shotgun lipidomics uses a robotic-chip- 
based device to analyse the sample in a short 
amount of time at a molecular level. Precursor 
ion scans and neutral loss scans are used in moni-
toring and quantifying lipids. The results obtained 
are analysed using bioinformatics tools.  

    Bioinformatics for Lipidomics 
 Unlike genes and proteins data bank, lipid data-
bases are created based on their different scope 
and organisation due to lack of universal lipid 
classifi cation scheme. There are three important 
databases, namely, LipidBank [Yasugi, 2002, 
12058481; Watanabe, 2000], LIPIDAT [Caffrey, 

  Fig. 8    Positive ion 
MALDI mass spectra of 
PCs in potato with 10-mM 
KCI (Source: Knowles 
et al. 2001)       
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1992, 1315624] and LMSD [Sud, 2007, 
17098933]. These databases provide the user 
with a wide range of information about lipids. 
Few online resources for the lipids and their data-
bases are listed in Table  1 . Due to large interest of 
researchers in lipidomics, a US-based organisa-
tion, LIPID MAPS developed and classifi ed lip-
ids into eight categories, namely, (1) fatty acyls, 
(2) glycerolipids, (3) glycerophospholipids, (4) 
sphingolipids, (5) sterol lipids, (6) prenol lipids, 
(7) saccharolipids and (8) polyketides. A total of 
about 1.68 million lipids can be accessed using 
this database.

       Lipid Analysis Softwares 
 There are various softwares to draw structures 
such as ChemDraw and MarvinSketch, but it is 
diffi cult to draw lipid structure due to their large 
and complex structure. David Weininger 
addressed this issue by initiating the Simplifi ed 
Molecular Line Entry Specifi cation (SMILES) 
project. The SMILES format represents the lipid 
structure as a compact graph with nodes as atoms 
and edges as bonds. However, the SMILES for-
mat does not include 2D coordinates, which 
makes the visual recognition and comparison dif-
fi cult. To solve this issue, LIPID MAPS devel-
oped various programmes from MS which are 
coupled with drawing tools (Fahy et al.  2007 ). 
LIPID MAPS contain drawing software for fatty 
acids, sterols, glycerolipids, cardiolipins, glyc-
erophospholipids and sphingolipids. Structures 
of these lipids can also be visualised in ChemDraw 
ActiveX/Plugin. There are many different pro-
grammes for processing and identifying MS data. 
One such programme is called Lipid Navigator 
(  http://lipidsearch.jp/LipidNavigator.htm    ) which 

is a freely available online resource developed by 
Mitsui Knowledge Industry in collaboration with 
Taguchi Laboratory (University of Tokyo). 
Another free online programme developed by 
Cracka et al. is TriglyAPCI for analysing 
APCI-MS for triglycerides. This software identi-
fi es each ion in the LC-MS spectrum, and it 
searches for compounds and gives possible triac-
ylglycerol (TAG) structures. This software is 
developed using Microsoft Visual Basic 6.0. 
Other open-source softwares are spectrum extrac-
tion from chromatographic data (SECD) and 
lipid mass spectrum analysis (LIMSA). These 
softwares can process positive/negative ion mode 
and identify lipids from MS/MS spectra (Haimi 
et al.  2006 ). The output data from SECD can be 
taken by LIMSA, a dynamic library for batch 
processing and can perform identifi cation, decon-
colution and quantifi cation of lipids. Apart from 
free softwares, certain commercial softwares 
such as Lipid Profi ler (developed by MDS Sciex) 
combined with the software called Analyst help 
in identifying and quantifying lipids detected by 
multiple precursor ion scanning (MPIS).    

    Future Prospective of Plant 
Lipidomics 

 Lipid profi ling is a promising fi eld that desires to 
be further explored so that routine lipid profi ling 
in plants would cover additional lipids, such as 
N-acyl phosphatidylethanolamines, sphingolip-
ids, phosphoinositides, free fatty acids and oxy-
lipins, etc. The ESI-MS and ESI-MS/MS are 
raised areas proven to be most comprehensive for 
lipid molecular species. But there is a confi dent 

   Table 1    Important online bioinformatics resources for lipidomics   

 LMSD    http://www.lipidmaps.org/data/structure/index.html     
 LIPID MAPS    http://www.lipidmaps.org/     
 LIPIDAT    http://www.lipidat.ul.ie/     
 LipidBank    http://lipidbank.jp     
 LMPD    http://www.lipidmaps.org/data/proteome/index.html     
 KEGG    http://www.genome.jp/kegg/pathway.html     
 Cyberlipid Center    http://www.cyberlipid.org/     
 Lipid Library    http://www.lipidlibrary.co.uk/     
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need of more than one platform for complete pro-
fi ling of lipid species. Hence, it may be proper to 
use gas chromatography/mass spectrometry and/
or the coupling of ESI-MS/MS with liquid 
 chromatography for trace compounds and oxy-
lipins. Currently, ESI-MS-/MS-based lipid pro-
fi ling has been made to order high-throughput 
analyses and is still a targeted strategy. Recently, 
the National Institutes of Health funded 35 mil-
lion US dollars for the 5-year collaborative 
 project entitled ‘Lipid Metabolites and Pathway 
Strategy’ to determine the lipidome 
(LIPIDMAPS) in the mouse macrophage (  http://
www.lipidmaps.org    ). Defi nitely, this initiative 
will reveal new lipid classes that can be targeted 
for analysis in plants. Because of signifi cant dif-
ferences in the known plant and animal lipids, 
however, a parallel initiative to  discover all of the 
lipids in a plant system would probably give way 
for priceless information about further lipid tar-
gets (Welti and Wang  2004 ). 

    Advances in Application of Analytical 
Methods in Lipid Profi ling 

 This is a dynamic research area in lipid metabo-
lomics (lipidomics), which summarises the dif-
ferent approaches in lipid research, which can be 
described as targeted lipid analysis, lipid profi l-
ing and global lipid profi ling. In a targeted lipid 
analysis approach focus on few lipids which are 
expected to be important. In a lipid profi ling 
approach, the focus is on a specifi c group of lipid 
metabolites, a certain class or pathway. In a 
global lipid profi ling approach, a very wide range 
of lipids is analysed, as widely as possible. 
However, the workfl ow of the different 
approaches resembles each other to a large extent. 
Biological samples including cells and tissues 
spiked with appropriate internal standards are 
fi rst extracted, and crude lipid extracts are then 
either pre-fractionated into lipid fractions or kept 
intact for further separation. MS detections were 
employed either using direct infusion of a sample 
or using chromatographic separation (e.g. GC or 
LC) or substantial lipid fractions or whole lipid 

extracts to generate lipid data. In this way, lists of 
lipid metabolites with absolute or relative 
 concentrations are generated from control and 
 diseased plants. Further, the data are normalised 
and subjected to statistical data analysis for iden-
tifying those lipid metabolites which are discrim-
inatory for diseases. MALDI analysis of lipid 
categories in plant supports the reliability of data 
generated for lipid profi ling. 

 Till now, many studies have shown that lipido-
mics appears to be essential in determining novel 
lipid molecular species that serve as potential 
biomarkers in many lipid-related diseases. 
Detailed applications of lipidomics in the discov-
ery of potential lipid biomarkers have been car-
ried out for certain abnormalities in lipid 
biosynthesis and metabolism of plants.  

    Signifi cance of Non-phosphorous 
Membrane Lipids 

 Phosphate (inorganic phosphate, Pi) is an essen-
tial nutrient for all living organisms. However, 
the amount of Pi available in the soil is often lim-
ited, as a major portion of it exist as insoluble 
salts that cannot be absorbed by roots (Nakamura 
 2013 ). Under Pi deprivation, plants start stimulat-
ing the uptake of exogenous Pi to maintain 
endogenous phosphate. However, Pi starvation 
decreases overall phospholipid content, and 
phospholipids except for phosphatidyl glycerol 
(PG) are synthesised extraplastidically, the major 
research focus has been on the extraplastidic (or 
endoplasmic reticulum (ER)-derived) supply 
of DAG. 

 The DAG metabolism in plants is complex not 
only because it belongs to phospholipids but also 
a substrate for the synthesis of phospholipids, 
galactolipids, sulpholipids and triglycerides. It is 
important to explore the digalactosyldiacylglyc-
erol (DGDG) transport to other organellar mem-
branes as it is synthesised only at the envelope of 
plastids; membrane lipid remodelling requires 
compensating for the loss of phospholipids at 
 different organellar membranes (Zhang et al. 
 2001 ).  
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    Importance of Lipid Traffi cking/
Transporters 

 Lipid transfer mechanism plays a vital role in 
lipid profi ling. Lipid biosynthetic enzymes of dif-
ferent subcellular compartments participate in 
the biogenesis of thylakoid membrane system. 
This process requires an extensive exchange of 
lipid precursors between the chloroplast and 
endoplasmic reticulum (ER). To analyse the 
underlying lipid traffi cking between the ER and 
chloroplasts, radiolabelled ER membranes were 
used. The radioactivity associated with the lipids 
was determined by liquid scintillation counting 
of lipids isolated from the thin-layer chromato-
gram. Genetic mutants of the model plant 
 Arabidopsis thaliana  with disruptions in lipid 
traffi cking between the ER and the chloroplast 
become available for future work (Xu et al. 
 2008 ).  

    Prospects in Lipid Transfer Protein 
(LTP) Research 

 Plant lipid transfer proteins (LTPs) are capable of 
binding fatty acids and of transferring phospho-
lipids between membranes in vitro, whose bio-
logical function is not clearly known. LTPs have 
been suggested to participate in cutin assembly 
and in the defence of plants against pathogens 
and environmental stress. Lipid transfer protein 
(LTP) genes induced by pathogens are investi-
gated whether these genes are responsive to the 
infection by the particular micro-organism. The 
organ specifi city of gene expression for the dif-
ferent plant LTP genes was investigated. Further 
purifi cation, characterisation and biological 
activity prediction became an emerging area in 
plant lipidomics (Segura et al.  1993 ).  

    Lipid Profi ling and High-Throughput 
Technologies 

 The combined information from genomics, pro-
teomics and metabolomics will help us to obtain 
an integrated understanding of a cell or organism. 

However, these new analytic platforms are high- 
throughput technologies which substantially 
increase the dynamic range and number of 
metabolites and genes that can be detected (Kell 
 2006 ). One of the outcomes is the development 
of informatics tools in the advancement of sys-
tems biology. In systems biology, especially 
metabolomics, data are presently organised with 
the aim to create computer models simulating 
biological system.  

    Algae as a Model for the Study 
of Lipid Metabolism 

 Microalgae are receiving more interest from the 
public and scientifi c communities due to their 
vital application in the fi eld of biofuels, commer-
cially important compounds and in bioremedia-
tion for agriculture. Biochemical and molecular 
analysis of microalgae revealed differences in 
lipid signalling between algal species and in 
comparison to plants. These differences range 
from distinct acyl groups present in algal lipids, 
to a possible more direct role of plastids in the 
assembly of TAGs during glycerolipid metabo-
lism. Hence, microalgal lipidomics paves a new 
avenue of genetic engineering in plant lipid 
metabolism (Liu and Benning  2013 ).  

    Signifi cance and Modifi cation 
of Plant Lipids for Human Health 

 Polyunsaturated fatty acids (PUFAs) are essen-
tial, not synthesised  de novo  in mammals; they 
must be derived from the diet. Once PUFAs were 
ingested, they further metabolised and the result-
ing in long-chain PUFAs, which involved in the 
synthesis of cellular membranes and serve as pre-
cursors for hormone like eicosanoids. Dietary 
PUFAs are essential in health management and 
signifi cantly obtained from plant sources 
(Simopoulos  1999 ). 

 The hypolipidemic, antithrombotic, anti- 
infl ammatory and various biological effects of 
PUFAs have been studied extensively in animal 
models, tissue cultures and cells. More recently, 
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the effects of fatty acids on gene expression have 
been investigated, and this focus of interest has 
led to studies at the molecular level. Fatty acids, 
either released from membrane phospholipids, 
act as signalling molecules as well as second 
messengers in various signal transduction path-
ways (Graber et al.  1994 ). They can also act as 
modulators mediating responses of the cell to 
extracellular signals. It has been shown that fatty 
acids rapidly and directly alter the transcription 
of particular genes involved (Clarke and Jump 
 1994 ). Vegetarian diets are relatively low in 
alpha-linolenic acid (ALA) compared with 
 linoleic acid (LA) with trace amount of eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid 
(DHA). Clinical studies suggest that tissue levels 
of long-chain n-3 fatty acids are declined in veg-
etarians (American Dietetic Association  1997 ). 
Nutritional approaches, such as dietary supple-
mentation with ω-3 polyunsaturated fatty acids 
(ω-3 PUFA), are particularly attractive because 
they could work additively with established ther-
apies while not exerting negative hemodynamic 
effects (Harris et al.  2008 ). Polyunsaturated fatty 
acids (PUFAs), including conjugated linoleic 
acid (CLA), are recommended therapeutically to 
overweight individuals, including young adults 
and adolescents; there is a need to clarify whether 
CLA improves or reduces bone mass during a 
period of bone mineralisation and consolidation 
(Watson  2006 ).  

    In Agriculture Improvement 

 Lipidomics contributions towards fundamental 
metabolic pathways that direct to the synthesis of 
the most important plant glycerolipids are nowa-
days well documented. A large amount of efforts 
towards lipid biosynthesis in plants over the 
recent years has been aimed towards obtaining 
clones for key enzymes in the pathway. Most of 
industrial laboratories are contributed towards 
this attempt because of the probable economic 
importance that may be obtained from genetic 
engineering of vegetable oils. TAGs from plant 
source are the most important agricultural com-
modity, worth of approximately 25 billion USD/

annum. In recent times, a number of victories 
have been achieved in genetically engineering oil 
seed fatty acid composition to create new or 
superior vegetable oils (Ohlrogge et al.  1978 ; Van 
Meer  2005 ; Voelker and Kinney  2001 ).   

    Conclusion 

 Lipidomics, an emerging fi eld in biomedical 
research, plays an important role in understand-
ing the action of plant lipids on signalling path-
ways against various biotic and abiotic stresses. 
Lipidomics in association with genomics, pro-
teomics and metabolomics will contribute in 
delineating disease mechanism and provide 
insights into molecular mechanisms of lipid 
action. Mapping plant lipid content helps in 
revealing the exact plant defence mechanisms in 
response to various stresses. Like glycomics and 
proteomics, lipidomics involves system-level 
identifi cation and has a vital role in revealing 
metabolic pathways. Novel analytical techniques 
have been greatly developed to separate the lipids 
and to analyse the lipid composition. Though 
there is few drawbacks, viz., complexity, not eco-
nomically viable, they provide ample amount of 
information regarding the difference in regula-
tion of lipid content in different environments. 
Further improvement in analytical methods and 
universal bioinformatics databases has to be 
developed to fuel lipid research in an effective 
way.     
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   Abstract  

  Plant secretomics is an emerging subfi eld of 
proteomics studying proteins globally secreted 
into the extracellular space (apoplast) by plant 
cells at defi ned time under constitutive or 
induced conditions. Plant secretome has 
important biological functions in cell wall 
structure formation, cell-to-cell interaction, 
extracellular/intracellular signal relay and 
appropriate cellular response to environmental 
stimuli. It also regulates the ability or inability 
of the host to trigger the defence system 
against the invading pathogen. Defence pro-
teins are secreted via a classical pathway 
involving N-terminal signal peptide which 
directs the protein to the ER for routing, modi-
fi cation and subsequent secretion involving 
the endoplasmic reticulum (ER)–Golgi–trans- 
Golgi network (TGN)–plasma membrane 
 system. Plant secretome has an increasing 
number of proteins following unconventional, 
ER–Golgi-independent or ‘leaderless’ 
 apoplastic protein secretion mechanisms. 
Nonconventional mechanisms would be nec-
essary if the presence of a protein in the ER/
Golgi disrupts ER functioning or has multiple 
functions, each occurring in different cellular 
compartment. A large number of apoplastic 
leaderless secretome proteins have been iden-
tifi ed that play an important role under salin-
ity, low temperature, ion homeostasis and 
pathogen invasion. Characterisation of secre-
tome is a formidable task, and success can be 
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obliged to the advancement in biochemical, 
proteomic  techniques, mass spectroscopy and 
bioinformatics. Advanced proteomic technol-
ogies established detailed secretome profi les 
from normal and stressed cell types at a faster 
pace. Discrimination of the true secretome 
from those released under environmental 
stresses is a big challenge. It warrants 
improved strategies to investigate the secre-
tomes with high sensitivity and reproducibil-
ity. The comprehensive mechanisms regulating 
constitutive and induced secretome of diverse 
plants and their habitat are future perspective.  

  Keywords  

  Apoplast   •   Leader peptide   •   Leaderless secre-
tory proteins   •   Proteomics   •   Secretome   • 
  Secretory pathways  

        Introduction 

 Plant secretomics is an emerging fi eld of pro-
teomics studying the secreted proteins of plants 
called ‘secretome’. The term ‘secretome’ was 
fi rst used to describe a genome-wide study of the 
signal peptide-dependent secreted proteins and 
the protein secretion machineries in  Bacillus sub-
tilis , a Gram-positive bacterium (Tjalsma et al. 
 2000 ). The term is more often limited to include 
only the secreted proteins (Greenbaum et al. 
 2001 ; Hathout  2007 ; Bouws et al.  2008 ). Thus, 
‘secretomics’ is defi ned as the study of proteins 
globally secreted into the extracellular space 
(apoplast) of cell, tissue or organ at any given 
time under specifi c conditions through various 
secretory mechanisms under constitutive or 
induced conditions’ (Agrawal et al.  2010 ). 

 Plant secretome has important biological 
functions in the formation of cell wall structure, 
cell-to-cell interaction, appropriate response to 
environmental stimuli and defence against patho-
gens (Isaacson and Rose  2006 ; Kamoun  2009 ). 
The cell wall is a major interface between plant 
cells and its surrounding environment. Rapid and 
regulated secretion of specifi c proteins into this 
extracellular space (apoplast) is an important 
defence response (Grant and Lamb  2006 ). 

 Apoplastic fl uid is a complex mixture of pro-
teins secreted constitutively and proteins secreted 
in response to environmental stimuli. Secretion 
of defence proteins or exocytosis in both plants 
and animals is generally achieved through a con-
ventional pathway involving the endoplasmic 
reticulum–Golgi–trans-Golgi network–plasma 
membrane in the plant endomembrane system. It 
required an N-terminal signal peptide directing 
the protein to the ER for routing, modifi cation 
and subsequent secretion via the Golgi apparatus. 
However, the presence of an increasing number 
of proteins lacking signal peptide in the apoplas-
tic fl uid suggest the existence of unconventional 
protein secretion mechanism. Numerous ER–
Golgi-independent or ‘leaderless’ eukaryotic 
secretion mechanisms have been reported. 
Proteins are secreted by nonconventional mecha-
nisms for a number of reasons. For instance, non- 
Golgi secretion would be necessary if the 
presence of a protein in the ER/Golgi would dis-
rupt ER functioning. Non-Golgi secretion could 
also be desirable if a protein has multiple func-
tions, each occurring in different cellular com-
partment. The signifi cance of these secretory 
pathways, particularly in response to stresses, is 
well studied in animals and yeast (Nickel and 
Rabouille  2009 ); however, our information 
related to the knowledge of the protein popula-
tion of a plant secretome and related secretory 
mechanisms remains limited in plants. 

 Secretomics has increasingly been the focus 
of biological research, and it has now become an 
intricate subfi eld of proteomics. Moreover, the 
information regarding the number and types of 
proteins found in the secretome of a specifi c plant 
under normal growth and stress conditions is still 
unknown. Hence, the complete secretome profi le 
has now become a prerequisite rather than an 
option before we begin to systematically under-
stand the function of secretory processes and 
 proteins. Improvement in sequencing technology 
has made the genome sequences of more plant 
species completely known. Currently there are 24 
land plants having completed or draft genome 
sequences available and 72 land plant 
species with genome sequencing in progress 
(  http://www.ncbi.nlm.nih.gov/genomes/static/
gpstat.html    ). The improvement and automation 
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in proteomic technology is proving increasingly 
helpful for a systematic identifi cation, qualitative 
and quantitative profi ling and functional charac-
terisation of plant secretome. The parallel devel-
opment in bioinformatics has multiplied our 
ability to predict the protein-coding genes and 
the subcellular topographic locations of the 
encoded proteins, which is essential for the func-
tional annotation of the genomes. The combined 
analyses of secretome assisted with genomic and 
bioinformatic techniques can correlate large-
scale plant secretome studies and unravel mecha-
nisms of plant response to various internal and 
external stimuli. In the present chapter, we have 
discussed the mechanisms of protein secretion in 
apoplastic fl uid and methods of secretome isola-
tion, separation, identifi cation and annotation of 
their role in plants successfully completing their 
life span.  

    General Pathway of Secretory 
Proteins 

 A general characteristic of all prokaryotic or 
eukaryotic cells is to export the proteins from the 
cytoplasm to intracellular or extracellular loca-
tions. The secreted proteins in the apoplast or the 
extracellular space mediate major defence 
responses (Grant and Lamb  2006 ). The proteins 
destined to be exported are synthesised with a 
signal peptide that guides its translocation. 
Generally, the precursor protein with amino acid 
sequences of signal peptides is initially recog-
nised by soluble targeting factors for its transport 
to the target membrane, for its association with 
translocation machinery. Then polypeptide chain 
is transported through a proteinaceous channel. 
The secretion of proteins takes place through 
secretory pathways involving the endoplasmic 
reticulum and Golgi apparatus. Reports have 
shown that the secretion of protein also takes 
place without classical secretory pathway; in 
plants and animals, protein secretion is solely 
mediated by the endoplasmic reticulum and 
Golgi apparatus. Secreted proteins have a signal 
peptide at N-terminus to direct them into the ER 
for sorting, modifi cation and further secretion 

through the Golgi network. The existence of an 
alternate secretion mechanism is known which 
takes place without signal peptide (Auron et al. 
 1987 ). Their mechanism of secretion is Golgi- 
independent or leaderless secretion and is called 
nonclassical or unconventional secretory path-
ways (Nickel and Rabouille  2009 ). 

 Unconventional protein secretion takes place 
by two major methods: proteins are either trans-
ported in a non-vesicular mode where they pass 
directly from the cytosol through the plasma 
membrane or by various vesicular modes with 
membrane-bounded structures fusing with the 
plasma membrane before release in the extracel-
lular space (Ding et al.  2012 ). Recently, a plant- 
specifi c compartment named exocyst-positive 
organelle (EXPO), has been shown to mediate 
nonclassical protein secretion from cytosol to 
cellwall without passing proteins via the Golgi 
apparatus, trans-Golgi network or multivesicular 
body (Wang et al.  2010a ). 

    Molecular Biology of Secretome 

 Delivery of proteins through the endomembrane 
system to plasma membrane or the extracellular 
space (apoplast) usually starts with cotransla-
tional insertion of proteins into the endoplasmic 
reticulum and then the cleavage of the signal pep-
tide. The classical secretory pathway is highly 
conserved in eukaryotes (Burgess and Kelly 
 1987 ; Jurgens and Geldner  2007 ; Marti et al. 
 2010 ; Cai et al.  2011 ,  2012 ). There are regulated 
and consecutive secretory pathways that diverge 
in the trans-Golgi network. The constitutive clas-
sical secretory pathway is highly complex and 
operates in all cells (Fig.  1 ).  

 Many soluble proteins are continually secreted 
from the cell by this pathway and translocate 
newly synthesised lipids and proteins to the 
plasma membrane. Specialised secretory cells 
also have a regulated secretory pathway, by 
which selected proteins in the trans-Golgi net-
work are diverted into secretory vesicles, where 
the proteins are stored until an extracellular sig-
nal stimulates their secretion. 
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 The secretory pathway transports proteins 
from one organelle to another within transport 
vesicles. Vesicular transport mediates a continu-
ous exchange of components between chemically 
distinct, membrane-enclosed compartments that 
collectively constitute the biosynthetic–secretory 
and endocytic pathways. Most transport vesicles 
form specialised, coated regions of membranes 
that bud off as coated vesicles, with a distinctive 
cage of proteins covering their cytosolic surface. 
Before the vesicles fuse with a target membrane, 
they discard their coat, as is required for the two 
cytosolic membrane surfaces to interact directly 
and fuse. The coat performs two main functions: 
First is the selection of appropriate molecule 
transport concentrating specifi c membrane pro-
teins in a specialised patch, forming vesicle 
membrane. Second, the coat moulds the vesicle 
into a curved, basketlike lattice that deforms the 
membrane patch and thereby shapes the vesicle. 
Hence, vesicles with the similar type of coat 
often have relatively the same size and shape. 
The vesicular transport selectively uses various 

cytosolic proteins like coat proteins (clathrin, 
COPI, COPII and retromer), some GTPases 
(Sar1, Arf1 and Rabs) and the ESCRT complexes 
(Kirchhausen  2000 ; Nickel et al.  2002 ; Gabe Lee 
et al.  2009 ; Hurley and Hanson  2010 ; Gao et al. 
 2012 ). There are three well-characterised types 
of coated vesicles, distinguished by their coat 
proteins: clathrin-coated, COPl-coated and 
COPII-coated. Each type is used for different 
transport steps. Clathrin-coated vesicles mediate 
transport from the Golgi apparatus and from the 
plasma membrane, whereas COPI- and COPII- 
coated vesicles mostly mediate transport from 
the ER and Golgi cisternae. The correct targeting 
and fusion of these vesicles to destined organelle 
depends on organelle-specifi c tethering factors 
and SNARE complexes (Cai et al.  2007 ; Sztul 
and Lupashin  2009 ) (Fig.  2 ).  

 Many of the secretory proteins from mammals 
and yeasts are known to follow an unconven-
tional secretory pathway (Auron et al.  1987 ); 
such processes are less reported in plants. In 
plants, more than 50 % of secretory proteins from 

  Fig. 1    The constitutive and regulated secretory pathways (Adapted from Alberts et al.  2008 )       
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total known plant secretome lack a signal peptide 
sequence and follow a leaderless secretory path-
way (Agrawal et al.  2010 ). Studies performed 
using methods that cause least contamination of 
cytoplasmic proteins during secretome prepara-
tion and their analyses using highly sensitive 
enzymatic, immunoblotting and microarray 
showed the presence of high percentage of lead-
erless secretory protein in the plant secretome 
ruling out the possibility of contaminating nonse-
cretory proteins (Jung et al.  2007 ; Tran and 
Plaxton  2008 ; Cho et al.  2009 ).  

    Classical Secretome with Leader 
Peptide 

    The Classical Secretory Pathway 
for Protein Translocations Across 
Membrane 
 Proteins are the workhorses, which are synthe-
sised in the cytoplasm. They ought to transport 
the entire polypeptide chain across one or two 
membranes in a unidirectional manner from the 
site of synthesis to the site of its biological func-
tion through the secretory pathway. The classical 
secretory pathway is a series of steps a cell fol-

  Fig. 2    Vesicle tethering to target membrane: Rab effector 
proteins interact via active Rab proteins (Rab-GTPs) on 
the target membrane, vesicle membrane or both to estab-
lish the fi rst connection between the two membranes 
going to fuse. Rab effector is shown here as a fi lamentous 

tethering protein; SNARE proteins on the two membranes 
pair to dock the vesicle to the target membrane and 
catalyse the fusion of the two apposed lipid bilayer 
(Adapted from Alberts et al.  2008 )       
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lows to translocate a protein across a membrane 
bilayer or out of the cell via the endoplasmic 
reticulum through a process known as secretion. 
Translocation of nascent proteins across the 
membrane of the ER is known to occur in two 
ways: cotranslational translocation, in which 
translocation is concurrent with peptide synthesis 
by the ribosome, or posttranslational transloca-
tion, in which the protein is fi rst completely syn-
thesised in the cytosol and released from its 
polysomal complex and, thereafter, is transported 
into the ER. Both the methods of translocation 
are mediated by the same protein channel, known 
as Sec61 in eukaryotes and SecY in prokaryotes 
and archaea.  

    Cotranslational Translocation or Signal 
Recognition Particle (SRP)-Dependent 
Pathway 
 Proteins that follow a secretory pathway are des-
tined for translocation across the ER membrane. 
The fi rst stretch of the amino acids synthesised, 
called a signal/leader/transit peptide, allows a 

series of interactions starting with the recognition 
and its binding with SRP (Fig.  3 ).  

 The amino acid sequences of signal peptides 
are not conserved. ER targeting is specifi ed by a 
central stretch of 7–20 hydrophobic amino acids. 
The extent of hydrophobicity of this region dic-
tates cotranslational import into the 
ER. Eukaryotic SRP is a complex of six associ-
ated polypeptides and an RNA component which 
target substrates for cotranslational translocation 
into the ER. The SRP54 binds to the hydrophobic 
core of signal sequence as it emerges from the 
ribosome. The SRP complex, when bound to the 
ribosome and the signal sequence of the nascent 
peptide, pauses the elongation of the polypeptide 
by the subcomplex SRP9 and SRP14 by blocking 
the tRNA (Walter and Johnson  1994 ; Lutcke 
 1995 ). This translational arrest is to ensure proper 
targeting to the ER membrane before signifi cant 
portions of the polypeptide emerge from the ribo-
some and begin to fold. 

 The ribosome along with its transit peptide–
SRP complex is then attached to a docking pro-

  Fig. 3    Mechanism of cotranslational translocation of newly synthesised protein across the membrane (Adapted from 
Corsi and Schekman  1996 )       
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tein. The docking protein is a heterodimeric SRP 
receptor (SR) composed of SRα and SRβ sub-
units. The SRP–nascent chain–ribosome com-
plex binds to the docking protein and transfers 
the SRP–nascent chain–ribosome complex to the 
translocon, the Sec61, and then recycles back to 
the cytosol. The SRP is released from the SRP 
receptor after receptor-induced GTP hydrolysis 
by SRP54 component and completes the cycle 
(Miller et al.  1993 ). As the SRP and SRP receptor 
dissociate from the ribosome, the ribosome is 
able to bind directly with docking protein, Sec61. 
The Sec61 translocation channel (called SecY in 
prokaryotes) is a highly conserved heterotrimeric 
complex composed of α-, β- and γ-subunits. The 
pore of the channel, formed by the α-subunit, is 
blocked by a short helical segment which is 
thought to become unstructured during the begin-
ning of protein translocation, allowing the pep-
tide to pass through the channel. Completion of 
the synthesis of prepeptide resumes once the 
nascent signal peptide translocates across the 
channel into ER lumen. As the synthesis of pre-
peptide continues, it progressively penetrates into 
the ER lumen. 

 During translocation, the signal sequence is 
cleaved off by a signal peptidase present specifi -
cally in the ER lumen, freeing the amino termi-
nus of the growing peptide. Translocated protein 
undergoes specifi c posttranslational modifi ca-
tions such as glycosylation or insertion of spe-
cifi c cofactor and is eventually stabilised by 
attaining a stable functional conformation. The 
stable functional protein can then be secreted via 
retrograde/anterograde pathways involving the 
Golgi apparatus to its fi nal destination. If the 
secreted protein lacks any secondary signal 
sequence, they are secreted in the apoplast.  

    Posttranslational Translocation or 
SRP-Independent Pathway 
in Eukaryotes 
 Unlike cotranslational translocation, posttransla-
tional or SRP-independent translocation of secre-
tory proteins occurs independently of SRP in 
eukaryotes. The secretory precursor protein is 
completely translated and released from the ribo-
somal translation machinery (Fig.  4 ).  

 Posttranslational targeting of secretory pro-
teins requires cytosolic components, viz. 

  Fig. 4    Mechanism of posttranslational translocation of newly synthesised protein in yeast (Adapted from Corsi and 
Schekman  1996 )       
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 cytosolic heat shock proteins (Hsp70), to main-
tain the polypeptide in an incompletely folded 
state. The posttranslational modes of transloca-
tion of secretory/membrane proteins prominently 
involve Sec translocon pathway, and Sec61p is a 
signifi cant candidate subunit of the translocation 
channel. 

 In addition to the Sec61p complex, a second 
set of proteins called the Sec62p/Sec63p com-
plex is required for posttranslational transloca-
tion in yeast. The Sec61 translocon associates 
with oligomeric membrane protein complex 
(Rapoport et al.  1999 ). This oligomeric mem-
brane protein complex includes three integral 
membrane proteins, Sec62p, Sec63p and Sec71p, 
as well as Sec72p, which is peripherally associ-
ated with the cytosolic face of the ER, probably 
through association with Sec71p. Sec63p has 
been shown to form a subcomplex with Sec71p, 
Sec72p and BiP (Brodsky and Schekman  1993 ). 
BiP is a member of the Hsp70 family of ATPases, 
a group which is characterised as having an 
N-terminal nucleotide-binding domain and a 
C-terminal substrate-binding domain, which 
binds to peptides. Studies have proposed that 
Sec62p, Sec71p and Sec72p, together, create a 
surface for secretory precursors to bind before 
crossing the ER membrane. 

 Translocation apparatus for posttranslational 
translocation into a reconstituted proteoliposome 
consists of Sec61p and Sec62p/Sec63p com-
plexes (Panzner et al.  1995 ). The Sec62p/Sec63p 
complex contains a cytoplasmic signal sequence 
receptor site that binds newly synthesised secre-
tory proteins. The substrates are maintained in an 
unfolded, translocation-competent conformation 
with the aid of cytoplasmic chaperones (Chirico 
et al.  1988 ). Subsequent to binding, the signal is 
transferred from Sec62/Sec63 to the signal 
sequence receptor of the Sec61 translocon, and 
translocation occurs via the Sec61p channel. The 
primary role of the membrane protein complex 
Sec62/Sec63 is to activate the ATPase activity of 
BiP via Sec63p. The fi nal step in the completion 
of translocation of precursor secretory proteins is 
full transfer from the pore into the ER lumen and 
requires functional Sec63p and BiP. The associa-
tion of substrate-binding domain of BiP through 

Sec63p binds nonspecifi cally to the precursor 
peptide as it enters the ER lumen and allows the 
BiP to act as a translocation motor (Glick  1995 ; 
Brodsky  1996 ) and keeps the peptide from slid-
ing backwards in a ratchet-type mechanism.   

    Unconventional Secretome 
with Leaderless Peptide or Without 
Leader Peptide 

 Secretion of defence proteins in both plants and 
animals was originally thought to be solely via an 
endoplasmic reticulum (ER)/Golgi-mediated 
pathway, with the help of an N-terminal signal 
peptide directing the protein to the ER. 

 Leaderless secretory proteins are modifi ed in 
response to stress, thereafter enabling its interac-
tion with relevant secretory pathways and subse-
quently resulting in its movement across the 
membrane (Denny et al.  2000 ; Backhaus et al. 
 2004 ). Multivesicular bodies (MBVs) in plants 
are prevacuolar compartments (Tse et al.  2004 ; 
Miao et al.  2008 ) and normally considered as 
endosomes of plants (Lam et al.  2007 ; Otegui and 
Spitzer  2008 ; Wang et al.  2009 ; Niemes et al. 
 2010 ; Robinson et al.  2012 ). They have been 
reported in the cytoplasm underlying the invasion 
papillae surrounding the fungal haustorium. The 
paramural bodies or lomasome is frequently 
observed at these sites and considered as the 
fusion profi les of MVBs with the plasma mem-
brane. Callose is known to accumulate in the 
papillae and in the multivesicular bodies trans-
ported through endocytosis (An et al.  2006 ; Xu 
and Mendgen  1994 ). 

 Ding et al. ( 2012 ) described the three possible 
pathways for the leaderless secretory pro-
teins (LSP) or nonclassical secretion of proteins. 

  The fi rst LSP pathway  is based on the fusion 
of multivesicular bodies with the plasma mem-
brane to release the intraluminal vesicles to the 
apoplast, as exosomes. The release of exosomes 
depends on the behaviour of cytoplasmic domains 
of the two plasma membrane-localised SNAREs 
(syntaxin PEN1 and SNAP33), as their integra-
tion into the membrane of early endosome or 
trans-Golgi network in plants has been shown 
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(Lam et al.  2007 ,  2008 ; Robinson et al.  2008 , 
 2012 ; Meyer et al.  2009 ; Bednarek et al.  2010 ; 
Wang et al.  2010b ). After maturation into the 
multivesicular bodies, these SNAREs are on the 
intraluminal vesicles within the multivesicular 
body (Robinson et al.  2012 ; Scheuring et al. 
 2011 ). These exosomal intraluminal vesicles 
accumulate SNAREs in the matrix of the papilla 
after fusion of MBVs to plasma membrane 
(Fig.  5 ).  

  The second LSP pathway  is based on the vacu-
olar fusion to plasma membrane. This was estab-
lished by the pathogen-induced localised 

apoptosis at the site pathogen invasion. The 
localised apoptosis was due to the fusion of vacu-
ole with the plasma membrane and the releasing 
of hydrolytic vacuolar enzymes with caspase-3- 
like activity into the apoplast, resulting in the 
lysis of bacterial and plant cells (Hatsugai and 
Hara-Nishimura  2010 ). It suggests that these vac-
uolar enzymes were originally delivered to the 
vacuolar lumen through conventional secretory 
organelles, but their secretion to apoplast is an 
unconventional secretion (Fig.  5 ). 

  The third LSP pathway  is mediated by exocyst- 
positive organelles (EXPOs) discovered from 

  Fig. 5    Unconventional protein secretion pathways in plants (Adapted from Ding et al.  2012 )       
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suspension culture of  Arabidopsis  and tobacco 
BY-2 cells (Wang et al.  2010a ). These organelles 
have also been reported from root tips, root hair 
cells and pollen grains. EXPOs are double- 
membrane in the cytoplasm but are single- 
membrane vesicles outside the plasma membrane. 
EXPOs are like autophagosomes being double-
membrane- bound vesicles. But they are different 
from autophagosomes because their number does 
not change much under starvation, they do not 
fuse with endosomes and also they do not local-
ise with autophagosome using standard marker. 

 EXPOs are not infl uenced by Brefeldin A 
(BFA, a fungal metabolite that reversibly inhibits 
the anterograde transport from ER to Golgi appa-
ratus) or wortmannin (a specifi c inhibitor of 
phosphatidylinositol 3-kinase used to study pro-
tein traffi cking and identifi es organelles of plant 
secretory and endocytic pathways). It shows that 
the EXPOs do not follow the conventional secre-
tory or endocytic pathways of the cell (Fig.  5 ). 
All vesicle carriers, irrespective of being involved 
in conventional or unconventional protein secre-
tion, interact with the plasma membrane through 
the tethering factor called exocyst, a hetero- 
octameric complex made of Sec3, Sec5, Sec6, 
Sec8, Sec10, Sec15, Exo70 and Exo84 subunits 
(Chong et al.  2010 ). Each exocyst protein subunit 
is a single-gene product in yeasts and mammals, 
while in plants, Sec3, Sec5, Sec10 and Sec15 
subunits are encoded by two genes, Exo84 by 
three genes and Exo70 by 23 genes (Zhang et al. 
 2010 ). The tethering factor exocyst is involved in 
conventional secretory processes, self- 
incompatibility response and pathogen response 

(Samuel et al.  2009 ; Zhang et al.  2010 ; Pecenkova 
et al.  2011 ). 

 The markers, pathways and regulators of 
unconventional protein secretory pathways which 
are reported from plants have been listed in Table 
 1 . However, unconventional protein secretion 
still requires the omic studies utilising biochemi-
cal, cellular, molecular and genetic approaches to 
portray better understanding of nonconventional 
protein secretion.

        Characterisation of Global 
Secretome 

 Plants produce metabolic responses against 
received stress signals to regulate entire plant 
growth and development. Plants have continuity 
of symplast and apoplast that helps to establish 
communication within the physiological system 
(Sakurai  1998 ). The apoplast is a dynamic com-
partment and helps to perceive and transduce sig-
nals from the external environment to the 
intracellular symplast. Hence, proteins secreted 
into the apoplastic fl uid play an important role in 
biotic and abiotic stress responses. Various 
apoplast- secreted proteins are identifi ed, which 
play important biological roles in cell wall struc-
ture, cellular communication and the responses to 
host–pathogen relationships (Masuda et al.  2001 ; 
Rep et al.  2003 ; Boudart et al.  2005 ; Alvarez 
et al.  2006 ; Djordjevic et al.  2007 ; Floerl et al. 
 2008 ). Germination of barley seed showed 
α-amylase synthesis in the aleurone layer and its 
secretion into the endosperm to break down 

   Table 1    Unconventional protein secretion pathways in plants (Ding et al.  2012 )   

 Markers  Pathways  Regulators 
 Subcellular localisation 
of regulators 

 SAMS-2  Exocyst-positive 
organelle 

 AtExo70E2  Exocyst-positive 
organelle 

 Mannitol dehydrogenase  Golgi-independent  ?? 
 PMR4  Exosome  PEN1, SNAP33 
 GSL5  VAMP721/2 
 Aleurain  Central vacuole  PBA1 
 CPY 
 Aspartyl protease 
 Hygromycin phosphotransferase  Golgi-independent  Synaptogamin 2  Golgi 
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starch (Ranki and Sopanen  1984 ). Apoplastic 
secretome of apple, peach, pear and plum includ-
ing xylem sap and leaf apoplast is known to have 
antioxidative system in response to pox virus 
(Diaz-Vivancos et al.  2006 ). In poplar, nearly 300 
unique apoplastic proteins have been identifi ed, 
among which ~144 are from leaf apoplast and 
~135 are from stem apoplast (Pechanova et al. 
 2010 ), whereas ~97 were root apoplast protein 
(Dafoe and Constabel  2009 ). The leaf apoplast 
proteins have major roles in cell wall metabolism 
and stress/defence response, whereas root apo-
plast proteins have the major function of stress/
defence with cell wall metabolism as the second-
ary function (Pechanova et al.  2010 ). 

 Detailed studies of secreted proteins under 
normal, biotic/abiotic stress conditions revealed 
several types of novel secreted proteins, includ-
ing the leaderless secretory proteins. These lead-
erless secretory proteins account for more than 
50 % of the total identifi ed secretome from 
eukaryotes. Presently, about 24 terrestrial plant 
genomes have been completely sequenced, 
whereas many are under progress. 

 The analyses of the different components of 
cells have revealed that >80 % of the curated 
secreted proteins are present in the apoplast or 
exterior to the cell wall. Approximately 1,700 
secreted proteins have been manually curated 
from more than 150 plant species in the 
UniProtKB/Swiss-Prot database. Their subcellu-
lar locations are yet to be verifi ed experimentally. 
 Arabidopsis thaliana , being the most extensively 
studied plant model system, has 941, while  Oryza 
sativa  (japonica) has 226 curated secreted pro-
teins in the database (Table  2 ).

   Gene ontology analyses based on molecular 
functions showed that ~40 % of the total plant- 
secreted proteins and ~50 % of  Arabidopsis- 
secreted   proteins show hydrolase activity, with 
almost one third showing binding activity and 
~15 % showing the catalytic activity (Lum and 
Min  2011 ). 

 The functional genome annotation requires 
prediction of protein-coding sequences as well as 
their subcellular locations. The UniProt 
Consortium ( 2010 ) has a database of plant 
 secretomes allowing better and effi cient predic-

tion and analyses of curated and annotated 
secreted proteins, thus ultimately leading to 
enhancement of database by accurate prediction 
of plant secretomes and thus enhancing under-
standing about the response or action of secreted 
protein to a variety of internal and external 
environments. 

    Secretome Under Stresses 

 The plant apoplast research is lagging due to an 
obsolete concept of apoplast function and diffi -
culties in the extraction and analysis of apoplastic 
proteins. Apoplast consisting compartments 
beyond the plasmalemma has a variety of func-
tions during plant growth and development as 
well as in plant defence responses to stresses 
(Tian et al.  2009 ; Pennell  1998 ). During signal 
transduction, plant cells transport ligand like ions 
and other metabolites from the apoplast; there-
fore, a signal must cross the apoplast and plasma-
lemma (Sakurai  1998 ). Stress conditions 
signifi cantly affect both quantity and quality of 
apoplastic proteins (Dani et al.  2005 ). Some 
stress conditions evidenced to alter the apoplast 
proteins in response to them include salt (Zhang 

   Table 2    Curated secreted proteins from different plants 
in UniProt/Swiss-Prot database (Lum and Min  2011 )   

 Plant 
 No. of 
proteins 

  Arabidopsis thaliana   941 
  Oryza sativa  subsp. Japonica  226 
  Solanum lycopersicum  ( Lycopersicon 
esculentum ) 

 37 

  Nicotiana tabacum   28 
  Hordeum vulgare   27 
  Triticum aestivum   25 
  Zea mays   21 
  Oryza sativa  subsp. Indica  16 
  Capsicum annuum   12 
  Betula verrucosa  ( B. pendula )  11 
  Cycas revoluta   10 
  Phaseolus vulgaris   10 
  Solanum tuberosum   10 
 Other species (153 species)  330 
  Total    1,704  
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et al.  2009 ), low temperature (Marentes et al. 
 1993 ), salicylic acid (Cheng et al.  2009a ), metal 
toxicity (Fecht-Christoffers et al.  2003 ) and 
pathogen invasion (Oh et al.  2005 ). The roles of 
plant apoplastic proteins have been obviously 
ignored in analysing the plant stress response in 
comparison to the intracellular signalling path-
way components and effectors. 

 Studies on  ex planta  (suspension cultured 
cells) and  in planta  systems identifi ed a large 
number of leaderless secretory proteins in plants 
(Tran and Plaxton  2008 ; Cho et al.  2009 ; Agrawal 
et al.  2010 ), accounting for more than 50 % of 
total secretome, identifi ed under biotic and abi-
otic stress conditions, exhibiting the existence of 
signal peptide-independent secretory 
mechanism. 

    Secretome Under Abiotic Stresses 
 Plants have evolved sophisticated systems to 
cope with adverse environmental conditions such 
as cold, drought and salinity. Although a number 
of stress response networks have been proposed, 

the role of plant apoplast protein stress response 
is less known. 

 The monocot model plant rice has salinity as 
one of the major environmental factors limiting 
growth and productivity. The rice root apoplastic 
proteins in response to salt stress have been deci-
phered (Zhang et al.  2009 ). The differential 
expression of rice secretome compared to 
untreated control revealed its role in response to 
salt stress and identifi ed approximately 40 pro-
teins, mainly involved in carbohydrate metabo-
lism, oxidoreduction, protein processing and 
degradation (Song et al.  2011 ) (Fig.  6 ).  

 Low temperature stress decreases the produc-
tivity and limits the distribution of crop. Plants 
have different responses to freezing stress; some 
are freezing tolerant to withstand extracellular 
ice formation, and others prevent freezing by 
supercooling their sap. Apoplast proteome com-
ponents prevent the lethal cell damage by ice- 
interacting proteins. The molecular mechanisms 
and components of the low temperature signal-
ling in the apoplast are little known. The anti-

  Fig. 6    Salinity stress-responsive apoplastic protein network in rice seedlings (Song et al.  2011 )       
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freezing proteins in the apoplast bind to the ice 
crystals, thus inhibiting growth of ice crystal 
rather than ice formation in plants. Some of the 
plant antifreezing proteins are homologous to 
pathogenesis-related proteins (chitinase and glu-
canase) which have hydrolytic activity in addi-
tion to antifreezing protein activity (Hon et al. 
 1995 ; Yaish et al.  2006 ). 

 Apoplast acts as the mediator of cell commu-
nication with the environment and is altered by 
the freezing stress and the analyses of secretome 
give better understanding to the mechanism of 
freezing tolerance. Secretome of  Hippophae 
rhamnoides  (sea buckthorn) identifi ed 60 low-
temperature- responsive (LTR) proteins, of which 
50 % were upregulated LTR proteins (Gupta and 
Deswal  2012 ). SignalP and SecretomeP analysis 
showed that 76 % of the proteins identifi ed were 
apoplastic proteins, among which 24 % were fol-
lowing classical and 52 % following the nonclas-
sical secretory pathway (Table  3 ). Also, the 
nonsecretory proteins identifi ed were the non- 
resident apoplast proteins and might be imported 
in response to any stimulus like low 
temperature.

   Phosphate is a macronutrient important for 
plant growth and metabolism. The excessive use 

of phosphate fertilisers results in phosphate defi -
ciency in soil. Plants respond to phosphate defi -
ciency by increased root growth, lateral roots to 
increase surface area of absorption and reduced 
shoot growth (Vance et al.  2003 ). Differentially 
expressed secretome of  Arabidopsis thaliana  
suspension cell cultures under phosphate- 
suffi cient and phosphate-defi cient conditions was 
analysed by proteomic approach which identifi ed 
37 unique proteins (Tran and Plaxton  2008 ). 
Among them, 24 secreted proteins were 
phosphorus- defi ciency-responsive proteins, 
while 18 of them were upregulated and six down-
regulated secretory proteins (Table  4 ).

   The mannitol dehydrogenase (MDH) is a 
cytoplasmic enzyme which is secreted in a Golgi- 
independent manner by tobacco in response to 
salicylic acid (Cheng et al.  2009b ). The mannitol 
acts as a metabolite as well as an osmoprotectant 
due to its regulated conversion to mannose by 
MDH in the cytosol of plants like celery (Stoop 
et al.  1996 ). Thus, mannitol and MDH play an 
important role in plant–pathogen interactions. 
Golgi-independent secretion of MDH catabolises 
fungal mannitol in the extracellular space. The 
apoplastic peroxidases and high levels of leader-
less secretory antioxidant protein Cu/Zn superox-

   Table 3    Low-temperature stress-responsive secretome of  H. rhamnoides  (Gupta and Deswal  2012 )   

 Functional category  Protein  Predicted secretory pathway 

  Redox regulation   Lactoylglutathione lyase or glyoxylase 1  Nonclassical 
 Superoxide dismutase  Nonclassical 
 Thioredoxin  Classical 
 Putative lactoylglutathione lyase  Nonclassical 

  Defence/stress related   Osmotin-like protein  Classical 
 Thaumatin-like protein  Classical 
 Chitinase  Classical 
 GDSL-motif lipase/hydrolase family protein  Nonclassical 
 Desiccation-related protein  Classical 
 Phenylalanine ammonia lyase  Nonclassical 
 Late embryogenesis-like protein  Nonclassical 

  Signalling   Calmodulin 1  Nonclassical 
 Calcium-dependent protein kinase 23  Nonclassical 
 GTPase-activating protein  Nonclassical 

  Metabolism   Putative phosphomannomutase  Nonclassical 
  Regulation   Cysteine protease  Nonclassical 

 Translation-inhibitor protein  Classical 
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ide dismutase in response to biotic or salicylic 
acid stress lead to oxidative burst (Bindschedler 
et al.  2006 ; Cheng et al.  2009a ). 

  Arabidopsis  secretome induced by 1 mM sali-
cylic acid (SA) showed a number of secretory 
proteins into the apoplast through classical or 
nonclassical secretory pathway (Cheng et al. 
 2009a ). 

 Poplar ( Populus spp ) plants growing in river-
ine ecosystems, characterised by rapid environ-
mental changes, have evolved as multistress 
response in the apoplast. Apoplast secretome of 
poplar constitutes a potential adaptive mecha-
nism to inhabit successfully in dynamic riverine 
ecosystem (Pechanova et al.  2010 ).  

    Secretome Under Biotic Stresses 
 The plants’ cell wall acts as a barrier separating 
plant cells from the external environment. 
Therefore, proteins that are secreted in the extra-
cellular space or apoplast play an important role 
in defence response. They reinforce the cell wall 
and antimicrobial activity via defence proteins 
such as chitinases, β-1, 3 glucanases, thionins, 
and defensins and lipid transfer proteins (Grant 
and Lamb  2006 ). These secreted proteins include 
various hydrolytic enzymes that are secreted in 
the apoplast as self-defence response to pathogen 
(bacteria, fungi and viruses) attack. Such 
pathogenesis- related proteins (PRPs) mediate 
cell-to-cell communication, and many of them 
follow the nonclassical secretory pathway 

   Table 4    Functional characterisation of secretome from  Arabidopsis  cell suspension under phosphate-defi ciency condi-
tion (Tran and Plaxton  2008 )   

 Protein and putative function  Mode of secretion  Gene expression 

  Cell wall modifying  
 Expansin-like protein  Classical   ↓  
 β-Fructofuranosidase  Classical  ** 
 Galactosyltransferase family protein  Classical   ↓  
 Xyloglucan endo-1,4-β-D-glucanase  Classical   ↓  
 Xyloglucan endotransglycosylase 6  Classical  ** 
 Monocopper oxidase-like protein  Classical  ** 
  Defence  /  detoxifying  
 Glutathione transferase 8  Nonclassical  ** 
 Dehydroascorbate reductase 1  Nonclassical  ** 
 Mn superoxide dismutase 1  Nonclassical  ↑ 
 NADPH-dependent thioredoxin reductase 2  Classical  ↑ 
 Peroxidase  Classical  ↓ 
 Peroxidase 17  Classical  ↑ 
 Peroxidase 53  Classical  ↑ 
  Glycolysis  
 Phosphoglycerate mutase  Nonclassical  ** 
 Enolase  Nonclassical  ** 
  N  -  Metabolism  
 Amidase family protein  Classical  ** 
 Glutamine synthetase  Nonclassical  ** 
  Nucleases  
 RNS1  Classical  ↑ 
  Proteases  
 Leucine aminopeptidase 1  Nonclassical  ** 
 Leucine aminopeptidase 3  Nonclassical  ** 
 Serine carboxypeptidase 50  Classical  ** 

   ↑  = Upregulated,  ↓  = downregulated,  **  = unique proteins  
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(Bowles  1990 ; Agrawal et al.  2010 ). Thus, plant 
secretome might play a key role in the early rec-
ognition and defence against pathogen attack. 

 There are three types of plant responses to 
pathogen invasion: (1) by sensing the presence of 
elicitors through the cell surface receptors, (2) by 
producing localised oxidative burst by release of 
reactive oxygen species or (3) by releasing differ-
ent types of antimicrobial compounds. The elici-
tors arise from the cell wall of pathogens or 
fragments of the host cell wall released by patho-
gen activity such as chitin fragments and detec-
tion of the fungal attack by release of chitinases 
like PR3 (Verburg and Huynh  1991 ; Kaku et al. 
 2006 ). 

 Studies on plant secretome improves our 
insight of defence mechanism during plant–
pathogen interactions. Identifi cation of secreted 
proteins in  Arabidopsis  suspension-cultured cells 
(Ndimba et al.  2003 ; Oh et al.  2005 ), maize 
(Chivasa et al.  2005 ) and tobacco BY2 cell 
(Okushima et al.  2000 ) have been reported in 
response to fungal pathogens. The various patho-
gen elicitor-responsive proteins identifi ed from 
plants include lectin receptor-like kinase, endo-
chitinase, xyloglucan endo-1, 4-β-D-glucanases 
and peroxidise from cell suspension culture 
 fi ltrates. Also, there are reports from whole-pro-
tein extracts that furthers our understanding on 
plant–pathogen interactions and defence 
 signalling in wheat (Rampitsch et al.  2006 ), 
maize (Chivasa et al.  2005 ), pea (Curto et al. 
 2006 ),  Arabidopsis  (Jones et al.  2006 ) and 
rice (Ventelon-Debout et al.  2004 ; Lee et al. 
 2006 ). 

 Kim et al. ( 2009 ) identifi ed 21 differentially 
expressed proteins in the secretome in response 
to rice blast fungus ( Magnaporthe grisea ) and its 
elicitor in rice suspension culture. These secreted 
proteins include chitinases, expansins and ger-
mins/oxalate oxidases. The secretory proteins 
expressed in elicitor-treated suspension cell cul-
ture were nearly similar to the  M. grisea- infected 
rice leaves. It established the early recognition of 
pathogens via secreted proteins in resistant rice 
plants. 

 Pathogen attack in plants initiates a signalling 
cascade that leads to the synthesis of salicylic 

acid, which induces the expression or secretion 
of various PRPs that play a key role in systemic 
acquired resistance of plants. 

  In planta  secretome analyses of  Phytophthora 
capsici -infected pepper ( Capsicum annuum ) 
identifi ed 75 secretory proteins (Yeom et al. 
 2011 ). Majority of the secreted proteins were 
defence- and stress-related proteins, proteases, 
protease inhibitors or cell wall structural 
proteins. 

 Water and pathogen stress-mediating PRPs in 
apoplast are effective in suppressing growth of 
 Melampsora  causing leaf fungal rust in poplar 
(Rinaldi et al.  2007 ). The leaf apoplast secretome 
showed the presence of proteins like acidic class 
III chitinase, thaumatin-like protein, blight- 
associated protein p12, cationic peroxidase 1 and 
cysteine-rich repeat secretory protein 38 in 
response to  Melampsora  infection. The acidic 
class III chitinase expression increased under 
pathogen challenge with  M. larici-populina  as 
well as under drought condition. It suggests a 
broad spectrum of role of apoplastic PRPs under 
stresses. A group of cysteine-rich peptides, 
defensins, are conserved in plants, and animals 
possess antimicrobial activity against a variety of 
fungus (Thomma et al.  2002 ). Some of them in 
plants are antibacterial or even few have a role in 
anti-insect activity. The defensins have different 
mechanisms for antifungal activity, such as (1) by 
interacting fungal cell wall components and caus-
ing localised apoptosis (Thevissen et al.  2012 ), 
(2) by binding to fungal ion channels to block it 
(Spelbrink et al.  2004 ) or (3) by modulating per-
meability of fungal plasma membrane leading to 
fungal cell death (Mello et al.  2011 ). It reveals 
that apoplast secretome-based defence 
 mechanism works effectively against pathogens 
by  activating pathogenesis-related proteins under 
biotic stress (Pechanova et al.  2010 ).   

    Secretome of Developmental Stages 

 Multicellular organisms have evolved an effi cient 
system for cellular communication to ensure the 
ordered development, growth, maintenance and 
reproduction to successfully complete their life 
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span. It requires cells to coordinate response to 
environmental stimuli as well as to each other by 
integrating the wide array of extracellular and 
intercellular signals. The cellular secretion in the 
apoplast by plant is an important biological pro-
cess and serves as an interface between the envi-
ronment and organism. Cell-to-cell 
communication during developmental stages pre-
dominantly involves secreted peptide ligands and 
interacts with their receptors present on the 
plasma membrane on the target cells. Apoplastic 
secretome contains proteins secreted through the 
classical ER–Golgi–TGN pathway or secreted by 
unconventional protein secretion mechanisms. 
The apoplast is not an empty space bordering a 
cell but rather participates in functions in plants 
(Lippmann et al.  2009 ) including nutrients and 
growth regulation, water regulation, osmoregula-
tory homeostasis of solutes, tissue structure, 
defence against biotic/abiotic stress, transport, 
osmosis, cell adhesion and gas exchange (Floerl 
et al.  2012 ). 

 The secretome of a tobacco cell suspension 
culture identifi ed proteins mainly involved in 
stress defence and cell regeneration processes 
(Lippmann et al.  2009 ). Secretome analysis of 
chickpea ( Cicer arietinum ) callus suspension 
culture revealed 773 proteins in the extracellular 
medium (Gupta et al.  2011 ). Peroxidases, chitin-
ases and other pathogenesis-related proteins were 
identifi ed in cell cultures of tomato and grapevine 
after application of elicitors like cyclodextrins 
and methyl jasmonate (Briceno et al.  2012 ; 
Martinez-Esteso et al.  2009 ). Functional studies 
have revealed a multitude of secreted peptides 
involved in diverse biological processes (Table  5 ). 
Secreted peptides are categorised into two main 
groups distinguished on the basis of their biogen-
esis and overall structure: the CLEs (CLAVATA3/
embryo-surrounding region, CLV3/ESR) includ-
ing related peptide family and the CRPs 
( cysteine-rich peptides). 

   In conclusion, secreted peptides play a much 
more important role in cell–cell communication 
through relaying signals via ligand–receptor 
machinery of diverse biological contexts. These 
recent fi ndings defy the traditional view of plant 
cells being unable to communicate by ligand–

receptor interaction on the surface because of the 
surrounding cell wall. It is highly likely that 
 better understanding of secretomics of plants 
growing in diverse environment will reveal more 
biological processes in which interaction of apo-
plastic fl uid proteins with receptors presents on 
the plasma membrane of one cell with another 
cell.   

    Current Strategies to Study Plant 
Secretome 

 Plant cell secretes many proteins through exocy-
tosis to the apoplastic fl uid to maintain cell 
 structure and regulate the external environment 
and as a part of signalling and defence 
mechanisms. 

 In recent years, there has been an increased 
interest in plant and microbe secretomes as the 
secreted proteins have shown to play an impor-
tant role in normal growth, stress biology, infec-
tion and progression of diseases and subsequent 
response in plant protection (Agrawal et al.  2010 ; 
Stassen et al.  2012 ). Advancement in the pro-
teomic profi ling of plant secretome can be owed 
to the advancement in biochemical, proteomic 
techniques, mass spectroscopy and bioinformat-
ics approaches. The complete characterisation of 
a proteome/secretome is a formidable task, and 
the degree of success achieved depends on the 
methods available and their amenability to auto-
mation and high-throughput formats. Parameters 
such as the complexity of the protein mixture, 
levels of expression and modifi cation and intra-
cellular localisation all impact the choice of pro-
teomics technology to be used. It had established 
several in-depth secretome profi les from different 
cell types, apoplastic fl uids from normal and dis-
eased conditions at a faster pace. The biggest 
challenge in secretomic studies is the discrimina-
tion between the proteins that are truly secreted 
from those that are released as the result of non- 
physiological environmental stresses. Hence, 
strategies and techniques are being continuously 
modifi ed to best adapt and to investigate the plant 
secretomes with high reproducibility. It is there-
fore important to establish a simple, reproducible 
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   Table 5    Secreted apoplastic peptides and their biological functions in plants (Krause et al.  2013 )   

 Peptide ligand  Peptide ligand  Plant species  Biological function 

  CLEs  
 CLAVATA 3 (CLV3)  CLAVATA 1 (CLV1)   Arabidopsis thaliana   Regulation of shoot 

apical meristem activity  CLAVATA 2 (CLV2) 
 CORYNE (CRN) 
 Receptor-like protein 
kinase 2 
 (RPK)/toadstool 2 
(TOAD2) 
 Barely any meristem 1/2 
(BAM1/2) 

 CLAVATA3/ESR-related 1 
(CLE 40) 

 ACR4   Arabidopsis thaliana   Regulation of root 
growth 

 CLE 14  CLAVATA 2 (CLV2)   Arabidopsis thaliana   Regulation of root 
apical meristem activity  CORYNE (CRN) 

 CLE20  CLAVATA 2 (CLV2)   Arabidopsis thaliana   Regulation of root 
apical meristem activity  CORYNE (CRN) 

 CLE 1   Arabidopsis thaliana   Regulation of root 
apical meristem activity 

 CLE 7   Arabidopsis thaliana   Regulation of shoot 
apical meristem activity 

 CLE 41  TDR/phloem intercalated 
with 

  Arabidopsis thaliana   Regulation of xylem 
differentiation 

 Xylem (PXY) 
 CLE 44  TDR/PXY   Arabidopsis thaliana   Regulation of xylem 

differentiation 
 CLE 42  TDR/PXY   Arabidopsis thaliana   Regulation of xylem 

differentiation 
 Regulation of axillary 
bud formation 

 TDIF  TDR/PXY   Zinnia elegans   Regulation of xylem 
differentiation 

 CLE12  Supernumerous nodules 
(SUNN) 

  Medicago truncatula   Autoregulation during 
nodulation 

 CLE13  Supernumerous nodules 
(SUNN) 

  Medicago truncatula   Autoregulation during 
nodulation 

  Cysteine-rich peptide (CRP) (epidermal patterning factors (EPFs))  
 (EPFL9)  Too many mouth (TMM)   Arabidopsis thaliana   Promotion of stomata 

development 
 (EPF2)  Too many mouth (TMM)   Arabidopsis thaliana   Inhibition of stomata 

differentiation  ERECTA (ER) 
 ERECTA-like 1 (ERL1) 

 (EPF1)  ERECTA-like 1 (ERL1)   Arabidopsis thaliana   Inhibition of stomata 
differentiation 

 (EPF6)/CHALLAH (CHAL)  Too many mouth (TMM)   Arabidopsis thaliana   Inhibition of stomata 
differentiation 
 Regulation of 
infl orescence 
architecture 

 ERECTA (ER) 

 (EPF4)  ERECTA (ER)   Arabidopsis thaliana   Regulation of 
infl orescence 
architecture 

(continued)
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Table 5 (continued)

 Peptide ligand  Peptide ligand  Plant species  Biological function 

  Cysteine-rich peptide (CRP) (RALFs)  
 RsAFP2   Raphanus sativus   Antifungal function 
 PvD1   Phaseolus vulgaris   Antifungal function 
 ZmES4   Zea mays   Pollen tube bursting 

during fertilisation 
  Cysteine-rich peptide (CRP)  
 Lat52  LePRK2   Lycopersicon esculentum   Promotion of pollen 

hydration and 
germination and pollen 
tube growth 

 LeSTIG1  LePRK2   Lycopersicon esculentum, 
Nicotiana tabacum, Petunia 
hybrida  

 Promotion of pollen 
tube growth in tomato 

 SLR1-BP  S-locus glycoprotein 
SLG-like receptor 

  Brassica campestris   Pollen adhesion on the 
pistil 

 1 (SLR 1) 
 LR2-B  S-locus glycoprotein 

SLG-like receptor 
  Brassica campestris   Pollen adhesion on the 

pistil 
 1 (SLR 1) 

  Cysteine-rich peptide (CRP) (LTP)  
 Stigma cysteine-rich adhesion 
(SCA) 

  Lilium longifl orum   Formation of an 
adhesive layer in the 
transmitting tract 

 LTP5   Arabidopsis thaliana   Role in pollen tube 
growth and pistil 
function 
 Effect on primary shoot 
growth, elongation of 
hypocotyls and 
infl orescence branching 

  Cysteine-rich peptide (CRP) (DEFL)  
 SCR/SP11  SRK   Brassica   Determinant of 

self-incompatibility 
 LURE1/TfCRP1   Torenia fournieri   Pollen tube attraction 
 LURE2/TfCRP 3   Torenia fournieri   Pollen tube attraction 
 ZmES4   Zea mays   Role in pollen tube 

bursting during 
 Fertilisation 

 Egg cell 1 (EC1) (DEFL)   Arabidopsis thaliana   Role in sperm–egg cell 
fusion 

  Other peptides  
 Infl orescence defi cient in 
abscission (IDA) 

 HAESA   Arabidopsis thaliana   Role in fl oral abscission 

 Phytosulfokine (PSK)  PSKR1, PSKR2   Arabidopsis thaliana   Regulation of growth 
size of roots and shoots 

 RNase 
 S-RNase   Solanaceae, Rosaceae, 

Scrophulariaceae  
 Inhibition of pollen 
tube growth 

  Papaver rhoeas  stigma (PrsS)  Papaver rhoeas pollen 
(PrpS) 

  Papaver rhoeas   Determinant of 
self-incompatibility 
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and economic procedure for systematic  secretome 
analysis in plants. 

    Sample Preparation 

 The sample preparation of secreted proteins 
devoid of host-plant proteins is one of the most 
critical and challenging aspect in the secretome 
analyses. Most secretome studies to date are 
 performed both on ex vivo suspension cell cul-
tures (SCCs) and  in planta  systems (Fig.  7 ). 
 Ex planta  SCCs may not suffi ciently complement 
to the  in planta  environment, thus reducing 
the correlation to the true physiological 
secretome.  

    Ex Planta System 
 Plant suspension cell cultures are widely used as 
a convenient tool for secretome analyses of the 
plant bypassing the structural complexity of the 
plant. The homogeneity of SCC cell population; 
the large availability of material; the easiness to 
maintain, handle and scale up/down; the high rate 
of cell growth; and the good reproducibility of 
conditions make it suitable for the analysis of 
plant secretome. Secreted proteins into the 
 culture medium are used to prepare the 
secretome. 

 Different strategies and techniques have been 
applied to isolate pure secreted proteins suitable 
for proteomic analysis (Fig.  8 ).  

 Particulate free cell culture fl uid containing 
pure secreted proteins can be obtained by fi ltra-

  Fig. 7    A general overview of the  ex planta  and  in planta  systems for secretome analysis (Agrawal et al.  2010 )       
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tion and/or high-speed centrifugation. Basically, 
fi ltration and centrifugation are a good combina-
tion to obtain clear cell culture fl uid. Isolated sec-
retome is either snap frozen immediately and 
stored at −80 °C or freeze-dried in a vacuum 
lyophiliser followed by dialysis against a suitable 
buffer. The lyophilised protein sample can be 
subjected to TCA precipitation to concentrate 
and effectively remove the salts, small peptides, 
water-soluble medium components, secondary 
metabolites and polysaccharides. The secreted 
protein pellet can be immediately processed for 
biochemical and proteomic analysis.  

    In Planta System 
 The apoplastic fl uid between the middle lamella 
and primary wall is isolated using biochemical 
methods. The classical vacuum infi ltration–cen-
trifugation (VIC) method and the newly intro-
duced gravity extraction method (GEM) are 
suitable and well-established methods for 
 apoplastic secretome isolation (Fig.  9 ).  

 The vacuum infi ltration–centrifugation 
method involves two critical steps: (1) vacuum 
infi ltration with or without appropriate extraction 
buffer and (2) centrifugation speed and time. The 
suitability of the classical vacuum infi ltration–

  Fig. 8    Workfl ow showing 
preparation of secreted 
proteins using the  ex 
planta  SCC (Agrawal et al. 
 2010 )       
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  Fig. 9    Workfl ow for  in planta  preparation of secretome using VIC and GEM (Agrawal et al.  2010 )       
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centrifugation method (Terry and Bonner  1980 ) 
for apoplastic secretome collection was further 
supported by critically evaluating it on intact 
leaves from different plant species –  Vicia faba  
L.,  Phaseolus vulgaris  L.,  Pisum sativum  L., 
 Hordeum vulgare  L,  Spinacia oleracea  L.,  Beta 
vulgaris  L. and  Zea mays  L. (Lohaus et al.  2001 ). 
Strength of infi ltration buffer, incubation time 
and processing time showed relatively little 
impact on composition of the apoplastic fl uid. In 
contrast, the pH of infi ltrated solution highly 
infl uenced the concentration of sucrose and 
hexoses. 

 Separation of secretome from the culture 
medium or extracellular fl uid can be easily done 
by fi ltration without cell disruption or by low- 
speed centrifugation. Moreover, the fraction of 
dead cells can be determined by staining the cul-
ture with trypane blue to identify any nonsecreted 
cytoplasmic proteins as being contaminants.  Ex 
planta  SCCs in model plants like tobacco, 
 Arabidopsis , rice and  Medicago  have been used 
for secretome studies. 

 In gravity extraction method, the apoplastic 
fl uid is obtained in a single step. It is a simple, 
reproducible and novel method for the extraction 
and preparation of pure secreted proteins 
(Cottingham  2008 ). 

 Two types of biochemical analyses are gener-
ally used to assess sample free from contamina-
tion of soluble cytoplasmic proteins before 
starting the proteomic analyses. The enzyme 
activity and western blotting of soluble cytoplas-
mic marker proteins, e.g. exclusively cytoplasmic 
enzymes like glucose 6-phosphate dehydroge-
nase (GAPDH) (Oh et al.  2005 ), phosphoenol-
pyruvate carboxylase (PEP-carboxylase) (Tran 
and Plaxton  2008 ) and cytosolic aldolase (Tran 
and Plaxton  2008 ), are assessed. The absence of 
the enzymatic activity and reference band on 
western blot confi rms the purity of apoplastic 
fl uid secretome preparation.   

    Protein Separation 

 Proteins are extremely diverse molecules and dif-
fer by mass, charge, hydrophobicity, tertiary 

shape and their affi nity for other molecules. 
Several approaches are being employed for the 
separation of complex mixtures of protein. It is 
crucial to obtain a protein sample which contains 
only the molecule of interest. One-dimensional 
electrophoresis (SDS-PAGE) and 2D gel electro-
phoresis are the most popular gel-based protein 
separation methods. In 1DE, proteins are sepa-
rated on the basis of molecular mass. Moreover, 
1DE is simple to perform, is reproducible and 
can be used to resolve proteins with molecular 
masses of 10–300 kDa. However, limited resolv-
ing power of a 1DE is a limitation, if a more com-
plex protein mixture, such as a crude cell lysate, 
is to be separated. Limitation of resolving power 
can be conquered by the use of 2-dimensional gel 
electrophoresis. 

 Two-dimensional (2D) gel electrophoresis is a 
powerful gel-based method commonly used for 
‘global’ analyses of complex samples, i.e. when 
we are interested to characterise the entire spec-
trum of proteins in a sample. One of the greatest 
advantages of 2DE is the ability to resolve pro-
teins that have undergone some form of post-
translational modifi cation. This resolution is 
possible in 2DE because many types of protein 
modifi cations confer a difference in charge as 
well as a change in mass on the protein. In 2D, 
proteins are separated by two distinct physical 
properties of protein. In the fi rst dimension, pro-
teins are resolved according to their net charge 
and in the second dimension, according to their 
molecular mass. The combination of these two 
methods produces resolution far exceeding that 
obtained in 1DE using a crude protein sample. 

 In this technique, the proteins are focused fi rst 
in an immobilised pH gradient strip on the basis 
of their isoelectric point (acid vs. basic charac-
ter). The isoelectric focusing gel is then placed 
over an SDS-PAGE gel and runs in the perpen-
dicular dimension, and proteins are resolved on 
the basis of mass (Fig.  10 ). Thus, proteins sepa-
rate not as bands but as spots, and the position of 
each protein spot depends on both the size and 
charge of protein.   
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    Identifi cation of Proteome Make-up 
of Secretome 

 After separation of secretome contents on 2D 
array, its proteome profi le is identifi ed by deduc-
ing the primary structure of each spot arrayed. 
Presently, mass spectrometry (MS), coupled with 
other preparative and analytical methods, is the 
main method in proteomics for achieving sensi-
tivity and reproducibility. The major advantage 
of MS analysis is that it can process posttransla-
tionally modifi ed protein sample of any size 
required in a picomole quantities. Modifi cation 
of N-terminus of protein cannot be sequenced 
using Edman’s degradation method, and its sensi-
tivity is up to 30 residues. Normally, the combi-
nation of 2D gel electrophoresis and MS is the 
most widely used method to study proteome. The 
protein spots are in-gel digested with proteolytic 
enzymes like pepsin, trypsin, chymotrypsin, 
papain, bromelain and subtilisin. After 
 proteolysis, the peptides are separated on in-line 
LC-MS instrument. The data obtained from MS 
analysis of peptides can be taken directly for 
comparison to protein sequences derived from 
protein and nucleotide sequence databases. 

 Recently, a modifi ed version called differen-
tial in-gel electrophoresis (DIGE) has improved 

performance at the gel-based part (Knowles et al. 
 2003 ; Marouga et al.  2005 ; Ye et al.  2010 ). 
Multidimensional protein identifi cation technol-
ogy (MudPIT) (Link et al.  1999 ) is a gel-free 
method to analyse the highly complex samples 
necessary for large-scale proteome analysis by 
ESI-MS/MS and database searching. As it is 
most frequently used, MudPIT couples a two- 
dimensional liquid chromatography (2D-LC) 
separation of peptides on a microcapillary col-
umn with detection in a tandem mass spectrom-
eter. In the MudPIT experiment, a protein or 
mixture of proteins is reduced, alkylated and 
digested into a complex mixture of peptides. The 
digested peptide sample is pressure-loaded 
directly onto a microcapillary column where they 
are separated on the basis of their size and hydro-
phobicity. Once peptides are separated and eluted 
from the microcapillary column, they are ionised 
and enter the mass spectrometer, where they are 
isolated based on their mass-to-charge ratio 
(m/z). Tandem mass spectra are generated and 
are searched against a protein database. With the 
advent of proteomic techniques and mass spec-
trometry instrumentation, the effi ciency of iden-
tifying and quantifying proteins in biological 
samples, including secretomes, has greatly 
improved.  

  Fig. 10    Two-dimensional gel electrophoresis for secretome separation       
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    Bioinformatic Analysis of Secretome 
Data from 2D and MS Array 

 High level of precision, sensitivity and resolution 
of MS have signifi cantly increased high through-
put of proteomics. Such high-precision instru-
ments are capable of generating huge volume of 
high-quality data. Thus, comparison of secre-
tome data obtained from different experiments/
laboratories on specifi c cell/tissue types in 
defi ned conditions and specifi c diseases is war-
ranted. For validation and extraction of signifi -
cant outcomes has become feasible only by the 
development of multiple proteomic database and 
related software. A growing number of prediction 
tools for the plant secretome enable prediction of 
SPs, TMDs, GPI anchors or conserved domains 
in novel secretory proteins. Proteins secreted via 
the classical ER–Golgi–TGN pathway can be 
identifi ed by their signal peptide using the 
SignalP 4.0 server (  http://www.cbs.dtu.dk/ser-
vices/SignalP    ) (Petersen et al.  2011 ), Phobius 
(  http://phobius.binf.ku.dk/    ) (Kall et al.  2004 ) and 
TargetP (  http://www.cbs.dtu.dk/services/
TargetP    ) (Emanuelsson et al.  2007 ). The 
SecretomeP software helps to fi nd LSPs by 
searching for certain LSP typical protein features 
apart from the lack of a signal sequence (Bendtsen 
et al.  2004 ). The recently developed bioinformat-
ics tool LocTree2 uses a hierarchic, decision tree- 
like structure imitating the cellular protein sorting 
cascade to predict the subcellular localisation of 
proteins and thus also their secretion into the apo-
plast (Goldberg et al.  2012 ). 

 Currently there is an urgent need to deposit 
both raw mass spectrometry data and the corre-
sponding list of identifi ed proteins in public 
domains such as PRIDE (  www.ebi.ac.uk/pride    ) 
and ProteomeXchange (  www.proteomexchange.
org    ) for proteomics-related studies.      
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   Abstract  

  To meet the challenges of global food security 
in the changing climatic scenario, it would be 
most imperative to enhance crop productivity 
under resource competence. It is estimated that 
approximately 70 % of reduction in crop yield 
is due to the direct impact of abiotic stresses 
such as drought, salinity, and extreme tempera-
tures. In the present context, one of the major 
challenges is large-scale screening of crop per-
formance as a consequence of its genetic 
makeup. The development of advanced bio-
technological and next-generation sequencing 
tools has lead to the accumulation of enormous 
data on genomics; nevertheless, data on pheno-
type and functions is yet to be fully annotated. 
To exploit the wealth of large-scale genomic 
data sets, it is necessary to characterize the 
crop performance quantitatively and link it to 
the genomic data. High-throughput phenomics 
studies offer strategies to screen large-scale 
population (s) for a particular phenotype 
employing advanced robotics, high-tech sen-
sors, imaging systems, and computing power. 
Advanced bioinformatics tools further facilitate 
the analysis of large-scale multi-dimensional, 
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high- resolution data collected through pheno-
typing. With the integrated approach of geno-
typing and phenotyping, gene functions and 
environmental responses can be well under-
stood. It will also help in fi nding more relevant 
solutions for the major problems that are cur-
rently limiting crop production.  

        Introduction 

 Adoption of new crop varieties and improved 
production technologies including modern irriga-
tion practices, pesticides, synthetic nitrogen fer-
tilizers, and other management techniques as a 
result of Green Revolution during 1960s resulted 
in dramatic increase in food production. Now as 
a result of global warming, the pace of environ-
mental change is likely to be unprecedented. 
Uneven and intense precipitation events, elevated 
temperatures, drought, and other types of unfa-
vorable weather events are posing pronounced 
risk on crop yield and its quality, making exceed-
ingly diffi cult the challenge of feeding an esti-
mated population of nine billion by 2050 (  http://
www.un.org/en/development/desa/population/    ). 
To minimize the impact of climate change on 
crop production with a view to feed world’s ever- 
growing population, it is necessary to develop 
new crop varieties with improved resistance 
against various biotic and abiotic stresses. 

 Development of crop varieties that can 
cope up with heat, drought, fl ood, salinity, and 
other extremes is one of the most important strat-
egies in improving agricultural crop production 
under changing climatic scenario. This necessi-
tates use of the biotechnological tools such as 
marker- assisted breeding and transgenic 
 technology for improving crop varieties for their 
tolerance against various biotic/abiotic stresses, 
as the efforts through conventional breeding 
methods have resulted in slow progress due to 
complexity of tolerance mechanisms. This 
approach warrants exploration of unexploited 
genetic variation for these traits to understand the 
genetic/molecular basis of tolerance either by 
QTL mapping or by gene expression profi ling 
(Guarino and Lobell  2011 ). A meticulous linkage 
of genotype through phenome level data is essen-

tial to understand which genetic architecture 
affects the phenotype. 

 During the past two decades, advancements in 
the fi eld of “genomics” have changed the face of 
plant biology. Genome sequencing and annota-
tion of the model plant  Arabidopsis  followed by 
rice has laid the foundation for genomics research 
in plants (The Arabidopsis Genome Initiative 
 2000 ; Yu et al.  2002 ). As the cost of genome 
sequencing has come down drastically, research-
ers were able to sequence multiple genotypes of a 
crop for the purpose of association mapping and 
allele mining (Shendure and Ji  2008 ; Jackson 
et al.  2011 ). No matter how fascinating the dis-
coveries in the fi eld of molecular biology are, in 
the end it is the phenotype that matters. However, 
the existing whole-genome sequence information 
has not been adequately annotated to link with 
plant function and performance. A signifi cant 
proportion of  Arabidopsis  genome which was 
sequenced fi rst still remains unannotated or has 
been annotated based on weak homology clues. 
Linking of high-throughput physiology and phe-
nomics data to the genome-level sequence data 
has become a bottleneck in crop improvement 
(Furbank and Tester  2011 ). Non-destructive, 
high-throughput evaluation under controlled 
environments is lacking in our breeding systems. 

 Marker-assisted selection of high-yielding 
crop genotypes adapted to stressful environments 
is hampered by slow manual phenotyping and 
laborious destructive sampling. Therefore, 
 precise measurement of different phenotypic/
physiological/biochemical traits of a plant and 
trying to link it with the gene or genotype of that 
plant has become as important as genotyping. 
Such relationships are relatively easy to establish 
in the case of monogenic traits, but it will become 
complicated if the phenotype is infl uenced by 
environment or is controlled by many genes as in 
case of quantitative traits. Thus, high-throughput 
screening of genetic variation for yield and com-
ponent traits controlling tolerance against various 
biotic and abiotic stresses for QTL mapping/
allele mining necessitates a rapid evolution of 
plant phenomics tools. Bridging the gap between 
genotype and phenotype will help us to realize 
the disciplinary goals of both genetics (Bateson 
 1906 ) and physiology (Gove  1981 ). 
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 Efforts towards developing precise high- 
throughput methods of phenotyping have pro-
gressed in a slow manner over past 30 years when 
compared to that of genotyping (White et al.  2012 ). 
In comparison with the advancements in the fi eld 
of genotyping, phenotyping is still  performed man-
ually and most of them are destructive and error 
prone. This slow progress in the development of 
phenotyping capability limits our ability to dissect 
the genetic basis of complex mechanisms espe-
cially those related to yield and stress tolerance. To 
relieve this bottleneck and to complement the 
extensive genomic information, reliable, auto-
matic, multifunctional, and high- throughput phe-
notyping platforms integrated with photonics 
(Kelley  2009 ), biology (Poorter et al.  2012 ), com-
puters, and robotics (Furbank and Tester  2011 ) are 
essential. Recently the value of phenomic data has 
been appreciated for several reasons. First, the phe-
notypic data remains to be the most relevant pre-
dictors of any biological function. Second, rapid 
advances in the fi eld of phenotyping as well as bio-
informatics tools has facilitated the analysis of 
large-scale multi- dimensional phenotypic data 
(Wang et al.  2010 ). Therefore, a detailed phenomic 
data generation has been already initiated for many 
crop species including rice,  Arabidopsis , wheat, 
and barley (Munns et al.  2010 ; Lu et al.  2008 ; Yang 
et al.  2013 ). A project named RICE2020 has been 
initiated to functionally characterize every gene in 
rice genome by the year 2020 using high- 
throughput plant phenomics (Zhang et al.  2008 ; 
Yang et al.  2013 ). 

    Phenotype: Interaction Between 
Genotype and Environment 

 The terms genotype and phenotype were intro-
duced by Wilhelm Johannsen in 1909. An indi-
vidual’s genotype denotes all of its genetic 
material, while its phenotype may comprise any 
observable characteristic or a trait (Gjuvsland 
et al.  2013 ). A complex network of interaction 
between genotype and the environment results in 
the phenotypic performance of a crop (Pieruschka 
and Poorter  2012 ). Plants of the same genotype 
can have different phenotypes, depending on 
the environmental conditions they are growing 

in. So it will be idealistic to collect large number 
of measures across multiple environments and at 
different developmental stages. Hence, crop per-
formance as a function of genetic architecture 
requires a clear understanding on the interaction 
between genotype and phenotype (Soule  1967 ; 
Houle et al.  2010 ).   

    Phenomics 

 David Houle et al. ( 2010 ) defi ned phenomics as 
the acquisition of multidimensional phenotypic 
data in an organism as a whole. The word “phe-
nomics” was coined by Steven A. Garan at a 
guest lecture he gave at the University of Waterloo 
in 1996. Phenomics, the study of the phenome, is 
a rapidly emerging area of science which aims at 
characterizing phenotypes in a rigorous and for-
mal way and links these traits to the associated 
genes and gene variants (alleles) (Close et al. 
 2011 ). Phenomics technology can be used to 
study plants from the small scale, i.e., individual 
cell, leaf, or plant to the large scale, i.e., ecosys-
tem. Formally, phenomics is the science of large- 
scale phenotypic data collection and analysis, 
whereas the phenome is the actual catalog of 
measurements. While it shares characteristics 
with classical mutant screening or quantitative 
trait analysis, it is distinguished from these tradi-
tional approaches in scale and scope (Heffner 
et al.  2011 ; Lu et al.  2011 ). It is further interre-
lated with other “-omics”-technologies like 
genomics, transcriptomics, metabolomics, or 
fl uxomics to analyze the plant performance in the 
fi eld and further link it to the core molecular 
genetics. 

 The science of phenomics speeds up pheno-
typing by using automated high-tech sensors, 
imaging systems, and computing power. 
Depending on the trait under observation, phe-
nomics techniques can be used to characterize 
large number of lines/ individual plants accurately 
in a fraction of time; it has few advantages over 
manual phenotyping, viz., reduced time, reduced 
labor, and cost involved, etc., (Montes et al.  2007 ; 
Furbank  2009 ). The high speed of phenomics-
based plant phenotyping accelerate the process of 
selecting plant varieties/ germplasms that perform 
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better in the fi eld under drought, salinity, or high-
temperature stress  condition or crops with high 
photosynthetic  effi ciency or those which can per-
form better under higher levels of atmospheric 
carbon dioxide. 

     Forward Phenomics   vs   Reverse 
Phenomics  

 Forward phenomics uses phenotyping tools to 
“sieve” collections of germplasm for visible and 
valuable traits. It is used to fi nd out the best germ-
plasm suitable for a particular trait whereas 
reverse phenomics attempts to fi nd out why the 
germplasm is behaving better (Furbank and Tester 
 2011 ). Forward phenomics speeds up phenotyp-
ing of large number of plants (in case of mapping 
population) or germplasm lines using automated 
imaging technology which leads to identifi cation 
of interesting trait/plant suitable to particular situ-
ation. Thousands of plants are grown in pots pre-
labeled with barcodes and screened for interesting 
traits by automated imaging system (Furbank and 
Tester  2011 ). The selected plants with the target 
traits can then be grown up to produce seed for 
further analysis and breeding. 

 In reverse phenomics, the phenotype or 
desired trait – such as drought tolerance present 
in a particular germplasm – is already known. 
Researchers then try to fi nd out the mechanisms 
that control the trait and the gene(s) underlying 
the mechanism (Furbank and Tester  2011 ). This 
is done by large-scale physiological and bio-
chemical analysis and then linking the data with 
genes participating in particular biochemical or 
physiological pathway. Once the candidate 
gene(s) has been identifi ed by reverse phenomics 
approach, then expression pattern of the candi-
date gene(s) will be compared with other geno-
types. Thus, reverse phenomics is the detailed 
dissection of mechanisms underlying specifi c 
traits which allows exploitation of this mecha-
nism or the candidate gene(s) associated with the 
trait which can be introgressed into new varieties 
or can be transferred to other plant species using 
genetic transformation technology (Furbank and 
Tester  2011 ).  

     Techniques Used in Plant Phenomics  

 Plant phenomics is a transdisciplinary science 
which includes biologists, chemists, physicists, 
computer scientists, engineers, mathemati-
cians, physiologists, microscopists, geneticists, 
and plant breeders working together to develop 
new phenomics tools and methods. It employs 
screening of large populations with a goal of 
observing genetic variations present in the pop-
ulation for a particular trait (yield potential, 
drought, salinity, or high-temperature stress tol-
erance). Key features of the growth conditions 
are well defi ned and closely monitored. 
Phenotypic data and metadata descriptions of 
the experimental conditions are captured for 
detailed data analysis. These analyses would 
identify relationships between genotype and 
phenotype as well as reveal correlations 
between seemingly unrelated phenotypes 
(Schauer et al.  2006 ; Lu et al.  2008 ) and genetic 
loci (Gerke et al.  2009 ) (Fig.  1 ). The following 
key things,  viz. , (1) high-resolution imaging 
systems, (2) automated transport for movement 
of plants for imaging, (3) powerful algorithms 
for imaging, and (4) data from other related 
experiments, need to be kept in mind while set-
ting up the high-throughput phenomics plat-
form. Table  1  describes the applications of 
various imaging techniques used in phenomics 
studies for measuring various growth 
parameters. 

       Visible Light (Monochromatic or Color) 
Imaging  
 Visible light imaging has been widely used in 
plant science after the invention of fi rst digital 
camera by Eastman Kodak in 1975 (  www.letsgo-
digital.org/    ).With a wavelength (400–700 nm) 
perception similar to human eye, two- dimensional 
(2D) images captured by digital cameras can be 
used to analyze shoot biomass (Tackenberg  2007 ; 
Golzarian et al.  2011 ), yield-related traits (Duan 
et al.  2011a ,  b ), leaf morphology (Bylesjo et al. 
 2008 ), panicle traits (Ikeda et al.  2010 ), and root 
architecture (Pascuzzi et al.  2010 ). Generally 
rosette plants at the vegetative stage are photo-
graphed from the top (Jansen et al.  2009 ; 
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  Fig. 1    Steps involved in high-throughput phenomics       

   Table 1    Applications of various types of imaging techniques in phenotyping of plants for various growth and develop-
mental processes   

 Imaging technique  Trait studied  Species  Reference 

 Visible light 
imaging 

 Shoot biomass under salinity  Barley  Golzarian et al. ( 2011 ) 
 Yield traits like number of total spikelets, 
number of fi lled spikelets, grain length, 
grain width, and 1,000-grain weight 

 Rice  Duan et al. ( 2011a ,  b ) 

 Panicle traits like panicle length 
and number of various branches 
and grain number 

 Rice  Ikeda et al. ( 2010 ) 

 Root system architecture  Rice  Pascuzzi et al. ( 2010 ) and Clark 
et al. ( 2011 ) 

 Leaf morphology   P. tremula   Bylesjo et al. ( 2008 ) 
 Thermographic 
imaging 

 Leaf area index  Rice  Sakamoto et al. ( 2011 ) and 
Shibayama et al. ( 2011a ,  b ) 

 Canopy temperature under water stress  Grapevine  Jones et al. ( 2009 ) 
 Starch, protein and oil content in 
kernel for GWAS 

 Maize  Cook et al. ( 2012 ) 

 Leaf health for detection of rice blast  Rice  Yang et al. ( 2012 ) 
 Shoot temperature under water defi cit 
condition 

 Barley, wheat   a Munns et al. ( 2010 ) 

 Leaf temperature under insect infestation  Wheat  Manickavasagan et al. ( 2008 ) 
 Osmotic components of salinity tolerance  Wheat and 

barley 
 Sirault et al. ( 2009 ) 

(continued)

 

Phenomics: Technologies and Applications in Plant and Agriculture



390

Arvidsson et al.  2011 ; Granier et al.  2006 ) and 
cereal shoots from top and two sides at 90° angle 
(Golzarian et al.  2011 ). Root tip expansion 
dynamics at high spatial (mm) and temporal 
(min) resolutions (Schmundt et al.  1998 ) or root 
architecture parameters of entire root systems 
can be extracted automatically from time series 
images (Nagel et al.  2009 ; French et al.  2009 ). 
Leinonen and Jones ( 2004 ) have used thermal 
and visible imaging for estimating canopy tem-
perature and identifying plant stress. Similarly 
Moller et al. ( 2007 ) have used thermal and visible 
imaging for estimating crop water status of irri-
gated grapevine. Three-dimensional imaging, 

advancement in visual imaging along with soft-
ware platform (RootReader3D) has been devel-
oped for the rice root system. It converts 2D 
images captured from different angles into 3D by 
superimposing them, and this platform can moni-
tor number of roots, its growth and root system 
architecture with an effi ciency of over 100 roots 
per day (Clark et al.  2011 ). Paproki et al. ( 2012 ) 
have developed a 3D imaging technique for high- 
throughput analysis of stem height, leaf width 
and leaf length in cotton with a mean absolute 
error of less than 10 %. “3D virtual rice” has been 
constructed using a 3D digitizer and L-system 
formalism to demonstrate the differences in the 

 Imaging technique  Trait studied  Species  Reference 

 Hyperspectral 
imaging 

 Leaves and canopy damaged caused 
by biotic and abiotic stresses 

 Rice  Huang et al. ( 2012 ) and 
 a Munns et al. ( 2010 ) 

 Real-time detection of yellow rust  Wheat  Moshou et al. ( 2005 ) 
 Leaf growth and nitrogen status  Rice  Nguyen and Lee ( 2006 ) 
 Panicle health status under biotic stresses  Rice  Liu et al. ( 2010 ) 
 Kernel damage by various insects  Wheat  Singh et al. ( 2010 ) 
 Plant health status  Multicrop   a Bock et al. ( 2010 ) 

 Chlorophyll 
fl uorescence 

 Photosynthetic effi ciency  Multicrop   a Baker ( 2008 ) 
 Early detection of disease incidence  Wheat  Moshou et al. ( 2005 ) 
 Leaf growth and photosynthetic 
effi ciency under mutistress conditions 

  Arabidopsis ,  
Nicotiana 
tabacum  

 Jansen et al. ( 2009 ) 

 Shoot temperature under water defi cit  Barley, wheat   a Munns et al. ( 2010 ) 
 Photosynthetic effi ciency under water 
defi cit condition 

  Arabidopsis 
thaliana  

 Woo et al. ( 2008 ) 

 X-ray  Root growth parameters under phosphorous 
fertilization 

 Wheat  Flavel et al. ( 2012 ) 

 Root growth and architecture under 
root/soil interactions 

 Wheat and 
rapeseed 

 Gregory et al. ( 2003 ) 

 MRI  Belowground symptoms caused by cyst 
bean cyst nematode and  Rhizoctonia solani  

 Sugar beet  Hillnhutter et al. ( 2012 ) 

 Water translocation in tomato truss fruit 
through xylem 

 Tomato truss  Windt et al. ( 2009 ) 

 Water translocation in tomato fruit through 
xylem 

 Tomato  Hossain and Nonami ( 2010 ) 

 PET  Shoot to root translocation of 
photoassimilate 

 Sugar beet 
and radish 

 Jahnke et al. ( 2009 ) 

  13 NH 4  +  assimilation and translocation  Rice  Kiyomiya et al. ( 2011 ) 
  52 Fe translocation from roots to young 
leaves via phloem 

 Barley  Tsukamoto et al. ( 2009 ) 

   a Review articles  

Table 1 (continued)
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structure and development between cultivars and 
under different environmental conditions 
(Watanabe et al.  2005 ).  

     Infrared and Hyperspectral Imaging  
 Nearly, all objects emit infrared radiation at a 
specifi c range because of internal molecular 
movement (Kastberger and Stachl  2003 ). Infrared 
imaging is done at two specifi c range of wave-
lengths of light one at a range of 0.9–1.55 μm 
called near-infrared (NIR) and other at a range of 
7.5–13.5 μm called far-infrared (Far-IR) wave-
length. Near-infrared (NIR) cameras study water 
content and movement in leaves and soil whereas 
far-infrared (FIR) cameras are used to study tem-
perature. While using near-infrared (NIR) imag-
ing, plants are grown in clear transparent pots for 
imaging root and its growth rate (Weirman  2010 ). 
The soil NIR measurement is done to calculate 
rate of water absorption by the roots and fi nd out 
where and how much water is being used by the 
plant. Normal digital images of the roots can be 
overlaid onto the NIR images to understand more 
about how the roots are working. NIR imaging is 
also used to study the carbohydrate content of 
leaves, starch, protein, and oil content in seed 
kernels (Jones et al.  2009 ; Cook et al.  2012 ). 

 FIR imaging is used to measure and calculate 
temperature differences either within leaves of 
one plant or between different plants. So, FIR 
imaging can be used in the fi elds to detect plants 
with cool canopies. The cooler plants are the ones 
with superior root systems which can absorb 
more water. FIR cameras can also measure 
changes in stomatal conductance thus giving an 
estimate on rate of photosynthesis. FIR imaging 
is also used in screening germplasms against 
salinity tolerance in barley (Sirault et al.  2009 ) as 
the leaf temperature of a plant increases with 
increasing salt level. So plant’s canopy that can 
maintain lower temperature when imaged with 
FIR camera in the presence of salt are more salt 
tolerant and therefore grow better in saline soils. 
Using high-speed FIR imaging, it is possible to 
measure salt tolerance at seedlings stage as well 
(Sirault et al.  2009 ). 

 Healthy green plants refl ect a large proportion 
of NIR light (800–1,400 nm), whereas the soil 
refl ects little NIR light. Soil and unhealthy plants 
refl ect considerably higher red wavelength light 
as compared to the healthy plants. For these rea-
sons, many studies have combined NIR imaging 
and visible imaging to detect vegetative indices. 
Crop Phenology Recording System (CPRS) uses 
visible light imaging to derive the visible atmo-
spherically resistant index and uses near-infrared 
imaging (830 nm) to derive the night time rela-
tive brightness index and then establishes the 
relationship between the camera-derived indices 
and the agronomic traits (Sakamoto et al.  2011 ). 
Another approach integrates the visible red image 
(630–670 nm) and near-IR image (820–900 nm) 
to assess the rice leaf area index during the 
before-heading period (Shibayama et al.  2011a ) 
and then uses only near-infrared imaging to pre-
dict the Leaf Area Index (LAI) (Shibayama et al. 
 2011b ).  

     Fluorescence Imaging  
 Fluorescence occurs when a compound absorbs 
light at one wavelength and emits light at differ-
ent wavelength. Fluorescence signals are very 
weak relative to the excitation light intensity, and 
for detection it has to be separated from refl ected 
light. Fluorescence imaging systems use cameras 
having specifi c spectral cutoff fi lters or pulsed 
light to measure fl uorescence emission  dynamics, 
making it sensitive to the specifi c spectral region 
at which fl uorescent signals are emitted 
(Schreiber et al.  1986 ; Fiorani et al.  2012 ). 
Fluorescence imaging fl ashes blue light (<500 
nm) on the plants, which then emits fl uorescence 
light in the range of 600–750 nm. This fl uores-
cence can be photographed and converted into 
false-color signals by a computer program, 
allowing researchers to easily observe differ-
ences in fl uorescence (Weirman  2010 ). 
Chlorophyll fl uorescence which is affected by 
changes in photosynthetic performance is com-
monly used in phenomics to see the effect of dif-
ferent genes or environmental conditions on the 
effi ciency of photosynthesis at very young stage 
of the plants (Weirman  2010 ). Fluorescence 

Phenomics: Technologies and Applications in Plant and Agriculture



392

imaging is also commonly used to study the 
effects of pathogens on plants (Balachandran 
et al.  1997 ; Osmond et al.  1998 ), stomatal move-
ments (Cardon et al.  1994 ), phloem loading and 
unloading (Siebke and Weis  1995 ), the correla-
tion between growth and photosynthesis (Walter 
et al.  2004 ), and the spatiotemporal variation of 
photosynthesis under non-limiting and limiting- 
growth conditions (Osmond et al.  1999 ; Chaerle 
and Van Der Straeten  2001 ; Rascher et al.  2001 ). 
Fluorescence imaging has been initially applied 
at tissue scale such as single leaves, but for ana-
lyzing whole plant or canopy, advanced imaging 
systems such as laser-induced fl uorescence tran-
sients (LIFT) (Rascher and Pieruschka  2008 ) or 
monitoring of sun-induced fl uorescence are cur-
rently used (Meroni et al.  2009 ; Malenovsky 
et al.  2009 ).  

     3D (Three-Dimensional) Imaging  
 Multiple images captured from different angles 
using several cameras are then combined by 
computer program to give 3D image of the plant 
(Weirman  2010 ). Once a 3D image of the plant is 
generated, several measurements like leaf num-
ber, shape, angle, color, leaf health, tiller number, 
shoot mass, etc. can be made. Two approaches 
are most commonly used for 3D imaging and 
mapping in plants; fi rst, light detection and rang-
ing (LIDAR) techniques that scan a scene (Omasa 
et al.  2007 ) and, second, stereo photography that 
uses two (or more) cameras (Biskup et al.  2007 ). 
LIDAR method gives data that are unconnected 
3D point cloud which needs individual 3D space 
points to be assembled to give 3D image, whereas 
in 3D optical imaging data can be acquired rap-
idly but the data processing in this system is time 
consuming (Fiorani et al.  2012 ). Topp et al. 
( 2013 ) used a semi-automated 3D in vivo imag-
ing and digital phenotyping for QTL mapping to 
identify core regions of the rice genome control-
ling root architecture.  

     Magnetic Resonance Imaging (MRI)  
 MRI uses a combination of magnetic fi eld and 
radio waves to take images and is most com-
monly used for imaging plant roots. MRI can 
detect nuclear resonance signals originating from 

the protons of water and organic molecules pres-
ent in roots, providing structural information 
about the internal physiological processes occur-
ring in vivo (Borisjuk et al.  2012 ). MRI has pro-
vided solutions to analyze water distribution and 
quantifi cation of water content in plant and its 
different organs nondestructively (Borisjuk et al. 
 2012 ). It has also been used to provide the func-
tional information like water diffusion and trans-
portation in plant (through xylem and phloem) in 
several crops like poplar, castor bean, tomato, 
and tobacco (Windt et al.  2006 ). But most com-
monly, MRI is used to study the root architecture 
of plants grown in soil-fi lled pots. Previously the 
root traits were studied by growing the plant in 
transparent agar in order to visualize the root sys-
tems. This technique does not exactly mimic the 
soil environment, but with MRI scanning plant 
roots under analyses can be grown in tubes of soil 
or sand which has more relevance in validating 
the fi ndings of roots grown in artifi cial conditions 
of pots (Weirman  2010 ). Besides these applica-
tions MRI has been used to study and visualize 
the symptoms caused by cyst nematodes of sugar 
beet (Hillnhutter et al.  2012 ), bean root nodula-
tion, and the root distribution of maize grown 
with a hetero-specifi c neighbor (Rascher et al. 
 2011 ).  

     Positron Emission Tomography (PET)  
 PET is a technique used to image nondestruc-
tively the distribution of compounds labeled with 
positron-emitting radionuclides such as  11 C,  13  N, 
or  52 Fe (Jahnke et al.  2009 ; Kiyomiya et al.  2011 ; 
Tsukamoto et al.  2009 ). It visualizes the distribu-
tion and transportation of metabolite labeled with 
positron-emitting radionuclide elements and thus 
helps in studying metabolism of plants. For dis-
secting shoot-to-root carbon fl uxes, Jahnke et al. 
( 2009 ) combined PET and MRI and used 
[ 11 C]-labeled CO 2  and demonstrated sugar beet 
taproot receiving photo assimilates. Later, Buhler 
et al. ( 2011 ) in a similar experiment demonstrated 
transport velocity and lateral loss of photoassimi-
lates in plants along a transport path. Thus, MRI 
and PET when used together, both structural and 
functional traits (Jahnke et al.  2009 ) can be ana-
lyzed simultaneously and independently as well.   
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     Field-Based Plant Phenomics  

 Over the last few years, signifi cant developments 
have been made towards automated phenotyping 
platforms with the application of robotics, new 
sensors, and advanced imaging technologies in 
growth chambers and glasshouses (Granier et al. 
 2006 ; Jansen et al.  2009 ; Furbank and Tester 
 2011 ). Several platforms have been designed for 
complete automated monitoring and analyzing 
the growth of adult plants, their imaging, data 
collection, and evaluation (Table  2 ). These plat-
forms are usually built in to carry plants under 
screening to a sensing station. The major goal of 
plant phenomics is to provide quantitative data 
on dynamic responses of plants to the natural 
environment. Screening the plants under green-
house/controlled environment has limitations 
like changes in solar radiation, wind speed and 
evaporation rates, limited soil volume, nutrient 
availability in pots, and interaction with mutual-
istic, parasitic, or competitor organisms, etc. 
Phenotyping carried out in such closed environ-
ment may fail to characterize the responses rele-
vant to the fi eld conditions; further, the interaction 
between changing environment and plant pheno-
type is missing to great extent when plants are 
screened in controlled environment for a particu-
lar trait (Poorter et al.  2012 ). So, screening and 
identifi cation of germplasm for a desirable trait is 
done best under fi eld conditions of soil, climate, 
and biotic stress agents, similar to where fi nal 
varieties will be grown.

   However, researchers are continuously devel-
oping reliable techniques for fi eld-based pheno-
typing (FBP), where screening at a larger scale 
and an accurate description of trait expression in 
cropping system can be predicted. In addition, 

fi eld measurements represent a signifi cant test for 
the relevance of the laboratory and greenhouse 
approaches. For FBP airplane and satellite-based 
systems are used at fi eld to regional scales, but 
studies using proximal (close-range) sensing are 
most commonly the only approach that can pro-
vide reliable data at adequate resolution as well 
as multiple angles and control illumination and at 
a shorter distance from the target to the sensors 
(White et al.  2012 ). 

     Field-Based Phenotyping Using Static 
Sensor or Movable Vehicle  
 For FBP, suitable sensors and automated imaging 
devices can be fi xed at suitable distance, angle, 
and height for uninterrupted data collection and 
processing. Phenonet is one of the model data 
logger developed by CSIRO (Commonwealth 
Scientifi c and Industrial Research Organization) 
linked to sensors like FIR thermometer, chloro-
phyll fl uorescence sensor, soil moisture sensor, 
camera, and weather station. The data logger can 
measure canopy temperature and photosynthetic 
activity of the plant and also monitors environ-
mental variations across the fi eld and continuous 
crop growth and development. The data recorded 
is sent to the researcher through web link thus 
avoiding daily visits to fi eld sites (Weirman 
 2010 ). 

 Phenonet allows the researcher to record the 
data continuously throughout the life span of 
plants. The sensors and imaging devices used in 
phenonet were also mounted on movable vehi-
cles like high-clearance tractor, helicopter, etc. 
for data collection at a particular time point above 
the canopy. Phenomobile is a vehicle driven by 
researcher over crop site, which is equipped with 
digital cameras to estimate leaf greenness and 

   Table 2    Examples of automated platforms for whole plant phenome analysis   

 Name  Plant species  Reference  Web link 

 PHENOPSIS   A. thaliana   Granier et al. ( 2006 )    http://bioweb.supagro.inra.fr/phenopsis/     
 PHENODYN  Corn, rice  Jung and Bracker ( 2009 )    http://bioweb.supagro.inra.fr/phenodyn/     
 GROWSCREEN   A. thaliana , 

tobacco 
 Walter et al. ( 2007 )    http://www.fz-juelich.de/icg/icg-3/jppc/growscreen/     

 TraitMill  Corn, rice  Reuzeau et al. ( 2010 )    http://www.cropdesign.com/tech traitmill.php     
 Scanalyzer   A. thaliana , 

duckweed, corn 
   http://www.lemnatec.de     
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ground cover, far-infrared thermometer to mea-
sure canopy temperature, stereo-imaging system 
for taking 3D images for determining biomass of 
plant, spectral refl ectance sensors to determine 
the crop’s chemical composition, etc. It travels 
through the fi eld site at speed of 3–5 km per hour 
and collects measurements from the plot directly 
beneath it and on the either side (Weirman  2010 ; 
White et al.  2012 ). 

 High-clearance tractors and phenomobile 
work at close proximity to plants and provide 
better resolution images, but their major limita-
tion is that they can compact the soil, damage 
leaves and stems, and propagate diseases and 
pests. Aircraft like manned or unmanned helicop-
ters, aerostats, etc. are also been used for imaging 
the fi eld covering larger areas rapidly. 

 The Duncan Technologies MS3100 imager 
carrying three types of cameras, viz., multispec-
tral, infrared, and conventional digital for visible 
light, is used by mounting on a helicopter for 
imaging the canopy. Manned helicopters are 
capable of carrying a large payload and are able 
to supply power to an instrument system for lon-
ger time. Aircraft can cover large areas rapidly 
but cannot be used in inclement weather, have 
high operating costs, and may not permit ade-
quate resolution. However, major limitation in 
using helicopters is that they cannot be fl own 
close to crop due to fan downwash and regula-
tions on minimum safe altitude (White et al. 
 2012 ). Unmanned remote-operated helicopters 
are better alternative to manned aircraft as they 
allow fl ying at lower altitudes and are less expen-
sive to operate. Merz and Chapman ( 2011 ) at 
CSIRO developed remote-controlled gas- 
powered model helicopter called the “phenocop-
ter.” The phenocopter is able to fl y itself and 
make multiple passes over a 1-ha fi eld in just 
6 min providing data to measure plant height, 
canopy cover, lodging, and temperature through-
out a day. Berni et al. ( 2009 ) have demonstrated 
the use of unmanned helicopter for thermal and 
narrowband multispectral remote sensing for 
vegetation monitoring. Zarco-Tejada et al. ( 2009 ) 
imaged 0.6 ha of citrus orchards to examine fl uo-
rescence emission as function of water stress 
using hyperspectral and infrared cameras. 

 Helium-fi lled aerostats which can carry a pay-
load of 2 kg, equipped with digital camera scan, 
take infrared or color images of a fi eld from 30 to 
80 m above the ground (Weirman  2010 ; White 
et al.  2012 ). Jensen et al. ( 2007 ) described use of 
a 1.8 m aerostat to monitor response of wheat to 
nitrogen using color and near-infrared images 
acquired with digital cameras. Ritchie et al. 
( 2008 ) estimated evapotranspiration in a cotton 
irrigation study using a Normalized Difference 
Vegetation Index (NDVI) data collected by two- 
camera system. 

 Phenotower carrying refl ectance and infrared 
sensors mounted on a trolley can run parallel to 
the vegetation to collect data on comparative can-
opy temperature, leaf greenness, and ground-
cover between different plant lines at the same 
time (Weirman  2010 ; White et al.  2012 ). 
Agricultural Irrigation Information System 
(AgIIS) was used to characterize water and nitro-
gen stress for plots in a cotton fi eld by obtaining 
multispectral data for vegetation, nutrient, and 
water status indices at a spatial resolution of 1 m 
(Kostrzewski et al.  2003 ; Colaizzi et al.  2003 ; 
Haberland et al.  2010 ).   

    Application of Phenomics 
in Agricultural Research 

    Screening for Abiotic Stress Tolerance- 
Related Traits  
 Abiotic stresses, viz . , drought, salinity, submer-
gence and temperature extremes, are the major 
causes of yield loss in agricultural crops world-
wide. Because of complexity regulatory networks 
behind tolerance against these stresses, pheno-
typing for tolerance against these abiotic stresses 
is often a big challenge (Vandenbroucke and 
Metzlaff  2013 ). If phenotypic analysis of one 
plant used to take approximately 15 min, then 
manual phenotypic analysis of 100 plants would 
take would require approximately 25 man-hours 
of work. Screening large mapping population or 
a collection of germplasms for QTL analysis or 
association mapping of abiotic stress tolerance 
will be time consuming and impractical. But with 
the ability of reliable high-throughput phenotyp-
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ing techniques, it has now become possible to 
screen multiple traits for huge population size 
nondestructively under stress conditions. Here in 
following sections we have discussed use of 
high-throughput techniques for biotic, abi-
otic stress tolerance, yield, and quality 
improvement.  

    Measuring Levels of Salinity Tolerance  
 The response of plants to high external levels of 
NaCl is phenotypically very dynamic so the 
methods used for phenotyping should be able to 
capture the salinity responsive behavior. 
Responses of a plant to salinity stress occur in 
two distinct phases (Munns and Tester  2008 ): 
First phase is osmotic phase, which starts imme-
diately after the salt concentration around the 
roots increases to a critical level and inversely 
affects the growth rate of plants by slowing down 
expansion of young leaves and inhibiting the ini-
tiation of new leaves and the rate of shoot growth 
falls signifi cantly. Second phase ion-specifi c 
response is known as tissue tolerance which starts 
at a later stage when Na +  and/or Cl −  has accumu-
lated to toxic levels in the plant tissue leading to 
premature senescence of older leaves. Both 
osmotic tolerance and tissue tolerance are very 
dynamic processes showing reduction in growth 
rate. Osmotic-tolerant plants show only minor 
reductions in relative growth rate as compared to 
osmotic-sensitive plants which will show a severe 
growth reduction upon exposure to NaCl (Rahman 
et al.  2014 ). Changes in growth rate can be mea-
sured by daily imaging the plants and reduction 
in growth rate caused by salinity stress can be 
measured (Rajendran et al.  2009 ). An alternative 
method of measuring osmotic tolerance is by 
infrared thermography. Because of salinity, sto-
matal conductance drops down there by increas-
ing the leaf temperature. Based on this principle, 
Sirault et al. ( 2009 ) have developed a screening 
method for quantifying osmotic tolerance-related 
components of salinity tolerance for durum wheat 
and barley germplasms by measuring leaf tem-
perature using infrared thermography. James and 
Sirault ( 2012 ) demonstrated use of infrared ther-
mal imaging (thermography) as a non-invasive, 
high-throughput technique for the screening of 

large number of wheat genotypes for salinity 
tolerance.  

 In tissue-tolerant phase, tolerant plants are 
able to compartmentalize high concentrations of 
shoot Na + ; whereas sensitive plants will not be 
able to effectively compartmentalize Na +  away 
from the cytosol, resulting in early onset of senes-
cence in older leaves and thus leading to change 
in leaf color. The onset and degree of senescence 
can be quantifi ed through the color information 
of visible light imaging thus allowing quantifi ca-
tion of the tissue tolerance in plants. Rajendran 
et al. ( 2009 ) have developed a nondestructive 
method to characterize plant salinity tolerance 
mechanisms by determining osmotic tolerance 
and tissue tolerance using visible light imaging 
techniques with a Scanalyzer 3D. Golzarian et al. 
( 2011 ) have developed a more accurate high- 
throughput estimation of biomass for cereal 
plants under both control and saline conditions 
using a Scanalyzer 3D designed by LemnaTec. 
Thus, high through put plant phenomics can be 
used in QTL mapping and association mapping 
studies where large population is used and will 
thus help in linking the phenotype with the 
genotype.  

    Measuring Drought Tolerance-Related 
Traits  
 Drought tolerance is a complex trait determining 
crop yield under water-limited conditions which 
still remain a challenging trait for manipulation 
by the breeders (Cattivelli et al.  2008 ). Recent 
reports indicated the possibility of improving 
drought tolerance through biotechnological 
approaches. For this QTLs or underlying candi-
date genes controlling yield benefi t under drought 
conditions need to be identifi ed using genotypic 
and phenotypic screens and then incorporated 
into elite germplasm using modern breeding 
technologies, such as marker-assisted selection 
(Tester and Langridge  2010 ). 

 Plants use different mechanisms to cope with 
drought stress, namely, drought escape, drought 
tolerance, drought recovery, and drought avoid-
ance (Levitt  1972 ; O’Toole and Chang  1979 ). 
Genotypes that have deep, coarse roots with a 
high ability of branching and penetration, elastic-
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ity in leaf rolling, early stomatal closure, and 
high cuticular resistance are reported as compo-
nent traits of drought avoidance (Blum et al. 
 1989 ; Samson et al.  2002 ; Wang and Yamauchi 
 2006 ). 

 Among the different mechanisms, drought 
avoidance is one of the important mechanisms in 
which roots are associated. Determination of 
genetic variations for root system architecture is 
the starting point for developing root system 
modelling for various crop species. Many new 
techniques have been developed to characterize 
the root system under fi eld conditions. Methods 
such as, non-soil media, optical techniques, soil 
media, and noninvasive techniques have been 
used for characterizing the root phenotyping 
(Gregory et al.  2009 ). Due to advancements made 
in the fi eld of phenomics, several automated phe-
notyping systems are available to study root sys-
tem architecture using visible, infrared or 
hyperspectral imaging either in gel-based media 
or in soil media. Pascuzzi et al. ( 2010 ) have used 
visible light imaging from multiple angles to 
study root system architecture of rice (number of 
root and root hairs, root length, and diameter) in 
gel-based platform. Several techniques are avail-
able to study root system architecture in soil 
media like X-ray computed tomography (Gregory 
et al.  2003 ; Perret et al.  2007 ), NMR (van der 
Weerd et al.  2001 ; Jahnke et al.  2009 ), magnetic 
resonance imaging (Asseng et al.  2000 ; van As 
 2007 ), and laser scanning (Fang et al.  2009 ). 

 In most crops, leaf growth and stem elonga-
tion processes are very sensitive to water status 
and will be the fi rst process affected. One of the 
early mechanisms of drought avoidance is leaf 
rolling, reduction in leaf area, reduced stem elon-
gation rate, and reduced transpiration rate (Reddy 
et al.  2003 ). High-throughput phenotyping tech-
niques are available to measure leaf area index by 
using digital infrared imaging (Shibayama et al. 
 2011a ,  b ). Thus, infrared imaging along with vis-
ible imaging can be used to screen the germ-
plasms for drought stress tolerance by measuring 
reduction in leaf area, stem elongation rate, leaf 
rolling, and drooping symptoms of drought. 
Another major mechanism associated with 
drought resistance is drought escape: plants will 

try to avoid drought stress by fl owering early and 
completing their life cycle early. Flowering time 
can be easily recorded using visible imaging and 
germplasms can be screened for their drought 
escape behavior. 

 Canopy temperature is a sensitive and specifi c 
indicator of progression of drought stress. 
Relatively lower canopy temperature in drought- 
stressed rice indicates the ability of the genotype 
to extract more soil moisture or indicates the abil-
ity to maintain relatively better plant water status. 
Plant stomatal closure takes place during water 
stress to avoid loss of water resulting in a decrease 
of energy dissipation and an increase of canopy 
temperature (Lafi tte et al.  2003 ). The magnitude 
of the rise in canopy temperature among water 
stressed plants is infl uenced by successive stress 
imposition. Far-IR (also called IR thermal) imag-
ing is the most general technique used to visual-
ize temperature differences. Zia et al. ( 2012 ) have 
measured crop canopy temperature to assess crop 
water stress in winter wheat by using infrared 
thermography. Leinonen and Jones ( 2004 ) have 
used thermal and visible imaging to estimate can-
opy temperature under both green house and fi eld 
conditions during water stress conditions. 
Screening for high leaf temperature has led to the 
identifi cation of novel mutants in  Arabidopsis  
that allowed further insight into the molecular 
characterization of stomatal regulation (Wang 
et al.  2004 ). 

 It has been proposed that limitation of gas 
exchange by stomatal closure is the main inhibi-
tory effect on assimilation during drought and 
increased mesophyll resistance to CO 2  diffusion 
playing a secondary role (Flexas et al.  2006 ). 
Effi cient visualization of leaf conductance (ther-
mography) and photosynthetic effi ciency (chlo-
rophyll fl uorescence) might allow ready 
resolution of such questions and will further 
increase throughput and detecting power in 
screening for drought tolerance (Granier et al. 
 2006 ). Chlorophyll fl uorescence analysis is use-
ful in investigating photosynthetic performance 
of plants under stressful environments. 
Chlorophyll fl uorescence has been used to access 
drought tolerance in coconut varieties 
(Nainanayake  2007 ), chickpea (Rahbarian et al. 
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 2011 ), winter bread wheat (Flagella et al.  1994 ; 
Roostaei et al.  2011 ), transgenic tomato (Mishra 
et al.  2012 ),  Arabidopsis  (Woo et al.  2008 ), etc. 
Thus, combination of thermal imaging to study 
the stomatal conductance and fl uorescence imag-
ing to study the photosynthetic activity under 
drought conditions allows us to differentiate high 
photosynthetic activity lines than those lines 
which simply close stomata and therefore lose 
yield potential (Chaerle et al.  2007 ; Masle et al. 
 2005 ).  

    Biotic Stress Tolerance  
 As the quality and quantity of crop production 
reduces due to pest/disease infestation, it has 
become important to detect and classify the plant 
infestation at an early stage (Hillocks  1992 ). 
Pathogens such as rusts and mildews produce 
symptoms like yellowing of leaves, necrosis, etc. 
which can be scored by visible imaging. 
Pathogens in general infl uence photosynthetic 
electron transport and downstream metabolic 
reactions, resulting in increased chlorophyll fl uo-
rescence at early stage of infection. Thus, chloro-
phyll fl uorescence providing quantitative 
information about photosynthetic function has 
the potential to address many questions relevant 
to plant-pathogen interactions (Scholes and Rolfe 
 2009 ). Nondestructive digital imaging and imag-
ing via chlorophyll fl uorescence have been used 
to monitor the progress of disease symptoms 
caused by fungal pathogen (Scholes and Rolfe 
 2009 ). High-throughput phenotyping using chlo-
rophyll fl uorescence led to early detection of 
symptoms (before symptoms can be detected by 
human eyes), quantifi cation of infected tissue 
area, and potentially the quantifi cation of the sus-
ceptible and resistant responses of plant to patho-
gen attack (Swarbrick et al.  2006 ; Chaerle et al. 
 2009 ; Romer et al.  2011 ). To identify rice blast 
disease at the seedling stage, a near-infrared 
hyperspectral imaging system was used to iden-
tify infected and healthy clipped leaves, with 
92 % accuracy (Yang et al.  2012 ). Using visible 
imaging and color-based corner detection algo-
rithm, plant-hopper infestations on stems of pot- 
grown rice have been studied (Zhou et al.  2011 ). 
Moshou et al. ( 2005 ) have developed a ground- 

based real-time remote-sensing system for 
detecting yellow rust in wheat at an early stage of 
disease development (before it can be visibly 
detected) under fi eld conditions. Fukatsu et al. 
( 2012 ) have developed a remote pheromone trap 
monitoring system with image data based on sen-
sor network and image processing and applied to 
measure the occurrence of the rice bug, 
 Leptocorisa chinensis , in a paddy fi eld. 
Application of phenomics for screening pathogen 
resistance on foliar symptoms is either in infancy 
or is developing. Most of the root pathogen 
causes disruption of xylem tissue resulting in 
reduced transpiration, stomatal closure and 
fi nally leading to hotter canopies, thus offering 
an opportunity to use thermographic screening of 
tolerant or resistance germplasms for root patho-
gen nondestructively. Thus, high-throughput 
phenotyping is having potential to achieve real- 
time and dynamic screening of germplasms for 
biotic stress tolerance high accuracy, surpassing 
human experts in monitoring plant diseases.  

    Measuring Yield and Quality-Related 
Traits  
 Yield is a complex agronomic trait and in rice it 
is determined by several parameters like biomass 
and growth, number of productive tillers, panicle 
size, and number of grain per panicle and grain 
weight (infl uenced by grain size). Traits like bio-
mass, tillering, early vigor, etc. can be measured 
by taking digital images and then by analyzing 
the images (Richards et al.  2010 ). Generally 
these traits are scored manually but both speed 
and accuracy for measuring these traits can be 
improved using high-throughput phenomics 
tools. Bimodal scanner developed by combining 
visible light imaging and soft X-ray imaging has 
been employed to accelerate the counting of 
spikelet number per panicle and simultaneous 
counting of fi lled and unfi lled rice spikelet (Duan 
et al.  2011a ). Duan et al. ( 2011b ) have developed 
an integrated facility to achieve fully automated 
yield trait scoring with an accuracy of more than 
95 % and effi ciency of 1,440 plants in 24 work-
ing hours. 

 Integrated use of fl atbed scanner and user- 
coded ImageJ software has made it possible to 
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determine the major orthogonal dimensions of 
the grains, viz., grain length and width 
(Igathinathane et al.  2009 ). Tanabata et al. ( 2012 ) 
have developed SmartGrain software for high- 
throughput measurement of seed shape parame-
ters, such as seed length, width, area, and 
perimeter length. They have further validated the 
effi cacy of the software in QTL analysis for rice 
( Oryza sativa ) seed shape using a backcross 
inbred derived from a cross between  japonica  
cultivars Koshihikari and Nipponbare. 

 Yoshioka et al. ( 2007 ) used digital image 
scanner to determine the chalkiness in rice grain 
with accuracy rate of 90.2 %. Sun et al. ( 2008 ) on 
the principle of digital chroma measurements 
determined the protein content in rice using red, 
green, and blue (RGB) chroma and showed that 
the method is equivalent to Kjeldahl method in 
estimating protein content in rice grains .  Flatbed 
scanning and image analysis combined with 
velocity representation method made it possible 
to identify broken rice kernels (Lin et al.  2012 ). 
Digital microscope and appropriate image analy-
sis software, transilluminated imaging were used 
to assess wheat quality (Venora et al.  2009 ). 
X-ray imaging has been used to image single ker-
nels and detect infestation of wheat seed by 
 Rhyzopertha dominica  (Karunakaran et al. 
 2004a ), red fl our beetle (Karunakaran et al. 
 2004b ),  Cryptolestes ferrugineus  
(Manickavasagan et al.  2008 ), sprouting in wheat 
kernels (Neethirajan et al.  2007b ), and vitreous-
ness in durum wheat by scanning seed at differ-
ent X-ray energies revealing changes in internal 
density of the wheat grain (Neethirajan et al. 
 2007a ). An automatic inspection system combin-
ing a near-infrared instrument and a visible light 
segregator has been developed to determine rice 
quality parameters like protein content, moisture 
content, and sound whole-kernel ratio (Kawamura 
et al.  2003 ). Thus, with the appropriate optical 
imaging, image analysis and robotics tools have 
the potential to achieve the high-throughput scor-
ing of yield traits and quality, which will be use-
ful in rice (or other cereals) science research.   

     Role of Bioinformatics in Phenomics  

    Data Handling and Management  
 To be successfully applied, plant phenomics 
should be able to gather high-throughput infor-
mation covering many traits under study from 
large numbers of plants in a shorter duration and 
the ability to transform these raw data into quali-
tative and quantitative results. High-throughput 
phenomics will not only increase the number of 
phenotypes/traits that can be measured but also 
the sampling size, thus providing large amount of 
data to be analyzed; for example, phenocopter 
generates about 3 gigabytes data in one fl ight 
whereas high-clearance tractor platform pro-
duces a terabyte of data per run (Mogel  2013 ). 
Handling and processing such large amounts of 
data poses a big challenge for high-throughput 
phenotyping. With the current system of data 
analysis, it used to take hours or days to process 
the data. High-throughput phenomics needs high- 
performance computing and information tech-
nology to compute as many parameters as 
possible. The data needs to be normalized based 
on control plants. The data fl ow from the sensors 
to the lab needs to be highly structured and 
designed to avoid any wrong assignment of data 
and samples. Since number of data points is too 
large to be handled manually, advanced data 
analysis methods are important from the fi rst step 
of analyzing the raw data until validating the 
results (Eberius and Guerra  2009 ). Plant geneti-
cists and breeders have generated numerous bipa-
rental mapping populations that segregate for 
genetically mapped quantitative trait loci (QTL) 
and association mapping panel. Information 
about the map positions of QTL are included in 
several publications but only a small fraction of 
raw data is included into existing genomic data-
bases. As opposed to sequence and expression 
data that need to be deposited in appropriate data-
bases upon publication, the raw data of replicated 
phenotypic measurements are not deposited in 
any public repository and are usually lost. A 
major bioinformatics challenge facing the 
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research community is to develop web-based 
resources to display the details of complex phe-
notypes to uncover hidden biological 
knowledge. 

 Image-based phenotyping captures not only 
morphological- and developmental-related phe-
notypic data but also produce information on the 
physiological status of the plant through nonde-
structive close-range or remote-sensing technolo-
gies. But major roadblock in performing 
quantitation and feature extraction is lack of 
extensible algorithms. For this purpose, a high- 
throughput image analysis platform such as the 
Bisque system from the Center for Bioimage 
Informatics, UC Santa Barbara (  http://www.bio-
image.ucsb.edu/    ), has been developed to address 
the logistical and scalability issues. 

 There are some key challenges for data man-
agement in phenomics research: fi rstly, the abil-
ity to provide a data management service or 
database that can manage large amount of hetero-
geneous data in multiple formats (text, image and 
video) from different measurement platforms 
and, secondly, it should have the ability to sup-
port metadata-related services to provide context 
and structure for data within the data manage-
ment service to facilitate effective search, query, 
and dissemination. And fi nally it should be able 
to accommodate evolving and emerging technol-
ogies and processes, as phenomics is still in 
infancy and is a rapidly developing fi eld of 
research. In phenomics for a meaningful data 
evaluation and statistical analysis, standard data 
storage device is required. For this purpose data-
bases need to be developed in which data can be 
stored on long-term basis and can be further 
retrieved later without endangering data integrity 
for metadata analysis. Billiau et al. ( 2012 ) have 
developed “phenotyper” database on data ware-
house concept for handling large amount of phe-
nomics data (Billiau et al.  2012 ). This database is 
able to manage the data observed simultaneously 
by 11 separate research groups from four analyti-
cal platforms and at 11 different sites. Vankadavath 
et al. ( 2009 ) have developed software 

“PHENOME” for high-throughput phenotyping, 
which allows researchers to accumulate, catego-
rize, and manage large volume of phenotypic 
data. PHENOME software using Personal Digital 
Assistant (PDA) with built-in barcode scanner 
aids in collection and analysis of data obtained 
through large-scale mutagenesis, assessing quan-
titative trait loci (QTLs), raising mapping popu-
lation, sampling of several individuals in one or 
more ecological niches, etc. (Vankadavath et al. 
 2009 ). Fabre et al. ( 2011 ) have developed 
PHENOPSIS DB for storing data obtained by 
 Arabidopsis thaliana  phenotyping. It also allows 
browsing and sharing of online data generated by 
the PHENOPSIS platform and offl ine data col-
lected by experimenters and experimental meta-
data using an interface for visualization of 
environmental data of an experiment as well as 
statistical analysis of phenotypic data and analy-
sis of  Arabidopsis thaliana  plant images. 
PhenomicDB is another, multispecies (primarily 
human, mouse, fruit fl y, and yeast) resource 
designed to empower “comparative phenomics” 
(Kahraman et al.  2005 ). 

 The National eResearch Architecture 
Taskforce (NeAT), Australia, initiated the PODD 
project which is aimed to design and develop 
Phenomics Ontology Driven Data (PODD) 
repository (Li et al.  2010 ). PODD is created as a 
repository to record the data; its contextual data 
(metadata) and data classifi ers are in the form of 
ontological or structured vocabulary terms (Li 
et al.  2010 ). The goal of PODD is to capture, 
manage, annotate, and distribute the data gener-
ated by phenotyping platforms (Li et al.  2010 ). 
The Phenoscape project (  http://kb.phenoscape.
org    ) has been initiated to develop search algo-
rithms capable of linking biological data by rela-
tionships between ontological terms and by 
similarities found between free-text descriptions. 
Beside these, several other databases have been 
developed or are under development by different 
research groups as a repository for plant phenom-
ics studies (Table  3 ).
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       Image Analysis Software and Platforms  
 High-throughput plant phenotyping platforms 
acquire and record large amounts of image data 
that must be accurately and robustly calibrated, 
reconstructed, and analyzed which requires 
development of sophisticated image understand-
ing and quantifi cation algorithms. High- 
throughput image analysis for automated 
phenotyping is used to extract several phenotypic 
parameters related to growth, yield, and stress 

tolerance of the plants. Manual analysis of even 
small-scale data is time consuming and may also 
lead to inaccuracy. So, robust, fl exible, and step-
by- step traceable image analysis tools for plant 
phenotyping are needed. Several image analysis 
softwares and tools have been developed to ana-
lyze either 2D or 3D images of different plant tis-
sues generated by various phenomics platforms 
(Table  4 ). One robust software developed by 
Julich Plant Phenotyping Centre is 

   Table 4    Softwares and image analysis platforms available for high-throughput phenotyping               

 Tissue  Software  Parameters measured  Reference 

 Roots  WinRHIZO Tron  Measures root length, diameter, 
area, surface area, and root volume 

   http://www.regent.qc.ca/products/
rhizo/RHIZOTron.html     

 KineRoot  Measures root growth and curvature  Basu et al. ( 2007 ) 
 PlaRoM  Measures root extension and growth 

traits under diurnal or circadian 
growth rhythms 

 Yazdanbakhsh and Fisahn ( 2009 ) 

 EZ-Rhizo  2D analysis of root system 
architecture 

 Armengaud et al. ( 2009 ) 

 GiA Roots  2D analysis of root system 
architecture 

 Galkovskyi et al. ( 2012 ) 

 GROWSCREEN-Rhizo  Root architecture parameters in 2D 
and shoot biomass evaluation 

 Nagel et al. ( 2012 ) 

 RootTrace  Measure of root length and 
curvature 

 Naeem et al. ( 2011 ) and French et al. 
( 2009 ) 

 DART  2D analysis of root system 
architecture 

 Le Bot et al. ( 2010 ) 

 SmartRoot   Quantify root growth and 
architecture  for complex root 
systems 

 Lobet et al. ( 2011 ) 

 RootReader3D  3D analysis of root system 
architecture 

 Clark et al. ( 2011 ) 

 RootReader2D  2D analysis of root system 
architecture 

 Clark et al. ( 2012 ) 

 GROWSCREEN-Root  Predict tree model for root system 
architecture 

   http://www.fz-juelich.de/ibg/ibg-2/
EN/methods_jppc/GROWSCREEN_
root/_node.html     

 Growth Explorer  2D analysis of growth patterns 
of plant roots 

 Basu and Pal ( 2012 ) 

 RooTrak   3D plant root architecture of 
plant grown in soil  

 Mairhofer et al. ( 2012 ) 

 Shoot/leaves  WinFolia  Measures leaf area, 
morphology, and disease 
analysis of broad leaves 

   http://www.regent.qc.ca/products/
folia/WinFOLIA.html     

 TraitMill  Platform for testing the effect 
of plant-based transgenes on 
agronomically valuable traits 

 Reuzeau et al. ( 2006 ) 

 PHENOPSIS  Automated measurement of 
water defi cit-related traits like 
leaf number, leaf area, root growth, 
and transpiration rate 

 Granier et al. ( 2006 ) 

(continued)
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GROWSCREEN which is capable of measuring 
total leaf area, leaf growth, and relative growth 
rate of large plant populations (Walter et al. 
 2007 ). Julich Plant Phenotyping Centre has 
developed a series of softwares like GROW Map- 
Root capable of measuring spatial and temporal 
distribution of root growth (Nagel et al.  2006 ; 
Walter et al.  2002 ). GROWMAP Leaf is capable 
of spatial and temporal distribution of leaf growth 
via Digital Image Sequence Processing Setup by 
digital image sequence processing (Walter and 
Schurr  2000 ); GROWSCREEN-Root an image- 
based software is capable of automatic analysis 
of root architecture by growing the plants in agar- 
fi lled Petri dishes. The software determines 
parameters like length of primary root, total 
length and number of lateral roots, and angle of 
branching and fi nally draws a false-color image 
tree model for the root system (Nagel et al.  2009 ). 

Similarly GROWSCREEN-Rhizo is a robot- 
enabled platform for simultaneous measurements 
of root and shoot growth for plants grown in soil- 
fi lled rhizotrons and can be used in plant phe-
nomics studies involving evaluation of root and 
shoot responses to different water, nutrient (N, 
P), and soil compaction regimes (Nagel et al. 
 2012 ). Several other software packages have 
been developed to analyze different plant images 
obtained from phenomics platform (Table  4 ).

         Limitations and Future Perspectives  

 Increasing population and per capita income 
necessitates the doubling of food production by 
2030 which seems to be exceedingly diffi cult due 
to the global climate change. This situation war-
rants the development of stress-tolerant crop 

 Tissue  Software  Parameters measured  Reference 

 LeafAnalyser  Analyzes leaf shape variation  Weight et al. ( 2007 ) 
 LAMINA  Measures leaf shape (blade 

dimensions) and size (area) 
 Bylesjo et al. ( 2008 ) 

 HYPOTrace  Measures growth rate and hook 
angle of hypocotyls 

 Wang et al. ( 2009 ) 

 HTPheno  Measures plant height, width 
and projected shoot area 

 Hartmann et al. ( 2011 ) 

 LEAFPROCESSOR  Measures different leaf geometries  Backhaus et al. ( 2010 ) 
 LEAF-GUI  Analyzes macroscopic structure 

of veins in leaves 
 Price et al. ( 2011 ) 

 Canopy Analysis  Extracts forest canopy cover  Korhonen and Heikkinen ( 2009 ) 
 Assess  Analyzes leaf area, percent 

disease, root length, lesion 
count, percent ground cover 

  Lakhdar Lamari  

 LemnaTec 3D 
Scanalyzer 

 High-throughput platform for 
analysis of color, shape, size, 
and architecture 

 Golzarian et al. ( 2011 ),   http://www.
lemnatec.com/     

 GROWSCREEN 
FLUORO 

 Platform for growth analysis and 
chlorophyll- fl uorescence analysis 

 Seeds/grain  WinSEEDLE  Measures volume and surface 
area of seeds and needles 

   http://www.regent.qc.ca/products/
needle/WinSEEDLE.html     

 SHAPE  Extracts the contour shape 
from a full color bitmap image 

 Iwata and Ukai ( 2002 ) and Iwata 
et al. ( 2010 ) 

 ImageJ  General image analysis software 
for area, size, and shape; applied 
to grain 

 Herridge et al. ( 2011 ),   http://rsb.info.
nih.gov/ij/     

 SmartGrain  High-throughput measurement 
of seed shape 

 Tanabata et al. ( 2012 ) 

Table 4 (continued)
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varieties suitable for marginal environments 
where the occurrence of various biotic/abiotic 
stresses are more frequent. There is an immense 
need of identifying new germplasms and landra-
ces who can bear the harsher climate of the 
future. One of the major challenges for crop 
researchers is “how to predict crop performance 
as a function of genetic architecture.” While our 
ability to evaluate phenotypes has grown expo-
nentially in recent years, our ability to translate 
this wealth of phenotypic data to practical knowl-
edge is still lagging behind. 

 There is a substantial need for automation of 
phenotypic evaluation processes (Kolukisaoglu 
and Thurow  2010 ), which will not only increase 
the high throughput but also improve reproduc-
ibility of the results and therefore the overall 
quality of an experiment. Now with the advance-
ments made in the fi eld of high-throughput imag-
ing, robotics, and computational science, it is 
possible to establish a high-throughput plant phe-
notyping platform capable of measuring hun-
dreds to thousands of traits in a day. This task of 
capturing and analyzing maximum amount of 
data and applying the results in any breeding pro-
gram requires strong cooperation between agri-
cultural scientists, engineers, and computer 
scientists. 

 Most of the abiotic stresses like drought, salin-
ity, and high temperature occur in combination 
under fi eld conditions. But most of automated 
phenotyping platforms developed in the public 
domain have been deployed for use under green-
house conditions. High-throughput phenotyping 
techniques meant for use under fi eld conditions 
has not been developed to a substantial level 
(White et al.  2012 ). Mishra et al. ( 2011 ) have 
developed an automated plant screening method 
for evaluating low-temperature tolerance-related 
traits in  Arabidopsis  by using an imaging fl uo-
rometer capable of estimating chlorophyll fl uo-
rescence emission. Automated plant phenotyping 
methods have been developed for measuring 
drought and salinity stress tolerance-related 
traits, but the methods for screening the germ-
plasms for high-temperature stress, cold stress, 

and submergence tolerance are still lacking. As 
earth’s climate is predicted to warm by an aver-
age of 2–4 °C (IPCC  2007 ) by the end of the 
twenty-fi rst century, our future focus on phenom-
ics should be based on morphological character-
istics, viz., panicle surrounded by many leaves 
(Wassmann et al.  2009 ), early fl owering and 
anthesis (Jagadish et al.  2007 ), genotypes with 
large anthers (Matsui and Omasa  2002 ), and 
anthers with large basal pores (Matsui and Kagata 
 2003 ). Efforts are needed to include these obser-
vations in high-throughput phenotyping tech-
niques so that more germplasms can be screened 
for high-temperature stress tolerance both under 
controlled and open environments. Moreover, the 
systems developed for large-scale phenotyping is 
limited to small group of species with similar 
growth habit and requirements, like in 
 Arabidopsis  (Arvidsson et al.  2011 ; Granier et al. 
 2006 ; Jansen et al.  2009 ) and main cereal crops. 
More generic platforms enabling simultaneous 
evaluation of multiple species have not been 
implemented so far. 

 Automated phenotyping approaches are still 
expensive because of hardware requirements, 
viz., robotics, imaging devices, and computing 
infrastructure. Researchers in developing coun-
tries can join hands with phenotyping installa-
tions at European Plant Phenotyping Network 
(  http://www.plant-phenotyping-network.eu    ), 
Australian Plant Phenomics Facility (  http://www.
plantphenomics.org.au    ), Julich Plant Phenotyping 
Centre-JPPC (  http://www.fz-juelich.de/ibg/
ibg-2/EN/organisation/JPPC/JPPC_node.html    ), 
and International Plant Phenomics Network 
(  http://www.plantphenomics.com    ) for accessing 
high-throughput phenomics facilities. Data anal-
ysis tools similar to HTPheno (Hartmann et al. 
 2011 ) and Integrated Analysis Platform (IAP) 
(Klukas et al.  2012 ) need to be developed and 
popularized. The proliferation of platforms for 
high-throughput phenomics raises the possibility 
of bridging the knowledge gap between geno-
types and phenotypes and has given the plant sci-
entists new insights into the information encoded 
in the sequenced plant genomes.      
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   Abstract  

  We provide our defi nition and the brief history 
of “cytomics” followed by an overview of 
general methodological approaches of optical 
imaging, especially fl uorescence microscopy. 
We then go into detail on novel fl uor-linking 
agents (nanobodies, aptamers, and aldehydes) 
and the array of novel fl uors available. We 
describe many of the new techniques devel-
oped for superfast, super-resolution micros-
copy (photoreactivated localization 
microscopy, structured illumination micros-
copy, stimulated emission depletion micros-
copy, and stochastic optical reconstruction 
microscopy) followed by quantitative micros-
copy and image analysis. We then delve into 
unconventional methods, novel light systems, 
and alternatives to fl uorescence (non-liner 
optical imaging, single-molecule light absorp-
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tion, luminescent proteins). We then describe 
how these systems have been employed 
recently for proteins, nucleic acids, the cyto-
skeleton, and also small molecules of major 
interest to plants. We fi nish with a description 
of recent fi ndings specifi c to plant cytomics 
and furnish several impressive images and 
other illustrations from the recent plant 
literature.  

  Abbreviations 

   3B    Bayesian analysis of bleaching and 
blinking   

  CCD    Charged couple devices   
  CFP    Cyano fl uorescent protein   
  CMOS    Complementary metal oxide 

semi conductor   
  CNOI    Coherent nonlinear optical imaging   
  DNA    Deoxyribonucleic acid   
  dSTORM    Direct stochastic optical reconstruc-

tion microscopy   
  FLISM    Fluorescence light sheet microscopy   
  FOV    Field of view   
  FRET    Fluorescence (or Förster) resonance 

energy transfer   
  FPALM    Fluorescence photoactivation locali-

zation microscopy   
  GFP    Green fl uorescent protein   
  LED    Light-emitting diode   
  NLDOM    Nonlinear dissipation optical 

microscopy   
  OMERO    Open microscopy environment 

remote objects   
  PALM    Photoactivation localization 

microscopy   
  PGS    Parametric generation spectroscopy   
  PM    Plasma membrane   
  PPS    Pump–probe spectroscopy   
  PY1-ME    Peroxy yellow 1 methyl ester   
  RNA    Ribonucleic acid   
  ROS    Reactive oxygen species   
  RUM    Really unconventional microscopy   
  SELEX    Systemic evolution of ligands by 

exponential enrichment   
  SIM    Structured illumination microscopy   

  SNAP    Soluble N-ethylmaleimide-sensitive 
factor-attachment proteins   

  SPIM    Selective plane illumination 
microscopy   

  SR    Super-resolution   
  SSIM    Saturated structured illumination 

microscopy   
  STED    Stimulated emission depletion   
  STORM    Stochastic optical reconstruction 

microscopy   
  tFT    tandem Fluorescent protein timer   
  TRUE    Time-reversed ultrasound encoded   
  TULIP    Tunable light-inducible protein tag   
  YFP    Yellow fl uorescent protein   

          Brief History and Defi nition(s) 

 Over a decade ago, we coined the word 
“cytomics” and defi ned it as “changes in sub- 
cellular location and function of macromolecules 
(especially proteins) and macromolecular com-
plexes over space and time within intact organ-
isms” (Davies et al.  2001 ). Our original use of the 
term was based on ideas put forward earlier 
(Stankovic et al.  2000 ) and extended later (Davies 
and Stankovic  2006 ; Davies et al.  2012 ). These 
ideas arose from our increasing familiarity with 
the plant cytoskeleton, its complexity of func-
tions, its array of individual proteins forming 
numerous structures, and its dynamic role in 
plant metabolism. We were especially interested 
in proteins with multiple functions and locations, 
as well as in techniques that would enable us to 
determine whether individual proteins remained 
in a single specifi ed location within the cell or 
whether they could travel from one location to 
another. We were also interested in whether the 
same molecule could change its function over 
time or space. We had become aware of the need 
for this fi eld of study when we began to work 
with several multifunctional proteins, which can 
reside in multiple locations, especially elonga-
tion factor 1a (Davies et al.  1998 ) and apyrase 
(Shibata et al.  1999 ). The gene number, subcel-
lular locations, array of isotopes, and multiple 
functions of these proteins were reviewed 
recently (Davies et al.  2012 ). 
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 Despite its recent origins, cytomics has now 
gained widespread recognition (as of May 2013, 
there were over 2,000 references in the NCSU 
library database with cytomics mentioned in the 
article, but less than 80 involved plant research). 
The topic has, however, become a major force in 
medicine (Leif  2009 ; Támok and Bocsi  2009 ), 
pharmaceuticals (Tagore and Gomase  2008 ; 
Támok  2010 ), and basic biology (Murphy  2005 ; 
Müller  2008 ; Robinson  2008 ; Benndorf et al. 
 2010 ). Cytomics is interfaced with proteomics 
(Bernas et al.  2006 ) and is considered important 
for systems biology (Kriete  2005 ).  

    General Approach 

 The structural and functional states of a cell are 
largely determined by the spatiotemporal organi-
zation of its proteome. Understanding the in vivo 
dynamics of protein localization and their physi-
cal interactions is paramount for many problems 
in biology. With proteins, as with many things, 
seeing can bring understanding. In particular, in 
multicellular organisms with cell walls – i.e., 
plants – it is hard to predict a protein’s identity, 
expression dynamics, or localization solely from 
its genomic signature. That is why recent 
advances using specifi cally localized fl uorescent 
gene markers and image processing have enabled 
breakthrough automated quantitative analysis of 
cell growth and genetic activity within living 
plant tissues. For example, fl uorescent protein 
markers have been used to identify cells and to 
measure gene expression ratiometrically on a cell 
level in  Arabidopsis thaliana  (Federici et al. 
 2012 ). 

 Since its identifi cation and isolation from the 
jellyfi sh  Aequorea victoria , the gold standard for 
imaging in vivo has been the gene encoding green 
fl uorescent protein (GFP). This gene can be 
inserted into desired model cells or organisms by 
standard methods, and expression of this gene 
results in specifi c fl uorescence labeling of live 
cells without the need for exogenous chemicals. 
The GFP protein of 238 amino acids can be fused 
to a protein of interest to visualize its localization 
and dynamics in a live cell. In addition, GFP can 

be fused to various protein targeting and localiza-
tion signals and can thus be subsequently tar-
geted to various cell compartments and 
sub-compartments. Numerous fl uorescent sen-
sors for ions and small molecules, enzymatic 
activities, signaling cascades, and other impor-
tant cellular events have all been constructed by 
fusing GFP with sensitive protein domains (Tsien 
 1998 ,  2010 ; Lukyanov and Belousov  2012 ). 

 Since cytomics is based on visualization of 
specifi c molecules or macromolecular complexes 
moving within living tissues in real time, novel 
methods in this area will be the focus of our chap-
ter. If this chapter had been written more than 3 
years ago, we would have stated quite emphati-
cally that the methods would need to involve fl u-
orescence microscopy. However, very recent 
techniques have been developed that do not use 
microscopes or fl uorescence. Nevertheless the 
vast bulk of research does, indeed, employ fl uo-
rescence microscopy. Basically, fl uorescence 
microscopy involves illuminating a sample from 
above or below at a specifi c wavelength and 
viewing the emitted light at a longer wavelength 
again from either above or below. If the target 
(e.g., protein) is not itself fl uorescent, it must be 
made so by tagging it with a fl uor. The individual 
steps involve a linking agent to join the fl uor onto 
the target (macro)molecule, a microscope to view 
the (moving) fl uorescent molecule in vivo, algo-
rithms to convert digital data into pictorial infor-
mation, and a light source. The light sources of 
choice now are tunable lasers, since they can be 
focused on small regions, with varying intensities 
and very rapid on/off switching. The methods 
may be useful for a variety of target molecules, 
complexes, or cell structures, or highly specifi c to 
individual targets. The aim of all this research is 
to make visualization of targets as rapid (super-
fast), as clear (super-resolution), and as specifi c 
as possible. 

 We will deal with recent publications concern-
ing each of these topics in turn, but as a starting 
point for beginners in the general fi eld of light 
microscopy, we suggest a new book (Davidson 
and Murphy  2012 ); for fl uorescence microscopy 
we suggest Lichtman and Conchello ( 2005 ) and 
Petty ( 2007 ), for super-resolution microscopy 
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Patterson et al. ( 2010 ) and Coltharp and Xiao 
( 2012 ), and for both fl uorescence and super- 
resolution microscopy Huang et al. ( 2009 ), 
Schermelleh et al. ( 2010 ), and Leung and Chou 
( 2011 ). For more advanced aspects, a series of 
articles in a  Nature Methods  collection is highly 
recommended (Nature  2009 ), available at   http://
nature.com/nmeth/collections/superresmicros-
copy    . We will make mention in the appropriate 
location of any uses that we are aware of, where 
these very recently developed techniques have 
been used with plants and then provide a section 
specifi cally devoted to recent fi ndings in plants 
(section “ Plant Cytomics ”).  

    Novel Fluor-Linking Agents 

 For molecules that are not innately fl uorescent, 
the most commonly used linking agents are anti-
bodies, specifi c for the molecule (protein) being 
investigated, which have the appropriate fl uor or 
set of fl uors attached. However the physical size 
of the antibody and of a fl uor such as green fl uo-
rescent protein (GFP), or newly developed mem-
bers of its extended family, limits resolution and 
may inhibit normal cellular localization, move-
ment, and function, and so efforts to reduce the 
size (and increase the specifi city) of the linking 
agent are a major area of study. 

    Nanobodies 

 The conventional way of linking a fl uor to the tar-
get protein is by using an antibody specifi c to that 
protein. However the bigger the linking agent 
(and the fl uor), the lower the resolution obtained. 
Further, the antibody (and the fl uor) may be 
larger than the protein of interest and thus can 
impair the function, localization, and movement 
of the target protein, thereby generating artifacts. 
One method to lessen this problem is to use 
small, high-affi nity camelid antibodies of about 
13 kDa called nanobodies (Ries et al.  2012 ). Not 
only do these lessen the size of the linking agent, 
they also permit the use of small organic dyes, 
which are displaced from the target when attached 

to normal antibodies, which are generally around 
150 kDa. These methods have been used recently 
for high-resolution, single-molecule microscopy 
of microtubules, living neurons, and intact yeast 
cells (Ries et al.  2012 ).  

    Aptamers 

 Aptamers are short stretches of single-stranded 
DNA or RNA that have been subject to SELEX 
(systemic evolution of ligands by exponential 
enrichment) which is an in vitro method of gener-
ating increasingly effective linking agents to the 
target-specifi c proteins (Ulrich et al.  2004 ). They 
are generally about the same size as nanobodies, 
but can be generated not only against immuno-
genic proteins but also against toxins and non- 
immunogenic proteins, where antibodies cannot 
be raised. 

 Aptamers have been tested recently (Opazo 
et al.  2012 ) using primarily the high-resolution 
technique, STED (stimulated emission depletion) 
and were found to be as effective as nanobodies. 
Furthermore, because aptamers (unlike nanobod-
ies) can be conveniently varied in size, these 
authors (Opazo et al.  2012 ) were able to show 
that increasing their size from 15 kDa to 31 kDa 
and then to 58 kDa greatly reduced the quality of 
the images obtained when assaying endosomal 
traffi cking.  

    Aldehydes 

 A major hurdle for mechanistic studies of many 
proteins is the lack of a general method for fl uo-
rescence labeling with high effi ciency, specifi c-
ity, and speed. This can be overcome with genetic 
engineering, through incorporation of appropri-
ate motifs into proteins. A novel method for fl uo-
rescence labeling for single-molecule imaging 
employs aldehyde-tagged proteins, and these 
proteins are made using genetic modifi cation 
techniques to incorporate the aldehyde motif into 
the protein (Shi et al.  2012 ). This method is con-
sidered superior to other protein tagging methods 
in terms of the array of proteins that can be 

E. Davies and B. Stankovic

http://nature.com/nmeth/collections/superresmicroscopy
http://nature.com/nmeth/collections/superresmicroscopy
http://nature.com/nmeth/collections/superresmicroscopy


417

tagged, its approximately 100 % effi ciency and 
specifi city of labeling while maintaining the pro-
tein’s biological function, and resolution of 
images (Shi et al.  2012 ). Since the tag (linking 
agent) is a small part of the protein, it does not 
add mass, thereby enhancing clarity of images, 
while the protein is more likely to maintain its 
normal function and location. Such proteins 
tagged with aldehyde can be specifi cally labeled 
in cell extracts without protein purifi cation and 
can then be used in single-molecule studies.   

    Novel Fluors 

 There has been coevolution in fl uors and micro-
scope techniques, with novel fl uors begetting 
novel techniques and novel techniques demand-
ing new fl uors; thus the two topics (fl uors and 
microscopes) are not easy to keep separate. Here 
we will describe the novel fl uors fi rst and merely 
reference by acronym the microscope technique, 
while details of the techniques will be given later. 
Fluorescence microscopy in general suffers from 
the problems stated above, i.e., any modifi cation 
of the targeted molecule can change its behavior, 
location, mobility, and function, and the most 
common technique, immunolabeling, is particu-
larly prone to artifacts. Indeed, a very recent 
review on immunolabeling artifacts in micros-
copy (Schnell et al.  2012 ) discusses pros and 
cons of immunolabeling in general yet points out 
the immense value of the cytomics approach 
(watching protein behavior in living tissue) as 
being far superior to using fi xed tissue and all the 
artifacts of solubility that this technique can 
generate. 

 Super-resolution microscopy (also known as 
sub-diffraction microscopy – Adam et al.  2011 ) 
circumvents the laws of diffraction physics to 
obtain images with resolution less than the wave-
length of light, and these methods generally 
require special dyes (fl uors). This burgeoning 
fi eld has come about with the development of 
novel fl uors with novel properties. Many of these 
have been reviewed briefl y (Evanko  2012a ) and 
very thoroughly (van de Linde et al.  2012 ) and 
include sequential activation of individual fl uoro-

phores (Dempsey et al.  2012 ), photoswitchable 
proteins (Rego et al.  2012 ), photoconvertible and 
biphotochromatic proteins (Adam et al.  2011 ), 
tandem fl uorescent protein timers (Khmelinskii 
et al.  2012 ), and tunable, light-inducible interact-
ing proteins – TULIPs (Strickland et al.  2012 ). 

 The properties of 26 organic dyes were tested 
to determine which combinations were optimal 
for various forms of super-resolution imaging 
(PALM, STORM), and the authors (Dempsey 
et al.  2012 ) list several dyes, which performed 
well or excellently in four different spectral 
ranges thereby yielding super-resolution with 4 
colors and low cross talk. Similarly, Adam et al. 
( 2011 ) report on the rational design of 4-state 
optical highlighting into a novel fl uorescent pro-
tein (NijiFP) with reversible on/off switching and 
biphotochromatic properties that can be used for 
super-resolution pulse–chase imaging. This 
supersedes the previous IrisFP with its tetrameric 
organization making it unsuitable as a fusion tag.  

     Superfast/Super-Resolution 
Microscopy Techniques 

 Super-resolution (SR) microscopy techniques 
address the shortcomings in both electron and 
light microscopy, while retaining their strengths 
(Evanko  2009 ; Pastrana  2011 ). These imaging 
methods provide spatial resolution of up to sev-
eral tens of nanometers, below the diffraction 
limit, and approaching virtually molecular reso-
lution (reviewed in van de Linde et al.  2012 ). The 
so-called illumination-based SR imaging tech-
niques include stimulated emission depletion 
(STED) microscopy and saturated structured illu-
mination microscopy (SSIM); the probe-based 
SR imaging uses photoactivation localization 
microscopy (PALM) and the related techniques 
stochastic optical reconstruction microscopy 
(STORM) and FPALM (fl uorescence PALM) 
which are based on the stochastic activation of 
fl uorescence (Lippincott-Schwarz and Manley 
 2009 ). 

 The point-localization SR method of direct 
stochastic optical reconstruction microscopy 
(dSTORM) has been used to image histone H2B 
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proteins in living cells. Histone proteins were 
labeled with rhodamine and oxazoline dyes by 
using the genetically encoded chemical trime-
thoprim or SNAP tags (Wombacher et al.  2010 ; 
Klein et al.  2011 ). In a different example, with 
the help of a novel high-speed structured illumi-
nation microscope, capable of 100-nm resolution 
at frame rates up to 11 Hz for several hundred 
time points, it was possible to perform video 
imaging of tubulin and kinesin dynamics in liv-
ing  Drosophila melanogaster  S2 cells (Kner 
et al.  2009 ). In yet another example, Lee et al. 
( 2012 ) developed a novel confocal fl uorescence 
microscope with a good optical-sectioning capa-
bility (1.0 μm), fast frame rates (<33 fps), and 
superior fl uorescence detection effi ciency. Full 
compatibility of the microscope with conven-
tional cell-imaging techniques allowed single- 
molecule imaging with great ease at arbitrary 
depths of living cells, confi rmed by monitoring 
the diffusion motion of fl uorescently labeled 
cAMP receptors of  Dictyostelium discoideum . 

 Other methods have been developed that 
enable the use of any GFP-tagged construct in 
single-molecule super-resolution microscopy. By 
further targeting of GFP with small, high-affi nity 
antibodies coupled to organic dyes, it is possible 
to achieve nanometer spatial resolution and mini-
mal linkage error when analyzing microtubules, 
living neurons, and yeast cells. In combination 
with libraries encoding GFP-tagged proteins, vir-
tually any known protein can now be used in SR 
microscopy (Ries et al.  2012 ). 

 Super-resolution microscopy can also be used 
in plant systems to further our understanding of 
plant cell structure and function. It has been used 
successfully to elucidate the lateral organization 
of the plasma membrane (see Fig.  1  taken from 
Gutierrez et al.  2010 )  

    Photoreactivated Localization 
Microscopy (PALM) 

 Photoreactivated localization microscopy can 
overcome the diffraction barrier and resolve up to 
20 nm in the lateral (x, y) dimensions and about 
50 nm in the axial (z) dimension compared with 

traditional fl uorescence microscopy. The strategy 
of PALM relies on stochastically exciting fl uo-
rescent molecules with intermittent laser pulses 
by employing a photoswitchable fl uorescent 
probe. In an elegant example of the technique, 
the fl uorescent molecules are switched between 
“on state” (activated state) by the incident light 
then imaged and “off state” by photobleaching or 
chemical bleaching. The imaged pixels are ana-
lyzed, and the pixel with the highest intensity 
forms the center of the “located” molecule image. 
The reconstruction of those imaging cycles and 
the aggregate position information is then assem-
bled into a super-resolution image (Betzig et al. 
 2006 ).  

    Structured Illumination 
Microscopy (SIM)  

 Structured illumination microscopy is a method 
in which the nonlinearity arises from saturation 
of the excited state (Rego et al.  2012 ). SIM 
enables fl uorescence imaging with theoretically 
unlimited resolution. It takes advantage of the 
spatially structured illumination light and a non-
linear dependence of the fl uorescence emission 
rate on the illumination intensity. It extends reso-
lution beyond the cutoff by moving information 
into the observable region, from elsewhere in fre-
quency space, in the form of moiré fringes. The 
moiré fringes are produced by frequency mixing 
whenever two signals are multiplied. The multi-
plication is inherent in fl uorescence: the observed 
emission intensity is the product of the local den-
sity of fl uorescent dye (i.e., the sample) and the 
local intensity of excitation light (Gustafsson 
 2005 ). 

 Recent improvements to the technique, such 
as the use of a photoswitchable fl uorescent pro-
tein, allow nonlinear structured illumination 
microscopy of cellular structures at 50-nm reso-
lution (Evanko  2012b ). Indeed, SIM was recently 
used to visualize – at 40-nm resolution – cellular 
structures including nuclear pores, the actin cyto-
skeleton, and microtubules labeled with the fl uo-
rescent photoswitchable protein Dronpa (Rego 
et al.  2012 ).  
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    Stimulated Emission Depletion 
(STED) Microscopy 

 Super-resolution fl uorescence microscopy such 
as stimulated emission depletion (STED), a 
recently developed laser-scanning technique, can 
achieve resolution beyond the optical diffraction 
limit. Stimulated emission depletion microscopy 
provides SR by selectively deactivating fl uoro-
phores to enhance the imaging in the observed 
area, as initially described by Westphal et al. 
( 2008 ). 

 STED immunofl uorescence microscopy can 
be used to elucidate subcellular architecture 
in vivo. Using STED, it was possible to observe 

centrioles with a resolution of 60 nm to demon-
strate that the centriole distal appendage protein 
Cep164 localizes in nine clusters spaced around a 
ring of approximately 300 nm in diameter (Lau 
et al.  2012 ). Two-color STED permits the use of 
popular green-yellow fl uorescent labels such as 
green fl uorescent protein, yellow fl uorescent pro-
tein, Alexa Fluor 488, and calcein green. It is fur-
ther possible to use a single-excitation/STED 
laser-beam pair to obtain two-color super- 
resolution time-lapse imaging, by simultaneously 
exciting and quenching pairs of these fl uoro-
phores, whose signals can then be separated by 
spectral detection and linear unmixing (Tønnesen 
et al.  2011 ).  

  Fig. 1    Super-resolution fl uorescence microscopy can 
reveal plasma membrane (PM) sub-compartmentalization 
that is unresolvable by conventional techniques. ( a ) 
Confocal microscopy is suffi cient to visualize localization 
patterns at a scale of hundreds of nanometers. Two hypo-
thetical PM proteins are labeled with different fl uorescent 
tags in a pavement cell. One localizes to the tips of the cell 
lobes ( green ), much as observed for the small G-protein 

ROP2, and the other is dispersed more uniformly ( red ). 
The overlap appears as  yellow . ( b ) At the nanoscale, these 
proteins also cluster into disparate microdomains. Super-
resolution microscopy is necessary to resolve the two 
types of microdomains. All images are simulated. ( c ) 
Comparison of the spatial scales at which different 
microscopy techniques are useful (Figure 1 from Gutierrez 
et al. ( 2010 ))       
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    Stochastic Optical Reconstruction 
Microscopy (STORM) 

 Stochastic optical reconstruction microscopy 
uses photoswitchable fl uorescent probes to tem-
porally separate the otherwise spatially overlap-
ping images of individual molecules, allowing 
the precise localization of individual fl uorescent 
labels in the sample. Similar to PALM, STORM 
can routinely achieve 25-nm resolution, which 
corresponds to about 70 base pairs for a linear 
stretch of double-stranded DNA. STORM thus 
enables multicolor, three-dimensional fl uores-
cence imaging of molecular complexes, cells, 
and tissues with near-molecular scale resolution 
(Zhuang  2009 ). Whole-cell 3D STORM can 
reveal interactions between cellular structures 
with nanometer-scale resolution. This is helpful 
in particular when trying to understand the spa-
tial relationships of organelles within a cell, e.g., 
the interactions of mitochondria with microtu-
bules (Huang et al.  2008 ). 

 Developments in STORM in combination 
with the development of small-molecule probes 
for DNA and RNA labeling now enable visual-
ization of cellular DNA based on direct DNA 
labeling in cells (Benke and Manley  2012 ). With 
improvements that include combining astigma-
tism imaging with a dual-objective scheme, bet-
ter than 10-nm lateral resolution and better than 
20-nm axial resolution can be obtained when 
imaging biological specimens (Xu et al.  2012 ). 
This level of resolution is suffi cient to resolve 
individual actin fi laments in cells and to reveal 
three-dimensional networks of the actin cytoskel-
eton (Xu et al.  2012 ).   

     Quantitative Microscopy and Image 
Analysis 

 Image cytometry provides simple but reliable 
tools to study molecular processes and structural 
changes at the level of cells and tissues from 
microscopic images. Quantitative data resulting 
from microscopy-based imaging enables the gen-
eration of quantitative gene expression data, at 
the mRNA, protein, and activity level. Preserving 

the 2D and 3D morphology, volumes, areas, 
lengths, and numbers of cells and tissues can be 
calculated and related to these gene expression 
data (Chieco et al.  2013 ). Fluorescence fl uctua-
tion spectroscopy has enabled quantitative imag-
ing of single mRNAs in living cells (Wu et al. 
 2012 ).  In planta  cytometry can now be 
approached through integrated genetic and com-
putation methods (Federici et al.  2012 ). Who 
knows, the future may bring “generative mod-
els,” systems that do not simply recognize pat-
terns but construct in silico cells from images, as 
biology transitions into a study system in which 
scientists readily know which experiments should 
come next (Baker  2012a ). 

 The molecular imaging fi eld largely relies on 
advances in high-content fl uorescence micros-
copy, which come with novel requirements for 
fl uorescent probes and labeling techniques. They 
have also driven the development of data inter-
pretation strategies for extracting meaningful 
information from rich and complex biological 
image data. Synthetic fl uorophores have a small 
size, are available in many colors, and can easily 
be chemically modifi ed and used for stoichiomet-
ric labeling of proteins in live cells. A new bottle-
neck is the analysis of the resulting large and 
complex data sets. To mitigate this, new easy-to- 
use mathematical and statistical tools are being 
developed, which enable bench scientists to rap-
idly interpret their image data sets. One of those 
is PhenoRipper (  http://www.phenoripper.org/    ), 
an open-source software tool designed for rapid 
exploration of high-content microscopy images. 
PhenoRipper permits rapid comparison of images 
obtained under different experimental conditions 
based on image phenotype similarity (Rajaram 
et al.  2012a ). Another recently developed algo-
rithm for specifying and rendering realistic 
microscopy images containing diverse cell phe-
notypes, heterogeneous populations, and imag-
ing artifacts is the open-source SimuCell (  http://
www.SimuCell.org/    ) (Cho et al.  2012 ; Rajaram 
et al.  2012b ). 

 To localize signals simultaneously emanating 
from multiple fl uorophores, novel hybrid statisti-
cal methods are being developed. One of these is 
the recently developed Bayesian analysis of 
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bleaching and blinking (3B), which can be per-
formed using a common, arc lamp-based wide- 
fi eld fl uorescence microscope (Lidke  2012 ). The 
3B analysis does not display the (typically pre-
sented) maximum likelihood of each fl uoro-
phore’s position. Instead the analysis models the 
entire time series as a set of blinking and bleach-
ing fl uorophores. It maps a range of possibilities, 
thus allowing in vivo resolution of 200-nm intra-
cellular structures (Cox et al.  2012 ; Baker  2012b ). 

 The techniques of fl uorescence microscopy 
keep growing dramatically, both in terms of tech-
nical capabilities and the volume of images gen-
erated. Fluorescence microscopy is gradually 
becoming fully computerized. The sheer volume 
of data obtained has sparked the creation of 
online public repositories of microscopic images. 
This is déjà vu – the amount of data has reintro-
duced challenges faced years ago, when sequence 
and structure databases were being established: 
how to develop fast and effective means of 
searching for images either by context (e.g., 
which protein is labeled) or content (e.g., which 
pattern is displayed) (Cho et al.  2012 ). One solu-
tion to this problem is the creation of content- 
based image searchers for microscope images. 
One of the fi rst solutions to this problem is the 
open microscopy environment remote objects 
OMERO.searcher software (  http://murphylab.
web.cmu.edu/software/searcher/    ), which can be 
used with any OMERO image database (  http://
openmicroscopy.org/    ) (Allan et al.  2012 ). 
Exciting times lie ahead. 

 A major review on quantitative fl uorescence 
imaging in plant samples has appeared very 
recently (Okumoto et al.  2012 ). The authors review 
the current status of generating genetically 
encoded sensors, sensors suitable for 
 high- resolution imaging, fl uorescence measure-
ment in intact plants, and the use of GFP deriva-
tives in discovering novel pathways in plants. They 
furnish a very useful diagram (see Fig.  2 ) showing 
how cyano and yellow fl uorescent proteins (CFP/
YFP) can be used to target transcription, transla-
tion, subcellular location, protein import/export, 
and metabolism in plant cells (Okumoto et al. 
 2012 ). They also show the usefulness of both sin-
gle fl uorescent proteins and FRET-based sensors 

for examining protein activation, protein translo-
cation, and protein–protein interactions – see Fig. 
 3  (Okumoto et al.  2012 ).    

     Really Unconventional 
Microscopy (RUM)  

 Novel non-fl uorescence-based approaches allow 
the observation of individual molecules through 
their absorption of visible light. These methods 
open perspectives for single-molecule studies 
using a much larger group of molecules that 
absorb light but do not necessarily fl uoresce 
(Hofkens and Roeffaers  2011 ). 

 Other unorthodox microscopic optical devices 
are also being exploited for biological applica-
tions and molecular imaging. For example, 
 optical microcavities can be turned into sensitive 
biosensors, essentially optical tuning forks 
(Armani et al.  2007 ). These are made out of silica 
in the shape of a microtoroid (Evanko  2012c ). 
When light is pumped into the microtoroid, it 
recirculates with a specifi c resonance wave-
length. The light can interact with molecules 
binding to the surface of the microtoroid, causing 
a tiny redshift of the resonance wavelength. 

 One-dimensional smart probes based on 
nanowires and nanotubes also show enormous 
promise for biological applications, as they can 
safely penetrate the plasma membrane. These 
smart probes are potentially useful in high- 
resolution and high-throughput gene and drug 
delivery, biosensing, and single-cell electrophys-
iology (Yan et al.  2012 ). The probes also have a 
distinct advantage in their capacity to guide light. 
Optical tweezers have been used to assemble 
nanowires into optical microcircuits and to create 
nanowire endoscopes. Attached to the tapered tip 
of an optical fi ber, nanowire endoscopes can 
guide visible light into intracellular compart-
ments of a living cell and can also detect optical 
signals from subcellular regions with high spatial 
resolution. Through light-activated mechanisms 
these endoscopes can deliver payloads into cells 
with spatial and temporal specifi city (Yan et al. 
 2012 ; Evanko  2007 ). 
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 Yet another novel approach capable of achiev-
ing super-resolution imaging of biological sys-
tems employs lens-free holographic on-chip 
microscopy device and digital optoelectronic 
sensor arrays. This computer-based technique is 
described below (Greenbaum et al.  2012 ). Other 
relatively novel and emerging molecular imaging 
techniques include coherent nonlinear optical 
imaging, especially the recently developed non-
linear dissipation microscopy (including stimu-

lated Raman scattering and two-photon 
absorption) and pump–probe microscopy (includ-
ing excited-state absorption, stimulated emis-
sion, and ground-state depletion), providing new 
image contrasts for nonfl uorescent species. 
Thanks to the high-frequency modulation trans-
fer scheme, these imaging techniques exhibit 
superb detection sensitivity and offer high molec-
ular specifi city (Min et al.  2011 ).  

  Fig. 2    Generic example of a  cyan  fl uorescent protein–
 yellow  fl uorescent protein (CFP/YFP) Förster resonance 
energy transfer (FRET) sensor for a metabolite. A single 
FRET sensor can lead to discoveries of multiple pathways 
and processes involved in the dynamics of the sensor tar-
get. For example, a metabolite sensor reports on the sum 
of various component fl uxes/pathways (e.g., transport, 

biosynthesis). Perturbations in any of these components, 
whether by physiological treatment or mutation, can then 
be detected using the FRET sensor. Once a FRET sensor 
is properly characterized and expressed in the cellular/
subcellular location of interest, measurements can be eas-
ily acquired with extremely high temporal and spatial 
resolution (Figure 1 from Okumoto et al. ( 2012 ))       
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  Fig. 3    Schematic representations of various genetically 
encoded sensors. ( a ) Single fl uorescent protein (single-
FP) sensors. The emission intensities of FPs are affected 
either by intrinsic mechanisms ( top ) or by the binding of 
ligands to extrinsic domains ( bottom ). ( b ) Förster reso-
nance energy transfer (FRET)-based sensors. Ligand 
binding to the binding module can directly affect FRET 
effi ciency ( left ) or be amplifi ed through a ligand-depen-
dent interaction between two domains ( right ). ( c ) Sensors 
for protein activation. Modifi cation to the substrate 

domain ( green ) is recognized by the recognition domain 
( blue ), which causes the conformational change to affect 
FRET effi ciency. ( d ) Sensors for protein–protein interac-
tion. Protein–protein interaction is visualized either by 
complementation of two FP halves ( top ) or by FRET 
between two fl uorophores ( bottom ). ( e ) Sensors for pro-
tein translocation. FP fused to the recognition domain is 
translocated to the cellular domain with an enriched 
ligand concentration (Figure 2 from Okumoto et al. 
( 2012 ))       
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    Light Systems/Sources 

 In conventional fl uorescence microscopy, the sam-
ple is illuminated from either above or below, but 
a newly developed technique employs lateral illu-
mination from very thin sheets of light and mea-
sures fl uorescence from either above or below the 
sample (Pastrana  2012 ). This technique is referred 
to as either fl uorescence light sheet microscopy 
(FLISM) or selective plane illumination micros-
copy (SPIM) and can be accomplished with sin-
gle-photon or two-photon excitation (Pastrana 
 2012 ). Light sheet microscopy using a scanned 
Bessel beam in combination with structured illu-
mination or two-photon excitation reduces photo-
bleaching and phototoxicity, improves axial 
resolution, and allows isotropic three-dimensional 
imaging (Planchon et al.  2011 ). The authors dem-
onstrate performance of the method via fast volu-
metric subcellular imaging of several dynamic 
processes in single living cells. 

 A totally different approach termed time- 
reversed ultrasound-encoded (TRUE) light has 
been described recently (Wang et al.  2012  and ref-
erences therein). A light beam is passed through a 
tissue sample, where it scatters as it propagates 
through the tissue. A focused pulse of ultrasound 
is then used to generate a frequency shift of a con-
fi ned region of the scattered light. The ultrasound 
pulse acts as a virtual light source within the tis-
sue. The ultrasound frequency- shifted light inter-
feres with a separate reference beam. Both the 
unshifted and the frequency- shifted lights scatter 
within the sample and are collected and com-
pared. The resulting interference pattern is imaged 
onto a camera and is later used in a playback 
mode to reconstruct an optical focus at the loca-
tion of ultrasound modulation. The aggregate of 
generated fl uorescence images enables three-
dimensional visualization of targeted deep tissue. 

 Yet another method relies on fl uorescence 
from enhanced GFP, which can – ingeniously – 
be “turned off” by exposing cells to laser light. 
The trick is to use a femtosecond laser operating 
in the near-infrared wavelength range. Such 
lasers have ultrashort pulse duration, ultrahigh 
peak power, and low single-photon energy, i.e., 

low phototoxicity. In vivo, enhanced GFP is 
turned off by oxidative stress generated by a cas-
cade of events originating from the femtosecond 
laser irradiation. This allows for a range of cell 
biology studies to be performed with high spatio-
temporal resolution (He et al.  2012 ; Lukyanov 
and Belousov  2012 ). 

 The combination of light sheet microscopy 
and localization-based super-resolution imaging 
allows deep sub-diffraction resolution imaging in 
thick scattering specimens as demonstrated by 
three-dimensional super-resolution nanometric 
imaging of proteins in live 150-μm-diameter cell 
spheroids (Zanacchi et al.  2011 ).  

    Alternatives to Fluorescence 
Microscopy 

    Nonlinear Optical Imaging 

 One alternative to conventional fl uorescence 
microscopy functions in the absence of any lens; 
it employs digital optoelectronic sensor arrays 
involving charged couple devices (CCD) or com-
plementary metal oxide semiconductor (CMOS) 
chips (Greenbaum et al.  2012 ). These lens-free 
holographic on-chip microscopy devices need a 
light source, usually individual or arrays of 
LEDs, with appropriate sensors (CCD, CMOS), 
which permit a wide fi eld of view (FOV). As with 
other computer-based techniques, reconstruction 
of images is necessary and super-resolution can 
be attained (Greenbaum et al.  2012 ).  

    Single-Molecule Light Absorption 

 Another alternative to fl uorescence microscopy is 
based on single-molecule light absorption rather 
than fl uorescence (Hofkens and Roeffaers  2011 ). 
These authors briefl y describe three recent devel-
opments in this area and point out how they cir-
cumvent former major problems in light 
absorption techniques. Indeed, the detection of 
individual molecules in ambient conditions via 
their absorption signature creates the prospect of 
single-molecule studies using a much larger 
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group of molecules that absorb light but do not 
necessarily fl uoresce. The most important prob-
lems are the tiny attenuation of light that occurs 
(less than one photon out of a million is absorbed) 
and the variation in intensity of the light emitted 
(which can be as much as 1 %) causing the noise-
to- signal ratio to be unacceptable. One approach 
developed by Celebrano et al. ( 2011 ) allows for 
the direct imaging of individual molecules by 
monitoring the attenuation induced in probe 
light. The technique splits the laser beam, so that 
one part focuses on the sample and the other acts 
as a reference, with the difference nullifying 
intensity variations of the light source. Instead of 
using a single wavelength split beam as above, 
the other methods both employ double beam 
lasers of different wavelengths. One technique 
does not directly measure absorption (or attenua-
tion); instead it measures the heat emitted in the 
immediate vicinity of the absorbing molecule 
compared with the lack of heat emitted by a 
transparent second laser (Gaiduk et al.  2010 ). In 
the fi nal method, one laser beam irradiates the 
molecule into its excited state, thereby preventing 
light absorption by the second beam, but rapid 
on/off switching of the saturating beam permits 
absorption measurement by the second beam 
(Chong et al.  2010 ). This ground-state depletion 
microscopy for ultrasensitive detection of absorp-
tion contrast is reminiscent of the actinic light 
used to maintain phytochrome in either of its 
interconvertible red-absorbing or far-red- 
absorbing forms, so that its two different absor-
bance profi les could be determined. 

 The many advantages of recently developed 
techniques in fl uorescence microscopy, including 
confocal laser scanning, 2-photon-excited fl uo-
rescence, single-molecule microscopy, and 
super-resolution imaging, are recognized in a 
major review by Min et al. ( 2011 ). However, they 
focus on the primary disadvantage of fl uores-
cence microscopy – i.e., not all molecules are, or 
can be made, fl uorescent. They espouse coherent 
nonlinear optical imaging (CNOI), which does 
not rely on making the target molecule fl uoresce 
with the attendant problems of perturbation of 
function and location (Min et al.  2011 ). They list 
3 distinct categories of CNOI, parametric genera-
tion spectroscopy (PGS), nonlinear dissipation 

optical microscopy (NLDOM), and pump–probe 
spectroscopy (PPS) and furnish details of each 
method.  

    Luminescent Proteins 

 By defi nition fl uorescence microscopy demands 
that the sample be illuminated, but there are times 
when this is not feasible and chemiluminescence 
is an alternative (Saito et al.  2012 ). However 
most naturally chemiluminescent proteins do not 
emit enough light to furnish viable images. To 
remedy this situation, Saito et al. ( 2012 ) have 
developed “nano-lantern” a chimera of luciferase 
and a fl uorescent protein, Venus, which has high- 
effi ciency bioluminescence resonance energy 
transfer. These methods can not only be used to 
visualize organelles in intact cells with high reso-
lution but also to detect tumors in freely moving 
mice and an array of structures in intact plants. 
Modifi ed nano-lanterns have been developed to 
visualize Ca 2+ , cAMP, and ATP dynamics in con-
ditions where fl uorescence is impossible – espe-
cially light-dark induced changes in chloroplast 
function in intact leaves (Saito et al.  2012 ).   

    Specifi c Molecules/Macromolecular 
Complexes 

 While the section below describes individually 
classifi ed methods for the analysis of specifi c 
molecules, in many instances there is overlap 
between the topics. For example, in the context of 
molecular imaging, labeling of mRNA for ß-actin 
can be discussed under methods for labeling of 
nucleic acids, under methods for the analysis of 
the cytoskeleton, or under methods for the analy-
sis of polymers. As well, tagging and imaging of 
histones can be considered in the context of visu-
alization of both proteins and DNA. 

 Beyond GFP and its variants (Haseloff  1999 ; 
Tsien  1998 ,  2010 ), a myriad of newly created 
fl uorescent probes have recently pushed the fron-
tiers of imaging in vivo (Adam et al.  2011 ). 
Synthetic fl uorophores have a small size, are 
available in a variety of colors spanning the 
whole light spectrum, and can easily be chemi-
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cally modifi ed and used for stoichiometric label-
ing of proteins in live cells. They are bright and 
exhibit high signal to noise ratio, they are photo-
stable, and they can be operated as photoswitch-
able fl uorophores even in living cells under 
physiological conditions. For those reasons, it 
has been recognized that synthetic fl uorophores 
have the potential to substantially accelerate the 
broad application of live-cell super-resolution 
imaging methods (van de Linde et al.  2012 ). 

    Proteins 

 Technologies exist for measuring particular aspects 
of protein localization and turnover, but compre-
hensive analysis of protein dynamics is possible 
only by combining several methods. Fluorescent 
fusion proteins have revolutionized examination of 
proteins in living cells. At the same time, studies 
using these proteins have been scrutinized because 
fusion proteins are modifi ed and ectopically 
expressed, in contrast to immunofl uorescence 
(Schnell et al.  2012 ). The fi eld is wide open and 
various combinatorial approaches have been tested, 
with varying success. For example, tandem fl uores-
cent protein timers (tFTs), fusions of two single-
color fl uorescent proteins that mature with different 
kinetics, have been used to analyze protein mobil-
ity and turnover in living cells (Khmelinskii et al. 
 2012 ). By fusing tFTs to other proteins, it is possi-
ble to study cellular longevity, inheritance, and seg-
regation. The use of tandem fl uorescent protein 
timers enables (i) investigation of the mobility of 
proteins between subcellular compartments, (ii) 
direct measurement of protein degradation kinet-
ics, and (iii) screening for regulators of protein 
turnover, e.g., regulators of N-end rule-mediated 
protein degradation (Khmelinskii et al.  2012 ). 

 One solution to the problem of determining 
the spatiotemporal organization of a favorite pro-
tein is to use a protein tag (e.g., fl uorescent or 
affi nity based). Provided the microscopy is not 
limiting, such labeling allows one to see exactly 
where the protein is localized in vivo at a given 
time. Alternatively, it is possible to use affi nity 
reagents to pull out other molecules the protein 
associates with (Pastrana  2012 ). When protein 
tagging is performed on the large scale of an 

entire genome, a new TransgeneOmics platform 
is created (Poser et al.  2008 ). This type of plat-
form was initially worked out using bacterial arti-
fi cial chromosomes and eukaryotic cells and then 
extended to whole worms (Pastrana  2012 ). The 
platform is relatively complex, and it combines 
computer-assisted transgene design, parallel 
DNA engineering, and next-generation sequenc-
ing. The platform also produces outstanding 
results. In the case of  Caenorhabditis elegans , the 
platform “ C. elegans  TransgeneOme” covers 73 % 
of the proteome. The platform’s multipurpose tag 
allows for localization of proteins in vivo. The plat-
form has been released to the scientifi c commu-
nity through a dedicated web application (  http://
transgeneome.mpi-cbg.de/    ) (Sarov et al.  2012 ). 

 Advanced fl uorescence imaging generally 
relies on fl uorophores with controllable emission 
properties. These are photoactivatable fl uores-
cent proteins capable of reversible on/off photo-
switching or irreversible (typically green-to-red) 
photoconversion. The fi rst engineered fl uorescent 
protein combining these two types of phototrans-
formations is IrisFP (Adam et al.  2011 ). However, 
the spectroscopic properties of IrisFP are far 
from being optimal, and its tetrameric organiza-
tion complicates its use as a fusion tag. To cir-
cumvent this defi ciency, four-state optical 
highlighting can be rationally introduced into 
photoconvertible fl uorescent proteins, to develop 
a new set of enhanced optical highlighters derived 
from mEosFP and Dendra2. NijiFP, a promising 
new fl uorescent protein, has photoconvertible 
and biphotochromatic properties that make it 
ideal for advanced fl uorescence-based imaging 
applications (Adam et al.  2011 ). 

 Another way to directly manipulate the forma-
tion of protein complexes in vivo is through natu-
rally photoswitchable proteins. Recent advances 
in this fi eld include the generation of tunable 
light-inducible protein tags (TULIPs), which are 
based on a synthetic interaction between the 
LOV2 domain of  Avena sativa  phototropin 1 and 
an engineered PDZ domain (Strickland et al. 
 2012 ). TULIPs can recruit proteins to diverse 
structures in living eukaryotic cells, either glob-
ally or with precise spatial control using a steer-
able laser. This is a highly sophisticated method 
in which equilibrium binding and kinetic param-
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eters of the interaction are tunable by mutation, 
making TULIPs readily adaptable to signaling 
pathways with varying sensitivities and response 
times (Strickland et al.  2012 ).  

    Nucleic Acids 

 The methods for labeling nucleic acids have mark-
edly improved since the days of our graduate 
school. Imaging nucleic acids with single- 
molecule sensitivity in live cells has become an 
indispensable tool for quantitatively studying 
nucleic acid biology. Novel approaches have been 
developed for the visualization of unmodifi ed 
nucleic acids in vivo. For example, visualization of 
DNA in living cells was made possible via time-
lapse dSTORM imaging, with the help of direct 
labeling with the commercially available cyanine-
based PicoGreen dye (Benke and Manley  2012 ). 

 To accomplish imaging of mRNA in living 
cells, Yamada and coworkers recently labeled 
transcripts with Pumilio, an RNA binding protein 
that recognizes the sequence of an RNA tran-
script (Yamada et al.  2011 ). Two versions of 
Pumilio were engineered, which recognize adja-
cent 8-nucleotide stretches on endogenous, 
unmodifi ed transcripts of the b-actin gene. Each 
version of Pumilio also carries different halves of 
green fl uorescent protein. When both versions of 
Pumilio bind the same transcript, they bring the 
two GFP halves together, restoring fl uorescence. 
Using this innovative approach, it was possible to 
resolve singly labeled ß-actin transcripts in vivo. 
The achieved spatiotemporal resolution even 
enabled determination of the dynamics of mRNA 
movement along microtubules (Yamada et al. 
 2011 ; Baker  2012c ). 

 Another popular system for fl uorescent label-
ing of mRNA is the MS2 system, which is based 
on the high-affi nity interaction between the MS2 
bacteriophage coat protein and its cognate RNA 
hairpin (Tyagi  2009 ). It has been extensively 
used to address a diversity of biological questions 
in many different model organisms, due to its 
simplicity and sensitivity (Weil et al.  2010 ). The 
MS2 system may show increased background 
fl uorescence. To mitigate the problem of back-
ground fl uorescence, a single-chain tandem 

dimer of MCP in the MS3 system was recently 
used (Wu et al.  2012 ). This approach signifi -
cantly increased the uniformity and sensitivity of 
mRNA labeling, opening the doors to imaging of 
single mRNAs directly in live cells.  

    Cytoskeleton 

 The spatial resolution of optical imaging has been 
substantially increased through the recent 
advances in super-resolution fl uorescence micros-
copy (Huang et al.  2010 ). More recently, combin-
ing astigmatism imaging with a dual- objective 
scheme, Xu and coworkers improved the image 
resolution of STORM and were thus able to image 
biological specimens with <10-nm lateral resolu-
tion and <20-nm axial resolution (Xu et al.  2012 ). 
Using this approach, it was possible to observe 
two vertically separated layers of actin networks 
with distinct structural organizations in sheetlike 
cell protrusions. It was even possible to resolve 
individual actin fi laments in cells and to reveal the 
three-dimensional ultrastructure of the actin cyto-
skeleton (Xu et al.  2012 ). 

 Advances in three-dimensional (3D) struc-
tured illumination microscopy (SIM) – resulting 
in 3DSIM – have enabled imaging of live sam-
ples with 120-nm lateral and 360-nm axial reso-
lution. The technique has been specifi cally used 
for imaging of microtubules (Shao et al.  2011 ). 

 Nonlinear structured illumination microscopy 
has recently made progress as a biologically 
compatible super-resolution imaging method. In 
an example of cytoskeletal molecular imaging 
using this technique, reversible photoswitching 
of the fl uorescent protein Dronpa provided 40-nm 
resolution on purifi ed labeled microtubules, thus 
enabling detailed visualization of the cytoskele-
ton (Rego et al.  2012 ).  

    Small Molecules 

 It is often desirable to detect optical signals from 
small molecules, while targeting subcellular 
regions with high spatial resolution. In plants, an 
important and thoroughly investigated small mol-
ecule is the hormone auxin, the primary hormone 
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involved in cell enlargement and a key morpho-
genetic signal. Recent technological advances 
have enabled researchers to dynamically follow 
auxin’s distribution and signaling during growth 
and development. The key has been the genera-
tion of novel fl uorescent protein fusions. This 
effort resulted in the creation of an in vivo auxin 
signaling sensor – termed DII-VENUS – in 
 Arabidopsis thaliana . The VENUS form of yel-
low fl uorescent protein was fused in-frame to the 
auxin-interaction domain (termed domain II; 
DII) and expressed under a constitutive promoter. 
As DII-VENUS abundance was dependent on 
auxin, this reporter fusion was used to obtain 
high-resolution spatiotemporal information about 
auxin distribution and response during plant 
growth and development at cellular resolution in 
different tissues (Brunoud et al.  2012 ; Nawy 
 2012 ). 

 In plants, other important signaling and regu-
latory small molecules are the reactive oxygen 
species (ROS). As the potentially toxic hydrogen 
peroxide (H 2 O 2 ) emerges as an important signal-
ing molecule in growth and development, molec-
ular imaging with peroxy yellow 1 methyl ester 
(PY1-ME), a new chemo-selective fl uorescent 
indicator for H 2 O 2 , can reveal its spatiotemporal 
distribution in vivo (Miller et al.  2010 ). 
Fluorescence techniques for measuring ROS 
have been reviewed by Swanson et al. ( 2011 ) and 
Choi et al. ( 2012 ) describing the same parameters 
as they did for Ca 2+  and H +  (see Table  1 ).

   Perhaps the most important small signal in 
biology is the ion, Ca 2+ , which is maintained at 
very low (10 -7  M) concentration in the cytoplasm 
in plant cells, despite being at high (millimolar) 
concentrations in the cell wall. This huge  gradient 
allows very rapid and large (yet transient) 
increases in cytoplasmic calcium, which trigger a 
plethora of downstream events. The most recent 
comprehensive reviews on the use of fl uorescent 
biosensors to measuring calcium in plants have 
come from Gilroy’s lab (Swanson et al.  2011 ; 
Choi et al.  2012 ). In the former (Swanson et al. 
 2011 ), they describe the use of single wavelength 
probes, ratiometric analysis using Indo-1 and 
Fura-2, methods for loading Ca 2+  biosensors into 
plant cells, the rise of genetically modifi ed FRET- 

based sensors, and their use for quantitative anal-
ysis. In the latter (Choi et al.  2012 ) among other 
things, they provide a very useful table (see Table 
 1 ) describing the array of Ca 2+  biosensors used in 
plants, the cell type and species where they have 
been used, the subcellular target (compartment) 
for Ca 2+  measurement, and targeting methods. 

 Another important ion in plants is H + , where 
the cytoplasmic pH is around 7.7, while the cell 
wall pH is around 6.5. One of the earliest known 
signaling functions for H +  was a result of its 
auxin-evoked secretion into the cell wall where it 
could activate cell wall-hydrolyzing enzymes and 
thus stimulate growth, causing the release of cell 
wall molecules involved in defense against patho-
gens (Davies  1987 ). Again, the most recent 
reviews of this topic are those of Swanson et al. 
( 2011 ) and Choi et al. ( 2012 ). In the former they 
stress fl uorescence-based techniques for measur-
ing both cytoplasmic and cell wall pH (Swanson 
et al.  2011 ), while in the latter, they list the array 
of biosensors, their cell type/species of use, and 
their subcellular targeting (Choi et al.  2012 ).   

     Plant Cytomics 

 A number of techniques described above have yet 
to be used in plants, although many seem entirely 
feasible. In most aspects of research, plants are 
inherently far more diffi cult to work with than 
animals, and this is especially true in the fi eld of 
cytomics. First, in mature cells, the “interesting” 
part, the cytoplasm, is generally a thin smear 
compressed between the almost inanimate cell 
wall and the equally inanimate vacuole. Not only 
does this make isolation of un-degraded biomol-
ecules diffi cult, it also makes tracking their intra- 
and intercellular movement more tedious. 
Second, the cell wall has different refractive 
properties from the cytoplasm and the cover slip, 
causing major aberration in the image obtained. 
Third, and most important, however, is the mas-
sive autofl uorescence, primarily from chloro-
phyll and other pigments in photosynthetic 
tissues and others in the roots. Accordingly, 
methods successful with plants will have to avoid 
the use of dyes overlapping the (auto)fl uores-
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cence range of plant pigments, or avoid the use of 
fl uorescence altogether. 

 One approach could be single-molecule light 
absorption (Celebrano et al.  2011 ; Chong et al. 
 2010 ; Gaiduk et al.  2010 ; Hofkens and Roeffaers 
 2011 ) described above (section “ Really 
Unconventional Microscopy (RUM) ”), since this 
involves light absorption and not emission. 

However, we are unaware of any work done with 
plant material using these methods. Another 
approach could be luminescence (Saito et al. 
 2012 ). This method has been used successfully 
with plants, to visualize Ca 2+ , cAMP, and ATP 
dynamics after light-dark induced changes in 
chloroplast function in intact leaves. As stated 
above (section “ Superfast/Super-Resolution 

    Table 1    Examples of the application of cytosolic and subcellularly targeted GFP-based biosensors for Ca 2+ , pH, and 
reactive oxygen species (ROS) in plants   

 Biosensor  Subcellular locale  Targeting method  Cell types  Species 

 YC2.1  Cytosol  –  Root hair, root 
epidermis, guard 
cells, pollen tubes 

  Arabidopsis , lily, 
 Medicago , tobacco 

 Nucleus  Nucleoplasmin fusion  Root hairs, pollen 
tubes 

  Medicago , tobacco 

 YC3.6  Cytosol  –  Stomatal guard cell, 
roots, root hairs, 
cotyledons, pollen 
tubes 

  Arabidopsis , lotus, 
tobacco 

 Plasma membrane  N-terminal fusion of 
YC3.6 with the LT16b 
protein 

 Roots, cotyledons   Arabidopsis  

 Nucleus  NLS from SV40 large-T 
protein 

 Roots, cotyledons   Arabidopsis  

 YC3.1  Cytosol  –  Pollen, stigmatic 
papillae 

  Arabidopsis , tobacco 

 YC4.6  ER  Pumpkin 2S albumin 
signal peptide/HDEL 
ER retention signal 

 Pollen   Arabidopsis  

 D3cpv  Peroxisome  C-terminal KVK–SKL 
peptide 

 Roots, cotyledons   Arabidopsis  

 Tonoplast  N-terminus of CBL2  Roots, cotyledons   Arabidopsis  
 H148D  Cytosol  –  Roots, root hairs   Arabidopsis  
 pHluorin  Cytosol  –  Roots, pollen tubes   Arabidopsis , tobacco 

 Apoplast  Chitinase signal peptide  Roots   Arabidopsis  
 Pt-GFP  Cytosol  –  Roots, leaves   Arabidopsis  
 Hyper  Cytosol  –  Leaf epidermis, 

stomatal guard 
cells, suspension 
cell culture 

  Arabidopsis  

 Peroxisome  C-terminal KSRM 
peptide 

 Leaf epidermis, 
stomatal guard cells 

  Arabidopsis , tobacco 

 RoGFP1/2  Cytosol  –  Roots, leaves   Arabidopsis , tobacco 
 Mitochondrion  First 87 amino acids of 

the tobacco ß-ATPase 
 Roots, leaves   Arabidopsis , tobacco 

 ER  Chitinase targeting 
peptide/HDEL retention 
signal 

 Roots, tobacco leaf 
cells 

  Arabidopsis  

 Peroxisome  C-terminal SKL peptide  Leaves   Arabidopsis , tobacco 
 Plastid  Transketolase target 

peptide 
 Leaves   Arabidopsis  

  Table 1 from Choi et al. ( 2012 ).  
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  Fig. 4    Automated segmentation of cells in  Arabidopsis . 
( a ,  b ) Schematics of a transgenic plant cell used for  in 
planta  cytometry: a nuclear fl uorescent protein is used for 
balloon “seeding” and cell indexing ( a ), and a plasma 
membrane marker is used to obtain cell geometries ( b ). 
( c – e ) Confocal microscopy images of  Arabidopsis  root 
meristem tissues containing  35S::H2B-mRFP1  and 
 35S::EGFP-LTI6b  ( c ),  35S::H2B-EYFP  and 
 35S::mCherry-LTI6b  ( d ), and  35S::H2B-ECFP  and 
 35S::mCherry-LTI6b  ( e ). Histone 2B fusions are localized 
to nuclei, and LTI6b fusions are localized to the plasma 
membrane. ( f ) Step-by-step progress of balloon ( red ) infl a-

tion during the segmentation of epidermis cells of 
 Arabidopsis  hypocotyl. ( g – j ) Segmentation of cells in the 
shoot apical meristem of  Arabidopsis . Confocal micro-
graphs of a meristem ( g ) showing nuclear localization of 
H2B-mRFP1 protein, automated identifi cation of labeled 
nuclei ( h ), plasma membrane-localized distribution of 
EGFP-LTI6b in the same plant ( i ), and automated segmen-
tation of cells using individual mRFP1-labeled nuclei as 
seeds for balloon segmentation with EGFP-labeled cell 
outlines ( j ). Scale bars, 40 μm ( g – j ) and 15 μm ( c – f  and 
insets in hand  j ). ( k ) Cell-expansion rates at indicated dis-
tance from the quiescent center in the root meristem in 

 



431

Microscopy Techniques ”), SR microscopy has 
been used in plant systems to further our under-
standing of plant cell structure and function and 
has successfully been used to elucidate the lateral 
organization of the plasma membrane (Gutierrez 
et al.  2010 ) (see Fig.  1 ). Furthermore,  in planta  
cytometry can now be approached through inte-
grated genetic and computation methods 
(Federici et al.  2012 ). 

 Various GFP-based bioprobes can be com-
bined with different microscopy techniques to 
study the spatiotemporal aspects of plant biology. 
In one example, transgenic green fl uorescent pro-
tein–fl otillin1 (GFP-Flot1) in combination with 
confocal microscopy analysis and transmission 
electron microscopy immunogold labeling was 
used to study the spatial and dynamic aspects of 
GFP-Flot1-positive vesicle formation in 
 Arabidopsis . Variable-angle total internal refl ec-
tion fl uorescence microscopy was used to reveal 
the subcellular localization and the dynamic 
behavior of GFP-Flot1 (Li et al.  2012 ). Variable- 
angle epifl uorescence microscopy in combina-
tion with GFP-based constructs has already been 
used as a way to look at cytoskeletal protein 
dynamics in the plant cell cortex (Konopka and 
Bednarek  2008 ). In general, fl uorescent protein- 
based technologies are increasingly used to 
understand the plant regulatory networks, e.g., 
the functioning of the plant endomembrane sys-
tem (Sparkes and Brandizzi  2012 ). In a recent 
example, ligand-induced endocytosis of 
 Arabidopsis thaliana  FLAGELLIN SENSING2 
(FLS2) was studied using a GFP-tagged FLS2 
that was expressed in  Nicotiana benthamiana  
(Choi et al.  2013 ). In yet another example, cellu-
lar signaling was monitored using an array of 
GFP-based probes for Ca 2+  (yellow cameleon 
Ca 2+  sensors, principally YC2.1 and 3.6), pH 
(pHluorin and H148D), and reactive oxygen spe-
cies – ROS (Hyper), all of which are compatible 
with the standard confi gurations of confocal 
microscopes (Choi et al.  2012 ; Miwa et al.  2006 ). 

 Light sheet fl uorescence microscopy (LSFM) 
has been used to for high-resolution live imaging 
of plant growth in near physiological conditions. 
LSFM uses a low numerical aperture lens to 
focus a sheet of light and to illuminate the speci-
men from one side while collecting the emitted 
light at a perpendicular axis (Maizel et al.  2011 ). 

 One-chromophore fl uorescence lifetime 
microscopy (ocFLM), combined with 
wavelength- selective fl uorescence microscopy, 
was applied to  Arabidopsis  cells in their tissue 
environment at high local resolution (Elgass et al. 
 2009 ). The ocFLM system consisted of a confo-
cal sample scanning microscope, a spectrally 
integrating detector for measuring fl uorescence 
intensity and a custom-built time-correlated 
single- photon counting board for recording fl uo-
rescence lifetime decays. This setup, together 
with a novel method of data analysis, allowed the 
recording of the spectroscopic and fl uorescence 
lifetime data of GFP fusion proteins in vivo, pro-
viding new information about their molecular 
properties, cell physiological function, and sub-
cellular environment (Elgass et al.  2009 ). 

 The level of sophistication of  in planta  cytom-
etry was recently increased using transgenic 
 Arabidopsis  that expressed spectrally distinct 
fl uorescent proteins in cell nuclei and plasma 
membranes (Federici et al.  2012 ). The generated 
plants allowed the measurement of cellular prop-
erties in intact tissue while retaining the cellular 
context. The technique consists of three auto-
mated steps: (1) a genetic marker was fi rst used to 
specifi cally label nuclei, index cells, and extract 
positional information using a particle search 
algorithm; (2) identifi ed nuclei were used to initi-
ate a contour segmentation algorithm that used a 
fl uorescent signal located at the plasma mem-
brane to extract information regarding cell size, 
shape, and topology (Fig.  4  – from Federici et al. 
 2012 ); and (3) cell-specifi c gene expression was 
quantifi ed by ratiometric measurement of the 
spectrally distinct nuclear fl uorescent proteins 
that were expressed under the control of differ-

Fig. 4 (continued) control and cytokinin-treated roots. 
Individual values for cortex cell strain rates were obtained 
from segmented image data.  Solid lines  indicate mean 
expansion rate and  dashed lines , ± s.e.m. ( n  = 20). ( l ) 

Comparison of strain rate values obtained from the balloon 
segmentation technique and from manual measurements 
of cell size using Image J       
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  Fig. 5    Nuclear ratiometric measurements for in planta 
cytometry. ( a ) Confocal projection image of the hypocotyl 
of a 4-day-old seedling expressing H2B-EYFP ( green 
channel ), histone H2B-mRFP1 ( red channel ), and EGFP-
LTI6b ( blue channel ). ( b ,  c ) Confocal image sections at 
depths of 10 μm ( b ) and 40 μm ( c ). ( d ) Mean fl uorescence 
intensity (arbitrary units) at indicated depths was normal-
ized to value at 10 μm. Error bars, s.e.m. ( n  = 25 cells); 
similar data were obtained after the analysis of 8 different 

seedlings. ( e ) Confocal image of the root of an  Arabidopsis  
seedling containing auxin-responsive 
 DR5rev::3  ×  Venus-N7  (labeled DR5) and a constitutive 
 35S::H2B-mRFP1  (labeled 35S) and imaged 6 h after 
shift to a horizontal orientation. ( f ,  g ) Relative levels of 
expression of the  DR5rev::3  ×  Venus-N7  and  35S::H2B-
mRFP1  markers were quantifi ed and plotted on a tracing 
of the root cell outlines. Ratiometric measurement of 
auxin-responsive reporter gene expression in the root tip-
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ently regulated promoters (Fig.  5  – from Federici 
et al.  2012 ). As mentioned above (section 
“ Quantitative Microscopy and Image Analysis ”), 
a major review on quantitative fl uorescence 
imaging in plant samples has appeared very 
recently (Okumoto et al.  2012 ), and some of their 
work is presented in Figs.  2  and  3 .   

 Finally, just before this chapter was com-
pleted, an excellent review on optical imaging in 
plant systems was published (Shaw and Ehrhardt 
 2013 ). They review basic concepts of digital 
imaging, describe opportunities and challenges 

for plant biologist, as well as probe development, 
advances in instrumentation, and computer pro-
grams for data analysis. They show schemati-
cally (Fig.  6 ) how the plant cell wall generates 
aberrations in images as a result of is high refrac-
tive index (Shaw and Ehrhardt  2013 ). They also 
describe in detail the RootChip microfl uidics 
platform (Fig.  7 ) with a particularly elegant 
image of the root tip cytoskeleton of  Arabidopsis  
shown in panel F (Shaw and Ehrhardt  2013 ).       

  Fig. 6    Image aberrations in plant cells. The plant cell 
wall acts as an optical element in the imaging light path; 
numbers in parentheses are refractive indexes. ( a ) For a 
water immersion objective lens corrected for a 180-μm 
(#1.5) cover glass, the light rays pass through water and 
the plasma membrane to the cytoplasm with minimal 

aberration. ( b ) The plant cell wall is relatively thick and 
has a higher refractive index than water or cytoplasm, 
leading to alterations in the imaging light path. The effect 
of the cell wall is often observed as increased lateral blur-
ring of diffraction-limited objects and axial distortion 
(Figure 2 from (Shaw and Ehrhardt  2013 ))       

Fig. 5 (continued) ( f ) before ( left ) and 6 h after ( right ) 
shift to a horizontal orientation and in the non-hair cells of 
the elongation zone 6 h after shift to a horizontal orienta-
tion ( g ).  Arrows  indicate the direction of gravitational 
force. ( h ) Confocal image of epidermal cells in the elon-
gation zone of an  Arabidopsis  root expressing  IAA2::H2B-
mRFP1 ,  35S::H2B-EYFP  and  35S::EGFP-LTI6b  ( top ). 
Root hair (H) and non- root hair (N) cell fi les are indicated. 
Nuclear segmentation using the signal from  35S::H2B-

EYFP  and cell outline after balloon segmentation are 
shown in the middle. The ratio of fl uorescence signals 
from  IAA2::H2B-mRFP1  to  35S::H2B- EYFP  , visualized 
using a color map ( bottom ). ( i ) Ratiometric fl uorescence 
values and size of cells from ( h ). Cells with high 
mRFP1:EYFP ratios and larger cell sizes are indicated in 
 red , cells with low mRFP1:EYFP ratios and smaller cell 
sizes in  blue . Scale bars, 20 μm       
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  Fig. 7    ( a – c ) The RootChip microfl uidics platform. Panel 
 a  shows a photograph of the RootChip, with contrast dyes 
revealing the channels used for perfusion of imaging 
chambers and those used for fl ow control; this design fea-
tures eight parallel imaging chambers. Panel  b  shows a 
time series of roots expressing a glucose nanosensor 
showing steady growth over 20 h of observation. Panel  c  
shows quantitation of the sensor signal in roots growing in 
three chambers as glucose is repeatedly supplied to and 
removed from the root environment. Data are plotted as 
the ratio of acceptor intensity ( I  A ) over donor intensity ( I  D ) 
when the donor is excited at 443 nm. Panels  a  and  c  
adapted from Grossmann et al. ( 2011 ); panel  b  adapted 
from Grossmann et al. ( 2012 ). ( d ) Image sequence show-
ing how the on-chip amplifi cation of signal over read 

noise on electron-multiplier charge-coupled device 
(EMCCD) cameras permits the capture of low signals at 
high acquisition rates. The sequence shows the motility of 
a single microtubule nucleation complex labeled with 
GCP2:GFP in a hypocotyl cell. The images were acquired 
at 62-ms intervals with a back-thinned EMCCD camera 
on a spinning-disk confocal microscope. A subset of 
images from the time sequence are shown. In the dia-
grams below the images, red dots show the position of the 
labeled complex in the accompanying image, and  green 
dots  show the history of complex positions in all previous 
images, connected in sequence by a  blue line . Rapid 
image acquisition permits observation of an episode 
of confi nement for a few seconds before the complex 
continues more rapid movement. Adapted from
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   Abstract  

  Plants constantly exposed to fl uctuating envi-
ronmental conditions develop signalling strat-
egies that determine their acclimation, fi tness 
and survival. Coordination between the differ-
ent cells and tissues requires complex mecha-
nisms of signal communication that lead to 
overall plant global signalling homeostasis. 
Numerous pathways controlling signal trans-
duction and gene expression are known. While 
initial responses of plants to environmental 
signals rely primarily on electrical signalling, 
longer-term responses that alter morphology 
rely on complex physiological networks. 
Electrochemical signals result from, for exam-
ple, stimulation of non- photochemical 
quenching-dependent chloroplast retrograde 
signalling that with the help of the chloroplast 
stromules is transmitted to the other organ-
elles and plasma membrane and trigger H + -
ATPase, ion movements and changes in a 
transmembrane voltage potential. These in 
turn switch on phytohormones, which are 
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chemical messengers coordinating cellular 
activity and anterograde signalling from the 
nucleus. Their regulatory pathways do not 
operate independently but rather are linked 
together in a complex network of interactions 
as observed, for example, by the antagonistic 
effect of, for example, cytokinins and abscisic 
acid. Furthermore, it is accompanied by the 
constant production of reactive oxygen spe-
cies (e.g. hydrogen peroxide, singlet oxygen) 
which are not only harmful agents causing 
oxidative damage but also have important 
roles as intra- and intercellular signalling mol-
ecules. The simultaneous interplay of electri-
cal signals, multiple hormones and reactive 
oxygen species infl uences redox status of the 
cells that are not directly exposed to primary 
stress factor and induces retrograde signalling 
to the nucleus, leading to alterations of gene 
expression and anterograde signalling. 
Changes in gene expression profi le in response 
to such direct and indirect environmental 
stimuli are very complex and largely are 
depending on specifi c interactions of  cis - and 
 trans -regulatory elements but also on epigen-
etic changes, e.g. DNA methylations. All of 
these fi nally determine plant growth, develop-
ment and acclimatory and immune defence 
responses.  

  Keywords  

  Electrochemical retrograde signals   •   Reactive 
oxygen species   •   Hormonal homeostasis   • 
  Metaphysiomics   •   CRE shuffl ing   •   DNA 
methylation   •   Histone modifi cations  

        Introduction 

 Land plants evolved 510–630 million years ago 
(Raven and Edwards  2001 ; Clarke et al.  2011 ) 
from a branched, fi lamentous alga inhabiting 
shallow fresh water (Kenrick and Crane  1997 ), 
probably at the edge of seasonally dry pools 
(Raven and Edwards  2001 ). Once plants reached 
the land, they had to face variable conditions and 

developed sensory and defence mechanisms that 
allow them to recognise and precisely respond to 
various stresses, respectively. In many cases 
numerous pathways involved in these processes 
overlap, which complicates the intricate network 
of plant-environment interactions. Therefore, 
plants must perform an integrated biological pro-
cessing in response to external biotic and abiotic 
stimuli to adjust their metabolism to fl uctuating 
environment. This results in plant tolerance to 
conditions such as excessive or inadequate light, 
water, salt and temperature and resistance to 
pathogens. Despite the importance of these state-
ments, surprisingly little is known about the 
molecular mechanism that triggers and coordi-
nates the physiological communication network. 
The knowledge about acclimatory and defence 
processes in living organisms can be achieved 
only by systematic study of physiology on the 
level of cells, tissues, organs and fi nally whole 
plant with respect to the whole network of 
 crossing and overlapping signalling pathways 
(plant physiomics). Physiomics can also employ 
metaphysiomics to construct networks of physi-
ological features that are associated with genes, 
proteins and their networks. In the last decade, 
some new concepts have been suggested in 
explaining the integrated abiotic- and biotic- 
induced signalling, and a key role of photoelec-
trochemical signals, hormonal homeostasis and 
retrograde signalling was indicated. In this chap-
ter we describe these interactions and mecha-
nisms on various levels of plant organisation. We 
elucidate intracellular (retrograde signalling) and 
intercellular (electrochemical signals, hormonal 
homeostasis) processes and their integration at 
gene level (metaphysiomics).  

    Chloroplast-to-Nucleus Signalling 

 Plastids evolved from cyanobacteria about 1.2–
1.5 billion years ago (Dyall et al.  2004 ; Inaba 
 2010 ). During evolution, those organelles 
exported their genes to the nucleus, at the same 
time retaining the plastid proteins (Martin and 
Herrmann  1998 ). Up to date, plastid genome is 
reduced in land plants to about 120 genes (Inaba 
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 2010 ; Martin and Herrmann  1998 ) that encode 
75–80 proteins (Barajas-López et al.  2013 ; 
Timmis et al.  2004 ), while this organelle contains 
total of the 3,000–4,000 proteins (Barajas-López 
et al.  2013 ; Inaba  2010 ; Soll and Schleiff  2004 ). 
By contrast, the genome of the unicellular cyano-
bacterium  Synechocystis  encodes 3,168 proteins 
(Martin and Herrmann  1998 ). 

 Flow of genes from plastid to nucleus has led 
to a situation where, for example, subunits of the 
photosynthetic electron-transporting complexes 
are encoded in chloroplast (core subunits) and 
nuclear genome (peripheral subunits) (Barajas- 
López et al.  2013 ). The peptide subunits of func-
tional complexes need to be assembled 
stoichiometrically and, if necessary, reorganised 
during acclimation. The fi rst process is controlled 
by anterograde and the latter by retrograde sig-
nalling. In retrograde signalling, plastids emit 
signals that infl uence nuclear gene expression to 
match the status of plastids and ensure optimal 
performance of its processes (operational con-
trol) (Barajas-López et al.  2013 ; Chan et al.  2010 ; 
Inaba  2010 ; Karpiński et al.  2013 ). Retrograde 
signalling is also essential during chloroplast 
development (biogenic control) (Barajas-López 
et al.  2013 ; Szechyńska-Hebda and Karpiński 
 2013 ). 

 Environmental changes trigger chloroplast- 
induced signals and affect many chloroplast- 
originated biosynthesis pathways and the 
accumulation of specifi c metabolites. Flux 
through the chlorophyll biosynthetic pathway, 
sugar sensing, reactive oxygen species (ROS) 
equilibrium and redox state of chloroplast con-
tribute to retrograde signalling (Leister  2005 ). 

 Tetrapyrroles play important regulatory roles 
in retrograde signalling and diverse cellular pro-
cesses in plants (Barajas-López et al.  2013 ). 
Under stress conditions, two intermediates of 
chlorophyll biosynthesis, Mg-ProtoIX and its 
methyl ester Mg-ProtoIX-ME, are transported 
across chloroplast membranes by unknown 
mechanism (Barajas-López et al.  2013 ; Zhang 
et al.  2011 ), and then they rapidly and transiently 
accumulate in cytosol. Tetrapyrroles bind to the 
chaperone HSP90 and inhibit its ATPase activity, 
which probably leads to the activation of  HY5  

transcription factor and  photosynthesis- 
associated nuclear gene  ( PhANG ) expression 
(Barajas-López et al.  2013 ; Kindgren et al. 
 2012a ). Genes encoding components involved in 
chlorophyll biosynthesis pathway are regulated 
by Golden 2-like 1 and 2 (GLK1/2). They respond 
to the plastid signals and thus are sensitive to 
feedback signalling from the chloroplast 
(Barajas-López et al.  2013 ; Waters et al.  2009 ). 
Haem is another intermediate of tetrapyrrole bio-
synthesis pathway. This molecule is produced by 
plastid ferrochelatase 1 (FC1, haem synthase) 
and controls  PhANG  expression during chloro-
plast development (Barajas-López et al.  2013 ; 
Woodson et al.  2011 ). 

 Recently, a new molecule involved in retro-
grade signalling has been identifi ed. 
Phosphonucleotide 3′phosphoadenosine 5′phos-
phate (PAP) accumulates in the chloroplast under 
drought or high light stress and is essential for the 
induction of genes involved in stress response, 
such as  APX2  and  ELIP2 . Its amount is regulated 
by SAL1, a phosphatase that dephosphorylates it 
to AMP. Presumably SAL1 is inhibited during 
stress and therefore PAP accumulates in the chlo-
roplast. Then it moves to the nucleus and alters 
RNA catabolism by inhibiting exoribonucleases 
(XRNs) (Barajas-López et al.  2013 ; Estavillo 
et al.  2011 ). 

 Reactive oxygen species are known as power-
ful mediators of different signalling pathways, 
and among cellular compartments, chloroplasts 
are able to produce the most massive pools of 
ROS. This process depends on: photosynthesis, 
gene expression, chlorophyll (tetrapyrrole) bio-
synthesis and hormones (Shapiguzov et al.  2012 ). 
Changes in photosynthetic electron transport 
(PET) activity are the source of at least three dif-
ferent ROS: (1) singlet oxygen ( 1 O 2 ), (2) super-
oxide radical (O 2  •− ) and (3) hydrogen peroxide 
(H 2 O 2 ) (Barajas-López et al.  2013 ). Excess light, 
drought and nutrient deprivation cause decrease 
in maximal photosynthetic capacity and over- 
reduction of PET chain. Both processes induce 
higher leakage of electrons to O 2  and in conse-
quence higher ROS production (Baker  1991 ; 
Chan et al.  2010 ; Li et al.  2009 ). 
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 Under excess excitation  1 O 2  is generated by 
the P680 in PSII reaction centre while PSI pro-
duces O 2  •−  (subsequently metabolised to H 2 O 2 ) in 
the Mehler reaction (Apel and Hirt  2004 ; Barajas- 
López et al.  2013 ; Chan et al.  2010 ; Krieger- 
Liszkay et al.  2008 ; Mullineaux and Karpinski 
 2002 ).  1 O 2  is the most reactive and its lifetime is 
very short (200 ns) (Baier and Dietz  2005 ; 
Barajas-López et al.  2013 ). Therefore its action is 
limited to plastids, where it activates several 
stress-response pathways. Despite above limita-
tions, its activity is highly specifi c (op den Camp 
et al.  2003 ; Leister  2005 ). On the other hand, 
enhanced levels of singlet oxygen  1 O 2  in chloro-
plasts trigger programmed cell death. This is not 
due to the toxicity of singlet oxygen but rather 
due to EXECUTER-dependent signal. 
EXECUTER1 and EXECUTER2 are plastid pro-
teins, both required for singlet oxygen signal 
transmission (Kim et al.  2012 ; Lee et al.  2007 ). 
Some products of oxidation by singlet oxygen 
play a role in retrograde signalling, for example, 
volatile β-cyclocitral (Barajas-López et al.  2013 ; 
Ramel et al.  2012 ) and 12-oxophytodienoic acid 
(OPDA, precursor of jasmonic acid; JA). 
Functions of both molecules, OPDA and JA, 
partly overlap (Berger et al.  2007 ). 

 Unlike singlet oxygen, hydrogen peroxide is a 
stable compound (half-life of ~1 ms) and it 
resembles water molecule. Thus it is transported 
through membrane with the use of specifi c aqua-
porins for H 2 O 2  transport (Shapiguzov et al. 
 2012 ; Soto et al.  2012 ; Zardoya  2005 ), so it can 
directly infl uence the cytosolic signalling compo-
nents. Under normal conditions, its accumulation 
is correlated with the oxidative/antioxidative 
capacity of the cell (Szechyńska-Hebda et al. 
 2007 ; Miyake  2010 ), and the stress disrupts this 
equilibrium (Pnueli et al.  2003 ; Vanderauwera 
et al.  2005 ). By unknown mechanism, a plant is 
able to recognise the source of H 2 O 2  and trigger 
appropriate response (Barajas-López et al.  2013 ; 
Møller and Sweetlove  2010 ). H 2 O 2  signalling 
regulates the plant growth, development and 
acclimatory mechanisms. 

 In ROS-mediated retrograde signalling, the 
negative correlation is observed between the 
genes that are modulated by  1 O 2  and those modu-

lated by H 2 O 2  (Alboresi et al.  2011 ), possibly 
because H 2 O 2  is able to keep Q A  in oxidised state 
and favours electron fl ow from PSII (Barajas- 
López et al.  2013 ; Krieger-Liszkay et al.  2008 ). 

 The triggers of chloroplast-to-nucleus signal-
ling seem to be also the components of the photo-
synthetic electron transport chain and its redox 
state (Fey et al.  2005a ). Plastoquinone (PQ) is 
involved in both linear and cyclic electron trans-
ports (Allen  2003 ), which makes it ideal sensor 
of perturbations in electron fl ux in thylakoid 
membranes. Indeed, 54 genes in  Arabidopsis  are 
specifi cally activated by signal from redox state 
of PQ (Fey et al.  2005b ). However, probably 
there is an additional pathway involved in report-
ing the redox state of the photosynthetic electron 
transport chain, since reductive redox signal has 
faster kinetics (30 min) than the oxidative signal 
(2 h) (Barajas-López et al.  2013 ; Bräutigam et al. 
 2009 ). In green algae the redox state of PQ pool 
was shown to affect  LHCB  expression (Escoubas 
et al.  1995 ; Inaba  2010 ). In higher plants it is 
rather correlated with phosphorylation status of 
LHCB (Inaba  2010 ; Pursiheimo et al.  2001 ). 
Redox state of PQ is monitored through STN7, a 
kinase that on the one hand optimises photosyn-
thesis (by initiating reallocation of light- 
harvesting antennas called state transition) and 
on the other hand leads to retrograde signalling 
(Barajas-López et al.  2013 ; Bonardi et al.  2005 ; 
Rochaix  2011 ; Shapiguzov et al.  2012 ). The lat-
ter effect of this kinase activity on  PhANG  
expression is not direct (Pesaresi et al.  2009 ; 
Pesaresi  2011 ). Another kinase involved in feed-
back regulation of PhANGs is chloroplast sensor 
kinase (CSK) that monitors the fl ux of electron 
transport from PSII to PSI and couples PQ redox 
state to the regulation of chloroplast gene expres-
sion (Puthiyaveetil et al.  2012 ). The CSK protein 
is synthesised in the cytosol and imported into 
chloroplasts as a protein precursor. In  Arabidopsis 
thaliana , CSK is autophosphorylated and 
required for control of transcription of chloro-
plast genes (Puthiyaveetil et al.  2008 ) and opti-
mising photosynthesis (Puthiyaveetil and Allen 
 2009 ; Puthiyaveetil et al.  2008 ; Shapiguzov et al. 
 2012 ). 
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 During redox changes in photosynthetic 
 electron transport, regulation of plastid gene 
expression encoded in both chloroplast and 
nucleus is regulated by plastid-encoded RNA 
polymerase (PEP) (Baginsky et al.  1997 ; Barajas-
López et al.  2013 ; Kindgren et al.  2012b ; Steiner 
et al.  2009 ). Signals from at least 4 distinct plas-
tid processes (tetrapyrrole biosynthesis, plastid 
gene expression, redox, plastid protein import) 
have been found to be mediated by GUN1 (Inaba 
 2010 ; Kakizaki et al.  2009 ; Koussevitzky et al. 
 2007 ). The fi rst three of them are mediated by the 
following mechanism. Upon stress signals, the 
chloroplast envelope membrane-bound transcrip-
tion factor PTM is processed by proteases (pro-
cess controlled by GUN1) and released to the 
nucleus. Plant homodomain (PHD) of PTM binds 
to the promoter region of transcription factor 
ABI4 and activates its expression by histone 
modifi cation. ABI4 competitively binds to the 
G-box  cis- element   of LHCB and inhibits LHCB 
expression (Barajas-López et al.  2013 ; 
Koussevitzky et al.  2007 ; Sun et al.  2011 ). Signal 
from protein import defect uses GLK1, a positive 
regulator of  LHCB  expression. GUN1 activity is 
necessary for the repression of GLK1 (Inaba 
 2010 ; Kakizaki et al.  2009 ). 

 Plastid genes exhibit three distinct patterns of 
expression. Tetrapyrrole, ROS and sugar 
 signalling are under “master switch” control 
(Biehl et al.  2005 ; Leister  2005 ; Richly et al. 
 2003 ). The other genes show “mixed response” 
(equal numbers are up- and downregulated), or 
they are specifi cally co-regulated with nuclear 
genes and clustered into two regulons (Biehl 
et al.  2005 ; Leister  2005 ; Richly et al.  2003 ).  

    Electrical Intra- and Intercellular 
Signalling 

 The heterogeneous chloroplast population in a 
single cell may send contradictory signals to the 
nucleus, thereby confusing nuclear-controlled 
developmental and acclimatory processes. 
However, intra- and intercommunication between 
individual chloroplasts and coordination of their 

functioning may resolve this problem. It was 
recently demonstrated that an overexcited 
 photosystem II (PSII) generates light wavelength- 
specifi c electrochemical signalling that 
simultaneously regulates local and systemic cel-
lular light acclimation and defence responses 
(Szechyńska-Hebda et al.  2010 ; Karpiński et al. 
 2013 ). These electrical signals can change spe-
cifi c gene expression, and therefore such a mech-
anism could be crucial in coordination of plant 
homeostasis under stress conditions. 

 Electrical signalling in plants was fi rst 
revealed in the 1870s in insectivorous plants by 
Burdon-Sanderson ( 1873 ) and Darwin ( 1875 ). In 
the twentieth century, evidence for the existence 
of a variety of electrical phenomena was pre-
sented, e.g. action potentials (APs) and variation 
potentials (VPs) (for review, see Davies  2006 ) as 
well as a novel type of electrical signal that prop-
agates systemically and varies with intensity (SP, 
see Zimmermann et al.  2009 ). In a broad array of 
dicot and monocot plant species (Zimmermann 
et al.  2009 ), the electrical signals were shown to 
regulate various processes of plant physiology, 
including respiration (Dziubinska et al.  1989 ; 
Filek and Koscielniak  1997 ), water uptake 
(Davies et al.  1991 ), phloem unloading (Fromm 
 1991 ), phloem translocation (Fromm and Bauer 
 1994 ), fertilisation (Fromm et al.  1995 ), plant 
development (Filek et al.  2002 ; Dziubinska et al. 
 2003 ) and regulation of gene expression (Wildon 
et al.  1992 ). This account was extended by a 
study on the inhibition of photosynthesis 
(Koziolek et al.  2004 ), transient changes in chlo-
rophyll fl uorescence (PSII electron quantum 
yield) and leaf gas exchange (Lautner et al. 
 2005 ). Recently, photoelectrical signalling was 
suggested as an alternative way of plastid-to- 
nucleus retrograde signal transduction and the 
inter- and intracellular signalling that integrates 
light acclimation (systemic acquired resistance, 
SAR), cell death and immune defence responses 
(systemic acquired acclimation, SAA) 
(Szechyńska-Hebda et al.  2010 ; Karpiński et al. 
 2013 ). Partial exposure of the  Arabidopsis  rosette 
to excess light has been shown to cause changes 
in the membrane polarisation both in locally 
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treated leaf and in leaves kept in shadow 
 (undergoing SAA) (Fig.  1 ). Moreover, various 
light wavelengths of similar energy, for example, 
excess white, red (650 nm) and blue (450 nm), 
are able to induce a specifi c pattern of changes in 
the plasma membrane electrical potential and 
simultaneously induce the plant hypersensitivity 
reactions and SAR under pathogen attack. 
Recently it was even proposed that the health of 
plant may be predicted by recording the electrical 
signatures of the plants in response to external 
stimuli (Sharma et al.  2013 ).  

 This electric response is thought to be due to 
the stimulation of the plasma membrane H + -
ATPase and ion movements (Ca 2+ , K + , H +  and 
Cl − ) (Zimmermann et al.  2009 ; Szechyńska- 
Hebda et al.  2010 ; Sukhov et al.  2013 ) and 

changes in a transmembrane voltage potential, 
usually at the order of −50 ÷ −200 mV. The prop-
agation of such changes within tissues is very 
rapid (in the order of μs to ms) (Wheeler and 
Brownlee  2008 ) and occurs by the plant plasmo-
desmata (Fromm and Lautner  2007 ; Burch-Smith 
et al.  2011 ) of the bundle sheath cell (BSC) layer 
(Szechyńska-Hebda et al.  2010 ; Karpiński et al. 
 2013 ). Since, each plasmodesma contains at its 
axial centre the strands of the endoplasmic retic-
ulum that are continuous between cells (Burch- 
Smith et al.  2011 ), electrochemical potential 
propagation is effective provided the membrane 
integrity and continuality (chloroplast-stromule- 
plasma membrane and their extension – the plas-
modesmata). Recently, most of the chemistry of 
the neuromotoric system of animals has been 
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  Fig. 1    Image of the non-photochemical changes of the 
 Arabidopsis thaliana  rosette partially exposed to excess 
light. Outline of the intra- and intercellular retrograde sig-
nalling pathways. Abbreviations:  ABA  abscisic acid,  ASA  

ascorbic acid,  ET  ethylene,  GSH  reduced glutathione, 
 GSSG  oxidised glutathione,  IAA  indole-3-acetic acid,  PQ  
plastoquinone,  SA  salicylic acid,  SAA  systemic acquired 
acclimation,  SAR  systemic acquired resistance       
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found in plants, for example, neurotransmitters 
such as acetylcholine and cellular messengers 
and cellular motors such as calmodulin and actin, 
respectively (Volkov et al.  2009 ). Although this 
nerve-like cellular equipment never develops in 
plants at the same degree of complexity as in ani-
mal nerves, with membrane integrity in the plas-
modesmata, a simple neural network is formed, 
and can be used for the communication over long 
distances. BSCs were thought to serve as a bar-
rier that protects xylem and phloem, and enable 
proper distribution of water and inorganic and 
organic compounds essential for plant growth 
and development. However, it is documented that 
BSCs possess highly ion-selective cell  membrane; 
thus they are also involved in the protection of the 
laminar tissue from toxic ions transported 
together with water in xylem (Shapira et al. 
 2009 ). An exceptional feature of BSC membrane 
selectivity stays in accordance with the results 
supporting the hypothesis that BSCs are the 
main carrier of electrical signals in plants. The 
metabolism and function of BSCs remain still 
hardly known but their individual character is 
unequivocal. 

 The source of electrochemical signalling 
seems to be overexcited photosystem II. The gen-
eration of the light intensity-specifi c and 
wavelength- specifi c electrochemical signals is 
dependent on the redox state of the PQ pool. 
2,5-Dibromo-3-methyl-6- isopropylbenzoquinone 
(DBMIB) treatment changed the electrochemical 
signal amplitude and frequency in leaves exposed 
to excess light and undergoing SAA, whereas 
3-(3,4-dichlorophenyl)-1,1-dimethylurea 
(DCMU) resulted in the improper transition of 
photoelectrochemical signals to distinct parts of 
the plant, similarly as LaCl 3  (ion channel 
blocker). Moreover, if the petiole of a leaf directly 
exposed to excess light has been treated with 
DCMU and LaCl 3  or damaged mechanically, the 
expression of the SAA- and SAR-marker genes 
has not been induced in systemic leaves 
(Szechyńska-Hebda et al.  2010 ; Karpiński et al. 
 2013 ). Similarly, in poplar tree, both the  basipetal, 
short-distance electrical signalling within the 
leaf lamina and acropetal, long-distance signal-
ling in the leaf phloem effi ciently reduced the 

quantum yield of electron transport through 
PSII. Imaging analysis revealed that the signal 
that can cause yield reduction spreads through 
the leaf lamina. Cold blocking of the stem 
proved that the electrical signal transmission via 
the phloem becomes disrupted, causing the 
leaf gas exchange to remain unaffected (Lautner 
et al.  2005 ). 

 Propagation of electrical signals is accompa-
nied by wavy-like changes in the NPQ and H 2 O 2 . 
The initial burst of light-induced ROS may trig-
ger a cascade of cell-to-cell communication 
events which results in the formation of a ROS 
wave that propagates throughout different tissues 
(leaves and infl orescence stem) and carries the 
signal for long distances (Miller et al.  2009 ; 
Szechyńska-Hebda et al.  2010 ). H 2 O 2  can travel 
at a rate of 8.4 cm min −1 , and it can follow the 
NPQ wave-like changes and the wave of the 
membrane electrical potential changes. They are 
also accompanied by alterations in the leaf water 
status and temperature and, consequently, by an 
increased ABA level, decreased stomatal conduc-
tance (Fryer et al.  2003 ; Chang et al.  2004 ; Grams 
et al.  2007 ) and conductance for CO 2  diffusion in 
the mesophyll (Gallé et al.  2013 ). Similar to 
H 2 O 2 , ABA biosynthesis is initiated in the vascu-
lar tissue and activates a signalling network in the 
neighbouring bundle sheath cells. Together with 
extracellular H 2 O 2 , ABA coordinates the redox 
retrograde signals to activate  APX2  expression 
and is necessary for the leaf’s successful adjust-
ment to repeated episodes of stress, e.g. excess 
light. The crosstalk between ROS and ABA sig-
nalling has also been postulated in the control of 
pathogen-related cell death and in excess light- 
induced retrograde signalling (Laloi et al.  2004 ; 
Mittler et al.  2011 ; Karpiński et al.  2013 ). 
Moreover, induction of jasmonic acid biosynthe-
sis and changes in salicylic acid content were 
also linked to electrical signal triggering and 
propagation (Fisahn et al.  2004 ; Saeedi et al. 
 2013 ). Since the different chemical substances, 
including hormones, are known to adsorb to the 
charged surfaces of biological membranes (Filek 
et al.  2002 ) and can change membrane structure 
and permeability (Laggner et al.  2003a ,  b ), the 
role of SA, JA and ABA in the regulation of the 

Plant Physiomics: Photoelectrochemical and Molecular Retrograde Signalling…



446

membrane potential via direct cellular membrane 
alternations can be considered. 

 The electrochemical signals together with 
NPQ, H 2 O 2  and hormones, which are induced in 
response to different environmental stimuli (light, 
cold, heat, pathogen attack, touch) and transmit-
ted within the plant tissue, are components of 
inter- and intracellular photoelectrochemical ret-
rograde signalling (Karpinski et al.  1999 ,  2013 ; 
Fryer et al.  2003 ; Karpiński and Szechyńska- 
Hebda  2010 ; Szechyńska-Hebda et al.  2010 ). 
Indeed, systemic expression of at least  APX1  and 
 APX2  was specifi cally regulated by propagating 
photoelectrical signalling (Szechyńska-Hebda 
et al.  2010 ) in leaves that were undergoing SAA 
as well as in infl orescence stems undergoing 
SAA. The lack of functional APX2 in  apx2  
knock-out mutant causes changes in electrical 
signal propagation (Szechyńska-Hebda et al. 
 2010 ). Moreover, APX2 requires functional pho-
tosynthetic electron transport to become induced, 
and APX induction and H 2 O 2  levels were nega-
tively correlated to NPQ changes. The physiolog-
ical functions of APXs are known quite well. 
They are one of the key groups of H 2 O 2 - 
scavenging enzymes that convert H 2 O 2  to water 
using ascorbate as an electron source in water- 
water cycle (Asada  1999 ; Dąbrowska et al.  2007 ). 
Thus, they are an important part of an antioxidant 
system of a plant. H 2 O 2  overproduction (i.e. pro-
duced upon stress exposure) is damaging to 
structural components of a cell; however low, 
non-damaging H 2 O 2  amount was proven to play 
an important signalling role in growth and physi-
ological processes (Foreman et al.  2003 ; Mittler 
et al.  2004 ; Bright et al.  2006 ). APX1 and APX2 
are the most known ascorbate peroxidases located 
in the cytosol. APX1 steady-state mRNA level in 
the cell is maintained at a relatively high level 
but, during stress episode, increases furthermore 
even several times (Karpiński et al.  1997 ,  1999 ; 
Szechyńska-Hebda et al.  2010 ). During recovery 
after stress episode, its induction does not decline 
to the level observed in non-treated plants. The 
stress-induced changes in  APX2  expression are 
different. In non-treated plants, the level of  APX2  
mRNA is hardly detectable; however it increases 

after 7 min of stress (Karpiński et al.  1997 ,  1999 ) 
and reaches the maximum after 30 min of stress. 
If stress conditions remain, the  APX2  mRNA 
level begins to decrease after 1 h of stress and 
several hours after stress reaches the level 
observed in non-treated plants. The spatiotempo-
ral pattern of expression of these cytosolic APXs 
suggests that APX1 is the main H 2 O 2  scavenger, 
while APX2 is a “helper enzyme”. APX2 may 
serve as an additional or exclusive protection of 
the central veins (Koussevitzky et al.  2008 ; 
Szechyńska-Hebda et al.  2010 ; Suzuki et al. 
 2013 ) and plays a signifi cant role in signal trans-
mission between plant organs. 

  APX2  expression has been used as an indica-
tor of stress in plants as was shown to be induced 
by high light, heat, wounding and heavy metal 
ion treatment and boosted by simultaneous expo-
sure to a few stress factors (Pnueli et al.  2003 ; 
Chang et al.  2004 ; Rossel et al.  2007 ; Mühlenbock 
et al.  2008 ; Keunen et al.  2013 ). 

 The electrical signals dependent on NPQ, 
APX and H 2 O 2  changes arrived in responding tis-
sue much sooner than transcript accumulation 
began, while transcript accumulation preceded 
the arrival of the other chemical signals, e.g. hor-
monal changes (Davies  2004 ).  

    Hormonal Homeostasis 

 The response to stress factor does not only 
involve changes in the photosynthetic electron 
fl ux and corresponding NPQ, ROS and electric 
changes but is also accompanied by the altera-
tions in the different plant hormones. Although 
much slower than electrical signals, a propagated 
intra- and extracellular ROS/hormonal signal was 
shown to induce acclimatory responses, pro-
grammed cell death and immune defences 
(Karpinski et al.  1999 ; Fryer et al.  2003 ; Rossel 
et al.  2007 ; Mühlenbock et al.  2008 ). These pro-
cesses are known to play a crucial role in the abil-
ity of plants to adapt to ever-changing 
environments by regulating growth and 
development. 
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 Phytohormones include a few compounds 
with different chemical structure: abscisic acid 
(ABA), ethylene (ET), cytokinin (CKs), auxin 
(IAA) and gibberellin (GA) as well as jasmonate 
(JA), brassinosteroids (BR) and salicylic acid 
(SA). These hormones do not operate indepen-
dently but rather are linked together in a complex 
network of interactions, and overall homeostasis 
is driven by the simultaneous interplay of multi-
ple hormones. 

 One of the most studied topics in the response 
of plants to abiotic stress is ABA. Its synthesis 
appears as one of the fastest responses of plants 
to abiotic stress. It has long been recognised as a 
plant hormone that is upregulated in response to 
soil water defi cit around the roots. ABA plays a 
crucial role in the transfer of the signal from 
stress-exposed root tissues to shoots, causes sto-
matal closure, leads to the reduction of water loss 
via transpiration and eventually restricts cellular 
growth. ABA also modulates aquaporin-related 
root and shoot hydraulic conductivity for 
improved nutrients and water distribution (Parent 
et al.  2009 ). Moreover, it upregulates processes 
involved in cell turgor maintenance and desicca-
tion tolerance such as the synthesis of osmoti-
cally active solutes and antioxidant enzymes 
(Chaves et al.  2003 ). ABA is also known for its 
role during plant adaptations to cold temperature. 
Cold stress induces the synthesis of ABA and the 
exogenous application of ABA improves the cold 
tolerance of plants (Xue-Xuan et al.  2010 ). When 
the winter time is approaching and the tempera-
ture goes down, ABA mediates the conversion of 
the apical meristem into a dormant bud. The 
newly developing leaves growing above the meri-
stem become converted into stiff bud scales that 
wrap the meristem closely and will protect it 
from mechanical damage and drying out during 
low temperatures. ABA in the bud also acts to 
enforce dormancy so if an unseasonably warm 
spell occurs before winter is over, the buds will 
not sprout prematurely. Only after a prolonged 
period of cold or the lengthening days of spring 
will bud dormancy be lifted (Paul and Kumar 
 2011 ). A large number of genes associated with 
de novo ABA biosynthesis and genes encoding 

ABA receptors have been characterised in 
 Arabidopsis thaliana . The catalytic steps of ABA 
biosynthesis involving the conversion of 
β-carotene to ABA are mediated by the action of 
enzymes encoded by  ABA1/LOS6, ABA4, NCED, 
ABA2  and  ABA3/LOS5. ABA3/LOS5  encodes a 
Mo-cofactor sulphurase (MCSU) that catalyses 
the fi nal conversion of abscisic aldehyde to 
ABA. The expression of  ABA3/LOS5  is enhanced 
when  A. thaliana  plants were exposed to drought 
or salt. Overexpression of  ABA3/LOS5  under the 
control of constitutive or drought-inducible pro-
moters resulted in a signifi cant increase in trans-
genic rice yield under drought conditions in the 
fi eld (Xiong et al.  2001 ; Nambara and Marion- 
Poll  2005 ). 

 Cytokinins are considered to be essential reg-
ulators, strongly infl uencing the proliferation and 
differentiation of plant cells via regulation of 
ROS homeostasis and control oxidative stress 
(Szechyńska-Hebda et al.  2007 ). Increasing evi-
dence has demonstrated that CKs play an impor-
tant role in the regulation of environmental stress 
responses as well. Environmental stresses, such 
as drought and high salinity, decrease the synthe-
sis and transport of CKs from roots. Application 
of exogenous CKs can increase stomatal aper-
tures and transpiration in many plants and has a 
positive impact on photosynthetic activity 
(Tanaka et al.  2006 ). CKs act as antagonists to 
ABA in various growth and physiological pro-
cesses, including environmental stress responses; 
e.g. during drought stress, ABA content is 
increased, whereas the active CK content is 
decreased. A reduction in CK content was also 
reported to lead to hypersensitivity to ABA and 
upregulation of stress- and/or ABA-responsive 
genes, whereas the reverse process was observed 
with elevation of CK levels (Nishiyama et al. 
 2011 ). Hypersensitivity to ABA was suggested as 
one of the contributors to the increased stress tol-
erance of CK-defi cient mutants. The faster and 
more profound stress responses of these mutants 
partially resulted from the activation of the ABA- 
dependent AREB (ABA-responsive-element 
(ABRE) binding) pathway (Tran et al.  2010 ), 
which governs the majority of ABA-mediated 
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ABRE-dependent gene expression in response to 
stress. Constitutive overexpression of genes for 
CK degradation is associated with an enlarged 
root system; it also results in stunted shoot 
growth. This response results in increased 
drought tolerance and a higher accumulation of 
nutrients, without a penalty in shoot growth. 

 Ethylene plays a role in many aspects of plant 
growth and development and is modulated by dif-
ferent environmental factors e.g. during wound-
ing, pathogen attack, anaerobiosis, heavy metal 
treatment and oxidative stresses. This effect can 
be transient (hours) or relatively long-lasting 
(days) and may vary considerably with species 
and plant age. ET may control its own production 
via autoinhibition. During plant development, ET 
stimulates seed germination, and high ethylene 
accumulation is traditionally associated with 
fl ower and leaf senescence, loss of chlorophyll, 
stem shortening, abscission of plant parts, fruit 
ripening and epinasty. Importantly, ET has been 
shown to be involved in the regulation of PCD 
(Ludwig et al.  2005 ). Oxidative stress-induced 
leaf damage is preceded by a rapid increase in 
ACC synthase activity, ACC content and ET 
emission, which are required for ROS accumula-
tion and lesion development (Bouchez et al. 
 2007 ). Similarly, external addition of ethylene 
increased free radical production and caused 
increased superoxide production and spreading 
cell death (Hurr et al.  2013 ). ET is also assigned 
the role to regulate the pathogen-triggered cell 
death. In plants challenged with a compatible 
bacterial pathogen, ethylene signalling was 
required for symptom development (O’Donnell 
et al.  2003 ). ET is known to prevent ABA accu-
mulation and vice versa or to modulate cellular 
sensitivity to ABA. The interplay of both hor-
mones was observed in  Arabidopsis  mutant  acs7  
with reduced ET production, greater ABA con-
centrations and increased tolerance to salt, heat 
and drought stresses (Dong et al.  2011 ). 

 Salicylic acid is a phenolic compound strictly 
involved in regulation of the pathogenesis-related 
( PR ) gene expression, systemic acquired resis-
tance and the hypersensitive response (Alvarez 
 2000 ) as well as in responses to abiotic stresses, 

such as high light, drought, salt, UV-B and many 
others.  Arabidopsis  mutants  nahG  (expressing a 
bacterial salicylate hydroxylase) and  sid2  (SA 
induction defi cient), which have a very low level 
of SA (below 1 μg/g fresh weight), accumulate a 
high level of ROS and display severe damages 
under abiotic stress. On the other hand, when 
exogenous SA is applied at a dose more than 1 
mM or some SA-over-accumulating mutants 
( cpr1 ,  cpr5  and  cpr6  constitutive inducer of PR 
proteins) are treated with stress factors, the oxi-
dative burst and cell death are induced (Mateo 
et al.  2006 ). Thus, SA and ROS have been pro-
posed to be on a positive feedback loop that 
amplifi es signals leading to defence responses 
and cell death. It is assumed that SA signalling is 
mediated by at least two mechanisms, one requir-
ing the  NPR1  (nonexpressor of PR1 genes) gene 
and the second that is independent of  NPR1  but 
requires protein kinases (MAPK). The second 
mechanism is accepted to be the main way of 
SA-mediated induction of abiotic stress- 
protective genes (Ludwig et al.  2005 ; Brodersen 
et al.  2006 ). SA is known to inhibit the activity of 
the last step in the ET biosynthesis pathway, 
which is catalysed by ACC oxidase. Given the 
cell-death-promoting role of ET, the antagonism 
of ET synthesis by SA might be a mechanism by 
which SA accumulation can contribute to the 
containment of lesion growth (Mosher et al. 
 2010 ). 

 Jasmonic acid has been shown to play impor-
tant roles in growth and development, including 
fl ower development, tuber formation, tendril 
coiling, nyctinastic movements, trichome forma-
tion and senescence (Wasternack  2007 ). While 
JA accumulation generally stimulates the above- 
mentioned processes, it inhibits root and leaf 
growth and seed germination. In  Arabidopsis  JA 
biosynthesis is initiated by a wound-mediated 
release of α-linolenic acid (18:3) from chloro-
plastic membranes, followed by the activity of 
several chloroplast-located enzymes, including 
13-lipoxygenase (Bonaventure and Baldwin 
 2010 ). ET is also involved in wounding-mediated 
pathway, and therefore ET together with JA is 
known to rapidly accumulate in herbivore- 
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attacked tissues. Moreover, gene expression anal-
ysis with JA-inducible marker genes ( VSP1, 
PR2 ) has suggested that JA could be a factor 
involved in the containment of the ROS- 
dependent lesion propagation. It was strongly 
supported by the O 3  sensitivity phenotypes of 
JA-defi cient mutants ( jar1, coi1 ) (Overmyer 
et al.  2000 ). Similarly, the action of the JA and 
ABA seems to be closely related as the 
JA-insensitive mutant  jin4  is hypersensitive to 
ABA during germination (Berger et al.  1996 ).  

    Plant Metaphysiomics 

 In response to stress conditions, hundreds or 
thousands of genes are induced or repressed to 
optimise cell metabolism and to persist in nonop-
timal conditions. Although particular stress fac-
tors induce or suppress a specifi c set of genes, 
there is also a set of genes that are similarly regu-
lated across many stress conditions. For example, 
Ma and Bohnert ( 2007 ) using fuzzy k-means 
clustering method found a set of 197 genes that 
are induced in most of analysed conditions in 
 Arabidopsis  including hormonal treatment, dif-
ferent lights and biotic and abiotic stress condi-
tions. These ubiquitous stress responses, similar 
to those of fungi and animals, employ genes in 
pathways related to mitogen-activated protein 
kinases, Snf1-related kinases, vesicle transport, 
mitochondrial functions and transcription 
machinery. In this group, genes related to plant- 
specifi c hormones ABA and JA were also pres-
ent. Moreover, this group included genes that 
previously were characterised as related to biotic 
stress, but they were also induced by abiotic 
stress, and vice versa. Interestingly, most of the 
genes that are downregulated by stress appear to 
be under developmental regulation. Analysis of 
promoters clusters from similarly regulated genes 
revealed that abscisic acid-responsive element 
(ABRE motif) was over-represented in multiple 
clusters responding to either light or ABA treat-
ment. Another motif, the W-box, was over- 
represented in several clusters induced by biotic 
stresses, and corresponding W-box-binding tran-

scription factors (WRKYs) were themselves 
induced in these clusters. 

 Completely different pattern of gene expres-
sion is observed when plants are grown in fi eld 
conditions (Wituszyńska et al.  2013 ; Richards 
et al.  2012 ). Genome-wide gene expression pat-
terns of Bay-0 and Sha  Arabidopsis  accessions in 
natural environment presented strong differentia-
tion (Richards et al.  2012 ). Two accessions dif-
fered signifi cantly in 3,344 (14 % of the 
transcripts). Moreover, a gene ontology (GO) 
enrichment analysis showed that accession dif-
fered in the sulphate assimilation and biosynthe-
sis of glucosinolate and glutathione. It was also 
revealed that in the fi eld a large number of co- 
expressed gene clusters are enriched in loci 
responsive to several abiotic and biotic stresses. 
Authors also confi rmed a role of several genes 
in fi eld environment fl uctuations, including 
APR6, HSP70, ROP10 and AAO3. 

 Large-scale expression analysis of 18 
 Arabidopsis  accessions showed a big variation of 
transcript levels between analysed genotypes 
(Gan et al.  2011 ). 46 % (9,360) of expressed 
protein- coding genes were differentially 
expressed between at least one pair of accessions. 
Of these, 19 % (1,750) had more than tenfold 
expression changes. For about 60 % of genes, at 
least fi ve accessions contributed to expression 
variation. Comparison of DNA sequences 
revealed that SNPs and single-nucleotide indels 
were concentrated in the 100-bp promoter region. 
This corroborates the general fi ndings of exten-
sive  cis  regulation of gene expression in  A. thali-
ana . Gene ontology classifi cations for 
differentially expressed genes showed 
 over- representation of response to the biotic envi-
ronment, including pathogen defence and the 
production of glucosinolates to deter herbivores. 
These include NB-LRR genes, of which 74 % 
were differentially expressed at up to 400-fold 
change. Patterns for housekeeping genes (such as 
ribosomal proteins, eukaryotic initiation factors 
or kinesins) were markedly different: although 
many were differentially expressed, fold changes 
were generally small, with variation more often 
being limited to a few accessions. 
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 So far, natural variation among  Arabidopsis  
accessions to two hormones SA and auxin was 
investigated (Delker et al.  2010 ; van Leeuwen 
et al.  2007 ). Signifi cant variation in transcript 
levels for response to SA was detected among the 
accessions, with relatively few genes responding 
similarly across all accessions and time points. 
The majority of SA-responsive genes showed an 
SA response in only one or a few accessions, and 
only 38 genes were SA responsive in the majority 
of accessions. Interestingly, cluster analysis 
showed that genes downregulated by SA pos-
sessed “chloroplast” and “plastid” GO catego-
ries. Light-responsive elements were 
over-represented in promoters of 
SA-downregulated genes. Similarly, signifi cant 
variation in physiological response and gene 
expression was observed in seven  Arabidopsis  
accessions treated with exogenous auxin (Delker 
et al.  2010 ). Many of the genes were differen-
tially expressed in three or fewer accessions, 
whereas only ~100 genes showed twofold or 
higher expression change in all seven accessions. 
A relatively large proportion of genes were spe-
cifi cally induced in a single accession. Global 
auxin-induced expression changes among 
 Arabidopsis  accessions differ considerably in 
comparison to each other as well as to the refer-
ence accession Col-0, illustrating the large poten-
tial for variation in the regulation of diverse 
auxin-regulated processes. To conclude, it seems 
that  Arabidopsis  has a highly variable, largely 
plastic transcriptome. 

 In many eukaryotes regulation of gene expres-
sion by epigenetic changes is necessary for coor-
dinating developmental programmes and specifi c 
responses. DNA methylation, the addition of a 
methyl group to a cytosine, is stable and heritable 
DNA modifi cation that regulates expression of 
coding and noncoding genome regions. This 
DNA modifi cation serves as silencing signal that 
occurs mainly in transposons and repetitive ele-
ments but is also observed in promoters and gene 
bodies in plants. It is estimated that more than 20 
% of genes are methylated in  Arabidopsis  genome 
(Zilberman et al.  2007 ). In plants, DNA methyla-
tion is deposited at CG, CHG and asymmetric 

CHH sequences (where H is A, C or T). In 
eukaryotic organisms DNA methylation is neces-
sary for proper development and is coupled with 
other epigenetic marks like nucleosome position-
ing and histone modifi cations. For example, 
H3K9me2 histone variant is associated with 
CHG DNA methylation in  Arabidopsis  
(Bernatavichute et al.  2008 ). Similarly, interac-
tion between DNA methylation, histone modifi -
cation and gene expression was reported in rice 
and maize (Li et al.  2008 ; Wang et al.  2009 ). 

 Natural variation in DNA methylation is 
observed in  Arabidopsis  accessions (Vaughn 
et al.  2007 ; Shen et al.  2012 ). Substantial differ-
ences in cytosine methylation were observed 
between Ler and C24  Arabidopsis  ecotypes 
(Shen et al.  2012 ). Interestingly, the percentage 
of methylated cytosines was signifi cantly higher 
in their reciprocal F1 hybrids than in parental 
lines. Increased methylation of hybrid genomes 
was predominantly observed in differentially 
methylated regions in two parents. Moreover, 
these data suggest that genome-wide remodelling 
of DNA methylation plays a role in heterosis 
observed in hybrids. DNA methylation status in 
particular regions can fl uctuate in relatively short 
timescales. Thirty generations in  Arabidopsis  
were enough to accumulate a substantial number 
of differentially methylated cytosines that can 
contribute to expression variation (Schmitz et al. 
 2011 ; Becker et al.  2011 ). 

 DNA methylation is also involved in the regu-
lation of gene expression in response to environ-
mental conditions such as defence responses or 
salt stress (Bilichak et al.  2012 ; Dowen et al. 
 2012 ). Profi ling of DNA methylation of plants 
exposed to bacterial pathogen  Pseudomonas 
syringae pv. tomato  DC3000 and SA showed that 
numerous regions were differentially methylated 
in response to stress. Differential DNA methyla-
tion that occurred mainly in transposons infl u-
enced neighbouring genes and changed their 
expression pattern (Dowen et al.  2012 ). Moreover, 
progeny of salt-treated plants exhibited changes 
in DNA methylation, histone modifi cations and 
expression of particular genes (Bilichak et al. 
 2012 ). These data suggest that DNA methylation 

M. Szechyńska-Hebda et al.



451

is an important mechanism that allows plants to 
adapt to changing environment. 

 Modifi cations of core histones H2 and H3 
affect gene expression in eukaryotes. A few types 
of histone modifi cations investigated in plants are 
described below. Genome-wide location of 
H2A.Z by chromatin immunoprecipitation cou-
pled with microarray (ChIP-chip) revealed that 
this histone variant is found in nucleosomes 
fl anking transcription start site (TSS) where it 
regulates transcription by preventing DNA meth-
ylation (Zilberman et al.  2008 ). H2A.Z is 
involved in regulation of genes important in regu-
lation of development and environmental 
responses such as temperature, phosphate defi -
ciency and pathogens. It seems that H2A.Z is a 
temperature sensor because it was observed that 
after temperature increase this histone variant 
was lost from nucleosomes in  Arabidopsis  that 
allowed appropriate control of gene expression 
(Kumar and Wigge  2010 ). Downregulation of 
expression of phosphate starvation response 
genes is probably dependent on H2A.Z which is 
found in histones fl anking TSSs of these genes 
(Smith et al.  2010 ). Mutant plants with inactive 
SWR1 complex (required for H2A.Z incorpora-
tion into chromatin) showed increased expres-
sion of genes involved in systemic acquired 
resistance implying the role of H2A.Z in defence 
responses in  Arabidopsis  (March-Díaz et al. 
 2008 ). 

 H3K4me3 is associated with transcriptionally 
active genes where it is localised mainly in prox-
imity of TSS. This histone modifi cation is found 
in high frequency in shoots and roots. 
Interestingly, DNA regions from shoots affected 
by this modifi cation are more frequent than DNA 
regions from roots, suggesting tissue-specifi c 
epigenetic variation (Wang et al.  2009 ). 
H3K4me3 is correlated with H3K9 acetylation 
(H3K9ac), and their distribution across DNA is 
associated with a specifi c gene ontology classifi -
cation (Ha et al.  2011 ). Dense distribution near 
TSS is associated with genes involved in transla-
tion, while broad distribution towards coding 
sequence is observed in genes involved in photo-

synthesis, chloroplast and thylakoid membrane 
activities, carbohydrate metabolism and defence 
responses. These genes are highly expressed in 
leaves with a high expression variance. 

 H3K27me3 is often associated with stable 
silencing of genes involved in development. On 
average 15–20 % of genes in  Arabidopsis  and 
30–40 % of genes in maize and rice are marked 
with H3K27me3, which is localised mainly in 
promoters or transcribed regions (He et al.  2010 ; 
Zhang et al.  2007 ; Wang et al.  2009 ). It was pos-
tulated that H3K27me3 is the major silencing 
mechanisms in plants (Zhang et al.  2007 ). Small 
variation of H3K27me3 between  Arabidopsis  
accessions (e.g. the comparison of Col and Ler 
showed 32 Ler-specifi c and 11 Col-specifi c tar-
gets) cannot explain observed differences in 
expression patterns (Moghaddam et al.  2011 ; 
Dong et al.  2012 ). Moreover, accession-specifi c 
targets are often repressed by other repressive 
marks like DNA methylation or H3K9me2 (Dong 
et al.  2012 ). 

 Gene expression differences between plant 
species can be, at least, partially explained by 
histone modifi cation variation. Locations and 
levels of H3K4me3, H3K9ac and H3K27me3 
histone modifi cations in proximity of TSS are 
associated with gene expression variation 
between  Arabidopsis thaliana  and  Arabidopsis 
arenosa  (Ha et al.  2011 ). Similarly, strong posi-
tive correlation between H3K4me3 histone mark 
and differences in gene expression were observed 
in two rice subspecies and their reciprocal hybrids 
(He et al.  2010 ). 

 Differences in orthologous gene expression 
between species or ecotypes may result from  cis - 
and/or  trans -regulatory changes.  Trans  effects 
can result from divergence of transcription fac-
tors or chromatin regulators, while  cis  effects can 
result from changes of  cis -regulatory elements 
(CREs).  Cis  and  trans  effects were investigated 
in  Drosophila , yeast or  Arabidopsis  (Wittkopp 
et al.  2002 ; Tirosh et al.  2009 ; Shi et al.  2012 ), 
and it is supposed that expression differences 
between species predominantly depend on  cis  
effects. Comparison of CREs in promoters of fi ve 
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plant genomes revealed high plasticity of CRE 
content in analysed genomes that can result in 
differences of gene expression patterns (Wóycicki 
et al.  2011 ). CRE shuffl ing in promoters of 
orthologous genes was correlated with three 
times higher rate of mutations (SNPs and indels) 
in promoters than in gene bodies. In conclusion, 
adaptation of plants to new environmental condi-
tions may occur by rapid rewiring of gene regula-
tory networks driven by CRE shuffl ing, DNA 
methylation and histone modifi cations. We sug-
gest that through evolution, eukaryotic organisms 
have been equipped with a high degree of free-
dom that allows for formation of new lines/vari-
eties and species adapted to new ecological 
niches.     
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     Abstract  

  We provide a brief defi nition and history of 
signals, pointing out how differences in body 
plan between plants and animals require fun-
damentally different signaling mechanisms, 
and then list the diversity of chemical and 
physical signals along with their pathways of 
transmission, providing details on molecular 
signals and focusing on the phloem and xylem 
as being the main conduits for (rapid) sys-
temic signaling. The two major electrical 
(action potentials and variation potentials) as 
well as hydraulic signals are then described. 
The latter part of the chapter deals with meth-
ods of analysis of molecular signals, including 
accessing the phloem and identifying the array 
of gene products transported therein. A 
description is provided of the modern methods 
used in metabolomics and phenotyping to ana-
lyze the metabolic consequences of signal 
action. Conventional techniques for analyzing 
electrical and hydraulic signals and their ionic 
components using electrodes are then fur-
nished. Finally we describe novel techniques 
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developed recently in the animal fi eld using 
fl uorescence to monitor real-time changes in 
membrane potential, which could be adapted 
for plants to open up new vistas in our under-
standing of electrical signals in plants.  

  Abbreviations 

   ABA(-GE)    Abscisic acid-(glucose-ester 
conjugate)   

  CBL    Calcineurin B-like   
  CIPK    CBL-interacting protein kinase   
  CML    Calmodul in /ca lmodul in- l ike 

protein   
  eATP    Extracellular ATP   
  DAG    Diacylglycerol   
  FRET    Fluorescence (or Förster) reso-

nance energy transfer   
  FTIR    Fourier transform infrared 

spectroscopy   
  GC-MS    Gas chromatography-mass 

spectrometry   
  PLAFP    Phloem lipid-associated family 

protein   
  PI    Protease inhibitor   
  PIIF    Protease inhibitor-inducing factor   
  RALF    Rapid alkalinization factor   
  ROS    Reactive oxygen species   
  SE    Sieve element   
  SP    System potential   
  VP    Variation potential   
  VSFP    Voltage-sensitive fl uorescent 

protein   
  VOCs    Volatile organic compounds   
  VT    Voltage transient   

          Introduction 

 Signals are packets of biological information 
generated in one location and transmitted else-
where, frequently in response to external (envi-
ronmental) stimuli. After a signal has been 
transmitted, it acts as an internal stimulus to 
evoke downstream responses. Hence signals and 
stimuli are the fundamental units of biological 
communication (Davies  2004 ). Signals vary in 

identity, velocity, informational capacity, and 
locality (site of generation, transmission, and 
action). 

 Over 220 years ago, electrical signals were the 
only ones known in both plants and animals 
(Galvani  1791 ). In the middle of the nineteenth 
century, chemical signals were discovered in 
 animals, and the fi eld of endocrinology devel-
oped (Berthold  1849 ). Now animals were “supe-
rior,” insofar as they had both electrical and 
chemical signals, whereas plants had just electri-
cal signals. It was about 30 years later before 
Charles Darwin ( 1881 ) furnished the fi rst evi-
dence in plants for the existence of a diffusible 
chemical, which could cause plant cell enlarge-
ment. For some reason the discovery of chemical 
signals (hormones) in plants led to the demise of 
a role for electrical signals despite the previous 
100+ years of research showing their existence in 
plants (references in Stern  1924 ). After Darwin 
( 1881 ), the next attempt to assign signal trans-
mission in plants to a chemical was proposed 35 
years later by Ricca ( 1916 ) to explain the propa-
gation of the signal that causes pulvinus move-
ments of leafl ets in  Mimosa pudica . While the 
nature of such molecules remained unknown for 
a long time, numerous molecules have now 
proven their ability to carry information a long 
distance in plants. 

 Higher animals are heterotrophic and thus 
need to be motile to locate food and partners for 
reproduction, while food and gas exchange takes 
place through interior tubes. This demands that 
they have a near cylindrical body plan to contain 
the tubes and appendages for motility, and so 
they have a very low surface area to volume ratio. 
In marked contrast, plants are autotrophic, rely 
on animals or the wind to aid in reproduction, and 
thus have no need to be motile. Consequently, 
plants are not able to escape from their abiotic 
(cold, heat, etc.) or their biotic (herbivores, 
insects) environment (Maleck and Dietrich 
 1999 ). Furthermore their food and gas exchange 
takes place through external surfaces (leaves for 
light and CO 2 , roots for ions and water), thereby 
giving them a high surface area to volume ratio 
with many of their cells in direct contact with the 
environment (Hallé  1999 ; Vian et al.  2007 ). It 
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becomes then tremendously important for plants 
to sense even minute changes in climatic or min-
eral resources in the environment and adapt their 
growth (Läuchli and Grattan  2007 ) or fl ower pro-
duction (Suárez-López  2005 ) accordingly and 
also to promote defense strategies. Indeed, envi-
ronmental factors such as nitrate availability 
(Forde  2002 ; Liu et al.  2009 ), wind (Anten et al. 
 2010 ), drought (Hetherington  1998 ; Jia and 
Zhang  2008 ), fl ooding (Dat et al.  2004 ), predator 
attacks, or infection (Heil and Ton  2008 ; Parker 
 2009 ) induce systemic responses in plants that 
generally result in a reduction in growth and 
yield. 

 Plants must, therefore, possess systems to 
exchange information throughout the entire plant 
to ensure the coordination of plant development 
and defense. The systems for transmitting this 
information are complex and involve multiple 
components, which are far from being under-
stood. Evidence strongly suggests that informa-
tion exchange relies on at least two different 
systems: one involving molecules that are trans-
ported within the plant and another that uses elec-

trical and/or hydraulic signals to carry the 
information throughout the entire plant. Both of 
these information-transmitting systems involve 
the primary material-transporting systems (xylem 
and phloem). Furthermore, the signals them-
selves vary in identity, diversity, specifi city, ver-
satility, rapidity, ubiquity, and locality. 

 Chemical signals (Tables  1 ,  2 , and  3 ) and elec-
trical signals are diverse. Chemicals that have 
been implicated in short- and long-distance and/
or organism-to-organism signaling include ions 
(Ca 2+ , H + ), volatiles (ethylene, methyl jasmo-
nate), and both small (IAA, GA, NO) and large 
molecules (proteins, RNA). Electrical signals are 
less diverse and only three (action potentials, 
variation potentials, and system potentials) have 
been described. These signals are more or less 
specifi c to the type of stimulation. In many 
instances, signal production and/or transmission 
depends upon the strength (injurious or non- 
injurious) and/or type of the stress (biotic or abi-
otic). As pointed by Davies ( 2004 ), plant signal 
versatility could result from the initial inability of 
plants to identify the agent (biotic or abiotic) that 

    Table 1    Signaling distance/pathway in plants   

 Transmission  Examples  References 

  Within the cell   Calcium  Dodd et al. ( 2010 ) and Stael et al. ( 2012 ) 
 Diffusion, secretion, 
cytoplasmic streaming 

 DAG  Jeannette et al. ( 2010 ) and Canonne et al. ( 2011 ) 
 Protons  Kader and Lindberg ( 2010 ) 
 Kinases  Tena et al. ( 2011 ) 
 H 2 O 2  waves  Vestergaard et al. ( 2012 ) 

  Between cells   IP 3   Gillaspy ( 2011 ) 
 (Apoplasm and/or 
symplasm) 

 Auxin, ABA  Blakeslee et al. ( 2005 ) and Umezawa et al. ( 2010 ) 
 ROS  Mittler et al. ( 2011 ) 
 Oligosaccharides  Shibuya and Nimami ( 2001 ) 
 Peptides  Murphy et al. ( 2012 ) 

  Between organs   Molecules in xylem  Atkins and Smith ( 2007 ) and Krishnan et al. ( 2011 ) 
 Phloem and/or xylem  Molecules in phloem  Dinant and Suárez-López ( 2012 ) 

 Hydraulic signals  Malone ( 1993 ) 
 Electrical signals  Davies ( 2004 ) and Yan et al. ( 2009 ) 

  Between plants   Phenolic compounds  Treutter ( 2006 ) and Cesco et al. ( 2012 ) 
 Airborne transmission, 
mycorrhiza 

 Jasmonate and methyl jasmonate  Avanci et al. ( 2010 ) 
 Ethylene  Wilkinson and Davies ( 2010 ) 
 Mycorrhiza  Song et al. ( 2010 ) 

  Between generations   DNA methylation  Migicovsky and Kovalchuk ( 2013 ) 
 Gene modifi cation  Histone modifi cation  Bilichak et al. ( 2012 ) 

 Gene silencing  Qutob et al. ( 2013 ) 
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causes the insult. As a consequence, a signal may 
spread throughout the plant to elicit a general 
stress response. The ambivalence between speci-
fi city and versatility is not yet fully understood 
and it is quite conceivable that this question has 
only minor signifi cance from a plant’s 
perspective.

     While some signals should be transmitted 
throughout the plant (i.e., for a global response or 
to coordinate the different growth sites), other 
signals are restricted to the cells adjacent to the 
stimulation site when, for example, they evoke 
necrosis of tissue. Signals, therefore, differ in the 
distance they are transmitted, thereby resulting 
in local vs. systemic responses. 

 For cell-to-cell transport, chemicals must 
travel through the plasmodesmata and symplast, 
while for inter-organ transport they go primarily 
through the vascular system (phloem or xylem). 
The rate of transport is not much a problem when 
the signaling occurs over short distances, but it 
becomes crucial in the case of long-distance 
transmission. Indeed, signals move at different 
speeds, mainly as a function of their nature (i.e., 
chemical or physical). The transport of solute 
molecules is often relatively slow, limited to the 
speed of diffusion and to phloem sieve element 
(SE) fl uxes, although faster transport has been 
reported in association with a hydraulic surge in 
the xylem (Malone et al.  1994 ; Hlaváčková and 

    Table 2    Identity/diversity of plant molecular signals   

 Signal  References 

  Inorganic molecules/ions  
 CO 2   Lake et al. ( 2002 ) and Kim 

et al. ( 2010 ) 
 NO  Molassiotis et al. ( 2010 ) and 

Beaudoin ( 2011 ) 
 ROS, H 2 O 2   Mittler et al. ( 2011 ) and Suzuki 

et al. ( 2012 ) 
 Ca 2+   Batistič and Kudla ( 2012 ) and 

Kurusu et al. ( 2013 ) 
 H+  Kader and Lindberg ( 2010 ) 
 Others  Liu et al. ( 2009 ) and Dinant 

and Suárez-López ( 2012 ) 
  Small organic molecules  
 ABA  Raghavendra et al. ( 2010 ) and 

Nakashima and Yamaguchi-
Shinozaki ( 2013 ) 

 IAA  Zhao ( 2010 ) and Depuydt and 
Hardtke ( 2011 ) 

 CK  Choi et al. ( 2011 ), Ha et al. 
( 2012 ), and Hwang et al. 
( 2012 ) 

 GA  Lau and Deng ( 2010 ) and 
Hauvermale et al. ( 2012 ) 

 Ethylene  Zhao and Guo ( 2011 ) and 
Wang et al. ( 2013 ) 

 Methyl jasmonate  Staswick ( 2008 ) and 
Wasternack and Hause ( 2013 ) 

 Phosphoinositides, 
diacylglycerol, lipids 

 Boss and Im ( 2012 ), Dong 
et al. ( 2012 ), Guelette et al. 
( 2012 ), and Benning et al. 
( 2012 ) 

 Phenolic compounds  Mandal et al. ( 2010 ) 
 ATP  Tanaka et al. ( 2010 ), Chivasa 

and Slabas ( 2012 ), and Sun 
et al. ( 2012 ) 

 Salicylic acid, methyl 
salicylate 

 Hayata et al. ( 2010 ) and Shah 
and Zeier ( 2013 ) 

 Sugars  Wingler and Roitsch ( 2008 ) 
and Eveland and Jackson 
( 2012 ) 

 Volatile organic 
compounds 

 Heil and Ton ( 2008 ) 

  Large organic molecules  
 Oligosaccharides  Shibuya and Nimami ( 2001 ) 
 RNA/miRNA  Kehr and Buhtz ( 2008 ) and 

Sunkar et al. ( 2012 ) 
 Polypeptides  Matsubayashi and Sakagami 

( 2006 ), Wang and Fiers ( 2010 ), 
and Sun et al. ( 2011 ) 

    Table 3    Diversity of phloem exudate transcripts and 
 proteins from white lupin   

 Protein identity 

 Phloem 
exudate 
transcript 
(%) 

 Phloem 
exudate 
proteins 
(%) 

 Metabolism  15.3  23.8 
 Photosynthesis  3  3.8 
 Protein modifi cation/turnover  10.5  9.2 
 Redox regulation  4.7  8.5 
 Signaling  5.4  2 
 Stress and defense response  5.5  6.2 
 Nucleic acid binding/transport  7  2.3 
 Cell structural components  2.6  6.2 
 Viral  3  ND 
 Unknown and unclassifi ed  43  37 

  Table generated using data from Rodriguez-Medina et al. 
( 2011 )  
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Nauš  2007 ). Indeed, the phloem seems to carry a 
wide variety of signaling molecules (Dinant and 
Suárez-López  2012 ). In this case it is worth not-
ing that the persistence of the signaling molecule 
might last for a relatively long period of time (up 
to several days). Thus, molecular signaling is 
often a slow, diffusion-based, long-term, sustain-
able response, whereas electrical and hydraulic 
signaling is rapid but transient. 

 Another kind of signal termed “memory” 
exists in plants, which often show a temporal 
delay in response to specifi c stimuli. Such a sys-
tem was fi rst observed with the pioneering work 
of Thellier et al. ( 1982 ) and Desbiez et al. ( 1984 ). 
They studied the long-term (several days) storage 
of a signal evoked by a minor wound that was 
able to modify plant morphology (bud outgrowth) 
when the plant was transferred to the appropriate 
culture medium. It was also observed with differ-
ent plants that a primary infection leading to sys-
temic acquired resistance (SAR) in the plant 
provides a long-term (lifelong) memory of the 
infection (Spoel and Dong  2012 ) that enhances 
the plant’s resistance to further infections. 

 In addition to the signaling mechanisms that 
stay within the same plant generation, a totally 
different system, known as epigenetic memory 
(Saze  2008 ), transfers the increased resistance 
potential to the next generation, improving the 
offspring’s capacity to survive various kinds of 
stress (Mirouze and Paszkowski  2011 ). This 
intergenerational memory transmission (Molinier 
et al.  2006 ) includes enhanced resistance to infec-
tion (Luna et al.  2012 ; Rasmann et al.  2012 ; 
Slaughter et al.  2012 ) and is based on epigenetic 
mechanisms (Chinnusamy and Zhu  2009 ; Pastor 
et al.  2012 ) that include chromatin remodeling, 
DNA methylation, histone methylation and acet-
ylation (Chen and Tiana  2007 ), and small 
(mobile) silencing RNA (Molnar et al.  2010 ). 
Thellier and Lüttge ( 2013 ) reviewed the memory 
processes in plants and proposed an integrative 
model.  

    Signal Identity 

 Plant signaling systems employ multiple path-
ways and transmission distances (Table  1 ). Very-
short- distance signaling occurs within the cell 
(e.g., from the cell membrane to the nucleus), 
involving several different mediators such as cal-
cium, pH changes, membrane derivatives, and 
phosphorylation. These events elicit metabolic 
changes that could be transmitted to the adjacent 
cells through the symplasm and/or apoplasm 
(Bloemendal and Kück  2013 ). Short-distance, 
cell-to-cell transport is especially important in 
cell regulation including the maintenance of cell 
identity in the shoot apical meristem (Clark 
 2001 ). It involves mainly small molecules (e.g., 
ions, inositol phosphate – IP3, auxin, ABA), sug-
ars, and oligosaccharides (Shibuya and Nimami 
 2001 ), while peptides are crucial in other aspects 
of plant development (Murphy et al.  2012 ). It is 
still unclear if symplastic pathways could account 
for long-distance molecule transport. Recently, 
Sokołowska and Zagórska-Marek ( 2012 ) showed 
that symplastic transport of fl uorescent tracers 
could occur between the cambium and living 
cells in the secondary xylem in  Acer  and  Populus . 
The apoplasm seems to allow transmission of 
signals, especially the ROS wave (Miller et al. 
 2009 ; Mittler et al.  2011 ). It is also the site of 
short-distance eATP (external ATP) signaling 
through the activity of apyrase. As an example, 
cotton fi ber growth is tightly regulated through 
ectoapyrase activity (Clark et al.  2010 ). The apo-
plasm contains numerous protein species that can 
lead to the generation of local signals, including 
proteases, cell wall–modifying enzymes, and 
oxidoreductases (Charmont et al.  2005 ). 

 In the present chapter, we will concentrate on 
long-range, inter-organ signal transmission. The 
research in this area has been marked with con-
siderable efforts to identify the physical basis of 
the information. It appears that at least two very 
different yet complementary systems exist: (1) a 
chemical system based on the movement of mol-
ecules and (2) physical systems based on electri-
cal and hydraulic waves. 

 These signals move mainly using the conduct-
ing system of plants (xylem and phloem). The 
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phloem fl ow velocities are relatively high, rang-
ing from 1.15 m · h −1  in  Phaseolus  and  Cucurbita  
plants (Mullendorea et al.  2010 ) to 3 m · h −1  in 
 Ricinus  (Köckenberger et al.  1997 ). These speeds 
are consistent with the systemic transport of sol-
utes throughout most herbaceous plants in less 
than 30 min. In contrast, Chu et al. ( 2009 ) showed 
in  Pachira macrocarpa  that the xylem fl ow rate 
increased under wind stress but did not exceed 
36 mm · h −1 , 50- to 80-fold slower than in the 
phloem. Indeed, many stress-related signal mol-
ecules (salicylic acid, methyl jasmonate) are 
found in the xylem (Atkins and Smith  2007 ; 
Krishnan et al.  2011 ) either after initial loading 
or after translocation from the phloem (Rocher 
et al.  2006 ). 

    Molecular-Based Systems 

 This part of the signaling system is conceptually 
the simplest one: the information is contained 
within a chemical that is produced locally in 
response to the perception of a stimulus and 
spread to other parts of the plant, as the source of 
information and, as a consequence, permitting 
the systemic responses in distant, unstimulated 
tissues. According to Heil and Ton ( 2008 ), these 
signal molecules must fulfi ll four criteria. They 
must be (1) generated locally at the site of stimu-
lation, (2) transported systemically, (3) accumu-
lated in the distant tissue, and (4) capable of 
evoking a distant response. 

 Table  2  summarizes some of the molecules 
that act as long-distance signals in plants and is 
based on the chemical structure: inorganic mole-
cules and ions, small organic molecules, and 
large and complex organic molecules. 

    Local Ionic and Inorganic Signals 
 Although the bulk of this chapter deals with sys-
temic signals, we will give brief mention to those 
that have limited transport – mainly from outside 
the cytoplasm to inside and vice versa. Calcium 
is a well-known intracellular messenger (Kudla 
et al.  2010 ; Batistič and Kudla  2012 ), which has 
a very low (10 −7  M) steady-state level in the cyto-

plasm and orders of magnitude higher in the cell 
wall. Cytoplasmic calcium is capable of undergo-
ing a rapid and transient increase in concentra-
tion in response to a wide variety of stimuli. This 
increase modulates the activity of several 
calcium- binding proteins (calmodulin, protein 
kinases) that induce subsequent cellular events 
(phosphorylation cascades, modifi cation of enzy-
matic activities, gene expression). The main chal-
lenge remaining is to understand how a single 
molecule (ion) could mediate such different path-
ways. It seems that spatiotemporal variations in 
calcium concentration and interactions with a 
wide variety of calcium-binding proteins (CDPK, 
CBL/CIPK, CMLs) constitute the basis to encode 
these diverse responses (Kudla et al.  2010 ; 
Batistič and Kudla  2012 ). 

 Protons (H+) are highly important since varia-
tions in their concentration affect the cell pH 
homeostasis and could strongly affect the activity 
of several enzymes (Kader and Lindberg  2010 ). 
Acidifi cation of cytosolic pH (ordinarily at 
around 7.5) is observed after various kinds of 
environmental perturbations including wounding 
(Bonnin et al.  1989 ) and elicitation of 
 Eschscholzia  protoplasts with a yeast glycopro-
tein (Roos et al.  2006 ). Furthermore, auxin- 
induced increases in proton concentration in the 
cell wall can activate several enzymes especially 
wall-weakening enzymes to stimulate cell 
enlargement (Schopfer  2006 ). 

 Carbon dioxide (CO 2 ) was recognized as an 
environmental stimulus able to affect stomatal 
density, and a signal indicating CO 2  defi ciency is 
generated in the mature leaves and, in conjunc-
tion with fatty acids, jasmonate, and oxidizing 
metabolism is capable of moving to young leaves 
to control stomatal density (Lake et al.  2002 ). 
Carbon dioxide also regulates stomatal aperture 
through ABA metabolism and a CO 2 -binding 
protein (Kim et al.  2010 ). 

 Hydrogen peroxide (H 2 O 2 ) concentration is 
elevated after many environmental stimuli as a 
result of movement from the cell wall (Cheng and 
Song  2006 ) and is implicated in several cellular 
functions (phosphorylation, gene expression).  
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    Transmitted Ions and Inorganic 
Molecules 
 Nitric oxide (NO), a well-known neurotransmit-
ter in mammals, is also produced in plants after 
mechanical wounding or insect attack and is 
implicated in many aspects of plant development 
(Arasimowicz and Floryszak-Wieczorek  2007 ; 
Molassiotis et al.  2010 ; Beaudoin  2011 ). It is pro-
duced in peas by peroxisomes and is primarily 
located in the vascular bundle (xylem and 
phloem), which can serve to transport the mole-
cule throughout the plant (Corpas et al.  2004 ). 

 Miller et al. ( 2009 ) described the genesis of 
ROS (reactive oxygen species) in response to 
various stimuli including wounding, heat, high 
light, and salt stress. This signal moves rapidly 
(8 cm · min −1 ) in the apoplasm and can be stopped 
by the suppression of ROS accumulation. 
Recently, Mittler et al. ( 2011 ) showed the propa-
gation of an ROS wave in response to wounding 
that spreads from the base to the apex of an 
 Arabidopsis  plant within 10 min. This auto- 
propagating ROS signal that moves bidirection-
ally causes ROS production at a distance from the 
stimulus site and thus evokes a systematic signal-
ing cascade that follows the production of ROS. It 
is however not clear if the ROS wave is induced 
as a generic stress (i.e., nonspecifi c) signal or if it 
acts with a specifi city that could be encoded 
through calcium oscillations or protein kinase 
activity.  

    Transmitted Simple, Small Organic 
Molecules 
 Plant growth regulators (hormones) have long 
been identifi ed as potential long-distance signals 
that regulate plant development (Depuydt and 
Hardtke  2011 ), although in most cases it remains 
diffi cult to establish an unequivocal relationship 
between the presence of growth regulators in the 
xylem and/or phloem and morphological and/or 
metabolic consequences of their translocation 
(Atkins and Smith  2007 ). 

 Abscisic acid or its glucose-ester conjugate 
(Jiang and Hartung  2008 ) seems to move from 
the roots to the stem in water-stressed plants and 
induces stomatal closure. This molecule appears 
to be a better candidate for long-distance signal 

transmission than previously suggested (Peña- 
Cortés et al.  1991 ) since a large proportion of 
ABA could be lost during its transport in the 
xylem because of the high diffusion of the pro-
tonated form, ABA · H + . In contrast, the mem-
brane permeability to the ABA glucose-ester 
(ABA-GE) conjugate is very low, keeping its 
concentration constant during transport in the 
xylem (Jiang and Hartung  2008 ). The non-active 
ABA-GE is rapidly cleaved to ABA in the apo-
plast by a β-glucosidase (Dietz et al.  2000 ). The 
ABA signal could be reinforced by sulfate ions 
that have been found to be more abundant in the 
xylem sap after water stress in maize (Goodger 
and Schachtman  2010 ). Recent advances in the 
understanding of ABA interaction with phospha-
tases to enable SNF1-type kinase action 
(Raghavendra et al.  2010 ; Nakashima and 
Yamaguchi-Shinozaki  2013 ) open new perspec-
tives in the understanding of hormone action. 

 The long-distance polar transport of auxin 
(Cho et al.  2007 ; Zhao  2010 ) and its transport in 
the xylem (Wilkinson and Davies  2002 ) play key 
roles in plant morphology under stress condi-
tions. Auxin is also identifi ed as a short-distance 
mobile messenger in root gravitropism (Swarup 
et al.  2005 ) and in the maintenance of root stem 
cells (Ding and Friml  2010 ). 

 Cytokinins (CKs) are implicated in plant 
responses to the environment (Ha et al.  2012 ). 
Cytokinin signaling appears complex since CK 
produced by bacteria has different effects than 
the CK originating from plants (Choi et al.  2011 ). 
Long-distance transport of CK is implicated in 
the regulation of stomatal aperture (Jia and Zhang 
 2008 ) and in nitrogen starvation signaling 
(Tamaki and Mercier  2007 ). 

 Gibberellins are also present in the phloem 
(Dinant and Suárez-López  2012 ) and widely 
implicated in vegetative plant development 
(Hauvermale et al.  2012 ). They are likely to 
remain intact during transport and modulate plant 
development. 

 Flooding increases the synthesis of the ethyl-
ene precursor, ACC, in the root and in the xylem 
sap (Malladi and Burns  2007 ), causing leaf epi-
nasty. Thus, ACC acts as a soluble mobile signal 
from roots to shoot (Jackson  2002 ). This internal 
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long-distance ACC signal could take place in 
 parallel to plant-to-plant airborne transmission of 
ethylene which is a highly diffusible, volatile 
compound that elicits and regulates many meta-
bolic processes (fruit ripening, senescence, 
abscission) and plant responses to stress 
(reviewed in Bleecker and Kende  2000 ). 

 An animal nerve compound, gamma- 
aminobutyric acid (GABA), a nonprotein amino 
acid, was proposed as a possible long-distance 
signaling molecule that upregulates nitrate uptake 
under conditions of nitrate deprivation (Beuve 
et al.  2004 ). However, measuring GABA in the 
phloem is diffi cult and the reality of long- distance 
transport was recently questioned (Shelp  2012 ). 

 Systemic responses observed after mechanical 
wounding rely mainly on the rapid and massive 
synthesis of jasmonic acid (Hlaváčková and Nauš 
 2007 ) and its translocation in the phloem. The 
synthesis of methyl jasmonate is also observed 
and it is transported in both the xylem and phloem 
(Heil and Ton  2008 ). 

 Flavonoids are very common, highly diversi-
fi ed phenolic secondary metabolites that are 
implicated in many metabolic pathways in plants, 
including resistance to pathogen attacks 
(Lattanzio et al.  2006 ). These compounds are 
transported long distances by using either the 
symplastic pathway in the upward direction or 
vascular bundles in the downward direction (Buer 
et al.  2007 ). These movements of fl avonoids may 
have considerable signifi cance through their 
modulation of growth, branching, and auxin 
transport (reviewed in Buer et al.  2010 ), although 
additional work is required to understand these 
mechanisms. 

 When plants are attacked by pathogens, they 
activate a resistance mechanism (systemic 
acquired resistance, SAR) that operates both 
locally (at the site of infection) and systemically 
(throughout the whole plant). Salicylic acid was 
identifi ed as an inducer of SAR responses both 
locally and in distant tissue and was therefore 
proposed as being the mobile chemical trans-
ported through the plant to evoke SAR at a dis-
tance (Molders et al.  1996 ). However, it was 
noticed that SAR could be turned on before sali-

cylic acid increased in the distant tissues and that 
the genuine signal molecule was in fact methyl 
salicylate (Park et al.  2007 ). It was recently dem-
onstrated that light strongly interferes with this 
signal molecule (Liu et al.  2011 ) which became 
unnecessary under high-light conditions (Attaran 
et al.  2009 ). 

 ATP, the main energy molecule of cells, is also 
a short-distance, signaling molecule when it is 
exported as eATP (external ATP) outside of the 
cell (Demidchik et al.  2003 ) through a leak occur-
ring after cell wall damage (Jeter et al.  2004 ) or 
after exocytosis through vesicle fusion (Kim 
et al.  2006 ). External ATP, whose presence in the 
extracellular matrix is tightly controlled through 
apyrase activity (Sun et al.  2012 ), could trigger 
an increase in cytoplasmic [Ca 2+ ] that evokes the 
accumulation of several transcripts such as 
MAPK and also in ethylene biosynthesis (Jeter 
et al.  2004 ). External ATP also causes the open-
ing of stomata (Hao et al.  2012 ) and induces the 
production of nitric oxide in suspension cells 
(Foresi et al.  2007 ) that could move in the plant 
through the vascular bundles. Riewe et al. ( 2008 ) 
demonstrated that apyrase activity in potato is 
crucial in several aspects of plant development 
(growth and tuber formation). However, no clear 
evidence has been given demonstrating long- 
distance eATP transport in plants. 

 Sugars are now seen not only as nutrients but 
also as signaling molecules (Rolland et al.  2006 ). 
Sugars are transported mainly as sucrose, whose 
cleavage takes place in the cytoplasm through the 
activity of invertase. Hexokinase is the main glu-
cose sensor of the cell, integrating not only sugar 
but also hormonal signals (Tuteja and Sopory 
 2008 ). Indeed, Hammond and White ( 2011 ) 
pointed out a role for sugar and phytohormones 
(auxin and cytokinin) in changes in long-distance 
root morphology and phosphate transporter syn-
thesis in root responses to low phosphorus avail-
ability. Furthermore, a recent review (Eveland 
and Jackson  2012 ) pointed out the potential role 
for sugars in short-distance signaling (as a key 
factor in the maintenance of SAM cell identity) 
and long-distance signaling (in coordination with 
the plant hormones ethylene, abscisic acid, and 
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auxin) in the regulation of transcription, transla-
tion, and protein activity that control plant 
growth. 

 This plethora of different systems within the 
plant is complemented by plant-to-plant commu-
nication, i.e., the ability to send a message from 
one plant to another through the airborne trans-
mission of volatile organic compounds (VOCs) 
such as methyl jasmonate, methyl salicylate, and 
several terpenes (Yi et al.  2009 ; Arimura et al. 
 2011 ). Airborne signaling seems to physiologi-
cally precede vascular signaling (Heil and Ton 
 2008 ). The airborne diffusion of VOCs elimi-
nates the need for an  in planta  transport system 
(Frost et al.  2007 ) and could affect plants at a 
considerable distance (Frost et al.  2008 ). Several 
volatile molecules could act as stimuli to elicit 
responses in distant plants (Heil and Karban 
 2009 ; Ueda et al.  2012 ). For instance, ethylene, 
methyl salicylate, methyl jasmonate, cis- jasmone, 
and several terpenoids alone or in combination 
are able to enhance resistance of plants to herbi-
vore attacks. Interestingly, the methanol vapor 
surge produced in response to wounding in 
“emitter” plants enhances the resistance to bacte-
rial infections in distant “receiver” plants yet 
increases tobacco mosaic virus reproduction and 
spreading by increasing cell-to-cell communica-
tion (Dorokhov et al.  2012 ).  

    Transmitted Complex, Large Organic 
Molecules 
 In addition to small molecules, larger organic 
molecules (oligosaccharides, lipids, peptides, 
nucleic acids, and proteins) are also transmitted, 
mainly through the phloem, in response to vari-
ous stimuli (Wu et al.  2002 ) and contribute to 
systemic signaling (Fukuda and Higashiyama 
 2011 ). 

 Oligosaccharides were recognized a long time 
ago as potential elicitors for stress responses 
(reviewed by Shibuya and Nimami  2001 ). They 
could originate from the cell wall of pathogens 
(β-glucan oligosaccharides, chitin- and chitosan- 
derived oligosaccharides) or from the damaged 
cell wall of plants (oligogalacturonides) and are 
mainly active in dicots. Large oligosaccharides 
(up to 20 residues) are the most active ones, evok-

ing the accumulation of phytoalexins, defense 
proteins such as protease inhibitors, the lignifi ca-
tion of the attacked regions (but not the hypersen-
sitive response-induced tissue necrosis), and 
promotion of the antioxidant system in alfalfa 
roots (Camejo et al.  2012 ). It is not clear if these 
compounds contribute to long-distance signaling. 
Baydoun and Fry ( 1985 ), using radiolabeled oli-
gosaccharides, demonstrated that only the small 
(up to 6 residues), moderately active oligosac-
charides were mobile while the larger, more bio-
logically active ones stay close to the site of 
stimulation. However, Iwai et al. ( 2003 ) demon-
strated that the xylem sap actually contains oligo-
saccharides, oligoglycans, and 
oligogalacturonides that may be involved in 
long-distance signaling. Simpler molecules such 
as glycans and sugars also appear to have a sig-
naling function (Lalonde et al.  1999 ; Etzler and 
Esko  2009 ) because of their rapid transport in the 
phloem. 

 Recent reports have pointed out the presence 
of lipids in the phloem (Benning et al.  2012 ), 
including phytosterols, glycolipids, and fatty 
acids, which are not the result of membrane deg-
radation. Some of them are known to be involved 
in transduction pathways after different environ-
mental stimuli such as wounding, pathogen 
attacks, and fl aming (Guelette et al.  2012 ). These 
include phosphatidic acid, phosphatidylglycerol, 
and phosphatidylinositol that could originate 
from membranes after lipase activity. They could, 
in addition to their signal transduction function, 
themselves be important long-distance signaling 
molecules to evoke distant responses if their 
activity is kept intact after being transported. 
Others, such as jasmonic acid or oxylipin, are 
specifi cally produced in response to pathogen 
infection and are transported in the phloem 
(Schilmiller and Howe  2005 ). Lipids are associ-
ated with specifi c proteins (phloem lipid- 
associated family protein, PLAFP; annexin) that 
allow the effi cient transport of these hydrophobic 
molecules in the phloem (Benning et al.  2012 ). 

 Peptides such as systemin may act as long- or 
short-distance signaling molecules (Butenko 
et al.  2009 ). Systemin, an 18 amino acid peptide, 
derived from a 200 amino acid precursor prosys-
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temin, isolated from wounded tomato leaves, is 
able to trigger the systemic expression of prote-
ase inhibitor (PI) genes that protect the plant 
from insect attack (Pearce et al.  1991 ). Synthetic 
systemin could be transported in the phloem and 
was proposed to be the mobile signal responsible 
for the systemic response (McGurl et al.  1992 ; 
Narváez-Vásquez et al.  1994 ). Jasmonic acid 
(JA) evokes the expression of protease inhibitor 
genes (Farmer and Ryan  1990 ) and is required to 
initiate the systemic response since the 
JA-defi cient  spr-1  mutant is impaired in the gen-
esis of the systemic signal while maintaining the 
local response to wounding. Jasmonic acid 
(whose synthesis is induced by systemin) appears 
to be the transmitted wound signal (Lee and 
Howe  2003 ; Sun et al.  2011 ). A similarly small 
(23 amino acid) peptide that triggers systemic 
wound responses was also identifi ed in 
 Arabidopsis  as AtPep1 (Huffaker et al.  2006 ). 
This peptide binds to membrane receptors 
(Yamaguchi et al.  2006 ,  2010 ) identifi ed as LRR 
receptor kinases involved in plant responses to 
aggression. Similar receptors are involved in the 
binding of phytosulfokine (Matsubayashi et al. 
 2006 ), another plant peptide that promotes cellu-
lar differentiation and could act as a signaling 
molecule to reduce (or induce) stress responses 
(Motose et al.  2009 ). RALF (rapid alkalinization 
factor), a 5-kDa peptide (Pearce et al.  2001 ) that 
inhibits root growth, may be transported in the 
xylem sap (Neumann  2007 ) and constitute a 
putative long-distance signal molecule. In con-
trast, the well-characterized CLAVATA3/ESR 
(CLE) peptide-based signaling pathway only 
operates for short distances to maintain cell iden-
tity in shoot apical meristems (Juna et al.  2008 ). 

 RNA can move from cell to cell through the 
plasmodesmata (Wu et al.  2002 ) and diffuse short 
distances. A wide variety of mRNAs (implicated 
in housekeeping, pathogen resistance, and stress 
responses) were also found in the phloem (Kehr 
and Buhtz  2008 ; Lee and Cui  2009 ). The phloem 
SE do not contain translation machinery, and so 
the different nucleic acids types (mRNA and 
small RNA) are being transported to distant tis-
sues where they can be translated or infl uence 
metabolic activity (Kim et al.  2001 ; Kehr and 

Buhtz  2008 ). Untranslated transcripts are likely 
to bind to transport proteins (which are consis-
tently detected in the phloem sap). A model for 
RNA traffi cking was recently proposed by Lee 
and Cui ( 2009 ), who suggested that chaperons 
and mRNA-binding proteins are implicated in 
mRNA loading into the phloem. The transloca-
tion of these mRNAs inducing developmental 
changes was reported more than 10 years ago 
(Ruiz-Medrano et al.  1999 ; Kim et al.  2001 ), and 
they have an active role in leaf morphogenesis 
(Haywood et al.  2005 ) and tuber formation 
(Banerjee et al.  2006 ). 

 The diversity of phloem mRNA was assayed 
in  Ricinus  (Doering-Saad et al.  2006 ) and 
revealed over 150 unique transcripts. In potato, 
Hannapel ( 2010 ) demonstrated that a StBEL5 
mRNA is transported a long distance to the sto-
lon tip where it regulates tuber formation. It 
seems important to assess the differential phloem 
transcriptome between control and stimulated 
plants (both in local and distant tissues) to assess 
the diversity of mRNAs transported in the phloem 
that specifi cally act as signals. Classical molecu-
lar methods (i.e., subtractive cloning or global 
sequencing) could provide valuable information 
to explore the importance of mRNA traffi cking in 
systemic plant responses. 

 The phloem sap also contains noncoding 
small RNAs (Yoo et al.  2004 ; Buhtz et al.  2008 ) 
that could interfere with translation (Zhang et al. 
 2009 ). Micro RNAs (miRNA) are small, non- 
translated RNAs that regulate gene expression 
post-transcriptionally (Yoo et al.  2004 ). They 
accumulate after various environmental stimuli 
such as nutrient defi ciency (Fujii et al.  2005 ), 
wounding (Bozorov et al.  2012 ), or pathogen 
attack (Feng et al.  2011 ). These RNAs are present 
in the phloem sap and are readily mobile (Buhtz 
et al.  2010 ). It is widely admitted that miRNAs 
play a major role in long-distance information 
transfer. MicroRNA399 appears to be involved in 
phosphate starvation (Pant et al.  2008 ), while 
Buhtz et al. ( 2008 ) identifi ed three miRNAs that 
accumulate in the phloem when plants were cul-
tivated in conditions deprived of ions. In this con-
text, a challenging task is to identify the targets of 
these miRNAs since the classical approach by 
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sequence alignment is not suffi ciently accurate 
and leaves a high proportion of nonsignifi cant 
putative interactions, mainly because these com-
puterized analyses are performed with little refer-
ence to the ongoing metabolism. 

 The phloem also contains a diverse array of 
proteins (Kehr  2006 ) including calcium-related 
proteins (annexins, calmodulin, kinases), ROS 
actors (ascorbate peroxidase, glutathione-S- 
transferase, thioredoxins), protease inhibitors, 
and lectins, all of which are potential long- 
distance signal molecules. It is not clear however 
if the proteins are themselves signals or if they 
contribute to signal propagation through their 
metabolic activity. Kehr ( 2006 ) compiled data 
showing that phloem sap contains a large variety 
of stress-related proteins, including redox metab-
olism and calcium-related proteins. Giavalisco 
et al. ( 2006 ) characterized the phloem sap of 
 Brassica napus  and found over 140 protein spe-
cies, some of them related to redox/stress metab-
olism and signal transduction, and a large set of 
metabolic enzymes (e.g., UDP glucose pyro-
phosphorylase, glyceraldehyde-3-phosphate 
dehydrogenase, malate dehydrogenase). 
Recently, Rodriguez-Medina et al. ( 2011 ) 
described the proteome and transcriptome of 
white lupin phloem sap and found numerous 
molecules that are similar to those previously 
described. However, more than one-third of them 
remain unknown, but the others were categorized 
into families: basic metabolism, structural com-
ponents, nucleic acid binding, and stress-related 
response including redox regulation (Table  3 ), 
indicating a wide variety of potential metabolic 
activities. This latter point is of major interest 
since the phloem is now understood as a transport 
system that possesses its own set of proteins and 
transcripts that are likely to play a central role in 
systemic responses of plants in response to envi-
ronmental stresses. 

 This diversity of protein and enzymatic activ-
ity was recently confi rmed in  Arabidopsis  by 
Batailler et al. ( 2012 ) where 127 proteins were 
identifi ed as belonging to pathways involving 
carbohydrate, lipid, hormone, amino acid, nucle-
otide, and secondary metabolism, as well as glu-
coneogenesis, oxidative stress, and the 

tricarboxylic acid cycle. Aside from these 
enzymes, the phloem sap also contains all the 
species (protein transport, cytoskeleton, defense 
proteins, etc.) that were identifi ed in previous 
work. The authors strongly suggest that very 
active metabolic activity takes place in the 
phloem SE.   

    Physical Systems 

 It was pointed out over 30 years ago (Davies and 
Schuster  1981 ) that such molecular-based sys-
tems fail to explain the rapid, long-distance trans-
mission of signals whose speed is many orders of 
magnitude greater than chemical transport pro-
cesses, and so efforts were made to identify the 
nature of such rapidly generated, bidirectionally 
transmitted signals (Davies  1987 ). In the last two 
decades, it has been shown that, in addition to the 
chemical signals described above, plants also 
possess two physically based signals, electrical 
and hydraulic, and these differ substantially from 
the chemical-based systems (reviewed in Davies 
 2006 ). They are fully systemic, traveling from the 
root to the stem (and stem to root), exceedingly 
rapid, and most likely possessing a limited infor-
mation capacity. Indeed, it seems most likely that 
the more rapidly a signal is generated and trans-
mitted, the less its information content (Davies 
and Stankovic  2006 ). 

   Electrical Signals 
 Although electrical signals have been known for 
over 200 years (Pickard  1973 ; Davies  2006  and 
references therein), it is only recently that valid 
functions have been assigned to them. Indeed, 25 
years ago it was still necessary to hypothesize a 
function (Davies  1987 ), although rapidly gener-
ated, bidirectionally transmitted signals were 
already known to evoke changes in translation 
(Davies and Schuster  1981 ). Electrical signals 
are now known to affect many aspects of metabo-
lism, including RNA synthesis (Stankovic and 
Davies  1996 ,  1997 ), protein synthesis (Davies 
and Stankovic  2006 ), and photosynthesis (Grams 
et al.  2009 ). 
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 There are at least four different, yet sometimes 
intertwined, electrical signals, action potentials 
(AP), variation potentials (VP), system potentials 
(SP), and voltage transients (VT), and here we 
will focus on the fi rst two (reviewed in Davies 
 2006 ; Fromm and Lautner  2007 ). Action poten-
tials are genuine electrical signals, i.e., all-or- 
none, self-propagating (via the fl ux of ions 
through voltage-gated channels), almost constant 
in velocity and magnitude, and have a refractory 
period during which a subsequent AP cannot be 
generated (Davies  2006 ). In contrast, variation 
potentials are not genuine electrical signals but 
local changes in membrane potential evoked by 
changes in the hydraulic status of the tissue act-
ing on pressure-sensitive ion channels and vary in 
apparent magnitude and velocity (Davies  2006 ). 
Nevertheless, they both seem to involve the same 
ions, being initiated by an infl ux of Ca 2+  and then 
an effl ux of Cl −  and K + , but they differ in the 
magnitude and duration of these fl uxes (Davies 
 2006 ) and in some instances proton fl uxes are 
also involved in long-distance electrical signaling 
(Grams et al.  2009 ). Although any cell with 
voltage- gated channels can generate and transmit 
signals from cell to cell (via plasmodesmata), 
long-distance transmission seems to be exclusive 
through the phloem, primarily the phloem SE 
(Van Bel et al.  2011 ; Hafke and Van Bel  2013 ); 
thus, methods for “tapping” the phloem are 
important for electrical as well as chemical sig-
nals. APs can be evoked by any external stimulus 
(electrical, cold, heat, wound) or internal stimu-
lus that can elicit a change in membrane potential 
suffi ciently large to activate voltage-gated chan-
nels (Davies  2006 ). 

 The rates of transmission of the electrical sig-
nals are also variable. The action potential in 
 Mimosa pudica  propagates rapidly, at a rate of 
20–30 mm · s −1  (Fromm and Lautner  2007 ). In 
sunfl ower plants, the action potential propagates 
at a rate of about 7–10 cm · min −1 , whereas the 
variation potential has an initial velocity of 
almost 30 cm · min −1 , rapidly decreasing further 
from the wounded region to 10–20 % of its initial 
value (Stankovic et al.  1998 ).  

   Hydraulic Signals 
 According to Malone ( 1993 ) hydraulic signals 
are ubiquitous in plants and can pass through the 
hydraulic continuum (mainly the xylem) exceed-
ingly rapidly, especially after wounding (disrup-
tion of the integrity of the xylem). Indeed, the 
rate of water movement in the xylem under these 
conditions can exceed 10 mm/s, while the move-
ment of the pressure front (loss of tension in the 
xylem) can equal the speed of sound (1,500 m/s). 
The xylem, therefore, furnishes a multipurpose 
signaling system. First, the chemicals (e.g., ABA, 
PIIF) synthesized in or released from the sur-
rounding cut tissue can act as systemic signals 
with velocities approaching 10 mm/s. Second, 
changes in pressure will be sensed throughout the 
xylem and transferred to adjacent living cells as a 
change in hydrostatic pressure, which, in turn, 
can affect pressure-sensitive channels in the 
phloem. Third, the changes in ion fl ux as a result 
of these channel openings can be converted into 
an electrical signal. Fourth, this signal will appear 
to be a self-propagating signal but is actually the 
result of local changes in membrane potential 
accompanying the self-propagating loss of ten-
sion. Thus, the loss of tension will diminish with 
distance from the wounding site and the accom-
panying electrical changes will diminish, and the 
resulting signal varies and is thus referred to as a 
variation potential (VP). In some circumstances 
the local changes in membrane potential can trig-
ger an action potential (AP), the self-propagating 
electrical signal. The interplay between the xylem 
and phloem as long-distance conduits of infor-
mation and local signaling through the adjacent 
parenchyma and companion cells is shown very 
nicely in Fig.  1  (from Fromm and Lautner  2007 ). 
It is not surprising that VPs can evoke at least as 
many downstream consequences as can APs, 
since both involve infl ux of Ca 2+  and effl ux of 
Cl − , K + , and perhaps H + , but these changes in ion 
concentrations are greater and longer lasting with 
VPs than with APs. As stated earlier these altered 
levels of ions in both the symplast and the apo-
plast can evoke a plethora of changes (Davies 
 1987 ; Fromm and Lautner  2007 ). See Table  4  
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(from Fromm and Lautner  2007  for a list of well- 
documented responses to electrical signals). 
Interestingly, it appears that the hydraulic and 
electrical components can work independently of 
each of other during the relatively non-damaging 
treatment of re-irrigation of maize (Grams et al. 
 2007 ). 

         Methods of Analysis and Possible 
Applications in Agriculture 

    Molecular-Based Signals 

 We will concentrate on metabolites present in the 
phloem since it is the major route for long- 
distance transport of signaling molecules (Dinant 
and Lemoine  2010 ) and thus the most promising 
and accessible point of investigation to increase 
overall knowledge and develop practical applica-

tions to agriculture. The challenges to fulfi ll are 
fourfold: (1) effi cient and selective collection of 
the circulating phloem sap, (2) analysis of its 
contents, (3) understanding and reconstruction of 
the metabolic pathways that could take place in 
the phloem, and (4) testing of individual metabo-
lites or combinations for their effects on plant 
tolerance to diverse environmental stresses. 

   Phloem Sampling 
 First of all, the diversity of molecules that are 
present before and after the application of a stim-
ulus that elicits a systemic response needs to be 
assayed as completely as possible, both at the site 
of stimulus perception and in distant tissues. This 
step relies on an effi cient and selective phloem 
sampling method. This is a diffi cult task since the 
phloem SEs are located within the stem and they 
possess self-repair mechanisms in case of injury. 
The phloem is highly reactive to damage (Kehr 

  Fig. 1    Electrical communication over long distances. An 
AP ( right ) can propagate over short distances through 
plasmodesmata, and after it has reached the sieve element/
companion cell (SE/CC) complex, it can travel over long 
distances along the SE plasma membrane in both direc-
tions. In contrast, a VP is generated at the plasma mem-
brane of parenchyma cells (PAs) adjacent to xylem vessels 
(VEs) by a hydraulic wave or a wounding substance. 

Because VPs were measured in SEs (Lautner et al.  2005 ), 
it is suggested that they also can pass through the plasmo-
desmal network and can reach the phloem pathway. 
However, in contrast to APs, their amplitude will be 
reduced with increasing distance from the site of genera-
tion (Figure  3  from Fromm and Lautner ( 2007 ). Copyright 
John Wiley and Sons. Reproduced with permission)       
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et al.  2005 ) and does so by the activation of anti-
oxidant metabolism and the mobilization of 
P-proteins and callose to repair the damage and 
plug the intercellular connections. Thus, one 
needs to keep in mind that the necessary intrusion 
into the phloem tubes to collect the sap is likely 
to evoke the accumulation of defense-related 
molecules. The three methods that were devel-
oped to sample the phloem content were recently 
reviewed from a technical point of view (Dinant 
and Kehr  2013 ). All these methods have the same 
limitation (i.e., they require physical intrusion of 
the plant tissues that could be perceived as a 
wound, and therefore modify the steady-state 

content of undamaged phloem tubes). The spon-
taneous exudation is the oldest and the simplest 
one to apply since it consists of the collection of 
phloem SE contents after localized incision with 
a razor blade or syringe needle. While this 
method allows recovery of relatively large 
amount of phloem SE fl uid from plants such as 
palm and pumpkin, it remains diffi cult to prepare 
pure (unpolluted) samples and the rapid accumu-
lation of P-proteins and callose in the conducting 
tubes prevents the release of SE contents in 
numerous plants. The use of calcium-chelating 
agents such as EDTA (EDTA-facilitated exuda-
tion) prevents the formation of callose and 

   Table 4    Well-documented physiological effects of electrical signals in plants (From Fromm and Lautner  2007 )   

 Stimulus  Signal  Plant  Physiological effect  Reference(s) 

 Mechanical  AP   Dionaea   Trap closure Release of 
digestive enzymes 

 Sibaoka ( 1969 ) 

 Mechanical  AP   Drosera   Tentacle movement to 
wrap around the insect 

 Williams and Pickard 
( 1972a ,  b ) 

 Cold shock, 
mechanical 

 AP   Mimosa   Regulation of leaf 
movement 

 Fromm and Eschrich 
( 1988a ,  b ,  c ) and 
Sibaoka ( 1966 , 
 1969 ) 

 Electrical  AP   Chara   Cessation of cytoplasmic 
streaming 

 Hayama et al. ( 1979 ) 

 Electrical  AP   Conocephalum   Increase in respiration  Dziubinska et al. 
( 1989 ) 

 Pollination  AP   Incarvillea ,  Hibiscus   Increase in respiration  Sinyukhin and 
Britikov ( 1967 ) and 
Fromm et al. ( 1995 ) 

 Re-irrigation  AP   Zea   Increase in gas exchange  Fromm and Fei 
( 1998 ) 

 Cold shock  AP   Zea   Reduction in phloem 
transport 

 Fromm and Bauer 
( 1994 ) 

 Electrical, cooling  AP   Luffa   Decrease of elongation 
growth of the stem 

 Shiina and Tazawa 
( 1986 ) 

 Electrical  AP   Lycopersicon   Induction of  pin2  gene 
expression 

 Stankovic and 
Davies ( 1996 ) 

 Heating  VP 
 Heating  VP   Vicia   Increase in respiration  Filek and 

Koscielniak ( 1997 ) 
 Heating  VP   Solanum   Induction of jasmonic 

acid biosynthesis and 
 pin2  gene expression 

 Fisahn et al. ( 2004 ) 

 Wounding  VP   Pisum   Inhibition of protein 
synthesis, formation of 
polysomes 

 Davies et al. ( 1986 ) 
and Davies and 
Stankovic ( 2006 ) 

 Heating  VP   Mimosa, Populus   Transient reduction of 
photosynthesis 

 Koziolek et al. 
( 2004 ) and Lautner 
et al. ( 2005 ) 
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P-protein accumulation and thus the closure of 
phloem tubes (Ernst et al.  2012 ). In contrast, the 
use of aphid feeding provides high-quality 
phloem sampling. The insects that feed on 
phloem SE contents use their stylet to wend its 
way between several cells before specifi cally 
puncturing the phloem SE and injecting com-
pounds that prevent callose formation, thereby 
keeping the stylet open. When the stylet is in 
place, the insect is removed with a laser beam 
while the stylet is left attached and intact. The 
phloem SE sap exudate is collected with a glass 
microcapillary for further analysis. The fi rst 
drops of sap exudation are usually discarded to 
prevent pollution (Doering-Saad et al.  2006 ). 
While the amount of phloem sap that can be 
obtained through this method is low, its high 
quality allows the use of a wide variety of analy-
sis methods and thus should remain the method 
of choice in herbaceous plants to accurately 
access and assess the diversity of the phloem 
content.  

   Metabolic Activity in the Phloem 
 Several methods are available to assess the 
phloem sap content. Fourier transform infrared 
spectroscopy (FT-IR) is a rapid and versatile 
method that was successfully used to develop 
metabolic fi ngerprints in plants to characterize 
control vs. salt-stressed tomato (Johnson et al. 
 2003 ) or control vs. infected elm (Martína et al. 
 2005 ). The method is suffi ciently rapid to allow a 
high number of analyses, and thus the importance 
of the development stage, diurnal variations, or 
responses to environmental stimuli can be 
explored (López-Gresa et al.  2012 ). These fi nger-
prints could serve as a starting point to develop 
more sophisticated strategies of metabolome 
determination. Metabolic profi ling aims at the 
complete description of the different molecular 
species that are present in a tissue. This technique 
was successfully used in plants over a decade ago 
(Fiehn et al.  2000 ) and is now sensitive enough to 
assess metabolic diversity on a cellular scale. For 
instance, micro-sampling of  Arabidopsis  epider-
mal cells followed by GC-MS-based metabolite 
profi ling allows effective exploration of their 
metabolome (Ebert et al.  2010 ). Analytic meth-

ods such as high-performance liquid chromatog-
raphy, gas chromatography, and capillary 
electrophoresis coupled to mass spectrometry or 
nuclear magnetic resonance are routinely used to 
assess metabolome diversity (see Dunn and Ellis 
 2005 ; Büscher et al.  2009  for a practical compari-
son of these methods). Comparative studies of 
metabolic fi ngerprinting and/or metabolic profi l-
ing of phloem sap from control and stimulated 
(both local and distant tissues) should provide a 
very powerful tool to select some metabolites 
that display differential accumulation. The deter-
mination of the phloem protein diversity using 
classical 1D and 2D gel electrophoresis followed 
by micro-sequencing or mass spectrometer anal-
ysis remains diffi cult because of the low amount 
of phloem sap. Strategies using nano-fl ow liquid 
chromatography linked to a mass spectrometer 
(Aki et al.  2008 ) could constitute a valuable 
method to assess the phloem proteome. 

 The phloem sap is an alkaline (pH 8), concen-
trated solution (osmotic pressure of 1.3–1.5 MPa, 
Fukumorita and Chino  1982 ) that may not be 
optimal for enzyme function. Therefore, the pres-
ence of several putative enzymatic activities that 
are present in the phloem in many unrelated plant 
species (Kehr et al.  2005 ) might have two differ-
ent yet related functions. The fi rst function is the 
transport of enzymes from their site of synthesis 
to their site of use via the phloem. This is the sim-
plest explanation since the enzymes and metabo-
lites are considered to be either present or 
transported “as is” with no interaction between 
the enzymes and surrounding metabolites. For 
the second function, the phloem sap is considered 
as an integrated environment where enzymatic 
reactions take place and thus modify or transform 
the molecular signals that originate in the stimu-
lated area. The latter perspective opens new 
insights for the phloem content to be a metabolic 
network bearing its own regulation through the 
general phloem osmotic and ionic environment 
and the presence of diverse molecules that could 
interfere with enzymatic reactions. Enzymatic 
activity in the phloem is demonstrated for oxida-
tive pathways (Walz et al.  2002 ) and biosynthesis 
of the plant hormones, ethylene, and jasmonate. 
It is diffi cult to decipher which reactions are 
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likely to take place and how they can modify the 
dynamic of parallel reactions. 

 Molecular network modeling could constitute 
a powerful tool to deal with this complexity. 
Different approaches exist, mainly employing 
stoichiometric and kinetic models. Stoichiometric 
models (Llaneras and Picó  2008 ) are the easiest 
to set up insofar as they do not require precise 
information on the steady-state levels of molecu-
lar reactions of the molecular network under con-
sideration. In contrast, kinetic models (Schallau 
and Junker  2010 ) use different information 
(enzyme rate, stoichiometry of the reactions, etc.) 
to feed a precise dynamic mathematical descrip-
tion of the enzymatic processes. In return, the 
model predicts the time evolution of the different 
molecular species concentrations (substrates and 
products of many parallel reactions that could be 
partially linked). However, this information is not 
always available, nor easy to measure, making 
kinetic models more diffi cult to set up. Both 
approaches could be used to get information on 
metabolic fl uxes and network-based pathway 
analysis. This information could in turn be of 
great interest to better understand the dynamics 
and distribution of metabolites in diverse tissues 
and at various time points. 

 Different kinds of metabolic models have 
been developed in plants to model the metabolic 
network (Kruger and Ratcliffe  2012 ). As an 
example, the primary metabolism of  Arabidopsis  
was modeled (Gomes de Oliveira Dal’Molin 
et al.  2010 ). This model (AraGEM) takes into 
consideration over 1,500 metabolic reactions in 
several compartments (cytoplasm, vacuole, per-
oxisome, etc.) and has proven its utility for the 
prediction of basic metabolism cycle reactions 
(e.g., photorespiration) and is robust enough to 
test in silico functional analysis. Recently, Mintz- 
Orona et al. ( 2012 ) published another model 
(mainly generated from database information) 
that takes into account the diverse location of 
enzymes and metabolite fl uxes in  Arabidopsis . 
Transferring such methods to phloem metabo-
lism networks should be possible since the num-
ber of molecular species and enzymes is likely to 
be much lower than in the cytoplasm. High-purity 

phloem sampling followed by metabolome anal-
ysis and database contribution should furnish 
metabolic models useful for predicting molecular 
events on a spatial (local and distant) and tempo-
ral basis, thereby identifying the molecular spe-
cies that differentiate the control vs. stimulated 
phloem sap. These molecular species could 
therefore be used as candidate molecules to test 
their effect on plant tolerance to environmental 
stimuli.  

   Effect of Bioactive Molecules on Plants 
 The effect of these treatments could then be mon-
itored on some of the traits of interest both for 
agriculture (e.g., growth, yield, resistance to 
pathogens, etc.) and horticulture (global architec-
ture, leaf morphology, date of fl owering, etc.). 
The general strategy is presented in Fig.  2 . The 
phloem is sampled and analyzed to determine its 
proteome (2), metabolome (3), and transcriptome 
(4) both in tissue adjacent to and distant from the 
stimulus (1). Proteome and metabolomes account 
for molecules that are immediately active. In con-
trast, the transcriptome accounts for translatable 
(mRNA) or regulatory (miRNA) molecules, 
although the phloem is devoid of translation 
equipment. The information from these analyses, 
combined with databases, feeds a metabolic net-
work model (5) that helps to identify putative 
molecules of interest. These molecules are there-
fore used (alone or in combination) to treat plants 
(6); the effects are observed on different items of 
interest (e.g., increased resistance to pathogens, 
crop production in stressed environments, plant 
architecture) using an automated high- throughput 
phenotyping facility (7).  

 This strategy requires a considerable number 
of plants to perform the analyses because of the 
diversity in metabolites, combinations, and 
 concentrations (several thousand per test is a rea-
sonable estimate). It is therefore an absolute 
necessity to use an automated, high-throughput 
system (phenotyping, Furbank and Tester  2011 ) 
to evaluate the effect of treatments on traits of 
interest. Such automated facilities are now func-
tional and some of them were recently used in a 
very similar context (Tardieu and Tuberosa 
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 2010 ). These authors used a phenotyping facility 
to identify genetic loci of interest that allow 
plants to maintain agricultural performances 
under stress condition (stress tolerance as inherit-
able traits): the phenotyping facility uses special-
ized cameras and software (Hartmann et al.  2011 ) 
to identify phenotypic variations (e.g., plant 
architecture) that are related to quantitative trait 
loci (QTL) of interest. A very similar approach 
could be used to test the effect of phloem mole-
cules or combinations of molecules (character-
ized from differential metabolic profi ling and/or 
from metabolic network modeling) on plant char-
acteristics of interest (Fig.  3 ). These phenotyping 
methods are applicable to the stem as well as the 
roots (Iyer- Pascuzzi et al.  2010 ).    

    Methods for Electrical-Based Signals 

 Both of the major electrical signals in plants, 
action potentials (AP) and variation potentials 
(VP), must, by defi nition, involve selective ion 
movement across membranes leading to changes 
in membrane potential and thus can be measured 
by measuring either of these parameters. 

   Measuring Membrane Potential Using 
Electrodes 
 Until recently, the method of (a very limited) 
choice was to use electrodes, either intracellular 
or, far more frequently, extracellular, and gener-
ally these electrodes measured the difference 
between the so-called measuring electrode(s) and 

  Fig. 2    General strategy to test effect of a molecule (or a 
combination of molecules) on agricultural or horticultural 
traits of interest. The plant is stimulated locally to poten-
tially evoke both local and systemic responses ( 1 ). Phloem 
sap is sampled and analyzed for proteome ( 2 ), metabo-
lome ( 3 ), and transcriptome ( 4 ). The collected informa-
tion is used to feed metabolic network modeling ( 5 , along 

with information from databases) to select molecule(s) of 
interest used to treat plants ( 6 ) subjected to environmental 
perturbation. The effect of this treatment (e.g., increased 
resistance to pathogens, plant architecture, etc.) is evalu-
ated using a high-throughput plant phenotyping facility 
( 7 )       
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the reference or ground electrode (Davies  2006 ). 
The extracellular electrodes measure the global 
ionic activity within their sphere of infl uence and 
can be either surface contact electrodes or 
inserted electrodes. The former cause little dam-
age to the plant but suffer from drying out and 
thus a limited duration of use, while the latter 
damage the tissue but can be used for days or 
even weeks (Davies  2006 ). Relatively little skill 
is needed in conducting these measurements and, 
except for computer and associated programs for 
analyzing data, they are comparatively inexpen-
sive. These are the methods we have routinely 
used, and we eventually chose the extracellular 
(inserted) electrodes even for experiments on 
wounding, since we could wait for the plant to 
recover from the (minor) wound of inserting the 
electrode before performing the major wound 
(Stankovic et al.  1998 ). Since AP and VP have 
different properties (velocity, magnitude, etc.), it 
is necessary to have a series of electrodes refer-
enced with the ground electrode in order to dif-
ferentiate between these signals. 

 In contrast to extracellular electrodes, intra-
cellular electrodes require far greater skill on the 
part of the experimenter as well as much more 
sensitive, delicate, and expensive equipment to 
make the electrodes, insert them, and conduct the 
recordings. Work with plants is generally far 
more diffi cult than work with animals, and the 
use of intracellular electrodes is no exception. An 
animal cell has at most an extracellular matrix 
surrounding it, which furnishes a minimal physi-
cal barrier to an electrode, whereas a plant cell 
has a tough wall, which can easily break the elec-
trode when attempting to insert it. Furthermore, 
the animal cell is primarily cytoplasm, whereas 
the plant cell may be 90 % vacuole and it takes 
great skill to position the electrode in the cyto-
plasm and not in the cell wall or the vacuole. 
Nevertheless, such intracellular electrodes have 
been use frequently and with great success. 

 As mentioned earlier, the phloem is a major 
conduit for chemical and electrical signals but 
analysis of its contents are made diffi cult by the 
wound-induced formation of P-proteins. This has 

  Fig. 3    Example of phenotyping in cabbage after 
 Alternaria brassicicola  infection. Thermal imaging of a 
cabbage leaf infected with  Alternaria brassicicola  (5 days 
after inoculation) to quantify the surface of the leaf 
infected by the pathogen. ( a ): visible scan image of black 

spot symptom; ( b ): thermal image. Such images could be 
use to feed an automated process to identify the potential 
effect of plant treatment toward an infection (Photographs 
courtesy of IRHS-FungiSem, obtained with Phenotic 
technical facilities, SFR 4207 Quasav, Angers, France)       
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been very nicely circumvented by the use of 
aphids, which can make their proboscis wend its 
way between different cells until it encounters a 
phloem SE. It then punctures the SE and releases 
an anti-clogging agent. The aphis is severed, 
leaving the proboscis in the SE. Not only does 
this allow the release of chemicals from the 
phloem but it can also act as a recipient for a 
microelectrode which can then be used to mea-
sure action potentials (or specifi c ions if neces-
sary). This is shown very nicely in Fig.  4  (from 
Fromm and Lautner  2007 ).   

   Measuring Membrane Potential Using 
Fluorescence 
 The use of fl uorescence as a means to detect mac-
romolecules and small molecules has been 
around for a few decades, but the use of highly 
specifi c fl uorescent proteins gained ascendancy 
with the work from Roger Tsien’s lab (Tsien 
 1998 ) on green fl uorescent protein (GFP) and the 
tremendous array of genetically modifi ed ver-
sions with different absorption and emission 
spectra that have been developed since (Tsien 
 2010 ). The most recent review of the invaluable 

  Fig. 4    Techniques for measuring electrical signals in 
plants. ( a ) Extracellular recording with four channels and 
a reference electrode inserted in the soil. ±, electrical 
stimulation. An AP ( right ) generated by electrical stimula-
tion appeared successively at electrodes 1, 2, 3, and 4. ( b ) 
Intracellular measurement of the membrane potential with 
a microelectrode inserted into the cytoplasm of an algal 
cell while the reference electrode is in contact with the 
artifi cial pond water (APW) outside the cell. Both elec-
trodes are fi lled with KCl, clamped in Ag/AgCl pellet 
holders, and connected to an electrometer. ( c ) Phloem 

potential measurements; an aphid in feeding position with 
its stylet inserted into a sieve element on the upper side of 
a leaf. ( d ) After the aphid is separated from its stylet by a 
laser pulse, the stylet stump exuded sieve tube sap to 
which the tip of a microelectrode was attached. Cooling 
the shoot evoked an AP transmitted acropetally within the 
phloem, while fl aming of a leaf generated a VP with dif-
ferent form and of long duration.  t  time (Figure  1  from 
Fromm and Lautner ( 2007 ). Copyright John Wiley and 
Sons. Reproduced with permission)       
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role of fl uorescent proteins in plant research 
(Okumoto et al.  2012 ) describes their construc-
tion, their use in high-resolution imaging  in 
planta , and their use in discovery of novel phe-
nomena. More on this topic is included in a 
 companion chapter in this volume (Davies and 
Stankovic, Plant Cytomics: Novel Methods to 
View Molecules on the Move). 

 There has been a recent surge of reports 
(mainly in  Nature Methods ) describing the use of 
voltage-sensitive fl uorescent proteins to analyze 
membrane potential and the accompanying 
action potentials in animal systems. These 
include the use of fl uorescence (or Förster) reso-
nance energy transfer (FRET) of a specially con-
structed donor and acceptor termed “Mermaid” 
which was used to record voltage spikes similar 
to those found with action potentials measured 
using electrodes (Tsutsui et al.  2008 ). More 
recently a bacterial rhodopsin has been shown to 
“run in reverse” (Looger  2012 ). This protein is 
normally activated by light to evoke ion fl uxes 
in vivo, but it can now be used to monitor ion 
fl uxes through voltage-mediated emission of 
light (Looger  2012 ). Indeed, these voltage- 
sensitive fl uorescent proteins (VSFP) have now 
been genetically targeted to specifi c (animal) cell 
types (Akemann et al.  2010 ; Kralj et al.  2011 ). 
Pastrana ( 2012 ) points out the great value of such 
techniques in the neurosciences, where immense 
skill and patience are needed to insert microelec-
trodes into delicate cells deep within tissues, but 
far less skill (with perhaps greater accuracy) can 
be obtained using VSFP. We know of no work 
with plants using such methods but consider it an 
excellent path to follow, especially since micro-
electrode insertion is even trickier with plants. 
However, it would be diffi cult to get the appropri-
ate microbial rhodopsin expressed in cells such 
as phloem SE (lacking translation apparatus) and 
impossible in xylem vessel elements (dead), 
which are the major conduits for systemic electri-
cal signals in plants.  

   Measuring Ion Fluxes Using Electrodes 
 Both vibrating probes (reviewed in Dorn and 
Weisenseel  1982 ) and ion-specifi c electrodes 
(reviewed in Ammann  1986  and in Blatt  1991 ) 

have been used to determine ion fl uxes during 
action potentials. As with voltage measurements 
described above, these methods are now being 
superseded, at least in animal research, by fl uo-
rescence techniques.  

   Measuring Ion Fluxes Using 
Fluorescence 
 Fluorescence has been used to measure action 
potentials (or more specifi cally the Ca 2+  infl ux 
that takes place during an AP) in plants ever since 
the development of fl uorescent proteins such as 
the jellyfi sh protein aequorin (Williamson and 
Ashley  1982 ). More recently green fl uorescent 
protein (GFP) and its extended family (Tsien 
 1998 ,  2010 ) have found multiple uses, including 
in plants (Haseloff  1998 ), and have come to the 
fore in calcium measurements, especially in the 
fi eld of neurophysiology, and again the most rel-
evant articles appear primarily in  Nature Methods . 
Genetically modifi ed calcium sensors are being 
developed (Rochefort and Konnerth  2008 ) and 
used to measure very short-lived calcium spikes 
(Grewe et al.  2010 ), and ultra-sensitive calcium 
indictors such as Cameleon-Nano are proving 
exceedingly useful (Horikawa et al.  2010 ). Two 
recent articles from Gilroy’s lab have reviewed 
this topic in plants. One major review lists all the 
conventional fl uorescence techniques for mea-
suring Ca 2+  (as well as ROS and pH)  in planta  
(Swanson et al.  2011 ) and shows the emission 
spectra of various constructs including 
Cameleons. The more recent one (Choi et al. 
 2012 ) furnishes a very useful table listing differ-
ent kinds of biosensors, their subcellular locale of 
assay, their targeting method, and cell types and 
plant species (primarily  Arabidopsis ) where they 
have been used (Table  5 ).

      Hydraulic Signals 
 As mentioned earlier, when the xylem is mas-
sively perturbed by, for instance, fl aming a leaf, it 
loses tension almost immediately, resulting in 
several signal-like phenomena. First, the loss of 
tension can be measured by changes in volume in 
the stem apex by the use of position-sensing 
transducers (Malone  1993 ; Stankovic et al. 
 1998 ). Second, the loss of tension results in 
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   Table 5    Examples of the application of cytosolic and subcellularly targeted GFP-based biosensors for Ca 2+ , pH, and 
reactive oxygen species (ROS) in plants   

 Biosensor  Subcellular locale  Targeting method  Cell types  Species  References 

  Ca   2+   
 YC2.1  Cytosol  –  Root hair, root 

epidermis, 
guard cells, 
pollen tubes 

  Arabidopsis , 
 Medicago , lily, 
tobacco 

 Miwa et al. ( 2006 ), 
Kosuta et al. ( 2008 ), 
Allen et al. ( 1999 ,  2001 , 
 2002 ), Klusener et al. 
( 2002 ), Hugouvieux 
et al. ( 2001 ), Capoen 
et al. ( 2011 ), and 
Watahiki et al. ( 2004 ) 

 Nucleus  Nucleoplasmin 
fusion 

 Root hairs, 
pollen tubes 

  Medicago , 
tobacco 

 Sieberer et al. ( 2009 ) 
and Watahiki et al. 
( 2004 ) 

 YC3.6  Cytosol  –  Stomatal guard 
cell, roots, root 
hairs, cotyledons, 
pollen tubes 

  Arabidopsis , 
lotus, tobacco 

 Weinl et al. ( 2008 ), 
Krebs et al. ( 2011 ), 
Iwano et al. ( 2009 ), and 
Monshausen et al. 
( 2008 ,  2009 ,  2011 ) 

 Plasma membrane  N-terminal fusion 
of YC3.6 with the 
LT16b protein 

 Roots, 
cotyledons 

  Arabidopsis   Krebs et al. ( 2011 ) 

 Nucleus  NLS from SV40 
large T protein 

 Roots, 
cotyledons 

  Arabidopsis   Krebs et al. ( 2011 ) 

 YC3.1  Cytosol  –  Pollen, 
stigmatic 
papillae 

  Arabidopsis , 
tobacco 

 Iwano et al. ( 2004 ), 
Certal et al. ( 2008 ), 
Michard et al. ( 2008 , 
 2011 ), and Watahiki 
et al. ( 2004 ) 

 YC4.6  ER  Pumpkin 2S 
albumin signal 
peptide/HDEL ER 
retention signal 

 Pollen   Arabidopsis   Iwano et al. ( 2009 ) 

 D3cpv  Peroxisome  C-terminal KVK–
SKL peptide 

 Roots, 
cotyledons 

  Arabidopsis   Costa et al. ( 2010 ) 

 Tonoplast  N-terminus 
of CBL2 

 Roots, 
cotyledons 

  Arabidopsis   Krebs et al. ( 2011 ) 

  pH  
 H148D  Cytosol  –  Roots, root hairs   Arabidopsis   Fasano et al. ( 2001 ) and 

Monshausen et al. 
( 2007 ,  2009 ,  2011 ) 

 pHluorin  Cytosol  –  Roots, pollen 
tubes 

  Arabidopsis , 
tobacco 

 Gao et al. ( 2004 ), 
Moseyko and Feldman 
( 2001 ), Certal et al. 
( 2008 ), and Michard 
et al. (2008) 

 Apoplast  Chitinase signal 
peptide 

 Roots   Arabidopsis   Gao et al. ( 2004 ) 

 Pt-GFP  Cytosol  –  Roots, leaves   Arabidopsis   Schulte et al. ( 2006 ) 

(continued)

Signalomics: Diversity and Methods of Analysis of Systemic Signals in Plants



480

Table 5 (continued)

 Biosensor  Subcellular locale  Targeting method  Cell types  Species  References 

  H   2   O   2   
 Hyper  Cytosol  –  Leaf epidermis, 

stomatal guard 
cells, suspension 
cell culture 

  Arabidopsis   Costa et al. ( 2010 ) 

 Peroxisome  C-terminal KSRM 
peptide 

 Leaf epidermis, 
stomatal guard 
cells 

  Arabidopsis , 
tobacco 

 Costa et al. ( 2010 ) 

  Redox  
 RoGFP1/2  Cytosol  –  Roots, leaves   Arabidopsis , 

tobacco 
 Jiang et al. ( 2006 ), 
Meyer et al. ( 2007 ), 
Rosenwasser et al. 
( 2010 ), and 
Schwarzlander et al. 
( 2009 ) 

 Mitochondrion  First 87 amino acids 
of the tobacco 
β-ATPase 

 Roots, leaves   Arabidopsis , 
tobacco 

 Jiang et al. ( 2006 ), 
Rosenwasser et al. 
( 2010 ), and 
Schwarzlander et al.
( 2008 ,  2009 ) 

 ER  Chitinase targeting 
peptide/HDEL 
retention signal 

 Roots, tobacco 
leaf cells 

  Arabidopsis   Meyer et al. ( 2007 ) and 
Schwarzlander et al. 
( 2008 ) 

 Peroxisome  C-terminal SKL 
peptide 

 Leaves   Arabidopsis , 
tobacco 

 Rosenwasser et al. 
( 2010 ) and 
Schwarzlander et al. 
( 2008 ) 

 Plastid  Transketolase target 
peptide 

 Leaves   Arabidopsis   Rosenwasser et al. 
( 2010 ) and 
Schwarzlander et al. 
( 2008 ) 

  Table 1 from Choi et al. ( 2012 ). Copyright The Plant Journal. Reproduced with permission  

diminished water uptake through the roots, which 
can be measured by loss of water from a reser-
voir. Third, the transmitted loss of tension results 
in the local generation of a variation potential 
(which gets slower and smaller with distance 
from the wounded leaf). These three parameters 
have been measured simultaneously in the same 
plant (Davies et al.  1991 ).       
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     Abstract  

  Growing plants have a constitutive demand 
for thiol (sulfur) to synthesize protein, sulfoli-
pid, and other essential sulfur (S)-containing 
molecules for growth. The uptake and subse-
quent distribution of sulfate is regulated in 
response to demand and environmental fac-
tors. Sulfate transport consists of both consti-
tutive and sulfur nutrition-dependent regulated 
transport. The acquisition of sulfur by plants 
has become an increasingly important concern 
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for the agriculture due to the decreasing trends 
of S-emissions from industrial sources and the 
consequent limitation of inputs from deposi-
tion. The recognition of the importance of sul-
fate for plant growth and vigor and hence crop 
yield, as well as the nutritional importance of 
sulfur for human and animal diets, has increas-
ingly been recognized. Cysteine synthesis in 
plants is a fundamental process for protein 
biosynthesis and all anabolic pathways that 
require reduced sulfur. Cysteine is the fi rst 
committed molecule in plant metabolism that 
contains both sulfur and nitrogen, and, thus, 
the regulation of its biosynthesis is of utmost 
importance for the synthesis of a number of 
essential metabolites in plant pathways. 
Cysteine is incorporated into proteins and glu-
tathione directly or serves as a sulfur donor for 
the synthesis of S-containing compounds 
such as methionine and its derivatives 
 S -adenosylmethionine and  S -methylmethio-
nine and many secondary compounds. 
Furthermore, cysteine acts as a general cata-
lyst in redox reactions through the nucleo-
philic properties of its sulfur atom, utilizing 
dithiol–disulfi de interchange, as displayed in 
the thioredoxin and the glutaredoxin systems. 
Molecular characterization involving tran-
scriptomics, proteomics, and metabolomics 
profi ling in major crops like rice, barley, 
wheat, maize, and legumes along with model 
plant  Arabidopsis thaliana  revealed that sul-
fate uptake, distribution, and reductive assimi-
lation are regulated in fi ne-tune depending on 
sulfur status and demand and that this cascade 
is integrated with plant photosynthesis, nutri-
ent transports, antioxidant defense system, 
hormonal signaling, kinase cascades, carbo-
hydrate metabolism, and during plants’ expe-
riences with different biotic and abiotic 
stresses. This cascade can be manipulated in 
favor of enhanced plant growth and nutritional 
benefi ts—as, for example, effort has been ini-
tiated in food and feed legumes (chickpeas, 
narrow-leafed lupin, soybeans) and other 
plants with enhanced S-containing amino 
acids, threonine, glutathione, protein quality, 
protease inhibitors, and trace elements and 
with lysine, protein content, and compositions 

in cereal grains. This emerging prospect can 
be ushered by using latest cutting-edge func-
tional genomics tools and better understand-
ing of plant thiol-metabolism from source 
(soil) to sink (grains) in diverse arenas of “thi-
olomics.” In this chapter, the comprehensive 
knowledge generated in this area has been 
compiled and analyzed.  

  Keywords  

  Antioxidant defense   •   Cross talk   •   Functional 
genomics   •   Glutathione   •   Hormone signaling   • 
  Nutrition   •   Plant stress   •   Regulations   •   Sulfur 
metabolisms  

        Introduction 

 Sulfur (S) is a critical nutrient for metabolism, 
plant growth, and development. It represents the 
ninth and least abundant essential macronutrient 
in plants (Höfgen and Hesse  2008 ). The impor-
tance of S as a plant nutrient has been recognized 
since time immemorial, but active research 
started in the second half of the twentieth century 
when widespread S defi ciencies were observed. S 
plays an inevitable and imperative role in the for-
mation of amino acids, methionine (Met; 21 %) 
and cysteine (Cys; 27 %), and synthesis of pro-
tein, chlorophyll, and oil in the oilseed crops. 
Numerous other plant metabolites are also 
formed from S. Plant S nutrition not only affects 
crop yield but also quality (Tabe et al.  2003 ; 
Chiaiese et al.  2004 ; Taylor et al.  2008 ). 
Therefore, increasing the S utilization effi ciency 
(SUE) of plants is becoming an important issue. 
SUE was described as “improved capture of 
resources, the accumulation of greater reserves of 
S, and improved mechanisms for the remobiliza-
tion of these reserves” (Hawkesford  2000 ). The 
importance of SUE has nicely been demonstrated 
in two gain-of-function  Arabidopsis  mutants, 
 sue3  and  sue4 , exhibiting low S tolerance 
equipped with well-developed root systems, tol-
erance to heavy metals, and tolerance to oxida-
tive stress (Wu et al.  2010 ). Cysteine (Cys) is the 
fi rst stable and committed molecule in plant 
metabolism that contains both S and nitrogen 
(N). It is the metabolic precursor for vital cellular 

D. Talukdar and T. Talukdar



493

components containing reduced S, including glu-
tathione (GSH), homoglutathione, iron–sulfur 
clusters, vitamin cofactors like biotin and thia-
min, and multiple secondary metabolites. GSH is 
the most abundant low-molecular-weight thiol- 
buffer with a plethora of functions in plant stress 
defense, hormone signaling, redox regulation, 
sexual plant reproduction, and S homeostasis 
(Noctor et al.  2012 ). Thus, the regulation of S 
biosynthesis is of utmost importance for the syn-
thesis of a number of essential metabolites in 
plant pathways. 

 A fair part of S incorporated into organic mol-
ecules in plants is located in thiol (−SH) groups 
in proteins (Cys residues) or nonprotein thiols 
(GSH). The thiol group of Cys in proteins main-
tains protein structure by forming disulfi de bonds 
between two Cys residues via oxidation. The 
thiol of Cys and GSH is often involved in the 
redox cycle by two thiol–disulfi de conversions. 
This interchange is versatile for redox control 
and mitigation against oxidative stress in nearly 
all aerobic organisms including plants (Leustek 
et al.  2000 ). Sulfate uptake and assimilation share 
approximately equal control over cellular thiol 
fl ux (Vauclare et al.  2002 ). 

 Studies in the model plant  Arabidopsis thali-
ana  (thale cress) provide signifi cant insights on 
the molecular processes and regulation of thiol- 
metabolism (Leustek et al.  2000 ; Saito  2000 ; 
Kopriva  2006 ; Meyer and Rausch  2008 ; Höfgen 
and Hesse  2008 ; Kopriva et al.  2009 ; Yi et al. 
 2010 ). However, the depth of understanding these 
same pathways in various crop plants is some-
what limited. In general, acquisition of S from 
soil, its transport, reductive assimilation, forma-
tion of downstream metabolites via Cys, and 
highly versatile functions of different thiolic 
compounds in diverse events of plant growth and 
development encompass huge interactive and 
integrated multilevel networks of thiol-cascade 
which starts from upstream events of 
S-metabolisms to produce downstream thiol- 
metabolites GSH and GSH-mediated entire anti-
oxidant defense within ascorbate (AsA)–GSH 
cycle and outside it. With the miraculous prog-
ress of different “omics” technologies, the biol-
ogy of plant thiol-metabolism has entered into a 

new era, refl ecting successful utilization of func-
tional genomics in dissecting molecular mecha-
nisms of thiol-cascade in plant growth and 
nutritional quality through understanding of a 
new concept, “thiolomics.” Transcriptome, pro-
teome, and metabolome analysis of any organism 
refl ects the total biological activities at any given 
time which are responsible for the adaptation of 
the organism to the surrounding environmental 
conditions.  Arabidopsis  is the plant model of 
choice for global analysis of transcriptome, 
 proteome, and metabolome. S defi ciency, the 
major physiological problem connected with 
S-metabolism, is being investigated by  expression 
profi ling (Hirai et al.  2003 ; Maruyama- Nakashita 
et al.  2003 ; Nikiforova et al.  2003 ) and combined 
transcriptome and metabolome analysis (Hirai 
et al.  2005 ; Nikiforova et al.  2005a ). More than 
2,700 genes were found to be affected by S star-
vation. The genes induced by S defi ciency 
included those coding for sulfate transporters, 
reduction, and assimilation to downstream thiol-
metabolites. Metabolome  analysis revealed that 
from approximately 6,000 analyzed metabolites, 
11.5 % were signifi cantly affected by 13 days of 
S starvation (Nikiforova et al.  2005a ,  b ). The 
power of the global study of metabolite and tran-
script networks was demonstrated by Hirai et al. 
( 2005 ), who used a batch- learning self-organiz-
ing mapping analysis to reveal clusters of genes 
and metabolites regulated by the same mecha-
nism. Altogether, transcriptome, proteome, and 
metabolome analyses revealed the complexity of 
the interactions between S, N, and C metabolism 
and created new domains of the molecular mech-
anisms of thiol- metabolisms, and the discovery 
of 49 transcription factor genes responding spe-
cifi cally to S defi ciency is of greatest importance 
in this regard (Nikiforova et al.  2003 ).  

    Sulfate Uptake and Transport: 
Dissecting Fundamental Steps 
with “Omics” Technologies 

 The major S form available to plants is sulfate. 
Uptake of sulfate by plants is considered to be the 
fundamental step of the S cycle in the nature. 
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Sulfate is taken up to plant cells by sulfate trans-
porters (Sultr). Recently, the fi rst transcription 
factors responsible for regulation of sulfate 
uptake and assimilation have been identifi ed 
(Maruyama-Nakashita et al.  2006 ; Hirai et al. 
 2007 ). Once sulfate is taken up from the soil 
solution by dedicated root membrane transport 
systems, it is either transitorily accumulated in 
the vacuoles of roots or shoots, or it enters the 
complex sulfate reductive metabolic pathway 
(Kopriva  2006 ). In between the step of sulfate 
uptake into root cells and its reduction in the far-
away leaf chloroplasts, several cell-to-cell inter- 
and intracellular transports through numerous 
transmembrane and plasmodesmata exist. 
Coordination of such short- and long-distance 
sulfate transport requires the timely regulations 
of gene expressions encoding proteins involved 
in sulfate uptake and transport. In order to under-
stand how components of the network interact, it 
is necessary to analyze the temporal and spatial 
transcription behavior of all (or most) of the 
genes in the genome (the transcriptome) simulta-
neously (Kopriva  2006 ). 

 Nascent seedlings and generative tissues have 
a constitutive demand for S. The uptake and sub-
sequent distribution of sulfate is regulated in 
response to demand and environmental factors. 
Many studies have shown that the changes in the 
capacity of plant S transport were paralleled by 
changes in the steady-state contents of mRNAs 
and protein of the group 1 sulfate transporters 
(Smith et al.  1997 ; Takahashi et al.  2000 ; 
Hawkesford and Wray  2000 ; Shibagaki et al. 
 2002 ; Yoshimoto et al.  2002 ,  2003 ; Howarth 
et al.  2003 ). The derepression/repression of gene 
expression seems to be a major factor in the regu-
lation of sulfate uptake in plants. Differential 
expression of transcripts for S-metabolic enzymes 
was systematically validated by reverse tran-
scription quantitative PCR in different plants. 
Since the fi rst reported cloning of a plant sulfate 
transporter in  Stylosanthes hamata  (Smith et al. 
 1997 ), it has gradually become clear that sulfate 
transport in plants is carried out by a complex 
system of transporters governed by multigene 
family. In recent years, many genes controlling 
expressions of sulfate transporters from diverse 

plant taxa have been isolated and characterized 
(reviewed Buchner et al.  2004a ). Sulfate trans-
port consists of both constitutive and S nutrition- 
dependent regulated transport. A decreased 
intracellular content of sulfate, Cys, and GSH is 
concomitant with increasing transporter activity 
(Smith et al.  1997 ). Gene and protein expression 
studies have confi rmed that regulation occurs 
predominantly at the level of the mRNA (Smith 
et al.  1997 ; Takahashi et al.  2000 ; Hawkesford 
and Wray  2000 ; Yoshimoto et al.  2002 ; 
Hawkesford  2003 ; Kopriva  2006 ; Takahashi 
et al.  2011 ; Talukdar and Talukdar  2013d ). 
Transcriptomic analysis of the sulfate transporter 
gene family refl ects a complex pattern of regula-
tion: (1) cell-specifi c expression of some groups 
1, 2, and 4 transporters under adequate S nutri-
tion which is upregulated by inadequate S nutri-
tion (AtSultr1;2, 1;3, 2;1, 4;1); (2) expression of 
the group 3 transporters with tissue/organ speci-
fi city but no regulation by S nutrition; and (3) 
cell-/tissue-specifi c S defi ciency-related 
 derepression of some group 1 and 2 transporters 
(AtSultr1;1, 1;2, 2;1, 2;2) (Buchner et al.  2004a ). 
The process of so-called long-distance sulfate 
translocation may require several types of trans-
porters responsible for cell-to-cell movement of 
sulfate across the plasma membrane. Loading of 
sulfate into the vascular tissues in roots and 
unloading of sulfate into the leaf cells are 
assumed to be the two important steps in this pro-
cess. These two events are controlled by the same 
sulfate transporter gene,  AST68 , in  A. thaliana  
(Takahashi et al.  1997 ). Using an array hybridiza-
tion/transcript profi ling method in  Arabidopsis  
plants subjected to 6, 10, and 13 days of constitu-
tive and induced S starvation, Nikiforova et al. 
( 2003 ) revealed induction of sulfate transporter 
 AST68  (Sultr2;1) and Sultr4;1. Analysis of the 
 Arabidopsis  and rice genome sequences (The 
Arabidopsis Genome Initiative  2000 ) has till date 
enabled the identifi cation of 14 putative sulfate 
transporter genes in each genome (Vidmar et al. 
 2000 ; Buchner et al.  2004a ). Alignment and phy-
logenetic analysis of the 14  Arabidopsis  and rice 
proteins subdivides the plant sulfate transporter 
family into four closely related groups, all with 
12 membrane-spanning domains and a STAS 
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(sulfate transporter and anti-sigma antagonist) 
domain at their carboxy-terminus (Aravind and 
Koonin  2000 ), and a fi fth more diverse, but 
clearly related, group with two smaller proteins 
lacking the STAS domain (Hawkesford  2003 ). 
However, nothing is known about plastidic sul-
fate transporters in higher plants. The sulfate 
transport in plastids is necessary for the synthesis 
of many sulfur-containing compounds. For 
example, in  Spinacia oleracea , the lack of sul-
fates leads to considerable changes in the expres-
sion of Cys synthesis genes (Lyubetsky et al. 
 2013 ). Plastomes of vascular plants lack genes of 
the sulfate transport system except for rare 
instances of cyst and cysA. However, the green 
alga  Helicosporidium  sp. retains cysT. Plastomes 
of the rhodophyte  Cyanidium caldarium  and 
 Cyanidioschyzon merolae  and the cyanelle 
genome of  Cyanophora paradoxa  lack cysT 
homologues but possess distant homologues of 
cysA presumably involved in the transport of 
zinc or manganese (Lyubetsky et al.  2013 ). In 
some liverworts, the plastid-encoded sulfate 
transporter gene  cys A has been lost up to 29 
times, yet intact copies of  cys A are evolving 
under selective constraints. Gene loss is more fre-
quent in groups with an increased substitution 
rate in the plastid genome of liverworts (Wickett 
et al.  2011 ). None of the 14  Arabidopsis  genes 
encoding putative sulfate transporters seems to 
be involved in such a crucial function. Plastidic 
sulfate transporters are, however, identifi ed in 
 Chlamydomonas reinhardtii  and shown to belong 
to the bacterial ABC type of transporter 
(Lyubetsky et al.  2013 ). Thus, identifi cation of 
plant plastidic sulfate transporter is undoubtedly 
one of the greatest challenges in S research 
(Davidian and Kopriva  2010 ). 

    Group 1 and 2 Sulfate Transporters 

 Group 1 and 2 sulfate transporters, which are 
localized at the plasma membrane, have been the 
subject of several studies and are the best charac-
terized groups. Members of group 1 represent 
high-affi nity transporters that facilitate uptake of 
sulfate by the root (Sultr1;1 and Sultr1;2) or 

translocation of sulfate from source-to-sink 
organs (Sultr1;3) (Takahashi et al.  2000 ,  2011 ; 
Shibagaki et al.  2002 ; Hawkesford  2003 ; Kopriva 
 2006 ; Talukdar and Talukdar  2013d ). In wheat, 
the high-affi nity sulfate transporter homologue to 
the AtSultr1;1 was detected in aleurone cells of 
wheat grains by immunolocalization (Kopriva 
 2006 ). Group 2 is composed of low-affi nity sul-
fate transporters whose gene products may rather 
play a role in vascular tissues, facilitating the 
translocation of sulfate around the plant. 
Differences in the kinetic and expression pattern 
of AtSultr2;1 (Km 0.41 mM) and AtSultr2;2 (Km 
1.2 mM) indicate specifi c functions in the pro-
cess of vascular movement of sulfate. AtSultr2;1 
is expressed in the xylem parenchyma and 
phloem cells of leaves, but in the root in xylem 
parenchyma and pericycle cells. By contrast, 
AtSultr2;2 is localized specifi cally in the phloem 
of roots and in vascular bundle sheath cells of 
leaves (Takahashi et al.  2000 ; Maruyama- 
Nakashita et al.  2003 ). The observed  upregulation 
of AtSultr2;1 in roots during sulfate starvation, 
and the increase of the mRNA transcripts level of 
AtSultr2;1 under selenate treatment, may be an 
indication of this function (Takahashi et al.  2000 ; 
Maruyama-Nakashita et al.  2003 ). The leaf 
phloem expression suggests a role in phloem 
loading for sulfate transport to other organs. The 
leaf xylem parenchyma localization of AtSultr2;1 
might indicate absorption of sulfate from the 
xylem vessels or reabsorption for further xylem 
transport. In leaves, however, the expression in 
the bundle sheath cells surrounding the vascular 
veins suggests the uptake of sulfate released from 
xylem vessels at millimolar concentrations for 
transfer to the primary sites of assimilation in leaf 
palisade and mesophyll cells. The expression pat-
tern of both Group 2 transporters suggests that 
the two transporters are involved in balancing the 
vascular movement of sulfate in relation to the 
sulfate status of the different tissues (Takahashi 
et al.  2000 ; Maruyama-Nakashita et al.  2003 ). In 
addition to such transcriptional regulation, both 
AtSultr 1;1 and AtSultr 1;2, when expressed 
under control of constitutive 35S promoter, accu-
mulated exclusively in the root and responded to 
sulfate defi ciency in a similar manner to native 
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transporters (Yoshimoto et al.  2007 ), indicating 
posttranscriptional control of gene expressions. 
Possibly, STAS domain is involved in such regu-
lation, as mutations in this domain interfere with 
correct targeting of sulfate transporters to the 
plasma membrane (Shibagaki and Grossman 
 2006 ). Likewise, protein–protein interactions 
between two transporters such as between AtSultr 
2;1 and AtSultr 3;5 in  Arabidopsis  are important 
for optimal sulfate transport capacity (Kataoka 
et al.  2004 ). In addition to these regulations, plant 
microRNAs (miRNA) have recently been impli-
cated in regulation of sulfate transport. For exam-
ple, AtSultr 2;1 expression was downregulated in 
shoots in response to sulfate starvation and 
upregulated in the absence of S, which can be 
explained by an increase in the miRNA in both 
cases revealing differential roles of miRNAs in 
different root tissue territories (Takahashi et al. 
 2000 ; Jones- Rhoades and Bartel  2004 ; 
Kawashima et al.  2009 ; Davidian and Kopriva 
 2010 ). In  Arabidopsis , a new complex regulatory 
interplay between Sultr1;1 and Sultr1;2 based 
upon an extensive comparison of a wide set of 
growth conditions and metabolite signaling path-
ways has been proposed (Rouached et al.  2009 ). 
Differential expression and alternative splicing of 
rice sulfate transporter family members regulate 
S status during plant growth, development, and 
stress conditions (Kumar et al.  2011a ,  b ).  

    Group 3 and 4 Sulfate Transporters 

 Group 3 is composed of low-affi nity transporters 
localized at the plasma membrane. Unlike groups 
1 to 3, group 4 sulfate transporters have been 
localized to the vacuolar membrane/tonoplast. 
The Sultr4;1 gene is shown to be expressed in 
roots under S-suffi cient and S-defi cient condi-
tions, where it may play a role in the effl ux of 
sulfate from the vacuolar lumen into the cyto-
plasm and infl uence the vacuolar storage capacity 
for sulfate (Kataoka et al.  2004 ). Contrastingly, 
Sultr4;2 gene expression is shown to be highly 
inducible by S limitation in the same tissue. The 
Sultr4;1/Sultr4;2 double knockout mutants con-
tained higher amounts of sulfate than did wild- 

type plants. Comparison of single and Sultr4;1/
Sultr4;2 double knockout mutants suggested that 
Sultr4;1 plays a major role and Sultr4;2 has a 
supplementary function (Kataoka et al.  2004 ). In 
addition to the verifi cation of the subcellular 
localization of this group 4 sulfate transporters in 
 Arabidopsis , analysis of T-DNA mutations 
showed an increased accumulation of sulfate and 
decrease of Cys and GSH contents when plants 
were grown on low sulfate (Takahashi et al. 
 2003 ). The drastic reduction of root sulfate con-
centrations under sulfate defi ciency is accompa-
nied by an upregulation of sulfate transporter 
4;1 in  Brassica  (Hawkesford  2003 ). Increased 
expression of this transporter maximizes the vac-
uolar effl ux of stored sulfate under these condi-
tions. Analysis of qRT-PCR expression profi les 
reveals that  Arabidopsis  Sultr4;1 gene is strongly 
expressed (10-fold higher than the Sultr4;2 gene) 
in developing seeds and that its disruption signifi -
cantly increases seed sulfate content, suggesting 
that Sultr 4;1 is involved in the effl ux of sulfate 
from vacuoles within developing seeds. 
Furthermore, a proteome analysis of Sultr4;1 
mutant seeds reveals metabolic modulations sug-
gesting adaptations to altered sulfate compart-
mentation. This event implicates 
Sultr4;1-mediated sulfate transport in establish-
ment of defense mechanisms against oxidative 
stress during seed development (Zuber et al. 
 2010 ). This study also pointed out that Sultr4;1 is 
highly expressed during grain fi lling stage, 
whereas Sultr4;2 is expressed at almost constitu-
tively from embryogenesis to the dry mature 
stage. Also, the qRT-PCR data revealed that the 
Sultr4;1 gene was more highly expressed than 
Sultr4;2 in most plant organs. Interestingly, 
expression studies of both Sultr 4 transporters in 
oilseed rape ( Brassica napus ) leaves revealed a 
differential S-dependent expression pattern: 
BnSultr 4;2 was more highly expressed than 
BnSultr 4;1 in response to sulfate depletion 
(Parmar et al.  2007 ; Dubousset et al.  2009 ). In the 
same sulfur-depletion conditions, rapeseed leaf 
sulfate content decreased signifi cantly in relation 
to upregulation of BnSultr 4;1, confi rming the 
involvement of both Sultr4 members in vacuolar 
sulfate remobilization in  Brassica  (Dubousset 
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et al.  2009 ). A transcriptional regulator, Sulfur 
LIMitation1 (SLIM1), regulating sulfate uptake 
and assimilation has been shown to induce 
AtSultr1;1, AtSultr1;2, and AtSultr 4;2 gene 
expression in response to sulfate starvation 
(Maruyama-Nakashita et al.  2006 ). Clearly, cyto-
solic and plastidic sulfate homeostasis is impor-
tant to avoid toxifi cation when excess sulfate is 
accumulated in the vacuole.  

    Group 5 Sulfate Transporter 

 Among the fi fth group, the  Arabidopsis Sultr5;2  
gene has recently been demonstrated to encode a 
high-affi nity root molybdate (Mo) transporter, 
MOT1 (Tomatsu et al.  2007 ), which raises the 
question of the role of group 5 genes in sulfate 
transport. However, cotransport of Mo through 
plant sulfate transporter SHST1 has been reported 
(Fitzpatrick et al.  2008 ). Indeed, expression of 
the sulfate transporter SHST1 from  Stylosanthes 
hamata  in a  Saccharomyces cerevisiae  mutant 
defective in sulfate transport, YSD1, increased its 
capacity to take up Mo when grown in the pres-
ence of low Mo concentrations (Fitzpatrick et al. 
 2008 ). While sulfate did not inhibit the transport 
of Mo through this transporter, Mo reduced sul-
fate transport via SHST1 (Fitzpatrick et al.  2008 ). 
However, a complex interaction between S, Mo, 
and selenium in S-defi cient and S-suffi cient plant 
has recently been studied in Indian mustard, 
 Brassica juncea  (Schiavon et al.  2012 ).  

    Induction, Regulations, and Tissue 
Distributions of Sulfate Transporters 

 The two distinct group 1 sulfate transporters are 
different in their inducibilities in relation to the 
nutritional status of the plant. One transporter 
(AtSultr1;2, LeSultr1;1) mediates the uptake of 
sulfate under both S-replete and S-defi cient con-
ditions, and expression is relatively insensitive to 
external sulfate concentrations. The second trans-
porter (AtSultr1;1, LeSultr1;2) is highly induc-
ible under sulfate limitation but almost absent in 
non-S-stressed plants (Yoshimoto et al.  2002 , 

 2003 ; Hawkesford  2003 ; Howarth et al.  2003 ). 
The higher inducibility of AtSultr1;1 compared 
to AtSultr1;2 can be explained by the absence of 
the SURE (sulfur-responsive element) element in 
the promoter of AtSultr1;2. This suggests that the 
upregulation of the root major transporter 
AtSultr1;2 is probably essentially controlled by 
SLIM1 when sulfate availability in the external 
medium is restricted but that an additional regu-
latory mechanism dependent on the SURE ele-
ment drives a strong expression of AtSultr1;1 
during S-defi cient conditions. This dual induc-
ible uptake system was confi rmed by the identifi -
cation of selenate-resistant (sel) mutants of 
 Arabidopsis  (Shibagaki et al.  2002 ), exhibiting 
that a lesion in the AtSultr1;2 sulfate transporter 
isoform restricted the uptake of both sulfate and 
its toxic analog, selenate. Analysis of another 
mutation of AtSultr1;2, ( sel1-10 ) indicated that 
AtSultr1;2 serves as a major facilitator for the 
acquisition of sulfate, and despite upregulation of 
AtSultr1;1 expression in the  sel1-10  mutant, 
growth is reduced (Maruyama-Nakashita et al. 
 2003 ). Besides the use of  sel  mutant, the power of 
genetic approach for dissecting unexplored 
events in thiol-metabolisms has also been 
refl ected by green fl uorescent protein (GFP). 
GFP expression from the well-characterized bSR 
promoter fragment from conglycinin (Awazuhara 
et al.  2002 ) was used as a tool in the search for 
mutants with altered S defi ciency response. Seeds 
from plants harvesting the bSR::GFP construct 
were mutagenized and mutants were selected 
with increased GFP expression at normal S sup-
ply (Ohkama-Ohtsu et al.  2004 ). In one of these 
mutants, the level of OAS was increased and, in 
addition to GFP expression, the mRNA levels of 
several other genes responsive to sulfate starva-
tion were increased even at normal S concentra-
tion. Map-based cloning and sequence analysis 
identifi ed a thiol reductase to be responsible for 
the elevated OAS levels (Ohkama-Ohtsu et al. 
 2004 ). 

 Expression pattern of sulfate transporters 
greatly differs in different plant species and dur-
ing different growth stages and tissues of the 
same plant. Spatial expression analysis of 
AtSultr1;3 in  Arabidopsis , and of group 1 high- 
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affi nity sulfate transporters in other plant species, 
indicated that sulfate transport in vascular tissues 
is not restricted to low-affi nity transport. In 
sulfate- defi cient barley roots, HvSultr1;1 was 
expressed within the stele (Rae and Smith  2002 ). 
This was not observed for the homologous 
 Arabidopsis  AtSultr1;1 and 1;2. Presumably, in 
barley, a single transporter is responsible for 
functions carried out by more than one trans-
porter in  Arabidopsis  (Rae and Smith  2002 ). In 
the rice genome, two group 2 transporters are 
present, but pattern of their spatial expression is 
unknown. In tomato, LeSultr1;1 is expressed 
under sulfate-deprived conditions in the pericycle 
(Howarth et al.  2003 ). This indicates that under 
sulfate stress, plants are able to induce additional 
high-affi nity sulfate transport to maintain vascu-
lar movement of sulfate under low-sulfate con-
centrations. In  Arabidopsis , AtSultr1;3 seems to 
mediate the interorgan transport of sulfate as 
high-affi nity transporter by specifi c expression 
exclusively in the phloem of all  Arabidopsis  
organs analyzed (Yoshimoto et al.  2003 ). 
Analysis of a AtSultr1;3 T-DNA insertion mutant 
provided direct evidence for this function by 
restricting movement of labeled sulfate from the 
cotyledon to the other organs, indicating impor-
tance of AtSultr1;3 for source-to-sink transport 
of sulfate (Yoshimoto et al.  2003 ). The specifi c 
expression of lower high-affi nity transporters in 
the root tip, as well as in axillary buds, indicates 
the importance of an adequate sulfate supply to 
fast-growing tissues (Takahashi et al.  1997 ,  2000 ; 
Rae and Smith  2002 ). In addition, in root tips, 
high levels of expression are likely to be of func-
tional value to facilitate “foraging” (Buchner 
et al.  2004a ). Developing leaves are strong 
S-sinks. The upregulation of  Arabidopsis  
AtSultr2;2 and 1;3 in leaves under sulfate starva-
tion revealed participation of both transporters in 
the vascular allocation of sulfate from leaves to 
other tissues (Takahashi et al.  2000 ; Yoshimoto 
et al.  2003 ). In  Arabidopsis , AtSultr1;1 and 
AtSultr 1;2 expression is upregulated in leaves 
subjected to S starvation. AtSultr1;2 promoter 
activity was found in the guard cells under nor-
mal growth conditions (Yoshimoto et al.  2002 ). 
The upregulation of the  Arabidopsis  group 4 

transporter, AtSultr4;1, under S defi ciency in 
roots as well as in leaves (Takahashi et al.  2000 ) 
indicated the importance of vacuolar effl ux of 
sulfate regulated by the S demand. In tomato, 
high-affi nity sulfate transporter, LeSultr1;2, was 
overexpressed in the stem and in the leaves due to 
S-stress (Howarth et al.  2003 ). LeSultr1;2 expres-
sion was also observed induced in the vascular 
tissue of the  Verticillium -resistant tomato line, 
GCR 218, after infection by  Verticillium dahlia . 
This suggested prominent roles played by the 
sulfate transporter in the mechanism of 
 Verticillium  resistance involving elemental sulfur 
formation. 

 Among prominent food legumes, transcript 
levels of two sulfate transporters, Sultr1;2 and 
Sultr3;3, were elevated in the active phase of 
storage protein accumulation in common beans, 
 Phaseolus vulgaris  L. (Liao et al.  2012 ). 
Transcriptomic profi ling identifi es predominant 
expression of Sultr3 members in  P. vulgaris , 
whereas expression of Sultr5 members was 
 predominant in  Vigna mungo  (Liao et al.  2013 ). 
Understanding the role of S in food legumes 
growth is important from the point of view that 
the defi ciency of the S-containing amino acids 
Cys, cystine, and Met may limit the nutritional 
value of food and feed (Khan and Mazid  2011 ; 
Liao et al.  2012 ). The increased levels of Sultr1;2 
and Sultr 3;3 transcripts in common beans are 
consistent with  Arabidopsis  studies implicating 
the high-affi nity sulfate transporter Sultr1;3 in 
phloem transport of sulfate (Yoshimoto et al. 
 2003 ) and low-affi nity group 3 sulfate transport-
ers in the transport of sulfate from the seed coat 
to the embryo (Zuber et al.  2010 ). In chickpeas, 
expression of the low-affi nity AtSultr2;1 homo-
logue was not restricted to vegetative tissues but 
was also found in pods and in the testa of devel-
oping embryos (Tabe et al.  2003 ). The group 3 
sulfate transporter homologue of AtSultr3.1 is 
also expressed in the pods, in the testa, and, addi-
tionally, in developing chickpea embryos. 
Expression of the sulfate transporter homologue 
of AtSultr3;3 was detectable in almost all organs 
with high abundance in the developing chickpea 
embryo, suggesting participation in sulfate trans-
port in many cell types (Tabe et al.  2003 ). 
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Unexpectedly, group 3 sulfate transporter was 
identifi ed as essential for nitrogen fi xation in 
legume nodules (Krusell et al.  2005 ). In lentil 
( Lens culinaris  Medik.) seedlings, two putative 
sulfate transporter genes, LcSultr1;1 and 
LcSultr1;2, were upregulated in roots of L 414 
genotype in response to arsenate (Talukdar and 
Talukdar  2013d ). Temporal expression pattern 
revealed initial downregulation of both LcSultr1;1 
and LcSultr1;2 in L 414, but their signifi cant ele-
vations were observed during later stages of met-
alloid exposures. Transcripts of LcSultr2;1 and 
LcSultr2;2 initially changed nonsignifi cantly in L 
414, followed by their downregulations. 
Expression levels of two group 1 transporters 
were initially low in lentil genotype DPL 59 and 
further downregulated during prolonged arsenate 
exposure. Transcripts of both LcSultr2 ;1 and 
LcSultr2 ;2 in DPL 59 were initially unchanged 
but increased after 24 h of metalloid exposures 
(Talukdar and Talukdar  2013d ). This observation 
indicates genotypic differences in regulation of 
gene expression of sulfate transporters in lentil 
crop. A detailed discussion of the current status 
of sulfate transporter regulation in  Arabidopsis  
and crop plants can be found in Takahashi et al. 
( 2011 ).   

    Sulfate Assimilation and Cys 
Biosynthesis-Cellular Regulations, 
Homeostasis, and Functional 
Interplay 

 Plant S-assimilation is the effective delivery of 
sulfate to the plastid, the major site of the assimi-
latory reductive pathway. For assimilation into 
Cys, sulfate is activated by adenylation to ade-
nosine 5ʹ phosphosulfate (APS) in a reaction cat-
alyzed by ATP sulfurylase (ATPS; EC 2.7.7.4). 
APS is reduced to sulfi te by APS reductase (APR; 
EC 1.8.4.9) with electrons derived from 
GSH. Sulfi te is further reduced by a ferredoxin- 
dependent sulfi te reductase (SiR; EC 1.8.7.1) to 
sulfi de, which is incorporated by O-acetylserine 
(thiol)lyase (OAS-TL; 2.5.1.47) into the amino 
acid skeleton of O-acetylserine (OAS) to form 
Cys. OAS is synthesized by acetylation of serine 

with acetyl-Coenzyme A catalyzed by serine 
acetyltransferase (SAT; EC 2.3.1.30) (Leustek 
et al.  2000 ; Suter et al.  2000 ; Kopriva et al.  2001 , 
 2009 ) (Fig.  1 ). Transcript levels of APR in soy-
bean decrease signifi cantly in the absence of N 
and increase under S-deprivation conditions. 
Likewise, expression of both ATPS and APR 
undergoes concomitant changes in both gene 
expressions and enzyme activity across develop-
mental stages of soybean (Phartiyal et al.  2006 , 
 2008 ). In vast majority of reports, changes in 
APR activity correlated well with changes in 
mRNA and protein accumulation, indicating a 
simple transcriptional regulation of the corre-
sponding genes, with a rare occurrence of addi-
tional level of posttranscriptional redox regulation 
(Koprivova et al.  2008 ). In contrast to ATPS and 
APR genes, the SiR gene shows little transcrip-
tional regulation. Nevertheless, the SiR single 
copy gene At5g04590 is not only essential for 
survival; the encoded SiR activity can become 
limiting for the fl ux through the reduction 
 pathway (Khan et al.  2010 ). OAS and sulfi de are 
the substrates for the Cys synthesis and thus are 
fundamental for the homeostasis of reduced S in 
the plant. OAS has now been considered as the 
best signal, if not sulfate itself, of sulfate starva-
tion in plants. Feeding of OAS to  Arabidopsis  
induced low S-responsive genes such as sulfate 
transporters and APR (Koprivova et al.  2000 ; 
Hesse et al.  1999 ,  2004 ; Hirai et al.  2003 ). 
Evidence that OAS functions as a putative signal-
ing molecule has come from computational anal-
ysis of time- series experiments and on studies of 
transgenic plants, conditionally displaying 
increased OAS levels (Hubberten et al.  2012 ). 
Transcripts whose levels correlated with the tran-
sient and specifi c increase in OAS levels observed 
in leaves of  Arabidopsis thaliana  plants 5–10 min 
after transfer to darkness and with diurnal oscil-
lation of the OAS content, showing a characteris-
tic peak during the night, were identifi ed. 
Induction of a SAT in transgenic  A. thaliana  
plants expressing the genes under the control of 
an inducible promoter resulted in a specifi c time-
dependent increase in OAS levels (Hubberten 
et al.  2012 ). Monitoring the transcriptome 
response at time points at which no changes in 
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S-related metabolites except OAS were observed 
and correlating this with the light/dark transition 
and diurnal experiments resulted in identifi cation 
of six genes (adenosine-5ʹ- phosphosulfate reduc-
tase 3, sulfur-defi ciency- induced 1, sulfur-defi -
ciency-induced 2, low-sulfur-induced 1, serine 
hydroxymethyltransferase 7, and ChaC-like pro-
tein) whose expression was highly correlated 
with that of OAS. These data suggest that OAS 
displays a signaling function leading to changes 
in transcript levels of a specifi c gene set irrespec-

tive of the S status of the plant (Hubberten et al. 
 2012 ). Multiple experimental approaches indi-
cate that SAT catalyzes the limiting step in Cys 
biosynthesis (Droux  2003 ; Bonner et al.  2005 ). 
OAS-TL and SAT physically interact to form 
multimeric complex known as cysteine synthase 
(CS) complex (Hell and Wirtz  2011 ) or recently 
called as cysteine regulatory complex (CRC) (Yi 
et al.  2010 ). Five SAT and nine OAS-TL genes 
are found in the  Arabidopsis  genome (Kopriva 
et al.  2009 ), while the soybean genome contains 

  Fig. 1    Overview of thiol-cascade and integration with 
stress response and hormonal regulations;  JA  jasmonate, 
 SA  salicylic acid,  ABA  abscisic acid,  SOD  superoxide dis-
mutase,  APX  ascorbate (AsA) peroxidase,  DHA  dehydro-
ascorbate,  MDHAR  monodehydroascorbate reductase, 

 DHAR  DHA reductase,  GR  GSH reductase,  GSH  reduced 
glutathione,  OAS  O-acetyl serine,  PAPS  3ʹ-phosphate-5ʹ-
adenosine phosphosulfate,  SAT  serine acetyl transferase, 
 γ-ECS  γ-glutamyl cysteine synthetase,  GSHS  GSH 
synthase       
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8 putative SAT and 15 putative β-cyanoalanine 
synthase (BSAS) (OAS-TL plus related enzymes) 
genes (Yi et al.  2010 ). Characterization of OAS-
TL- encoding genes reveals their distinct but 
cooperative expression in Cys synthesis of soy-
bean (Zhang et al.  2008 ). In  Vicia sativa , a puta-
tive OAS-TL gene, designated as  Voas-tl5  
(GenBank Accession No. DQ456491), was 
cloned and characterized (Novero et al.  2008 ). 
The mRNA transcription patterns generated from 
semiquantitative RT-PCR revealed that the 
 Voas-tl5  gene was highly transcribed in leaf, pod, 
and seed tissues. Phylogenetic analysis revealed 
that the gene belonged to the BSAS 5 subgroup 
(Novero et al.  2008 ). At the transcript level, 
BSAS isoforms show dynamic but partially over-
lapping expression pattern depending on organ 
types and developmental stages (Chronis and 
Krishnan  2004 ; Zhang et al.  2008 ). Presumably, 
overall rate of Cys synthesis at a certain time and 
location in soybean may be determined by inter-
play among BSAS isoforms expressed: some 
carry out Cys biosynthesis while the others are 
more involved for β-cyanoalanine synthesis and 
desulfuration using Cys as substrate. A discrep-
ancy in OAS-TL activity and mRNA expression 
level of a BSAS isoform in wild soybean ( Glycine 
soja ) may be related to differential expression 
patterns of multiple isoforms and/or difference in 
preferred biochemical activity among BSAS iso-
forms (Zhang et al.  2008 ). Although the mRNA 
expression level of BSAS isoforms studied so far 
largely corresponds to the total OAS-TL activity 
during seed development, it is not yet clear 
exactly how many BSAS isoforms are expressed 
during seed development and what is the in vivo 
function of each enzyme expressed (Chronis and 
Krishnan  2004 ; Zhang et al.  2008 ). The relevance 
of compartmentation of Cys biosynthesis in pho-
totrophic organisms has been studied in vascular 
model plant  Arabidopsis , unicellular green alga 
 Chlamydomonas reinhardtii , and the colonizer 
moss,  Physcomitrella patens  (Birke et al.  2012 ). 
In  Arabidopsis thaliana , synthesis of Cys and its 
precursors OAS and sulfi de is compartmental-
ized between the cytosol, chloroplasts, and mito-
chondria, contributing regulation of Cys 
synthesis. The predominant cytosolic isoforms 

are SAT2, SAT4, SAT5, and OAS-TL A, whereas 
SAT1 and OAS-TL B are targeted to the plastids 
and SAT3 and OAS-TL C localize to mitochon-
dria. Mitochondrial SAT3 contributes to approxi-
mately 80 % of total SAT activity in the 
 Arabidopsis  leaf cell, suggesting prominent role 
of mitochondria for total OAS production (Birke 
et al.  2012 ; Wirtz et al.  2004 ,  2012 ). Conversely, 
contribution of mitochondrial OAS-TL C to total 
OAS-TL activity in leaves is very low (<5 %). 
Cytosolic and plastidic isoforms of OAS-TL in 
 Arabidopsis  account both for more than 45 % of 
total OAS-TL activity; however only loss of a 
cytosolic isoform leads to decrease in total Cys 
production demonstrating its predominant role in 
the synthesis of Cys (Watanabe et al.  2008a ,  b ; 
Krueger et al.  2009 ). In contrast, Cys synthesis is 
exclusively restricted to chloroplasts in the uni-
cellular green alga  Chlamydomonas reinhardtii . 
The moss  Physcomitrella patens  colonizes land 
but is still characterized by a simple morphology 
compared to vascular plants. Native OAS-TL 
proteins demonstrated the presence of fi ve 
OAS-TL protein species encoded by two genes in 
 Physcomitrella . At least one of the gene products 
is dual targeted to plastids and cytosol, as shown 
by combination of GFP fusion localization stud-
ies, purifi cation of chloroplasts, and identifi ca-
tion of N termini from native proteins (Birke 
et al.  2012 ). The bulk of OAS-TL protein is tar-
geted to plastids, whereas there is no evidence for 
a mitochondrial OAS-TL isoform and only a 
minor part of OAS-TL protein is localized in the 
cytosol. This demonstrates that subcellular diver-
sifi cation of Cys synthesis is already initialized in 
 Physcomitrella  but appears to gain relevance 
later during evolution of vascular plants. Multiple 
lines of evidence suggest a critical role for forma-
tion of the CS complex in different subcellular 
compartments in plants. The evidence that mito-
chondrial CS complex regulates OAS biosynthe-
sis in plants has come from biochemical analyses 
of recombinant plant SAT and OAS-TL. This 
indicates that the reversible association of the 
proteins in the CS complex controls cellular S 
homeostasis (Wirtz et al.  2010 ,  2012 ). In this 
study, NMR spectroscopy of isolated mitochon-
dria from wild type,  serat (SAT)2;2 , and  oastl-C  
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mutant plants exhibited SAT-dependent export of 
OAS. The presence of Cys resulted in reduced 
OAS export in mitochondria of  oastl-C  mutants 
but not in wild-type mitochondria. This is in 
agreement with the stronger in vitro feedback 
inhibition of free SAT by Cys compared with CS 
complex-bound SAT and explains the high OAS 
export rate of wild-type mitochondria in the pres-
ence of Cys. The predominant role of mitochon-
drial OAS synthesis was validated in planta by 
feeding [ 3 H]serine to the wild-type and loss-of- 
function mutants for OAS-TLs in the cytosol, 
plastids, and mitochondria (Wirtz et al.  2012 ). 
Computational modeling coupled with transge-
nomic and transcriptomic analysis provided 
ample proof of more complex interaction of both 
enzymes underlying the mechanism of their 
reciprocal regulation (Wawrzyńska et al.  2013 ). 
At the mRNA level, SAT and OAS-TL are consti-
tutively expressed, although expressions of some 
isoforms increase/decrease under nutritional and 
environmental stress conditions (Yamaguchi 
et al.  1999 ; Domínguez-Solís et al.  2004 ; 
Kawashima et al.  2005 ; Yi et al.  2010 ; Talukdar 
and Talukdar  2013d ). The fact that SAT and 
OAS-TL expression does not compensate at 
either the RNA or protein level in mutants, lack-
ing one or two isoforms, further supports that 
transcriptional control plays a limited role in reg-
ulating expression of Cys synthesis (Haas et al. 
 2008 ; Heeg et al.  2008 ; Watanabe et al.  2008a ,  b ). 
Alternatively, interaction between SAT and 
OAS-TL, which is mediated by C-terminal tail of 
SAT and active site pocket of OAS-TL, appears 
to provide an effective regulatory mechanism that 
readily responds to cellular concentration of sul-
fi de and OAS (Bonner et al.  2005 ; Francois et al. 
 2006 ; Kumaran et al.  2009 ). High concentrations 
of OAS and/or low levels of thiol compounds in 
the cell are likely signals that induce high-affi nity 
sulfate transporter and restore the conditions 
favoring formation of the CS in  Arabidopsis  and 
potato (Hirai et al.  2003 ; Hopkins et al.  2005 ). 
The importance of OAS in plant growth and 
development has been elucidated in  Arabidopsis  
point mutations impaired in cytosolic OAS-TL 
expressions, leading to early leaf death (old 3–1). 
The early leaf death phenotype is temperature 

dependent and is associated with increased 
expression of defense-response and oxidative 
stress marker genes. Independent of the presence 
of the  odd-ler  gene,  OAS-A1  is involved in main-
taining S and thiol levels and is required for resis-
tance against (Cd) stress (Shirzadian-Khorramabad 
et al.  2010 ). In addition to increasing SAT activ-
ity, CS formation can alleviate the inhibitory 
effect of Cys on SAT activity (Kumaran et al. 
 2009 ). Transient expression of soybean GmSerat 
(SAT) 2;1 fused with GFP revealed its dual tar-
geting to cytosol and plastid (Liu et al.  2006 ). 
ATSAT 2;1 is also found in both cytosol and plas-
tid in the later developmental stage but is exclu-
sively targeted to the plastid in the earlier stage of 
 Arabidopsis  (Noji et al.  2001 ). Transcriptomic 
profi ling revealed that expression of the cytosolic 
SAT1;1 and SAT1;2 was approximately fourfold 
higher in  Phaseolus vulgaris  while expression of 
the plastidic SAT2;1 was twofold higher in  Vigna 
mungo  (Liao et al.  2013 ). Among  BSAS  family 
members, BSAS4;1, encoding a cytosolic 
 cysteine desulfhydrase, and BSAS1;1, encoding 
a cytosolic OAS-TL, were most highly expressed 
in both species. This was followed by BSAS3;1 
encoding a plastidic BSAS which was more 
highly expressed by 10-fold in  P. vulgaris . The 
data identify BSAS3;1 as a candidate enzyme for 
the biosynthesis of  S -methylcysteine through the 
use of methanethiol as substrate instead of cya-
nide. Expression of GLC1 would provide a com-
plete sequence leading to the biosynthesis of 
γ-Glutamyl- S -methylcysteine in plastids. The 
detection of  S -methylhomoglutathione in  P. vul-
garis  suggested that homoglutathione synthetase 
may accept, to some extent, γ-Glutamyl- S- 
methylcysteine   as substrate, which might lead to 
the formation of  S -methylated phytochelatins 
(Liao et al.  2013 ). Using unique quadruple 
knockout mutants of SAT that retained only one 
functional isoform in  Arabidopsis , Watanabe 
et al. ( 2010 ) nicely compared metabolite and 
transcriptome data from these mutants with N-, 
P-, K-, and S-depleted plants. The study revealed 
many similarities with general nutrient-depletion- 
induced senescence (NuDIS), indicating the 
recruitment of existing regulatory programs for 
nutrient-starvation responses. Several candidate 
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genes that could be involved in these processes 
were identifi ed, including transcription factors 
and other regulatory proteins, as well as the func-
tional categories of their target genes. These 
results outline components of the regulatory net-
work controlling plant development under sulfate 
stress. For example, increased gene expression of 
Sultr1;2, Sultr1;3, Sultr4, and APR in the group 2 
SAT mutant indicates that these genes, which 
have been assumed to be regulated by OAS or 
thiols, are also regulated by OAS/thiol- 
independent factors, as OAS and thiol contents 
remain unchanged in the mutants (Watanabe 
et al.  2010 ).  

 The transcriptional and metabolic responses 
of plants to S supply limitation have been investi-
gated by several groups (Nikiforova et al.  2003 , 
 2005a ,  b ,  2006 ; Maruyama-Nakashita et al.  2003 , 
 2004 ; Maruyama-Nakashita and Takahashi  2005 ; 
Hirai et al.  2003 ,  2005 ). Using array hybridiza-
tion experiments, Nikiforova et al. ( 2003 ) exam-
ined transcript levels of 16 128  Arabidopsis  EST 
clones representing approximately 7,200 indi-
vidual genes, corresponding to about 30 % of the 
total  Arabidopsis  genome, and 18 genes linked to 
S-related pathways were sorted out. Besides Sultr 
2;1 and 4;1, the other prominent members are 
GSH-dependent dehydroascorbate reductase 
(DHAR), cytosolic isoform of glutathione reduc-
tase (GR), glutathione peroxidase (GPX), SAT-1, 
OAS-TLC, S-adenosylmethionine synthetase 2, 
and γ-ECS (Nikiforova et al.  2003 ). Further, tran-
scriptome data were overlaid with >100 nonre-
dundant compounds of known chemical structure 
(Nikiforova et al.  2005a ). Integration of these 
data sets allowed the fi rst multifactorial correla-
tion network to be created, revealing potential 
relationships among genes and metabolites under 
S limitation (Nikiforova et al.  2005b ). Transgenic 
poplars overexpressing γ-ECS offered an oppor-
tunity to address the effects of increased GSH 
synthesis on the sulfate assimilation pathway 
because Cys availability is most critical for the 
rate of GSH synthesis (Noctor et al.  2012 ). 
Although leaf GSH levels were three- to fourfold 
higher in transgenic poplars overexpressing γ- 
ECS in the cytosol, foliar activities of enzymes of 
sulfate assimilation, ATPS, APR, SiR, SAT, and 

OAS-TL, and their mRNA levels were not differ-
ent from those of wild-type poplars (Hartmann 
et al.  2004 ). This indicates the fact that sulfate 
reduction in poplar is suffi cient to provide the 
additional Cys necessary to accommodate the 
enhanced GSH synthesis. Remarkably enough, 
the increased GSH level in transgenic poplars did 
not downregulate ATPS and APR as commonly 
observed in several herbaceous plant species and 
crops (Vauclare et al.  2002 ; Talukdar and 
Talukdar  2013d ). The lack of regulation of APR 
and ATPS in the transgenic poplar lines must be 
caused by a second signal that positively infl u-
ences APR mRNA accumulation and activity and 
overrides the negative signal of GSH.  

    Glutathione: The Center 
of Thiol-Cascade 

 In plants, the thiol-containing tripeptide GSH (in 
reduced form) is a major regulator of cellular 
redox state as well as an essential contributor to 
processes such as the detoxifi cation of xenobiot-
ics, regeneration of ascorbate in AsA–GSH cycle, 
thiol–disulfi de exchange reactions through GRXs 
(glutaredoxins), protein  S -glutathionylation or 
thiolation by forming stable mixed disulfi de 
bonds with protein Cys residues, the sequestra-
tion of heavy metals, the storage of excess S in 
the form of Cys, weed-induced phytotoxicity, 
hormone signaling, as an electron donor for APR 
in sulfur assimilation, and numerous other meta-
bolic and cellular processes involved in plant 
growth and development (Mullineaux and 
Rausch  2005 ; Meyer and Rausch  2008 ; Rouhier 
et al.  2008 ; Noctor et al.  2012 ; Talukdar  2013c ,  e , 
 f ). The role of GSH in cell cycle progression dur-
ing promotion of root growth has earlier been 
demonstrated in  Arabidopsis rml 1  ( root meri-
stem less 1 ) mutant (Vernoux et al.  2000 ) and in 
an ascorbate-defi cient mutant line  asfL-1  of 
hardy legume grass pea (Talukdar  2012a ). 
Versatility of this thiol peptide as effi cient buffer 
has also been demonstrated in two catalase- 
defi cient mutants of lentil where failure of 
defense cross talk between thiol-linked enzymes 
led to onset of oxidative stress and cell-division 
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anomalies (Talukdar and Talukdar  2013a ). 
Besides pea and beans, grass pea and lentil have 
drawn increasing attention due to their low-input 
requirement, availability of robust cytogenetic 
and biochemical mutant stocks, and escalating 
demand for legume food and forage (Vaz Patto 
et al.  2006 ; Kumar et al.  2011a ,  b ; Talukdar et al. 
 2002 ; Talukdar and Biswas  2005 ,  2007a ,  b ; 
Talukdar  2008 ,  2009a ,  b ,  2010a ,  b ,  c ,  2011a ,  d , 
 2012b ,  c ,  d ,  2013g ). Very recently, the role of 
GSH redox in leaf photosynthesis and mitigating 
oxidative metabolisms in different mating types 
of a critically endangered legume tree, 
 Gymnocladus assamicus , has been elucidated 
(Talukdar and Talukdar  2014 ). Legumes are the 
only plant family with signifi cant amounts of a 
GSH analog homoglutathione, which contains a 
β-alanine instead of glycine. Nodules are organs 
with the highest GSH and/or hGSH content in 
legumes because of their role in defense of the 
nitrogenase against reactive oxygen species 
(ROS) (Matamoros et al.  2003 ). However, GSH 
and hGSH are important also for establishing the 
symbiosis. Our understanding of the synthesis 
and function of GSH is primarily based on the 
Brassicaceae, in particular  Arabidopsis  and 
Indian Mustard ( Brassica juncea ), although addi-
tional studies completed in legumes, such as soy-
bean, grass pea, and lentil, expand the role of this 
peptide to species-specifi c analogs. GSH synthe-
sis requires the activities of two dedicated ATP- 
dependent enzymes: γ-glutamyl cysteine 
synthase (γ-ECS) and glutathione synthetase 
(GS). The fi rst enzyme, γ-ECS, utilizes 
L-glutamate and L-Cys to generate γ-glutamyl 
cysteine and is a rate-limiting enzyme (Hell and 
Bergmann  1990 ; Jez et al.  2004 ). From this 
dipeptide and glycine, GSHS, the second enzyme 
in the pathway, then synthesizes GSH (Jez et al. 
 2004 ; Noctor et al.  2012 ). Transcript analysis and 
activity assays in common bean ( Phaseolus vul-
garis ) nodules revealed localization of γ-ECS to 
only chloroplasts and GSHS to both plastids and 
the cytoplasm as also occurs in  Arabidopsis  
(Wachter et al.  2005 ) but differs with cowpea 
( Vigna unguiculata ) nodules where γ-ECS is 
localized to both plastids and cytosol (Moran 
et al.  2000 ). In Brassicaceae, differential target-

ing of GSH1 and GSH2 is achieved by multiple 
transcription initiations in different cellular com-
partments (Wachter et al.  2005 ). 

 GSH-redox pool in cellular environment is 
maintained by delicate balance between its pro-
duction and catabolism. GSH supply in cell is 
generally maintained by its synthesis and regen-
eration by the FAD-linked action of GR enzymes 
within AsA–GSH cycle (Noctor et al.  2012 ; 
Talukdar  2012a ). In a magnifi cent study, Mhamdi 
et al. ( 2010 ) addressed the role of GR1 isoforms 
in H 2 O 2  responses through a combined genetic, 
transcriptomic, and redox profi ling approach. To 
identify the potential role of changes in GSH sta-
tus in H 2 O 2  signaling, gr1 mutants, which show a 
constitutive increase in oxidized glutathione 
(GSSG), were compared with a catalase-defi cient 
background (cat2), in which GSSG accumulation 
is conditionally driven by H 2 O 2 . Parallel tran-
scriptomics analysis of gr1 and cat2 identifi ed 
overlapping gene expression profi les that in both 
lines were dependent on growth day length. 
Overlapping genes included phytohormone- 
associated genes, in particular implicating GSH 
oxidation state in the regulation of jasmonic acid 
(JA) signaling. GSH synthesis is regulated by the 
supply of the constituent amino acids and by 
feedback inhibition of γ-ECS by GSH (Noctor 
et al.  2012 ). To address this regulation in more 
detail, a poplar hybrid  Populus tremula  Χ  P. alba  
(INRA clone no. 717-1-B4, Versailles, France) 
was transformed to express bacterial γ-ECS or 
GSHS either in the cytosol or in the chloroplast 
(Noctor et al.  2012 ). Overexpression of γ-ECS, 
but not of GSHS, increased foliar and root GSH 
concentration (Noctor et al.  2012 ), thus confi rm-
ing the major role of γ-ECS in the control of GSH 
synthesis. Experiments with poplar leaf disks 
revealed that feeding of γ-EC dramatically 
enhanced GSH synthesis compared with feeding 
of Cys and Glu, this effect being more profound 
in the GSHS-overexpressing plants, whereas Cys 
was more effective in the γ-ECS-overexpressing 
poplar (Noctor et al.  2012 ). Interestingly, overex-
pression of γ-ECS either in the cytosol or in the 
chloroplast did not decrease Cys and Met con-
centrations (Herschbach et al.  2010 ). Presumably, 
sulfate reduction and Cys formation are adjusted 
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to the higher demand for GSH synthesis in γ-ECS 
transgenic trees, the detail mechanism of which 
is still unknown. Changes in the redox state of 
γ-ECS provide a posttranslational mechanism for 
regulation of activity (Jez et al.  2004 ; Hicks et al. 
 2007 ; Noctor et al.  2012 ). The soybean genome 
contains two full-length copies of the GSHS gene 
that are 91 % identical. Localization tag analysis 
suggests that both of these transcripts are targeted 
multiple locations (Yi et al.  2010 ). Several stud-
ies describe transcriptional regulation of the 
pathway and report increased expression of the 
genes encoding γ-ECS and GSHS under different 
stress conditions (Xiang and Oliver  1998 ). 
Interestingly, in  Arabidopsis  suspension cells, 
transcriptional upregulation of γ-ECS in response 
to various oxidative stresses was not observed, 
even though both GSHS activity and cellular 
GSH levels increased and new concepts on post-
transcriptional regulations and diversity in syn-
thesis pathway have emerged (Galant et al.  2011 ). 
GSH is effi cient in repressing sulfate uptake after 
a period of sulfate starvation but also during nor-
mal S nutrition (Lappartient et al.  1999 ; Vauclare 
et al.  2002 ). S is important for chelating heavy 
metals through metallothioneins, i.e., Cys-rich 
proteins and phytochelatins (PCs), small poly-
peptides with repeating γ-EC units. PCs are syn-
thesized from GSH by phytochelatin synthase 
(PCS). The sulfhydryl groups of Cys residues 
bind the heavy metal ions, and the resulting com-
plexes are excreted to the vacuole. GSH is also 
important for resistance against herbicides. 
Differences in herbicide toxicity are often based 
on the capacity of the plants to detoxify the her-
bicide, e.g., through the glutathione S-transferase 
(GST) reaction and subsequent excretion of the 
conjugate into the vacuole (Edwards and Dixon 
 2005 ). In plants, GSTs are encoded by a large 
gene family with approximately 50 members in 
 Arabidopsis  and rice (Edwards and Dixon  2005 ), 
highlighting the importance of GSH conjugate 
formation for the metabolism of endogenous 
compounds and the detoxifi cation of noxious 
compounds such as herbicides. GSH conjugates 
are predominantly generated in the cytosol, with 
minor GST activities in the nucleus, chloroplast, 
and mitochondrion (Dixon and Edwards  2009 ). 

Glutathionylation of compounds is an important 
reaction in the detoxifi cation of electrophilic 
xenobiotics and in the biosynthesis of endoge-
nous molecules. The GSH conjugates are further 
processed by peptidic cleavage reactions. In ani-
mals and plants, γ-glutamyl transpeptidases initi-
ate the turnover by removal of the glutamate 
residue from the conjugate. Plants have a second 
route leading to the formation of 
γ-glutamylcysteinyl (γ-GluCys) conjugates. PCS 
is well known to mediate the synthesis of heavy 
metal-binding PCs. In addition, the enzyme is 
also able to catabolize GSH conjugates to the 
γ-GluCys derivative. Cellular compartmentaliza-
tion of PCS and its role in the plant-specifi c 
γ-GluCys conjugate pathway have been studied 
in  Arabidopsis thaliana  (Blum et al.  2010 ; Noctor 
et al.  2012 ). Localization studies of both 
 Arabidopsis  PCS revealed a ubiquitous presence 
of AtPCS1 in  Arabidopsis  seedlings, while 
AtPCS2 was only detected in the root tip. A func-
tional AtPCS1:eGFP (enhanced green fl uores-
cent protein) fusion protein was localized to the 
cytosolic compartment (Blum et al.  2010 ).  

    Defi ning Cross Talk with Plant 
Metabolisms: Hormonal Response, 
Photosynthesis, Carbohydrate 
and Lipid Metabolisms, Kinase 
Cascades, and Other Metabolisms 

    Thiol-Cascade and Plant Hormone 
Metabolisms 

 Recent developments indicate that plant hor-
mones play pivotal roles in regulating 
S-metabolisms (Ohkama et al.  2002 ; Maruyama- 
Nakashita et al.  2004 ,  2006 ), a brief outline of 
which is presented in Table  1  and Fig.  1 . Whereas 
abscisic acid (ABA), indole-3-acetic acid (IAA), 
1-aminocyclopropane 1-carboxylic acid (ACC, 
precursor of ethylene), gibberellic acid (GA 3 ), 
and jasmonic acid (JA) were not able to induce 
expression of GFP derived from the S-responsive 
element and, thus, mimic the S starvation 
response, trans-zeatin caused an increase in GFP 
synthesis both in S-suffi cient and in S-defi cient 
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conditions. In addition, zeatin treatment resulted 
in an increased accumulation of mRNA for APR 
and a low-affi nity sulfate transporter (Ohkama 
et al.  2002 ). By contrast, cytokinins repress the 
expression of high-affi nity sulfate transporters 
and sulfate uptake capacity of  Arabidopsis  roots, 
since feeding with zeatin downregulated tran-
script levels of AtSultr 1;1 and AtSultr 1;2 and 
also root sulfate acquisition (Maruyama- 
Nakashita et al.  2004 ). Cytokinin acts through 
the cytokinin response receptor (CRE1) to regu-
late sulfate uptake and transporter expression. In 
the  cre1-1  mutant, application of cytokinin only 
partly reduces sulfate uptake, suggesting redun-
dancy as noted for the case of phosphate depriva-
tion. The effect of zeatin is dependent on the 
CRE1/WOL/AHK4 cytokinin receptor 
(Maruyama-Nakashita et al.  2004 ).

   The physiological responses to auxin involve 
changes in gene expressions. A NIT3 nitrilase, 
involved in synthesis of IAA, belongs to genes 
strongly induced by S defi ciency (Kutz et al. 
 2002 ). In addition, the cis-acting element confer-
ring S starvation response recently identifi ed in 

 Arabidopsis  Sultr1;2 promoter contains an auxin 
response factor (ARF) binding sequence 
(Maruyama- Nakashita et al.  2006 ). Auxin regu-
lates the cell- specifi c transcription of target genes 
via two types of transcription factors, ARFs and 
Aux/IAA proteins. In  Arabidopsis thaliana , the 
Aux/IAA and ARF gene families are represented 
by 29 and 23 loci, respectively. Several transcrip-
tion factors of both families, including IAA13, 
IAA28, and ARF2, are moderately upregulated 
during S depletion (Nikiforova et al.  2005b , 
 2006 ). IAA28 exhibits a high degree of connec-
tivity and so was identifi ed as a hub of the tran-
script/metabolite co-response network responding 
to S starvation (Nikiforova et al.  2005b ). A gain-
of-function  Arabidopsis  mutant of IAA28 has 
been reported to exhibit suppressed lateral root 
formation (Rogg et al.  2001 ) by repressing tran-
scription, perhaps of genes that promote lateral 
root initiation in response to auxin signals. ARF2 
has been identifi ed as a transcription factor bind-
ing to AuxRE in promoters of auxin response 
genes, thus activating fl owering, senescence, and 
abscission. It also functions as a light-indepen-

   Table 1    Phytohormone-mediated regulations of thiol-cascade gene expressions in  Arabidopsis    

 Hormone  Gene(s) expressed  Functions in thiol-cascade  References 

 Auxins   SULTR1;2,1;4   Sulfur (S) uptake, transport 
through root, and vacuole 
overexpressed 

 Nikiforova et al. ( 2003 ) 
  SULTR4;1  

  At2g44460  (thioglucosidase 
gene) , APR2  

 Repressed expressions, impeded 
S-reductive assimilation 

 Nikiforova et al. ( 2003 ) 

 Gibberellins   APR1, APR2   Differential regulations  Koprivova et al. ( 2008 ) 
 Cytokinins   APR1, SULTR2;2   Induced during vascular transport 

of S and during S-assimilation 
through an increase in sucrose 
concentrations 

 Ohkama et al. ( 2002 ) 

  SULTR1; 1, SULTR1; 2   Repressed expressions in roots 
through involvement of CRE/
WOL/AHK4-mediated signal 

 Maruyama-Nakashita 
et al. ( 2003 ) 

 Abscisic acid 
(ABA) 

  AtGSTUI7, OsMCSU   Repressed GSH pool in  Arabidopsis . 
The molybdenum 
(Mo) cofactor sulfurase (MCSU) 
in rice transfers the sulfur ligand 
to aldehyde oxidase-bound MoCo 

 Maruyama-Nakashita 
et al. ( 2003 ) 

 Ethylene   APR1, APR3   Overexpressed  Koprivova et al. ( 2008 ) 
 Jasmonate   APR 1, APR 2, SIR, SAT3, 

γ-ECS, APS2, APR3, ATPS  
 Methyl jasmonate upregulates 
the expressions 

 Jost et al. ( 2000 ) 

 Salicylic acid   APR1, APR2, APR3, γ-ECS, 
GSHS  

 Overexpressed  Kopriva ( 2006 ) 
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dent repressor of cell growth and of differential 
hypocotyl growth during seedling hook forma-
tion (Li et al.  2004a ,  b ; Ellis et al.  2005 ; Okushima 
et al.  2005a ,  b ). ARF2, a pleiotropic developmen-
tal regulator, knockout mutants develop a pheno-
type with increased leaf size, enhanced fl ower 
formation, and increased seed size (Ellis et al. 
 2005 ). Overexpression of ARF2 is likely to be 
lethal as it was impossible to retrieve ARF2 over-
expressing lines, while co- suppression lines 
could be isolated. Alterations were observed in 
the contents of thiol- metabolites in response to 
the manipulation of Aux/IAA and ARF transcrip-
tion factor expression, especially of the key thiol-
metabolites Cys and GSH (Falkenberg et al. 
 2008 ). These changes were interpreted as broad 
spectrum shifts in amino acid metabolism and 
carbon/nitrogen balance caused by changes in the 
expression of AUX/IAA and ARF target genes, 
rather than a direct effect of auxin on sulfate 
metabolism (Falkenberg et al.  2008 ). Combined 
transcriptomic data and metabolic profi ling indi-
cated, among other potential links, a relationship 
between serine metabolism and tryptophan (trp)–
glucosinolate–auxin metabolism. Based on these 
data, it was hypothesized that auxin might be 
involved in communicating the nutrient status of 
the shoot to the root, inducing lateral root forma-
tion when S is limiting (Nikiforova et al.  2003 , 
 2005b ). 

 JA did not affect the expression of the 
S-responsive promotor element (Ohkama et al. 
 2002 ) but is nevertheless involved in regulation 
of sulfate assimilation. Transcriptomic analysis 
revealed fast but transient increase in mRNA lev-
els of many genes involved in sulfate assimilation 
and GSH synthesis without affecting sulfur 
metabolite levels in  Arabidopsis  treated with 
methyl jasmonate (Jost et al.  2000 ; Harada et al. 
 2001 ). The fact that the mRNA for sulfate trans-
porters was unaffected confi rmed that JA may not 
be involved in the regulation by sulfur nutrition 
although genes of JA biosynthesis are induced by 
S starvation (Hirai et al.  2003 ,  2004 ; Maruyama- 
Nakashita et al.  2003 ; Nikiforova et al.  2003 ). 
The increase of level of GSH in plants treated 
with ABA and salicylic acid (SA) indicates a 
complex interaction of sulfate assimilation, GSH 

synthesis, and hormone metabolisms. ABA 
induces mRNA accumulation of cytosolic 
OAS-TL (Barroso et al.  1999 ). Thus, it seems 
that this compound may have a more profound 
effect on the control of S-metabolism. On the 
other hand, SA plays a central role in plant 
defense against pathogens. Treatment with the 
biologically active SA analog 
2,6- dichloroisonicotinic acid increased the GSH 
level leading to a reduction of NPR1, a regulator 
of systemic acquired resistance (SAR), and 
expression of the  PR1  gene for a pathogenesis- 
related protein (Mou et al.  2003 ). SA was also 
implicated in the mechanism of nickel tolerance 
in hyperaccumulator  Thlaspi  species. Elevated 
SA levels engineered in  Arabidopsis  led to an 
increase in SAT activity and GSH content and, 
subsequently, increased tolerance to Ni (Noctor 
et al.  2012 ). Whether SA regulates the expression 
of γ-ECS and GS, if and how it affects SAT, or if 
it utilizes another mechanism to increase GSH 
synthesis remains to be elucidated. 

 The interaction between ethylene and S has 
been shown to control the regulation of plant pro-
cesses and abiotic stress tolerance. The main 
pathway for ethylene biosynthesis comes from 
Met. Met is a fundamental metabolite in plant 
cells because it controls the level of several key 
metabolites, such as ethylene, polyamines, and 
biotin, through its fi rst metabolite, 
s- adenosylmethionine (SAM). It is fi rst converted 
to SAM, then ACC (1-amino cyclopropane 
1- carboxylic acid), and fi nally ethylene in three 
consecutive reactions catalyzed by the enzymes 
of SAM synthetase, ACS, and ACO, respectively 
(Iqbal et al.  2013 ). Bürstenbinder et al. ( 2007 ) 
using an  mtk  mutant, that has a disruption of the 
Yang cycle, reported that the Yang cycle contrib-
utes to SAM homeostasis, especially when de 
novo SAM synthesis is limited, such as at S star-
vation. S availability and ethylene have been 
shown to regulate GSH synthesis and stress toler-
ance to ozone (Yoshida et al.  2009 ) and Cd stress 
(Masood et al.  2012 ). Ethylene plays important 
roles in selenite resistance in  Arabidopsis . A 
comprehensive gene expression analysis showed 
that transcripts regulating ethylene synthesis 
(ACS6) and signaling (ERF) were upregulated by 

Thiolomics: Molecular Mechanisms of Thiol-Cascade in Plant Growth and Nutrition



508

selenate treatment, and plants overexpressing 
ERF1 exhibited an increase in selenium (Se) 
resistance (Van Hoewyk et al.  2008 ). These 
results indicate that Se resistance achieved 
through ethylene signaling is not mediated by S 
starvation resulting from the Se treatment but is a 
Se-specifi c response. The resistance mechanism 
may involve ethylene-enhanced S uptake and 
assimilation, as observed in  Arabidopsis thaliana  
accessions, Columbia (Col)-0 (Iqbal et al.  2013 ). 
Koprivova et al. ( 2008 ) reported that the applica-
tion of 0.2 mM ACC, which stimulates ethylene 
production, increased accumulation of APR 
activity. Recently, it has been shown that ethylene 
action in mustard is dependent on S availability 
(Masood et al.  2012 ). There is an indication that 
APR activity is increased in salt stress if ethylene 
signaling is disturbed, but GSH will not accumu-
late suggesting that components of GSH biosyn-
thesis are under the control of ethylene (Koprivova 
et al.  2008 ). 

 The other level of interaction of nutrient and 
hormone may be visualized at the level of ROS 
production. The regulation and interaction 
between ROS and AsA–GSH cycle impact the 
synthesis of plant hormones such as SA, GA, 
ABA, and ethylene, which may signal plant 
response to nutrient defi ciency. The involvement 
of ROS in S signaling may be more complex than 
that of K deprivation because the AsA–GSH 
cycle, i.e., downstream of sulfate assimilation, is 
involved in the removal of H 2 O 2 . Direct analysis 
of H 2 O 2 –GSH interactions in cat2 gr1 double 
mutants of  Arabidopsis  established that GR1- 
dependent GSH status is required for multiple 
responses to increased H 2 O 2  availability, includ-
ing limitation of lesion formation, accumulation 
of SA, induction of pathogenesis-related genes, 
and signaling through JA pathways (Mhamdi 
et al.  2010 ).  

    Thiol-Cascade and Photosynthesis 

 Photosynthesis is known to be sensitive to sulfate 
because sulfate is a competitive inhibitor of 
ribulose- 1,5-biphosphate carboxylase and inhib-
its photophosphorylation (Dietz and 

Pfannschmidt  2011 ). Sulfate uptake is well coor-
dinated with the uptake and assimilation of car-
bon. Redox proteomics is an emerging technology 
aimed at defi ning the redox protein inventory of 
the cells and cell compartments and analyzing 
the redox state of target proteins on a broad scale. 
Both gel- and chromatography-based redox pro-
tein screening systems have been applied to plant 
and chloroplast protein fractions and resulted in 
lists of thylakoid lumenal, stromal, and chloro-
plast membrane-bound candidate redox proteins 
that undergo thiol modifi cations, most commonly 
dithiol–disulfi de transitions (Mullineaux and 
Rausch  2005 ; Rouhier et al.  2008 ). Novel regula-
tors including components of thiol-cascade such 
as Cys, GSH, and thioredoxins in photosynthetic 
redox control of plant metabolism (starch biosyn-
thesis, lipid synthesis) and gene expressions have 
recently been explored (Dietz and Pfannschmidt 
 2011 ).  

    Thiol-Cascade and Anthocyanin 
Biosynthesis 

 Like N- and P-nutrient starvation, S starvation is 
tightly linked to anthocyanin biosynthesis (Lillo 
et al.  2008 ). The transcription factors PAP1 
(At1g56650) and PAP2 (At1g66390) are positive 
regulators of the anthocyanin pathway (Borevitz 
et al.  2000 ) and are upregulated in the dwarfed 
quadruple mutants of  Arabidopsis  (Watanabe 
et al.  2010 ). Additionally, several known tran-
scription factors downstream of the PAP genes, 
TT8 (At4g09820), TTG2 (At2g37260), and 
EGL3 (At1g63650), are induced along with tar-
get genes within the anthocyanin biosynthetic 
pathway, such as anthranilate synthase (ANS; 
At4g22880), dihydrofl avonol reductase (DFR; 
At5g42800), and various others. Anthocyanin 
accumulation is usually augmented to various 
stress responses and is consistent with the upreg-
ulation of ROS network genes in the dwarfed 
quadruple mutants in  Arabidopsis  (Watanabe 
et al.  2010 ), as has been shown, for example, in 
the old1/cpr5 mutant (Jing et al.  2008 ) and the 
old5 mutant (Schippers et al.  2008 ), which are in 
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a state of high-cellular oxidative stress and show 
early senescence phenotypes.  

    Thiol-Cascade and Nodulation 

 The importance of S for nodule function was evi-
denced by analysis of  Lotus  sym mutants, show-
ing nonfunctional nodules (Krusell et al.  2005 ). 
Both the sym13 and sym81 mutations, which dis-
play N defi ciency syndromes under symbiotic but 
not nonsymbiotic growth conditions and form 
smaller nodules with reduced nitrogenase content 
and N-fi xing capacity, exhibit a defective SST1 
sulfate transporter. SST1 is a group 3 sulfate 
transporter expressed in a nodule-specifi c man-
ner and located in the symbiosome membrane 
(Krusell et al.  2005 ). However, the strong sym 
phenotype of the sst1 mutants is surprising as at 
least one additional sulfate transporter is 
expressed specifi cally in  Lotus  nodules (Krusell 
et al.  2005 ). In addition, the reduction of total S 
content of 20–25 % in the mutants compared 
with wild-type nodules can hardly explain the 
severe disruption in N-fi xation as plants can 
reduce S content by up to 70 % without pheno-
typic changes (Nikiforova et al.  2003 ). The 
mechanism by which the loss of SST1 aborts 
N-fi xation thus needs to be addressed in more 
detail. GSH and hGSH play a critical role in the 
nodulation process of  Medicago truncatula  
(Frendo et al.  2005 ).  

    Thiol-Cascade and Plant C 4  
Metabolisms 

 In a signifi cant development, transcriptomic 
analysis revealed that in plants like  Zea mays  
with C 4  metabolisms, the mRNAs for APR, 
ATPS, and SiR accumulated in bundle sheath 
cells only, whereas OAS-TL transcript was 
detected in both mesophyll cells (MCs) and bun-
dle sheath cells (BSCs) (Kopriva et al.  2001 , 
 2009 ). A coordinate increase in mRNA levels for 
sulfate transporters ATPS and APR was observed 
in maize roots and leaves upon sulfate starvation 
(Bolchi et al.  1999 ; Hopkins et al.  2005 ), and the 

ATPS mRNA level was repressed in the presence 
of reduced S compounds (Bolchi et al.  1999 ). Not 
only sulfate assimilation but also the synthesis 
and reduction of GSH seem to be differently 
localized in C 4  plants. However, GSH is not 
equally distributed between MCs and BSCs in 
maize. GSHS activity is greater in MCs than in 
BSCs, resulting in GSH synthesis predominantly 
in the MCs and higher GSH levels in this cell 
type (Kopriva et al.  2001 ). Cys is transported 
from BSC protoplast as reduced S to the MCs. 
The enzymes of GSH synthesis and correspond-
ing mRNAs were, however, found to be localized 
in both MCs and BSCs (Gómez et al.  2004 ). Both 
enzymes were detected in chloroplasts and in the 
cytosol (Gómez et al.  2004 ) which is in sharp 
contrasts with the Brassicaceae, where γ-ECS is 
localized in plastids and GSHS is prevalently 
cytosolic (Wachter et al.  2005 ). Interestingly, 
unlike the usual observations that GSH exerts the 
feedback repression of sulfate assimilation as 
found in members of Brassicaceae (Vauclare 
et al.  2002 ) and in lentil of Fabaceae (Talukdar 
and Talukdar  2013d ), in maize Cys acts directly 
without conversion to GSH probably due to BSC 
localization of sulfate assimilation in maize 
(Kopriva  2006 ). Presumably due to the low 
capacity for NADPH formation in BSCs, GR is 
found exclusively in MCs of maize (Kopriva 
et al.  2001 ). Thus, it seems likely that there are 
species-specifi c differences in the intercellular 
localization of GSH biosynthetic enzymes, which 
are dependent on increased capacity for transport 
of various thiol compounds and possibly result in 
different regulatory mechanisms for 
S-assimilation in C 4  plants.  

    Thiol-Cascade and Plant Kinase 
Cascade 

 A screen for soybean expressed sequence tags 
(EST) showing sequence similarity to known 
SATs identifi ed SSAT1 (GLYMA16G03080), 
and an interaction screen isolated GmSerat 
(SAT)2;1 (GLYMA18G08910) as a substrate for 
a calcium-dependent protein kinase (CDPK) 
(Chronis and Krishnan  2004 ; Liu et al.  2006 ). 
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Both characterized soybean SAT isoforms are 
sensitive to feedback inhibition by Cys but to 
varying degrees (Chronis and Krishnan  2004 ; Liu 
et al.  2006 ). Nonetheless, GmSAT2;1 lacking the 
N-terminal localization sequence becomes insen-
sitive to Cys when it is phosphorylated by CDPK 
at a site close to the C-terminus by CDPK (Liu 
et al.  2006 ). The fi nding that full-length 
GmSAT2;1 does not display similar 
phosphorylation- dependent sensitivity to Cys 
suggests that a combination of subcellular local-
ization and phosphorylation determines the effect 
of feedback inhibition. In the case of SSAT1, 
which does not have a putative CDPK- 
phosphorylation site at its C-terminus, CS forma-
tion with OAS-TL provides a similar protection 
to SSAT1 against Cys (Kumaran et al.  2009 ). 
Whereas none of fi ve  Arabidopsis  SAT isoforms 
contain a putative CDPK-phosphorylation site, 
GmSAT2;1 and four other SAT isoforms in soy-
bean carry potential CDPK-dependent phosphor-
ylation sites (B-X-X-S/T: where B is a basic 
residue lysine or arginine, X is any residue, and 
S/T is serine or threonine) near the C-terminus 
(Liu et al.  2006 ). Considering the fact that puta-
tive CDPK-phosphorylation sites are also found 
near the C-terminus in the SAT from other plants, 
including tobacco, sunfl ower, and poplar (Liu 
et al.  2006 ), it needs to be determined whether 
C-terminal phosphorylation of SAT affects CRC 
formation and whether this posttranslational 
modifi cation is more widely used to modulate 
feedback inhibition by Cys. Integration of differ-
ent signaling factors such as mitogen-activated 
protein kinase (MAPK), MAPK kinase kinase, 
and CDPK was upregulated in rice under As 
stress (Huang et al.  2012 ). Moreover, As(V) 
markedly increased the activity of MAPKs and 
CDPK-like kinases, and CDPK and NADPH oxi-
dases were involved in As-induced MAPK acti-
vation (Huang et al.  2012 ).  

    Thiol-Cascade and Other Plant 
Metabolisms 

 Sulfate uptake is well coordinated with the uptake 
and assimilation of N. During N limitation, sul-

fate uptake is strongly reduced (Koprivova et al. 
 2000 ). This reduction of uptake corresponds to 
signifi cantly lower accumulation of transcripts 
for AtSultr1;1 and AtSultr1;2 (Maruyama- 
Nakashita et al.  2004 ). In addition, the genes for 
HASulT are induced by sucrose (Maruyama- 
Nakashita et al.  2004 ). Proteomic analysis in 
 Arabidopsis  Sultr 4;1 mutant seed revealed strong 
cross talk between plant thiol-metabolisms and 
lipid and sterol metabolism, as well as sugar and 
polysaccharide metabolism. Lipid synthesis that 
occurs in the plastids is a strong sink for elec-
trons. Plastid redox state affects lipid metabo-
lism. Acetyl-CoA carboxylase (ACCase) 
catalyzes the committed step of malonyl-CoA 
production in plastid lipid synthesis. Isolated 
ACCase in vitro is inactive without reductant and 
activated after addition of DTT or reduced thiore-
doxins (TRXs). The chloroplast ACCase consists 
of four polypeptides, in which the Cys residue 
constitutes the important part. Biotin carboxyl 
carrier subunit of ACCase in  Chlamydomonas 
reinhardtii  is subjected to  S -thiolation with GSH 
(Dietz and Pfannschmidt  2011 ). Biotin carboxyl-
ase is a target of glutathionylation in  Arabidopsis  
cell culture. Thus, each of the subunits of ACCase 
is potentially controlled by redox regulation 
using diverse mechanisms. This fact underlines 
the link between thiol-linked redox state and lipid 
metabolism. Furthermore, it is now known that 
envelope-bound monogalactosyldiacylglycerol 
synthase (MGD) is a major lipid component of 
chloroplasts. Plant MGD possesses nine con-
served Cys residues. Its regulation by thiol redox 
state is suggested to enable galactolipid synthesis 
along with photosynthetic activity and to foster 
replacement of eventually oxidized lipids under 
conditions that cause oxidative stress (Dietz and 
Pfannschmidt  2011 ). Several spots correspond-
ing to enzymes involved in polysaccharide catab-
olism, a β-glucosidase and a β-galactosidase, 
increased in mutant seeds, probably as a way to 
sustain glycolysis and fatty-acid biosynthesis. 
Two proteins of amino acid metabolism were 
also overaccumulated in the Sultr4;1 mutant 
seeds that correspond to glutamine synthase and 
Met synthase, although level of storage proteins 
was not affected (Zuber et al.  2010 ). OAS-TL in 
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its unbound form catalyzes the synthesis of Cys 
from OAS and sulfi de and becomes inactivated 
when bound to the complex. The CS thus consti-
tutes a branch point where reduced S gets incor-
porated into a carbon backbone. At least for N 
and P starvation, an induction of S uptake and 
assimilation has been documented (Kopriva et al. 
 2009 ,  2012 ). Limitation of both nutrients led to 
an increase in APR1, APR3, Sultr4;1, Sultr1;3, 
and different SATs. Further confi rmation regard-
ing importance of S-metabolism pathway in con-
trolling many other primary and secondary 
metabolisms in plants has come from two inde-
pendent  Arabidopsis thaliana  T-DNA insertion 
lines defi cient in SiR transcripts and enzyme 
activity; sir1-2 seedlings had 14 % SiR transcript 
levels compared with the wild type and were 
early seedling lethal. sir1-1 seedlings had 44 % 
SiR transcript levels and were viable but strongly 
retarded in growth (Khan et al.  2010 ). This 
unique study pointed out that disruption in SiR 
expression resulted in concomitant decrease in 
ATPS4, APR2, Sultr 2, and pathogen defense 
genes and increase in vegetative storage proteins 
(VSP1 and VSP2), NITRILASE1 (NIT1) and 
NIT2, and chlorophyll-degrading gene 
CHLOROPHYLLASE1, and steady-state levels 
of most of the S-related metabolites, as well as 
the expression of many primary metabolism 
genes, were changed in leaves of sir1-1. Hexose 
and starch contents were decreased, while free 
amino acids increased. Inorganic carbon, N, and 
S composition were also severely altered, dem-
onstrating strong perturbations in metabolism 
that differed markedly from known sulfate defi -
ciency responses (Khan et al.  2010 ).  

    Partitioning of Thiol-Cascade 

 In a competing pathway, APS-kinase (APSK) 
phosphorylates APS at the 3ʹ-ribose position to 
yield 3ʹ-phosphate-5ʹ-adenosine phosphosulfate 
(PAPS) (Lee and Leustek  1998 ) as 
APS + ATP ↔ PAPS + ADP. PAPS provides an 
S-donor for various sulfotransferases involved in 
the synthesis of plant hormones, sulfolipids, fl a-
vonoids, and glucosinolates. Functional analysis 

reveals multiple APSK isoforms in  Arabidopsis  
(Leustek et al.  2000 ; Mugford et al.  2009 ). 
Interestingly, T-DNA insertional knockout 
mutants of APSK-1 and APSK-2 in  Arabidopsis  
resulted in a dwarfed phenotype and a 450 % 
increase in Cys content but decrease in secondary 
metabolites (Mugford et al.  2009 ). This suggests 
that partitioning of sulfate fl ux between the 
reductive assimilatory and APS phosphorylation 
pathways is important for growth and 
development.   

    Thiol-Metabolisms and Plant Stress 
Response 

 Plant homoeostasis is a result of complex regula-
tory processes that keep plant metabolic events 
and physiological responses in balance, despite 
regular, temporary, or localized changes in inputs 
such as light, nutrients, and water, or other envi-
ronmental conditions as well as biotic stresses 
(Tripathi et al.  2012a ,  b ). The system is generally 
thought to be able to buffer imbalances to a cer-
tain extent but may then have to shift to new 
homoeostatic states when severe defi ciencies in 
nutrient supply or limitations in growth condi-
tions occur. S-metabolism into thiol-containing 
compounds is critical for protecting plants from 
oxidative and environmental stresses (Zagorchev 
et al.  2013  ) . CS overexpression in tobacco con-
fers tolerance to S-containing environmental pol-
lutants (Noji et al.  2001 ). Although stress 
signaling pathways are ascertained by transcrip-
tomic analysis and promoter–reporter constructs, 
recently it has become apparent that posttran-
scriptional and posttranslational control plays an 
important role as well. This has been demon-
strated, as, for example, in the overexpression of 
SOS1 under control of constitutive promoter 
which did not lead to accumulation of the mRNA 
in control plants but only under salt stress. Genes 
involved in proline biosynthesis are either under 
control of miRNA or undergo posttranscriptional 
regulation. Phosphorylation and ubiquitination 
are well-recognized processes in salt stress sig-
naling (Kopriva et al.  2012 ). Therefore, the 
responses of genes to treatments may not always 
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be correlated with the responses of the encoding 
proteins and enzyme activities. This has been 
demonstrated in reports on individual genes and 
pathways, as well as on a much larger scale using 
omics technologies. Proteomics analysis of 
 Arabidopsis  roots treated with NaCl detected 215 
differently abundant spots which resulted in the 
identifi cation of 86 proteins. Among these, many 
known stress-related proteins were present, as 
well as proteins involved in metabolism, protein 
synthesis, and signal transduction but poorly cor-
related with their corresponding mRNA data. 
Similarly, proteome data generated upon infec-
tion with bacterial pathogen and circadian 
changes of 23 enzyme activities did not match 
greatly with corresponding variations in tran-
scriptomics data from the same material, con-
fi rming a large contribution of posttranscriptional 
and posttranslational regulation (Srivastava et al. 
 2009 ). Nevertheless, transcript analysis and espe-
cially microarrays using rich repositories are still 
the most utilizable methods of choice for dissect-
ing plant stress signaling. 

    Regulations of Thiol-Metabolisms 
During Salt and Drought Stresses 

 The S-containing group called thiol is strongly 
nucleophilic. This is preferably suitable for bio-
logical redox reactions and plays an important 
role in protection against salt and water stress- 
induced oxidative damage. Substantial level of 
study indicates that salt tolerance in plants has 
been associated with their capability to synthe-
size GSH and indicates a potential role of the S 
nutrition (Anjum et al.  2012 ; Talukdar  2011b ,  c , 
 e ,  2012g ,  2013j ,  l ,  m ; Astolfi  and Zuchi  2013 ). 
Salt stress increases the activities of SAT and 
OAS-TL leading to higher rate of Cys biosynthe-
sis, which results in increased accumulation of 
GSH for defense responses to salt stress (Astolfi  
and Zuchi  2013 ). Ruiz and Blumwald ( 2002 ) 
reported that S-assimilation rate and biosynthesis 
of Cys and GSH were greatly increased in 
 Brassica napus  plant exposed to saline condi-
tions. Furthermore, changes in S-assimilation 
enzymes have been reported due to salt stress in 

 Arabidopsis  and broccoli (Lopez-Berenguera 
et al.  2007 ), respectively. Overexpression of sul-
fate transporters, ATP sulfurylase, Cys, OAS, and 
GSH resulted in increased resistance to oxidative 
stress (Astolfi  and Zuchi  2013 ). The control of S 
partitioning and manipulating the synthesis of 
S-containing compounds in plants using genetic 
engineering may be a potential option for increas-
ing salt tolerance. In roots of wild-type (WT) 
 Arabidopsis , APR activity, protein accumulation, 
and mRNA levels were increased threefold after 
5 h of exposure to 150 mM NaCl. Analysis of 
various mutants in hormone signaling revealed 
that the regulation was ABA insensitive;  however, 
the response of APR activity was uncoupled from 
the mRNA response. However, treatment with 
EGTA to disrupt Ca 2+  signaling prevented the 
increase in both mRNA and enzyme activity 
upon the salt treatment. In most of the mutants, 
the APR activity was not increased upon the salt 
treatment or even decreased, despite the increased 
mRNA accumulation. Assimilatory sulfate 
reduction may induce salt tolerance by coordinat-
ing various physiological processes and molecu-
lar mechanisms which are likely to be induced by 
phytohormones (Fatma et al.  2013 ). The involve-
ment of phytohormones in S signaling and salt 
stress is a complex phenomenon as phytohor-
mones may affect S availability and control gene 
expression related to S-metabolism (reviewed by 
Fatma et al.  2013 ). In a unique study, drought and 
salt stress tolerance of an  Arabidopsis  glutathi-
one  S -transferase U17 knockout mutant are 
attributed to the combined effect of GSH and 
ABA. GSH contents increased in response to 
NaCl stress in leaves but not in roots, the primary 
site of salt exposure, in gray poplar hybrid 
(Herschbach et al.  2010 ). The increasing leaf 
GSH concentrations correlated with stress- 
induced decreases in transpiration and net CO 2  
assimilation rates at light saturation. Enhanced 
rates of photorespiration could also be involved 
in preventing ROS formation in chloroplasts and, 
thus, in protecting PS II from damage. 
Accumulation of glycine and serine in leaves 
suggested increasing rates of photorespiration. 
Since serine and glycine are both immediate pre-
cursors of GSH that can limit GSH synthesis, and 
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serine being involved in Cys biosynthesis, it is 
concluded that the salt-induced accumulation of 
leaf thiol-metabolites such as GSH results from 
enhanced photorespiration and is thus probably 
restricted to the cytosol (Herschbach et al.  2010 ). 
Similar roles of GSH in modulating plant growth 
and development have been explored in grass 
pea, a hardy legume, and in lentil genotypes 
under water stress (Talukdar  2013l ). A model of 
involvement of GSH in drought and salt stress 
tolerant has been presented in Fig.  2 .   

    Thiol-Metabolisms and Heavy Metal 
Stress 

 The pivotal roles played by thiol-cascade in con-
ferring plants to heavy metal stress were evi-
denced much earlier by works of Harada et al. 
( 2001 ) who engineered tobacco plants expressing 
a rice CS gene to make it tolerant to toxic levels 
of Cd, a well-known toxic heavy metal. In a sig-
nifi cant work, Hossain and Komatsu ( 2012 ) used 
high-throughput comparative proteomic 
approaches to dissect heavy metal stress 
responses in soybeans and observed alteration of 
thiol redox homeostasis. Coordinated expression 

of GSH metabolic genes has been observed in 
 Arabidopsis  in response to heavy metal and JA 
(Xiang and Oliver  1998 ). Prominent roles of 
GSH-redox state, its regeneration by GR in AsA–
GSH cycle, and modulation of GSH-mediated 
antioxidant defense have been demonstrated in 
grass pea mutants overproducing GSH as well as 
in GSH-defi cient condition under Cd stress 
(Talukdar  2012c ,  d ). In lentil genotypes differing 
in Cd tolerance, exogenous Ca signifi cantly ame-
liorated Cd-induced oxidative stress by modulat-
ing antioxidant defense in which GSH, GSSG, 
and GSH redox played essential roles (Talukdar 
 2012e ). These studies clearly pointed out cascad-
ing roles of GSH and GSH-derived PCs in miti-
gating ROS-mediated oxidative stress through 
induction of the entire AsA–GSH cycle compo-
nents and their fi ne-tuned integration with 
defense components outside this cycle (Talukdar 
 2012c ,  d ,  e ). In a unique study, van de Mortel 
et al. ( 2008 ) found expression differences for 
genes involved in lignin, GSH, and sulfate metab-
olism in response to Cd in  Arabidopsis thaliana  
and the related Zn/Cd-hyperaccumulator  Thlaspi 
caerulescens . Addition of 50 mM CdCl 2  to the 
irrigation medium of mature  Arabidopsis  plants 
induces a rapid accumulation of the mRNA for 

  Fig. 2    A simple model for the involvement of GSH, GST, hormonal regulations, and plant phenotypes during modula-
tion of drought and salt stress tolerance in plants       
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cytosolic OAS-TL isoforms coupled with high 
increase in Cys content to meet growing demand 
for GSH and PCs throughout the leaf lamina, the 
root and stem cortex, and stem vascular tissues, 
and this suggests that increased Cys availability 
is responsible for Cd tolerance (Domínguez-Solís 
et al.  2004 ). Remarkably, expression of the gene 
encoding SAT4 responds to sulfate deprivation 
and to Cd exposure despite presumably contrib-
uting little SAT activity in vivo, pointing to a 
function in thiol-mediated stress response 
(Kawashima et al.  2005 ). Transcripts encoding 
SAT1 also increase 10-fold when a catalase2- 
defi cient mutant of  Arabidopsis  is transferred 
from high CO 2  concentrations to ambient air, pre-
sumably to provide more Cys for GSH synthesis 
to be used in the detoxifi cation of H 2 O 2  by the 
AsA–GSH cycle (Queval et al.  2009 ). In the lat-
ter case the increase in SAT1 mRNA is accompa-
nied by an increase in total levels of Cys and 
GSH. It seems therefore that the expression of 
gene encoding plastidic SAT1 is triggered by oxi-
dative stress even though plastidic SAT activity 
contributes only about 10 % to the total SAT 
activity in nonstressed leaves and that metabolic 
regulation of the CS complexes in the three com-
partments is responsible for increased production 
and contents of Cys in response to environmental 
challenges (Hell and Wirtz  2011 ). Molecular 
responses to Cd exposure have also been identi-
fi ed in plants, such as  Brassica juncea , 
 Arabidopsis  (Xiang and Oliver  1998 ), and the 
other plant species in which Cd exposure induced 
a coordinated transcriptional regulation of genes 
encoding γ-ECS, GSHS, and PCS (Sun et al. 
 2005 ). Combined transcript, enzymatic, and met-
abolic profi ling in the moss  Physcomitrella pat-
ens  revealed vital involvement of sulfate 
assimilatory genes under Cd stress (Rother et al. 
 2006 ). Cd-induced GSH and PC synthesis have a 
well-established relationship with sulfate uptake, 
transport, and assimilation in plants in agreement 
with the concept of demand-driven regulation 
(Nocito et al.  2006 ). Besides GSH and hGSH in 
some legumes, there are other thiol-containing 
tripeptides in plants. Grasses and rice produce 
hydroxymethylglutathione, in which a serine 
replaces the terminal glycine, following exposure 

to heavy metals (Klapheck et al.  1994 ). Corn syn-
thesizes an analog with a terminal glutamate, and 
horseradish generates a tripeptide with a gluta-
mine in place of the glycine following Cd expo-
sure. RNA blot analysis of transcript amounts 
obtained from roots and leaves of heavy metal 
accumulator Indian mustard,  Brassica juncea , 
indicated enhanced gene expression of ATPS and 
APR and high level of Cys but decreased expres-
sions of low-affi nity sulfate transporters and low 
level of GSH (Heiss et al.  1999 ). Examination of 
steady-state mRNA levels in  Brassica napus  
reveals that BnSultr2;2 transcripts were enhanced 
in leaves of sulfate-defi cient plants and under 
20–120 μM Cd exposure, but under the same 
conditions, the BnSultr2;2 expression in roots 
was severely suppressed (Sun et al.  2005 ). 
RT-PCR analysis also demonstrated that 
BnSultr1;1 was expressed only in roots, and its 
expression was upregulated by both sulfate defi -
ciency and Cd exposure (Sun et al.  2005 ). 
Proteomic analysis in  Arabidopsis  Sultr 4;1 
mutant seed revealed overaccumulation of sev-
eral proteins related to stress response mecha-
nisms (Zuber et al.  2010 ), of which the most 
important were the enzymes involved in detoxifi -
cation processes, a glutathione S-transferase iso-
form (GST 6), an aldose reductase, a formate 
dehydrogenase, and a superoxide dismutase. 
Furthermore, spots corresponding to proteins 
usually upregulated during stress response and 
notably oxidative stress, such as glyceraldehyde-
3- phosphate dehydrogenase and alcohol dehy-
drogenase, were increased in abundance in 
mutant seeds. Signifi cantly, the mutant seeds 
possessed higher GSSG levels (46 % against 
42 % for wild-type seeds), indicating sulfate 
remobilization from the vacuole to the other cell 
compartments is important for the seed’s defense 
against abiotic oxidative stress during seed devel-
opment and storage (Zuber et al.  2010 ). An 
upregulation of Sultr4;1 gene expression con-
comitantly with an oxidative stress response has 
also been reported in  Arabidopsis  roots and 
shoots under Cd stress (Herbette et al.  2006 ). 
Both constitutively elevated activity of SAT and 
concentration of GSH are involved in the ability 
of nickel-hyperaccumulator  Thlaspi goesingense  
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to tolerate nickel. Further study pointed out that 
all three isoforms of SAT in  T. goesingense  are 
insensitive to feedback inhibition by Cys (Na and 
Salt  2011 ).  

    Thiol-Metabolisms and Metalloid 
Stress 

 Perhaps, the most breathtaking discovery in 
recent years regarding roles of thiol-cascade in 
plant stress response has come from studies on 
arsenic (As) tolerance of crop plants. As is a 
ubiquitous toxic metalloid and is highly detri-
mental to plant growth, development, and nutri-
tional quality of edible parts due to formation of 
ROS and consequently induction of oxidative 
stress (Gupta et al.  2008 ; Srivastava et al.  2009 ; 
Talukdar  2012f ,  h ,  2013a ,  h ,  k ; Zhao et al.  2012 ; 
Sharma  2013 ). Functional genomic approaches 
are very important in analyzing plant As trans-

port and accumulation. Thus, a new concept 
termed as “Arsenomics” defi ned as an approach 
dealing with transcriptome, proteome, and 
metabolome alterations during As exposure has 
emerged (Tripathi et al.  2012b ). In rice, As(V) 
induced genes involved in abiotic stress, detoxifi -
cation pathways, and secondary metabolic pro-
cess. Genes involved in secondary cell wall 
biogenesis, cell cycle, and oligopeptide transport 
were mainly downregulated (Huang et al.  2012 ). 
Several lines of evidence point to the coordinated 
roles of thiols in As tolerance and detoxifi cation 
(Chakrabarty et al.  2009 ; Rai et al.  2011 ; Talukdar 
 2011f ; Tripathi et al.  2012a ,  b ), and GSH plays 
central role of this detoxifi cation process (Ahsan 
et al.  2008 ; Talukdar  2013b ), a generalized 
scheme of which has been shown in Fig.  3 . When 
plants are supplied As V , typically more than 90 % 
of As within roots is converted to As III  (Finnegan 
and Chen  2012 ), and the binding of As III  to GSH 
and/or PCs is the basis for the main detoxifi cation 

  Fig. 3    A generalized scheme for involvement of components of thiol-cascade in arsenic transport and metabolisms in 
plant root cells       
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pathway for both As V  and As III  (Finnegan and 
Chen  2012 ; Zhao et al.  2012 ). In another study on 
rice, Tripathi et al. ( 2012c ) observed alteration of 
various amino acids in rice and its synchronized 
role with thiolic ligand and potency for As toler-
ance and detoxifi cation. Thiol biosynthesis- 
related enzymes were positively correlated to As 
accumulation-tolerant cultivar while opposite 
result was noticed in sensitive one (Tripathi et al. 
 2012b ,  c ). Sung et al. ( 2009 ) revealed that ARS5 
(arsenate reductase) is a component of the 26S 
proteasome complex and negatively regulates 
thiol biosynthesis and As tolerance in 
 Arabidopsis . A recent report indicates that As 
exposure can signifi cantly enhance  Fusarium  
wilt infection in grain legumes (Talukdar  2013i ) 
and is a predominant determining factor for high 
aggressiveness of  Leucaena leucocephala , an 
invasive tree in tropical countries (Talukdar 
 2013d ). In both cases, stimulation of 
 GSH- mediated antioxidant defense plays vital 
roles in maintaining plant growth and seed yield. 
GSH exclusively requires Cys as one of its build-
ing blocks. Therefore, increased Cys biosynthe-
sis to support GSH and PC production would add 
to the effectiveness of approaches designed to 
increase nonprotein thiols within plants, a pro-
cess that would also require inputs from 
S-metabolism (Finnegan and Chen  2012 ). A 
large number of genes involved in thiol synthesis, 
metabolism, and transport as well as GSH-
mediated antioxidant defense have recently been 
recorded during transcriptomic, proteomic, and 
metabolic analysis of rice,  Brassica , lentil,  Pteris , 
 Agrostis tenuis , and aquatic macrophytes chal-
lenged with As stress (Norton et al.  2008 ; 
Duquesnoy et al.  2009 ; Srivastava et al.  2009 , 
 2010 ; Bona et al.  2010 ; Rai et al.  2011 ; Tripathi 
et al.  2012a ,  b ; Talukdar and Talukdar  2013d ). 
The central role played by the GSH and PCs in 
the detoxifi cation of the metalloid indicates a 
critical importance for S-metabolism in deter-
mining plant survival in As-contaminated soils 
(Ahsan et al.  2008 ). Transcriptomic and pro-
teomic analysis revealed that nearly fi ve sulfate 
transporter genes in rice (Norton et al.  2008 ; 
Chakrabarty et al.  2009 ), four in lentil (Talukdar 
and Talukdar  2013d ), three in  Brassica  (Srivastava 

et al.  2009 ), and at least one transporter in 
 Arabidopsis  (Sung et al.  2009 ) are upregulated in 
roots exposed to As. In the Cys synthesizing 
steps, transcriptional upregulation has been 
observed for SAT1;1 and SAT1;2 isoforms and at 
least one OAS-TL each in  Arabidopsis , rice, 
 Brassica ,  Hydrilla , and lentil (Tripathi et al. 
 2012a ,  b ; Talukdar and Talukdar  2013d ). As V  and 
As III  exposure may cause a downregulation of 
OAS-TL in As-sensitive plants. OAS-TL protein 
disappeared from maize shoots exposed to As 
(Requejo and Tena  2006 ), while OAS-TL activity 
was repressed in an As-sensitive line of  B. juncea  
(Srivastava et al.  2009 ), compromising Cys bio-
synthesis and, therefore, As detoxifi cation 
through GSH and PC. Differential regulations of 
transcripts were also reported for downstream 
metabolites like GSH, PCs, and GSH-mediated 
antioxidant defense comprising different func-
tional isoforms of AsA–GSH cycle enzymes like 
APX, DHAR, and GR and enzymes outside this 
cycle like CAT, GPXs, and GSTs in cereals, oil-
seeds, legumes, aquatic macrophyte 
 Ceratophyllum demersum , and medicinal crops 
under As exposures (Li et al.  2004a ,  b ; Mishra 
et al.  2008 ; Talukdar and Talukdar  2013b ,  c ). An 
arsenate-activated GRX (PvGRX5) isolated from 
the As-hyperaccumulator fern  Pteris vittata  L. 
regulates intracellular arsenite and conferred tol-
erance to transgenic  Arabidopsis  by reducing As 
accumulation in leaves (Wei et al.  2010 ). Under 
AsV stress, the microarray experiment revealed 
induction of APR3, GST20 ( Tau  class), chloro-
plast Cu/Zn superoxide dismutase (SOD) 
(at2g28190), Cu/Zn SOD (at1g08830), and an 
SOD copper chaperone (at1g12520) in response 
to treatment (Abercrombie et al.  2008 ). Like 
SOD and catalase, GST, GRX and/or peroxidase 
transcript or protein abundance, or enzymatic 
activity often increases in response to As expo-
sure (Stoeva et al.  2005 ; Srivastava et al.  2007 ; 
Abercrombie et al.  2008 ; Ahsan et al.  2008 ; 
Norton et al.  2008 ; Chakrabarty et al.  2009 ). As 
an example, in rice, at least 10 GST genes are 
upregulated in response to As V  exposure, while 
no more than two GST genes are downregulated 
(Norton et al.  2008 ; Chakrabarty et al.  2009 ). At 
least one γ-ECS, one PCS, three GST (Lc GSTI, 
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Lc GSTII, and Lc GSTIII) genes, two GR (Lc 
GR1 LcGR2), two Cu/Zn SOD (I, II), one each of 
FeSOD and MnSOD, three APXs (LcAPX1, 2, 
3), and two DHAR (LcDHAR1, LcDHAR2) 
transcripts are differentially regulated in lentil 
genotypes, differing in As tolerance (Talukdar 
and Talukdar  2013d ). Similarly, in common bean 
genotypes, differential expression and comple-
mentation of SOD isoforms and concomitant 
effect on GSH- mediated antioxidant defense 
were observed under As stress (Talukdar and 
Talukdar  2013b ). In As-hyperaccumulator fern 
 Pteris vittata , exogenous application of sulfate 
and GSH enhanced As accumulation (Wei et al. 
 2010 ). In  B. juncea  genotypes differing in As tol-
erance, transcriptional profi ling showed an 
upregulation of sulfate transporters (Sultr2;1 and 
Sultr4;1), γ-ECS, PCS, and auxin and jasmonate 
biosynthesis pathway genes, whereas there was a 
downregulation of ethylene biosynthesis and 
cytokinin-responsive genes within 6 h of expo-
sure to As III  (Srivastava et al.  2009 ). This sug-
gested that perception of As-induced stress was 
presumably mediated through an integrated mod-
ulation in hormonal functioning that led to both 
short- and long-term adaptations to combat the 
stress (Srivastava et al.  2009 ). It seems likely that 
in the As-tolerant variety, there was an induction 
in Cys synthase activity, as well as in the activi-
ties of SAT and γ-ECS, the penultimate enzyme 
in GSH biosynthesis. These increases in enzyme 
activity were accompanied by increased levels of 
both Cys and GSH, indicating that increased 
S-metabolism may be a viable mechanism for 
increasing As tolerance in plants (Finnegan and 
Chen  2012 ). In order to identify the differentially 
expressed transcripts and the pathways involved 
in As metabolism and detoxifi cation,  Crambe 
abyssinica , the Ethiopian mustard plants, were 
subjected to arsenate stress, and a PCR-Select 
Suppression Subtraction Hybridization (SSH) 
approach was employed (Paulose et al.  2010 ). A 
total of 105 differentially expressed subtracted 
cDNAs were sequenced which were found to 
represent 38 genes. Transcripts related to thiol-
cascade include GSTs which form the largest 
group in the subtracted cDNA library and 
enzymes involved in reductive assimilation of S 

such as APR, APS, and SiR. Most of the tran-
scripts (12 %) of GSTs fall in the  Tau  subfamily 
(GST- Tau ), while the remaining sequences (4 %) 
are similar to the  Phi  subfamily (Paulose et al. 
 2010 ). PCs are GSH- derived peptides synthe-
sized in the cytosol where they form 
PC-metal(loid) complexes that are transported 
into vacuoles, thus removing these toxic elements 
from the cytosol. Using transcriptional responses, 
several vacuolar PCs and other thiol transporters 
including ABCC-types for long-distance trans-
port of Cd and As have been identifi ed in yeast, 
Pteris, rice,  Brassica , and  Arabidopsis  (Indriolo 
et al.  2010 ; Song et al.  2010 ; Mendoza-Cózatl 
et al.  2011 ; Huang et al.  2012 ), and shoot-specifi c 
expression of γ-ECS, the fi rst enzyme in GSH 
biosynthesis, to direct long-distance transport of 
thiol peptides to roots conferring Cd and As tol-
erance has been revealed (Li et al.  2004a ,  b ).   

    Thiol-Metabolisms and Chilling 
Stress 

 Role of S-metabolisms and thiol-metabolites in 
conferring tolerance to chilling stress has been 
documented (Noctor et al.  2012 ; Fatma et al. 
 2013 ). In maize, a plant with C 4  metabolisms 
showing Kranz anatomy, chilling stress induces 
foliar thiol levels and activities of APR, γ-ECS, 
and GSHS (Kopriva et al.  2009 ), and total GSH 
content and the activities of APR and GR are 
increased in chilling-tolerant maize compared 
with a sensitive genotype even at standard growth 
conditions (Kopriva et al.  2009 ).  

    Response of Thiol-Metabolisms 
to S-Status and Selenate Stress 

 In order to ascertain the effect of sulfate starva-
tion and/or selenate stress on sulfate metabo-
lisms, transcript expression of putative sulfate/
selenate transporters from one Se hyperaccumu-
lator,  Astragalus racemosus , and one closely 
related nonaccumulator species,  Astragalus 
drummondii , was determined by semiquantitative 
RT-PCR. Transporters belonging to groups 2 and 
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4 and group 3 of the plant sulfate transporter fam-
ily were expressed in both root and shoot tissues 
of  A. racemosus  and  A. drummondii , whereas the 
group 1-type transporter genes, which have been 
shown in other species to be mainly responsible 
for the initial uptake (Buchner et al.  2004a ), were 
detected only in root tissues. A 16-day time- 
course experiment on the same taxa revealed (a) 
modest increases of groups 1 and 4 transcript 
abundance and no infl uence on the expression of 
Sultr2 in root tissues starved for 16 days, (b) no 
Sultr1 transcript in shoots under suffi cient S or 
under S starvation and a small increase in Sultr4 
and no change of Sultr2 abundance in response to 
S starvation, and (c) that Sultr4 transcripts accu-
mulated more in shoots of nonaccumulating 
 Astragalus  species compared with the 
Se-accumulating  Astragalus  species (Cabannes 
et al.  2011 ). Global expression profi ling of 
S-starved  Arabidopsis  by DNA macroarray 
reveals the role of OAS as a general regulator of 
gene expression in response to S nutrition (Hirai 
et al.  2003 ). Koralewska et al. ( 2008 ) found dif-
ferential regulations of gene expressions of sultr 
1;1 and sultr 1;2 and APR in  Brassica pekinensis  
(Chinese cabbage) by H 2 S nutrition and sulfate 
deprivation. As mentioned earlier, a sulfate trans-
porter induced in sulfate-starved roots plays a 
central role in  Arabidopsis thaliana  (Takahashi 
et al.  1997 ), and several transporters were later 
identifi ed (Takahashi et al.  2011 ).  

    Thiol-Cascade and Biosynthesis 
of Proteins Involved in Fatty Acids 
and Lipids Under Oxidative Stress 

 Besides proteins directly related to the oxidative 
stress response, an up-accumulation of proteins 
involved in the biosynthesis of fatty acids and lip-
ids was revealed. Proteomic and transcriptomic 
analysis of  Arabidopsis  seeds provided molecu-
lar evidence for successive processing of seed 
proteins and its implication in the stress response 
to S nutrition. In  Arabidopsis  Sultr 4;1 mutant 
seeds, proteins such as enoyl-[acyl-carrier- 
protein] reductase, two isoforms of hydroxyster-
oid dehydrogenase 1 (HSD1), and ketoacyl 

carrier protein synthase I were up-accumulated 
(Zuber et al.  2010 ). An upregulation of a ketoacyl 
carrier protein synthase was also observed in 
developing  Arabidopsis  seeds under S-starved 
conditions. It is well known that under stress con-
ditions, toxic oxygen derivatives are produced 
that inactivate enzymes and damage important 
cellular components, such as membranes by lipid 
peroxidation and fatty-acid de-esterifi cation. It, 
thus, seems that the upregulation of enzymes 
involved in fatty acid and lipid biosynthesis may 
represent a mechanism to repair stress-induced 
membrane damage. Transgenic  Arabidopsis  lines 
overexpressing HSD1 have an increased toler-
ance to salt stress (Zuber et al.  2010 ).   

    Thiol-Cascade and Nutritional 
Fortifi cations of Crops 

 Substantial effort has been expended over many 
years to enrich the plant parts used as food and 
feed in essential amino acids, most notably lysine 
in cereal grains and Cys and methionine in 
legume seeds (Tabe and Droux  2002 ; Tabe et al. 
 2010 ). Two distinct strategies have been used: 
manipulation of the pathways of amino acid bio-
synthesis and creation of a storage sink by expres-
sion of a protein rich in the relevant amino acid 
(Tabe et al.  2010 ). In  Arabidopsis , mutant over-
accumulating OAS has been characterized 
(Ohkama-Ohtsu et al.  2004 ) and seed Met con-
tent has been enhanced by reducing the activity 
of HMT2, a Met biosynthetic enzyme (Lee et al. 
 2008 ). Remarkably, tissue-specifi c gene expres-
sions of sulfate transporter families have been 
studied in relation to nutrition (Buchner et al. 
 2010 ). Overexpression of mutated forms of 
aspartate kinase and cystathionine γ-synthase in 
tobacco leaves resulted in the high accumulation 
of Met and threonine (Hacham et al.  2008 ). 
Protein quality in legume crops is limited by the 
suboptimal levels of the essential S-containing 
amino acids, Met and Cys. Seed development in 
pea has been positively modulated by increasing 
the phloem transport of S-methylmethionine and 
S as well as N metabolisms (Tan et al.  2010 ). In 
the case of the S-containing amino acids, many 
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different steps of the pathways of reductive 
S-assimilation and S amino acid biosynthesis 
have been manipulated in a range of plant spe-
cies. Increased effi ciency of wool growth and live 
weight gain was recorded in Merino sheep fed 
transgenic lupin seed containing sunfl ower albu-
min (White et al.  2007 ). A unique feature of 
 Phaseolus  and several  Vigna  species is the accu-
mulation of a nonprotein amino acid,  S-methyl- 
Cys  , to a high concentration in seed, of up to 
0.3 % per dry weight, mainly as a γ-Glu dipeptide 
(Liao et al.  2012 ).  S -Methyl-Cys cannot substi-
tute for Met or Cys in the diet (Padovese et al. 
 2001 ). Major seed proteins in common bean, the 
7S globulin phaseolin and lectin phytohaemag-
glutinin, are poor in Met and Cys. Proteomic 
analysis identifi ed several S-rich proteins whose 
levels are elevated in the absence of phaseolin 
and major lectins, including the 11S globulin 
legumin, albumin-2, defensin, albumin-1, and the 
Bowman–Birk-type proteinase inhibitor 
(Marsolais et al.  2010 ). Under these conditions, 
legumin becomes the dominant storage protein, 
accounting for at least 17 % of total protein. 
Integration of proteomic and functional genomic 
data enabled the identifi cation and isolation of 
cDNAs encoding these proteins (Yin et al.  2011 ). 
These characteristics are reminiscent of the 
 opaque-2  mutant, which was used to develop 
quality protein maize (Huang et al.  2009 ). Till 
date, most approaches to improve protein quality 
in grain legumes have involved the transgenic 
expression of S-rich proteins, sometimes in com-
bination with metabolic engineering of S amino 
acid pathways. In common bean, the expression 
of Brazil nut 2S albumin increased the Met con-
centration by 20 % (Aragao et al.  1999 ) and tran-
scriptomic profi ling identifi ed candidate genes 
associated with the accumulation of distinct sul-
fur γ-glutamyl dipeptides in  Phaseolus vulgaris  
and  Vigna mungo  seeds (Liao et al.  2013 ). In 
lupin and chickpea, expression of sunfl ower seed 
albumin (SSA) stimulated S-assimilation. S was 
shifted from the sulfate to the protein Met pool, 
elevated by 90 %, while the concentration of Cys 
was reduced by 10 % (Molvig et al.  1997 ; Tabe 
and Droux  2002 ; Chiaiese et al.  2004 ). Expression 
in developing lupin embryos of a SAT from 

 Arabidopsis thaliana  (AtSAT1 or AtSerat 2;1) 
was associated with increases of up to 5-fold in 
the concentrations of OAS, the immediate prod-
uct of SAT, and up to 26-fold in free Cys, result-
ing in some of the highest in vivo concentrations 
of these metabolites yet reported (Tabe et al. 
 2010 ). In  Vicia narbonensis , which accumulates 
little sulfate in mature seed, co-expression of 
Brazil nut 2S albumin with a feedback- insensitive, 
bacterial Asp kinase increased Met and Cys con-
centrations by 100 % and 20 %, respectively 
(Demidov et al.  2003 ). The increased levels of 
Met and Cys were accompanied by decreases in 
the concentration of γ-Glu- S -ethenyl-Cys (2-fold) 
and free thiols, particularly γ-GluCys and 
GSH. About two-third increase in Met and Cys 
concentration was attributed to an enhanced sup-
ply of S to the seed. In soybean, transgenic 
expression of Brazil nut 2S albumin increased 
Met concentration by 26 %, while expression of 
15 kDa δ-zein increased Met and Cys concentra-
tions by 20 % and 35 %, respectively (Dinkins 
et al.  2001 ). Constitutive overexpression of a 
cytosolic form of OAS - TL in transgenic soybean 
led to sustained enzymatic activity at the late 
stages of seed development and resulted in a 
70 % increase in total Cys concentration in 
mature seed (Kim et al.  2012 ). This was associ-
ated with enhanced levels of the endogenous 
Cys-rich protein, the Bowman–Birk protease 
inhibitor. Two types of novel protein bodies in 
transitional cells situated between the vascular 
tissue and storage parenchyma were obtained 
from transgenic soybean plant overexpressing an 
11 kDa Met-rich delta-zein (Kim and Krishnan 
 2004 ). High-level expression of maize γ-zein 
protein has been obtained (Li et al.  2005 ), and 
protease inhibitor activity has been reduced by 
expression of a mutant Bowman–Birk gene in 
soybean seed (Livingstone et al.  2007 ). 
Furthermore, S-assimilation and Cys biosynthe-
sis has been manipulated towards engineering 
seed S amino acid content in food and feed 
(Krishnan  2008 ; Jez and Krishnan  2009 ). 
Although mature seed is the primary target of 
nutritional biofortifi cation process, studies 
revealed S-metabolisms and transportations of 
thiol compounds in developing legume seeds. In 
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soybean, sulfate in pods is transformed into 
homoglutathione, which is mobilized into devel-
oping seed (Anderson and Fitzgerald  2001 ). 
While homoglutathione contributes Cys, 
 S -methyl-Met is anticipated to be a major form of 
Met transported to the seed. Recent functional 
genomic studies have highlighted the occurrence 
of complete pathways of sulfate assimilation and 
de novo Cys and methionine biosynthesis in 
developing seed, both in soybean and common 
bean (Yi et al.  2010 ; Yin et al.  2011 ). Seed-
specifi c transgenic expression of a chloroplastic, 
feedback-insensitive SAT in lupin increased the 
concentration of OAS and free Cys (Tabe et al. 
 2010 ). But the total concentration of Cys and Met 
could not be enhanced, even after co-segregation 
of the SSA transgene. This suggests that sulfate 
assimilation and Cys biosynthesis are regulated 
independently from Met biosynthesis, which is 
part of the aspartic acid- derived amino acid path-
way (Galili et al.  2005 ). A global analysis of tran-
scripts and free amino acids spanning the 
developmental period of γ-Glu- S -methyl-Cys 
accumulation in seeds of common bean revealed 
that (a) during seed development, phaseolin and 
phytohaemagglutinin transcripts are most abun-
dant in cotyledonary stage, while phaseolin as a 
protein accumulates during maturation; (b) seed 
desiccation takes place during maturation stage. 
Hierarchical clustering of expression values for 
major seed protein transcripts that were differen-
tially expressed between common bean geno-
types of SARC1 and SMARC1N-PN1 throughout 
all four developmental stages were consistent 
(Liao et al.  2012 ) with previous proteomic fi nd-
ings (Marsolais et al.  2010 ); and (c) lower expres-
sion values were systematically observed for 
phaseolin, arcelin, lectin, and most phytohae-
magglutinin contigs in SMARC1N-PN1. The 
microarray data were examined for differential 
expression of transcripts coding for S-rich pro-
teins (Liao et al.  2012 ). S-rich proteins previ-
ously identifi ed by proteomics as elevated in 
SMARC1N-PN1 also had increased transcript 
levels. They include legumin, albumin-2, defen-
sin D1, albumin-1A and albumin-1B, and the 
Bowman–Birk-type proteinase inhibitor. 
Transcripts of additional types of S-rich proteins 

were identifi ed as differentially expressed, 
including the basic 7S  globulin, double-headed 
trypsin, and Kunitz trypsin protease inhibitors. 
Soybean basic 7S globulin, known as γ-conglutin 
in lupin, is a minor Cys- rich globulin with struc-
tural similarity to xyloglucan- specifi c endo-β-
1,4-glucanase inhibitor- like protein (Scarafoni 
et al.  2010 ; Yoshizawa et al.  2011 ), which has 
insulin- binding properties and glucose-lowering 
nutritional effects (Hanada and Hirano  2004 ; 
Magni et al.  2004 ; Lovati et al.  2012 ). Transcripts 
were most elevated for albumin-1A (10-fold), 
albumin-1E (7-fold), and albumin-1F contigs 
(11-fold) and the three differentially expressed 
genes coding for the Bowman–Birk-type protein-
ase inhibitor 2 and the double-headed trypsin 
inhibitor/trypsin chymotrypsin inhibitor. 
Differential expression was observed at distinct 
developmental stages, also. Albumin-2, albumin-
1E, the Bowman–Birk-type proteinase inhibitor 
2, and the double- headed trypsin inhibitor con-
tigs had increased transcript levels starting from 
cotyledonary stage. This was followed by legu-
min and basic 7S globulin- 2 at cotyledonary 
stage. Defensin D1 was differentially expressed 
at early maturation stage and albumin-1A and 
albumin-1B at fi nal maturation stage (Liao et al. 
 2012 ). Transcripts of the Kunitz trypsin protease 
inhibitor were elevated from early maturation 
stages to fi nal maturation. In parallel with tran-
scripts of Cys-rich proteins, those of three differ-
ent chaperones involved in the formation of 
disulfi de bridges were also elevated (Liao et al. 
 2012 ). Besides, transcripts coding for enzymes 
associated with several processes of S-metabolism 
were signifi cantly increased; notable among 
these are-Sultr 1;2, Sultr 3;3, ATPS1, APSR1, 
SAT1;1, SAT1;2, and SAT 2;1 (Liao et al.  2012 ). 
The transcript profi ling results focus on a remark-
able coordination in the expression of S-metabolic 
genes, which includes those participating in sul-
fate transport and assimilation, de novo Cys, and 
Met biosynthesis and further confi rms the fact 
that in vegetative tissue, transcription of S uptake 
and assimilation is regulated by demand, with 
feedback inhibition by GSH and stimulation by 
OAS (Liao et al.  2012 ). In transgenic seeds 
expressing SSA, upregulation of endogenous 
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S-rich proteins was associated with reduced lev-
els of GSH in rice (Hagan et al.  2003 ) and 
increased levels of OAS in chickpea (Chiaiese 
et al.  2004 ). Howarth et al. ( 2009 )  identifi ed a 
unique S defi ciency-induced gene  sdi1 , involved 
in the utilization of stored sulfate pools under 
S-limiting conditions. This gene has potential as 
a diagnostic indicator of S nutritional status.  

    Plant Nuclear Ploidy, Sexual 
Reproduction, 
and Thiol-Metabolisms 

 Unique effect of the genome structure in deter-
mining the size of the sulfate transporter gene 
family has been studied in the Poaceae and 
Fabaceae. Phylogeny and expression of paralo-
gous and orthologous sulfate transporter genes 
have been studied in diploid and hexaploid wheat 
(Buchner et al.  2004b ). The partially diploidized 
tetraploid soybean ( Glycine max ) genome con-
tains in total 28 sulfate transporter genes indicat-
ing gene duplications of the individual group 
isoforms (  http://www.phytozome.net/    ). In con-
trast, in the diploid  Medicago truncatula  genome 
(  www.medicago-hapmap.org    ), only 10 sulfate 
transporter genes have been detected. The “New 
World”  Astragalus  species, which include  A. cro-
talaria ,  A. drummondii ,  A. racemosus , and  A. 
bisulcatus , are mostly aneuploid, with a chromo-
some number based on  n  = 11 to 15, in contrast to 
the “Old World” euploid  Astragalus  ( n  = 8) spe-
cies, which include  A. glycyphyllos  (Cabannes 
et al.  2011 ). Three very closely related group 1 
high-affi nity sulfate transporter genes (Sultr1a–
Sultr1c) were identifi ed in  A. racemosus . Using 
the same RT-PCR approaches, a Sultr1b isoform 
from A . crotalaria, A. bisulcatus , and  A. drum-
mondii  and Sultr1a and Sultr1b isoforms from  A. 
glycyphyllos  were isolated (Cabannes et al. 
 2011 ). No Sultr2;1 type was isolated from the 
 Astragalus  species, but a Sultr 2;2 isoform has 
been phylogenetically close to  Arabidopsis  Sultr 
2;2 (Buchner et al.  2010 ; Cabannes et al.  2011 ). 
However, group 3 Sultr3;4 type was identifi ed in 
 A. drummondii, A. racemosus , and  A. bisulcatus , 

and a group 4 type was identifi ed from  A. race-
mosus  (Cabannes et al.  2011 ). 

 ROS, reactive nitrogen species (RNS), GSH 
and other classic buffer molecules or antioxidant 
proteins, and some thiol/disulfi de-containing 
proteins belonging to the thioredoxin superfam-
ily, like glutaredoxins (GRXs) or thioredoxins 
(TRXs), form a complex network of redox regu-
lations. These components participate as critical 
elements not only in the switch between the 
mitotic to the meiotic cycle but also at further 
developmental stages of microsporogenesis, reg-
ulation of pollen rejection as the result of 
 self- incompatibility, and display precise space-
temporal patterns of expression and are present in 
specifi c localizations like the stigmatic papillae 
or the mature pollen (Traverso et al.  2013 ). Gene 
expressions of several TRXs such as TRXh1, 
TRXh4, TRXh5, and GRX in  Arabidopsis , rice, 
 Pisum sativum ,  Crocus sativus  (saffron), and 
 Nicotiana  have been found to be involved in the 
development of stigma, style, anther, and pollen–
pistil interactions and during growth of pollen 
tube (reviewed Traverso et al.  2013 ).  

    Origin of “Thiolomics”: Progress 
and Future Prospects in Crop 
Improvement 

 Continuous increase in global population along 
with the growing urbanization and impending 
climate change imposes signifi cant pressure for 
increasing agricultural crop productivity and 
nutritional quality. Crop yield is a complex trait 
and is found to be dependent upon three interde-
pendent factors such as generation of photosyn-
thetic reductant, its assimilation into the carbon 
product, and then translocation in different plant 
parts. In recent years, various transgenic-based 
approaches have been tested to modulate source 
and sink strength; however, limited success has 
been achieved in the terms of increased crop 
yield. As an alternate strategy, the concept of 
strengthening the plant’s built in mechanism 
using priming mediated physiological tuning, 
which does not involve any genetic modifi cation, 

Thiolomics: Molecular Mechanisms of Thiol-Cascade in Plant Growth and Nutrition

http://www.medicago-hapmap.org/
http://www.phytozome.net/


522

can be useful. Thiourea (TU), a known ROS 
scavenger and sulfhydryl regulator, governs 
source-to-sink relationship in plants through 
sugar dynamics, based upon the fact that most of 
the steps for generating photoassimilates at 
source and its translocation towards sink are reg-
ulated in a redox state-dependent manner 
(Srivastava et al.  2010 ; Pandey et al.  2013 ). This 
non-transgenic-based priming method has 
recently been successfully utilized to enhance 
crop productivity and nutritional biofortifi cations 
and to impart stress tolerance in crops such as 
mustard, wheat, mung bean, salt grass, potato, 
and maize (Pandey et al.  2013 ). High-throughput 
omics techniques are extensively being exploited 
in recent times to dissect plant molecular strate-
gies of thiol-cascade in regulating plant growth, 
development, metabolisms, and stress tolerance. 
All these events are neatly interwoven with each 
other, and plant S-metabolisms, thiolic potency, 
its dynamisms, and regulations in each and every 
events either directly or indirectly focus the facts 
that thiol-cascade is in the central of plant growth. 
The components of this cascade can be effec-
tively manipulated in favor of crop yield and 
nutritional quality using power of omics technol-
ogy specifi cally employed in plant thiol- 
metabolisms through “thiolomics.”     
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    Abstract  

  The chloroplast is the most remarkable organ-
elle of plant cells; it is the site of a myriad of 
different chemical reactions; among chloro-
plast’s many functionalities is photosynthesis, 
perhaps the most fundamental biological pro-
cess on the biosphere. The chloroplast has 
been subject of a plethora of research efforts 
that try to understand the molecular mecha-
nisms that regulate its biochemical capabili-
ties, development, and evolutionary origin. 
Omic technologies have provided researchers 
with tools to study different aspects of biology 
from a global perspective, and, not surpris-
ingly, chloroplast research has taken advan-
tage of them. This chapter explores how 
chloroplasts organize their genomes and regu-
late their transcriptomes, proteomes, and 
metabolomes, trying to focus on classical 
knowledge and reviewing new datasets 
obtained through large-scale research projects 
that shed light on chloroplast functionality.  
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        Introduction 

 Chloroplasts are semiautonomous organelles that 
came in the eukaryotic life scene around 1.6 bil-
lion years ago, through a process of primary 
endosymbiosis between cyanobacteria and 
ancient heterotrophic mitochondria-bearing 
eukaryotes (Yoon et al.  2004 ). From that moment 
on, chloroplasts have integrated themselves in 
almost every aspect of the biology of plants; 
chloroplasts perform functions that impact a 
wide range of processes like ecological traits 
(volatile emissions), specifi c molecular events 
(chloroplast-to-nucleus signaling), and biomass 
production. 

 As several other well-studied endosymbionts, 
at the morphological level, chloroplasts are sur-
rounded by two lipid bilayers that enclose a fl uid 
compartment called stroma (Keeling  2010 ). The 
stroma contains a most distinctive net of internal 
membranes known as thylakoids, whose lumen is 
also fl uid. The high degree of compartmentaliza-
tion existing in chloroplasts is essential for the 
proper production of the plethora of metabolites 
and chemical processes that fi nd source in the 
membranes and compartments of the chloro-
plasts. For instance take the carbon fi xation pro-
cess, commonly known as photosynthesis; this 
process is a series of energy-driven chemical 
reactions that mediate the assimilation of inor-
ganic carbon atoms into sugar molecules. 
Photosynthesis is composed of two conceptually 
independent sets of reactions, the light-dependent 
and light-independent reactions; light-dependent 
reactions take place in the thylakoid membrane 
and involve the conversion of light energy to 
chemical energy through a series of electron 
donors and acceptors that are associated to the 
thylakoid membrane. Starting from antenna and 
reaction center pigments (such as chlorophylls 
and carotenes), the electrons travel through pro-
teins like plastoquinones and cytochromes to 
fi nally reduce NADPH (nicotinamide adenine 
dinucleotide phosphate). Along the way from the 
antenna to the NADPH, electron carriers mediate 
the pumping of H +  from the chloroplast stroma to 

the lumen of the thylakoids, this way forming an 
electrochemical gradient that is used by an ATP 
(adenosine triphosphate) synthase complex ori-
ented towards the plastid stroma to generate ATP 
in that compartment. During light-independent 
reactions, enzymes in the stroma use the ATP and 
NADPH produced during the light-dependent 
reactions to generate sugars, from inorganic CO 2  
molecules (Blankenship  2002 ); it is important to 
note that compartmentalized changes in pH are 
key to regulate enzymes important for the light- 
independent reactions to take place, such as 
ribulose- bisphosphate carboxylase-oxygenase 
whose activation is facilitated by the generation 
of a pH gradient through the thylakoid membrane 
(Campbell and Ogren  1990 ; Chen et al.  2010 ). In 
this simple example, it results evident how the 
existence of several compartments in the chloro-
plasts is essential to the performance of one given 
function. 

 Since photosynthesis is the source of all the 
organic carbon found in every single metabolite, 
chloroplast function results essential to almost 
every process in the cell, and synthesis pathways 
of major metabolites and the photosynthetic 
activity of the plant tissues are fi ne tuned (Paul 
and Pellny  2003 ). Even though dependent on car-
bon fi xed during photosynthesis, other important 
chemical reactions take place inside chloroplasts 
such as lipids, isoprenoids, amino acids, proteins, 
and complex carbohydrate synthesis (Kannangara 
et al.  1971 ; Lichtenthaler  1999 ; Kirk and Leech 
 1972 ; Siddell and Ellis  1975 ), making the chloro-
plast a source of energy, structural components, 
and a plethora of signals that regulate several 
aspects of plant development. 

 Given the importance of chloroplasts for life, 
several efforts have been made worldwide in 
order to grasp understanding of the intricate regu-
latory networks underlying its origin, function 
and development. Here we present a review of 
the current knowledge on how chloroplasts orga-
nize their genomes and regulate their transcrip-
tomes, proteomes, metabolomes, and even some 
new and not so well-studied fi elds, such as 
lipidomics.  
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    Chloroplast Genomes 

 In 1920 Hans Winkler adapted the term genome 
to refer to the haploid chromosome set of a given 
organism. More than 50 years later, in 1976, 
Walter Fiers reported the complete sequence of 
the bacteriophage MS2 RNA genome (Fiers et al. 
 1976 ); in 1977 Frederick Sanger reported the fi rst 
sequence of a DNA (deoxyribonucleic acid) 
genome (Phage Ф X-174; Sanger et al.  1977 ). In 
the following years, the genomic sequences of 
representative organisms from the three different 
domains of life were reported, being  Haemophilus 
infl uenzae ,  Saccharomyces cerevisiae , and 
 Methanococcus jannaschii  the fi rsts on their 
respective domains (Fleischmann et al.  1995 ; 
Goffeau et al.  1996 ; Bult et al.  1996 ). Furthermore, 
in 1986 the fi rst two chloroplast genomes came 
into view when two different Japanese research 
teams reported full sequences for the chloroplast 
genomes of  Marchantia polymorpha  and 
 Nicotiana tabacum  (Ohyama et al.  1986 ; 
Shinozaki et al.  1986 ). Nowadays, the next gen-
eration of DNA sequencing technologies has 
advanced in precision, time consumption and 
cost, to the point that genomic information for 
10,904 organisms is now publicly available; 
among them only 197 genomes correspond to 
plants (  http://www.ncbi.nlm.nih.gov/genome/
browse/    ). 

 It is now common knowledge that eukaryotic 
organelles like mitochondria and plastids origi-
nated by means of a process called endosymbio-
sis, in which prokaryotic cells were engulfed by 
pro-eukaryotic cells and then underwent a pro-
cess of functional specialization. Organelles gen-
erated this way have a very unique trait compared 
to other cell organelles: they have their own DNA 
genome, which is a reminiscent of their past pro-
karyotic genomes. The chloroplast genome 
(cpDNA) varies little in topology and content 
among plants, it is generally accepted that 
cpDNA molecules are made of quadripartite cir-
cular molecules of around 145 kbps in size, this 
molecules are organized in two single-copy seg-
ments of different length (long single copy, LSC; 
short single copy, SSC) which are separated by 

two inverted repeat segments (IR) (Fig.  1 ) 
(Palmer  1991 ). Even if it is widely accepted that 
cpDNA molecules are circular molecules, over 
the years evidence has been accumulated show-
ing that the circle does not defi ne the most com-
mon conformation of cpDNA molecules. As a 
matter of fact, early evidence showed that circu-
lar cpDNA molecules represent only the 37 % of 
the total cpDNA molecules extracted from pea 
chloroplasts (Kolodner and Tewari  1972 ). For 
decades the view of circular cpDNA molecules 
dominated, and the theory suggested that most of 
the cpDNA molecules suffer random breakage 
during the extraction process and then concate-
nated, this way explaining the oligomeric linear 
forms of cpDNA molecules found in all the 
experiments reported. In contrast, in 2004, 
Oldenburg and Bendich reported high-resolution 
digital images of ethidium-stained plastid DNA 
extracted from maize meristematic tissue, show-
ing the cpDNA as complex branched linear mol-
ecules whose size was several times larger than 
the genome size, it was also demonstrated that 
the ends of such molecules are specifi c rather 
than random, as expected from molecules ran-
domly broken during the extraction process 
(Oldenburg and Bendich  2004 ). Furthermore, it 
is now proposed that cpDNA replication does not 
proceed by the canonical cairn structure and roll-
ing circle mechanism; instead, a recombination- 

  Fig. 1     Map of a standard cpDNA molecule . Graphical 
representation of a standard circular cpDNA molecule. 
Annotated LSC (large single copy), SSC (short single 
copy), and IR (inverted repeat) elements       
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dependent mechanism is thought to mediate 
replication, since this mechanism better explains 
the formation of the reported head-to-tail- 
branched concatemers (Bendich  2004 ). Evidence 
of these linear complexes of cpDNA has been 
reported for several species such as  A. thaliana , 
maize, pea, and watermelon (Bendich  1991 , 
 2004 ; Rowan et al.  2004 ). Even though there is 
plenty of evidence to show the linear nature of 
cpDNA molecules, to this date, chloroplast 
genomes are still reported as circular molecules, 
whether the idea of a circular cpDNA molecule is 
very well rooted in the scientifi c community or it 
is used as a way to homogenize the way chloro-
plast genomes are reported, future literature must 
adapt to accommodate the fi ndings about linear 
cpDNA molecules.  

 Despite the controversial information regard-
ing the shape of cpDNA molecules, it is very well 
known that the standard cpDNA molecule has 
around 128 different genes organized in several 
clusters; these cpDNA-encoded genes include 
protein (84), tRNA (37), and rRNA (8) coding 
sequences (Saski et al.  2005 ; Wu et al.  2009 ). 
Table  1  compiles publicly available information 
on genome size and gene content for chloroplas-
tic genomes of several economically important 
plants. To this date, 555 entries exist that report 
sequences for cpDNA of different species (32 
Chlorophyta and 523 Streptophyta) in the 
Viridiplantae clade (  http://www.ncbi.nlm.nih.
gov/genomes/ORGANELLES/organelles.html    ). 
From the Streptophyta information available at 
NCBI,  Conopholis americana (American can-
cer-root)  and  Pelargonium hortorum (Garden 
geranium)  represent the smallest and the largest 
cpDNA sequences, respectively. The cpDNA of 
 Conopholis americana  has only 45.63 kbps, 
while the cpDNA of  Pelargonium hortorum  is 
217.9 kbps in length (Fig.  2 ). In accordance to the 
great difference existing in genome length, dif-
ferences exist in the number of genes coded 
by the cpDNA of each species, the cpDNA of 
 Pelargonium hortorum  contains 181 genes (131 
proteins, 40 tRNAs, 10 rRNAs), while  Conopholis 
americana  cpDNA codes only for 44 genes (21 
proteins, 18 tRNAs, 4 rRNAs); functional char-
acterization of the proteins coded by each gene 

reveals that  Pelargonium hortorum  codes for pro-
teins with a wide set of functionalities, including 
photosynthesis, transcription, translation, and 
energy metabolism (Fig.  2 ). On the other hand, 
 Conopholis americana  cpDNA lacks most of the 
plastid-encoded photosynthetic and energy 
metabolism genes, presenting genes coding for 
the plastid translation machinery; this informa-
tion correlates with the parasitic lifestyle of this 
plant species (Fig.  2 a). The information regard-
ing the specifi c genes encoded by all the cpDNA 
sequences available to this date is compiled in the 
cpBase: The Chloroplast Genome Database 
(  http://chloroplast.ocean.washington.edu/    ). 
Chloroplast genome information has seeded the 
development of one particular fi eld of plant biol-
ogy, the chloroplast phylogenomics; this 
approach tries to uncover the phylogenetic rela-
tionships existing between different plant species 
by analyzing their cpDNA sequences. Chloroplast 
phylogenomics, aided by the available high- 
throughput next-generation technologies of DNA 
sequencing, has been applied successfully to 
resolve the controverted hypothesis dealing with 
the proper placement of the genus ginkgo in the 
phylogenetic tree of land plants, strongly sup-
porting the previously proposed monophyly 
between ginkgo and cycad groups (Wu et al. 
 2013 ). Moreover, cpDNA sequences generated 
by state-of-the-art sequencing methods have been 
used to explore the angiosperm phylogenetic 
tree; it was found that the most basal lineage of 
angiosperms is represented by aquatic and herba-
ceous plants, whose surviving relatives are repre-
sented by plants of the genuses  Trithuria  and 
 Amborella  and the family Nymphaeaceae, instead 
of the previous belief that pointed the plants in 
the genus  Amborella  as the only surviving organ-
isms related to the root of the angiosperm phylo-
genetic tree (Goremykin et al.  2013 ).

    Developing photosynthetic tissues contain 
around one thousand cpDNA molecules per plas-
tid; though the functionality of such a high copy 
number during development is not clear, two 
major hypotheses try to explain this phenome-
non. First, high copy number may compensate 
random sorting of cpDNA molecules during plas-
tid division; second, the increased gene dosage 
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   Table 1    Gene content of chloroplastic genomes of several crop species   

 Species  Accession  Size (Kbps)  Genes 

 Protein  tRNA  rRNA 

  Adiantum capillus-veneris   NC_004766  150.568  87  35  8 
  Agrostis stolonifera   NC_008591  136.584  85  40  8 
  Anthriscus cerefolium   NC_015113  154.719  85  37  8 
  Brassica napus   NC_016734  152.86  87  37  8 
  Capsella bursa-pastoris   NC_009270  154.49  85  37  8 
  Capsicum annuum   NC_018552  156.781  86  38  8 
  Carica papaya   NC_010323  1.601  84  37  8 
  Castanea mollissima   NC_014674  160.799  83  37  8 
  Cedrus deodara   NC_014575  119.299  75  35  4 
  Cicer arietinum   NC_011163  125.319  75  29  4 
  Citrus sinensis   NC_008334  160.129  87  45  8 
  Coffea arabica   NC_008535  155.189  85  45  8 
  Coix lacryma-jobi   NC_013273  140.745  104  40  8 
  Colocasia esculenta   NC_016753  162.424  86  37  8 
  Cucumis melo subsp. melo   NC_015983  156.017  88  37  8 
  Cucumis sativus   NC_007144  155.293  85  37  8 
  Elaeis guineensis   NC_017602  156.973  86  38  8 
  Festuca arundinacea   NC_011713  136.048  80  38  8 
  Glycine max   NC_007942  152.218  83  37  8 
  Gossypium hirsutum   NC_007944  160.301  83  37  8 
  Helianthus annuus   NC_007977  151.104  85  43  8 
  Hevea brasiliensis   NC_015308  161.191  84  37  8 
  Hordeum vulgare subsp. vulgare   NC_008590  136.462  83  48  8 
  Lactuca sativa   NC_007578  152.765  84  37  7 
  Lathyrus sativus   NC_014063  121.02  74  30  4 
  Liriodendron tulipifera   NC_008326  159.886  84  37  8 
  Nicotiana tabacum   NC_001879  155.943  98  37  8 
  Olea europaea   NC_013707  155.872  85  37  8 
  Oryza sativa Japonica   NC_001320  134.525  108  38  8 
  Phaseolus vulgaris   NC_009259  150.285  83  36  8 
  Ricinus communis   NC_016736  163.161  86  37  8 
  Sesamum indicum   NC_016433  153.324  87  37  8 
  Solanum tuberosum   NC_008096  155.296  84  45  8 
  Sorghum bicolor   NC_008602  140.754  84  48  8 
  Spinacia oleracea   NC_002202  150.725  96  37  8 
  Theobroma cacao   NC_014676  160.619  81  37  8 
  Triticum aestivum   NC_002762  134.545  83  42  8 
  Vigna unguiculata   NC_018051  152.415  84  38  8 
  Vitis vinifera   NC_007957  160.928  84  45  8 
  Zea mays   NC_001666  140.384  111  38  8 
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may be necessary in early developmental stages 
to maintain the high demand of photosynthetic 
proteins necessary for the establishment of pho-
toautotrophic metabolism (Bendich  1987 ). 
Recently, analysis of the maize albino mutant  w2  
(defective in a chloroplast-specifi c DNA poly-
merase) has proven the functional importance of 
gene dosage in maize chloroplasts; it is shown 
that protein subunits of photosynthetic enzymes 
are affected to levels not matching to the decrease 
in their respective mRNA levels, suggesting the 
lowered availability of rRNAs (and hence plastid 
ribosomes) and tRNAs affects the rate of protein 
synthesis and directly relating the defective plas-
tid function to gene dosage (Udy et al.  2012 ). 

 Besides the knowledge available related to 
cpDNA-encoded genes, there is also data show-
ing that there is plenty of noncoding regions in 
cpDNA molecules. Around 42.9 % of the total 
length of the  Nicotiana  LSC and SSC regions is 
noncoding DNA (10.6 % introns and 32.3 % 
intergenic regions) (Shaw et al.  2007 ), and the 
precise knowledge of the main function of these 
noncoding sequences and the coding sequences 
they might regulate is pivotal for the develop-
ment of transplastomic plant lines, a fi eld that has 
been successful in overcoming specifi c crop- 
related problems. 

 In  1988  Boynton et al. reported a method 
based on the bombardment of  Chlamydomonas 
reinhardtii  cells with cpDNA-coated tungsten 
microprojectiles, which made possible the trans-
formation of the chloroplastic genome of  C. rein-
hardtii . Only a few years later in 1990 and 1993, 
respectively, the concept was applied and 
improved for tobacco cpDNA by Svab et al., suc-
cessfully generating the fi rst tobacco transplasto-
mic line resistant to the antibiotic 
spectinomycin (Svab and Maliga  1993 ). 

 Transplastomic plant lines have several advan-
tages over the classical transgenic plants:
•    Since chloroplasts are maternally inherited, 

transgenic plastids are not disseminated into 
the environment by pollen, allowing the prop-
agation of transgenic crops without risking 
naturally occurring varieties (Svab et al. 
 1990 ).  

•   High levels of protein accumulation when 
transgenes are stably integrated in cpDNA, 
caused by the elevated copy number of cpDNA 
molecules (De Cosa et al.  2001 ).  

•   Lack of position effect. Integration of trans-
genes into cpDNA is mediated by a site- 
specifi c recombination mechanism, this way 
preventing random undesired effects produced 
by stochastic transgene insertions (Svab et al. 
 1990 ).  

•   No transgene silencing has been reported so 
far.  

•   Multigene cloning in a single transformation 
event (Quesada-Vargas et al.  2005 ).    
 Recently, the information available on 

the functionality of the noncoding regions of 
cpDNA sequences of several plant species and 
the polycistronic nature of the chloroplastic 
RNAs, has led to the optimization of chloroplast 
genetic engineering tools. For instance, expres-
sion cassettes have been optimized to direct the 
insertion of entire operons in cpDNA molecules 
via recombination with different species-specifi c 
segments of cpDNAs or highly conserved IR seg-
ments, under the regulation of the promoters, 5′ 
and 3′ regulatory regions of different chloroplast- 
encoded genes, which allow high expression lev-
els of the genes of interest in transplastomic 
plants. RNA-processing sites, translation signals, 
and amino acid sequences that affect protein 
turnover are also added to the expression cas-
settes to enhance translation and protein accumu-
lation (Verma and Daniell  2007 ). Figure  3  shows 
a diagram depicting the basic elements necessary 
for the construction of cpDNA transformation 
cassettes, detailed information about the different 
cpDNA transformation vectors, and the regula-
tory elements contained within them which will 
be discussed in further chapters of this book.  

 Several years ago in 1998, the idea of a univer-
sal chloroplast transformation vector was pro-
posed by Danielle et al., using the sequences of 
the IR-encoded genes  trnA  and  trnI  as fl anking 
sequences for the recombination process and the 
conserved noncoding spacer region between 
those genes as insertion site. This system was 
designed using tobacco cpDNA as model, and it 
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worked for transformation of potato and tomato 
chloroplasts, but at a lower transformation effi -
ciency than the achieved for tobacco plastid 
transformation (Sidorov et al.  1999 ; Ruf et al. 
 2001 ). Later studies comparing chloroplast 
genomes of different groups of phylogenetically 
related plants, found only a few or no identical 
spacer regions to be used in the design of vectors 
to allow the cpDNA transformation of several 
different yet related species, making clear that 
the lack of enough complete cpDNA sequences 
still poses a great problem for cpDNA genetic 
engineering (Saski et al.  2007 ). 

 At the present time, several transplastomic 
lines are available for different species displaying 
economically important agronomical traits, such 
as insect resistance (McBride et al.  1995 ; Kota 
et al.  1999 ; De Cosa et al.  2001 ; Hou et al.  2003 ; 
Dufourmantel et al.  2005 ; Chakrabarti et al. 
 2006 ), herbicide resistance (Danielle et al.  1998 ), 
pathogen resistance (Jin et al.  2012 ), drought tol-
erance (Lee et al.  2003 ), salt tolerance (Kumar 
et al.  2004 ), vitamin production (Yabuta et al. 
 2012 ), bioplastics production (Bohmert-Tatarev 
et al.  2011 ), and carotenoid production (Apel and 
Bock  2009 ). Furthermore, several efforts have 
been made to improve crop yield through the 
engineering of RuBisCO (ribulose-1,5- 
bisphosphate carboxylase/oxygenase) enzyme 

and are extensively reviewed by Parry et al. 
( 2012 ) and Hanson et al. ( 2012 ). 

 Along with the data provided by transcrip-
tomics and proteomics, genomics has been useful 
for the development of genetically modifi ed 
organisms, a technological keystone that has 
boosted research in virtually all fi elds of biology 
and is now impacting on economically important 
subjects.  

    Chloroplast Transcriptomes 

 The transcriptome is best defi ned as the entire set 
of RNA transcripts found in a cell, tissue, or 
organ at one specifi c developmental stage or 
physiological condition. Hence, the fi eld arising 
to understand the transcriptome is called tran-
scriptomics; the main goals of transcriptomics 
consist on (1) the identifi cation of all the RNA 
species that exist on a given transcriptome, be it 
coding, noncoding, and small RNA molecules; 
(2) the quantitation of the changes in transcript 
abundance levels under different conditions or 
developmental stages; and (3) the determination 
of transcript structure, including 5′ and 3′ ends, 
splicing patterns, and other posttranscriptional 
modifi cations such as editing. 

  Fig. 3     cpDNA transformation cassette . Representation 
of the different cis-elements included in chloroplast DNA 
transformation cassettes. Flanking sequences ( blue  and 
 gray boxes ) for recombination reaction with the cpDNA; 

promoter sequences ( black boxes ); 5′- and 3′-UTR regions 
( green  and  yellow boxes ) to ensure proper RNA process-
ing; gene of interest ( purple box ) and spacer region ( white 
box )       
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 Chloroplast transcription is mediated by two 
different kinds of RNA polymerases, a single- 
subunit viral-like nuclear-encoded RNA poly-
merase (NEP) and a multi-subunit bacterial-like 
plastid-encoded RNA polymerase (PEP) (Allison 
et al.  1996 ). These enzymes have different target 
promoters, and based on the RNA polymerase in 
charge of its transcription, chloroplast genes can 
be classifi ed into three groups: genes only tran-
scribed by PEP are class I, genes transcribed by 
both PEP and NEP are called class II, and those 
genes transcribed only by NEP are class III 
(Hajdukiewicz et al.  1997 ). Even though the PEP 
core subunits are plastid-encoded, several other 
noncore subunits of PEP are nuclear encoded, 
and evidence suggests that PEP might interact 
with up to 50 accessory subunits. Furthermore, 
specifi city of PEP binding to its target promoters 
depends on the interaction with several different 
nucleus-encoded σ factors, these factors recog-
nize bacterial-like promoters harboring −10 and 
−35 boxes (Gruissem and Zurawski  1985 ). In 
contrast to what is seen in bacteria, where essen-
tial and nonessential σ factors exist, there is no 
evidence that proves the existence of essential σ 
factors in higher plants. For instance,  A. thaliana  
nuclear genome contains six genes that code for 
functional σ factors, but the analysis of several 
insertional mutants and antisense lines for factors 
 AtSig1-5  only showed weak defects on plant 
development (pale-green pigmentation) (Schweer 
et al.  2010 ); however,  AtSig6  mutant lines display 
a strong pigment-accumulation phenotype during 
cotyledon stage, but this phenotype is however 
not present in later developmental stages, sug-
gesting that expression of this factor is essential 
only during early developmental stages (Ishizaki 
et al.  2005 ; Loschelder et al.  2006 ; Schweer et al. 
 2006 ). Nevertheless, these observations strongly 
suggest an overall nonessential role for σ factors 
in plastid transcription and indicate redundancy 
between the σ factors studied. Furthermore, it has 
been recently proposed that phosphorylation of 
several amino acid residues on σ factors is impor-
tant for regulation of their function, positive or 
negative effects on promoter specifi city and tran-
scription depending on the amino acids phos-
phorylated (Link  2003 ; Baginsky and Link  2005 ). 

Also, it has been reported that PEP- and NEP- 
dependent gene expression is mainly regulated in 
a development-dependent fashion, being NEP 
target genes expressed during earlier stages of 
chloroplast development, followed by PEP 
expression of target genes in later developmental 
stages (Courtois et al.  2007 ; Swiatecka- 
Hagenbruch et al.  2008 ). According to the cur-
rent knowledge, most housekeeping genes are 
class II, while the genes coding for photosystem 
I and II proteins are all class I, and fi nally only a 
few housekeeping genes are class III 
(Hajdukiewicz et al.  1997 ; Swiatecka- 
Hagenbruch et al.  2007 ). 

 As it was previously stated, chloroplast genes 
are organized as operons and then transcribed as 
polycistronic RNAs; around 60 operons have 
been identifi ed in tobacco cpDNA (Sugita and 
Sugiura  1996 ). To this day, the most studied chlo-
roplastic operon is the  psbB  operon of 
 Chlamydomonas  and tobacco, which contains 
fi ve different genes that code for important pho-
tosynthetic proteins. The genes  petB  and  petD  
contained in this operon have one group II intron 
each, with the particularity that these two introns 
require a set of six proteins (APO1, APO2, 
CAF1, CAF2, CRS2, and CFM3) to undergo 
proper splicing (Watkins et al.  2011 ; Barkan 
 2011 ; Asakura et al.  2008 ). Furthermore, specifi c 
intercistronic stabilization PPR (pentatricopep-
tide repeat)-like proteins (HCF107, Mbb1, and 
HCF152) are needed in order to protect the UTR 
(untranslated region)-contained sequences that 
enhance RNA stabilization and later translation 
(Vaistij et al.  2000 ; Felder et al.  2001 ; Hammani 
et al.  2012 ; Zhelyazkova et al.  2012a ). Figure  4  
shows a diagram depicting the basic processes 
involved in RNA maturation of  psbB  operon 
genes. Taking all this data in consideration, it is 
clear that several different mechanisms are 
involved in the metabolism of native RNAs, pro-
viding a complex regulatory network for fi ne- 
tuning mature RNA stability and/or translation.  

 In addition, most chloroplast genomes of 
angiosperms are reported to have around 20 
group II introns and around 30–40 editing sites 
(Schmitz-Linneweber and Barkan  2007 ). RNA 
editing is a transcript maturation step that 
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involves the deamination of specifi c cytidine, 
generating C-to-U changes in mature mRNAs; 
the C-to-U changes usually lead to change in the 
amino acid coded by the modifi ed codon 
(Chateigner-Boutin and Small  2010 ). It is known 
that the degree of site editing changes when 
plants are exposed to different stressing condi-
tions; however, recent studies using novel tech-
nologies for transcriptome sequencing (RNA-seq) 
have found that, under normal growth conditions, 
most of the chloroplast editing sites are edited 
with effi ciencies over the 74 %. However, as 
much as 45 % of the total mRNA count was 
found unedited for the translation start codon of 
the  ndhD  gene (Ruwe et al.  2013 ). Despite the 
importance of editing for protein synthesis, very 
little is known about the molecular mechanism 
underlying the process. Very recently, pentatrico-
peptide repeat proteins (PPR) have been impli-
cated in the recognition of the cytosine bases to 
be edited, since it was demonstrated that PPR 
proteins bind to RNA segments of 10–20 nucleo-
tides long that are upstream to the editing site 
(Chateigner-Boutin and Small  2010 ; Okuda et al. 
 2006 ). To this date, controversy exists about the 
biological role of transcript editing; however, 
some observations point that it might be a mecha-

nism to cope with mutations, since replacement 
of tobacco chloroplast gene  psbF  (not edited in 
tobacco) with the spinach orthologue generated 
plants with slow growth and low chlorophyll 
accumulation (Bock et al.  1994 ). 

 Providing yet another RNA metabolism regu-
lation module are chloroplastic noncoding RNAs 
(ncRNAs). Noncoding RNAs are widely distrib-
uted among eukaryotes and prokaryotes; they are 
involved in several different steps of RNA metab-
olism, from transcription regulation by chroma-
tin modifi cation to gene silencing by directed 
mRNA degradation. In plastids, it was thought 
that only a few ncRNAs were present, but this 
idea is now being challenged (thanks to new tech-
nologies such as RNA-seq) by recent fi ndings 
that point out the accumulation of several 
ncRNAs derived from cpDNA in  A. thaliana , 
rice, barley, and Chinese cabbage (Hotto et al. 
 2011 ; Wang et al.  2011 ; Chen et al.  2006 ; 
Zhelyazkova et al.  2012b ). Figure  5  depicts the 
sites that give rise to ncRNAs in the plastid 
genomes of  A. thaliana  and barley. It is important 
to note that the precise functions and biogenesis 
mechanisms of the newly discovered ncRNAs are 
still largely unknown, though there are experi-
ments showing that chloroplastic ncRNAs may 

  Fig. 4     Structure and posttranscriptional processing of 
the   psbB   operon . Organization of the  psbB ,  psbT ,  psbH , 
 petB , and  petD  genes (linked  black arrows ) in the  psbB  
operon, under the regulation of the same promoter region 
(highlighted in  yellow ).  petB  and  petD  group II introns 

( white spaces ) are posttranscriptionally spliced, and sev-
eral different RNA- binding proteins ( green circles  and  red 
boxes ) stabilize and further process the polycistronic 
native RNA into individual mRNAs ( single black arrows ) 
that may undergo editing (highlighted in  green )       
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be generated by the protection against exonucle-
ase activity exerted by the PPR-like proteins 
involved in polycistronic processing (Ruwe and 
Schmitz-Linneweber  2012 ).  

 There are several available methods for the 
analysis of transcriptomes of plants under differ-
ent stress conditions, such as DNA microarrays, 
SAGE (serial analysis of gene expression), and 
RNA-seq. Very recently, the chloroplast tran-
scriptome of  A. thaliana  has been explored dur-
ing seed development, stratifi cation, germination, 
and early seedling development. It was found that 
abundance of most plastid mRNAs increase dur-
ing maturation and decrease in dry seeds, while 
the abundance of mRNAs coding for the plastid 
gene expression machinery do not follow this 
pattern (Allorent et al.  2013 ). Another study 
shows that several mRNAs (including PEP sub-
units) are present in dry seed plastids and those 
mRNAs increase their abundance after stratifi ca-
tion, at the same time antisense RNAs start accu-
mulating during stratifi cation and become easily 
detectable upon cold release. Furthermore, it was 
found that the expression of several housekeep-
ing genes (PEP subunits, ribosomal proteins, and 
 matK ) starts during stratifi cation, while the 
expression of genes related to PSI, PSII, and 
electron transport proteins start only upon cold 
release and light incidence (Demarsy et al.  2012 ). 

It was also found that little changes in mRNA 
expression occur once the chloroplasts have 
achieved photosynthetic competence, regardless 
of the developmental stage of the plant (Demarsy 
et al.  2012 ). 

 Several studies have given insight to the genes 
relevant to stress processes like tolerance to salt 
stress, drought, herbicides, and pathogens; the 
identifi ed genes are perfect candidates for appli-
cation in crop genetic engineering. For instance, 
the plant responses to pathogen infection have 
been explored through transcriptomics 
approaches in several different crop species such 
as canola, peanut, soybean, barley, tomato, rice, 
potato, grape, and wheat (Zhao et al.  2007 ; Luo 
et al.  2005 ; Moy et al.  2004 ; Zierold et al.  2005 ; 
Gibly et al.  2004 ; Zhou et al.  2010 ; Restrepo 
et al.  2005 ; Bruggmann et al.  2005 ; Figueiredo 
et al.  2008 ). Some studies in  A. thaliana  showed 
that infection with  Pseudomonas syringe  produce 
expression changes of several metabolic genes 
related with carbon metabolism, such expression 
changes seem to be coupled to the deviation of 
energy resources from biomass production to 
pathogen eradication (Scheideler et al.  2002 ); 
this data may be used in the near future to gener-
ate crop lines capable of effi cient pathogen fi ght-
ing at lower energy cost. Furthermore, in 2003 a 
study was conducted to investigate the responses 

  Fig. 5     Noncoding RNA coding sites . Sites reported as 
sources of ncRNAs in cpDNAs of  Arabidopsis  and barley. 
 Purple circles  represent ncRNAs encoded on the (+) 

strand and  magenta circles  represent ncRNAs encoded on 
the (−) strand (Adapted from Hotto et al.  2012 )       
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of rice plants to cold, salt, and drought stress; it 
was found that 73 genes were induced by plant 
exposure to stress (36 cold-induced genes, 62 
drought-induced genes, 57 salt-induced genes). 
Among the stress-induced genes are several tran-
scriptional factors, carbohydrate, and amino acid 
metabolism proteins, all enzymes whose expres-
sion may be engineered in order to improve rice 
yield under the mentioned stress conditions 
(Rabbani et al.  2003 ). Table  2  shows a list of the 
73 stress upregulated genes found in the cited 
study.

   Currently, a plethora of examples of 
transcriptomics- based studies dealing with com-
mon crop problems are available, and extensive 
reviews on the topic are published on a regular 
basis. However, the knowledge of chloroplast 

transcriptomes (being relatively simple and 
mainly focused on photosynthesis) largely lead 
to the emergence of a very interesting fi eld 
directly related to the improvement of crops: 
photosynthesis/RuBisCO engineering. 

 Despite the existence of different alternative 
metabolic pathways to assimilate CO 2  to generate 
biomass, the carboxylating activity of RuBisCO 
sits at the core of the photosynthetic activity of all 
plant species. In spite of its great importance for 
plant survival, RuBisCO has some traits that 
make it an extremely ineffi cient enzyme. For 
instance, RuBisCO is able to catalyze a side reac-
tion with oxygen (known as photorespiration) 
that leads to the formation of 2- phosphoglycolate, 
a metabolite that has to go through a long series 
of chemical reactions comprised in different 

   Table 2    Cold stress upregulated genes in rice (Rabbani et al.  2003 )   

 Functional category  Number of genes  Description 

 Transcription factor  6  bZip DNA-binding protein, C 2 H 2 -type zinc fi nger DNA-
binding protein, C 3 HC 4 -type RING fi nger protein, 
Myb-type DNA-binding protein, NAC-type DNA-binding 
protein 

 Receptor-like protein kinase  1  Receptor-like protein kinase 
 Protein phosphatase  1  Protein phosphatase 2C 
 Compatible solutes  6  LEA protein, dehydrin, lectin 
 Detoxifi cation  3  Catalase,  O -methyltransferase, aldehyde dehydrogenase 
 Photosynthesis  1  Chlorophyll  a-/b -binding protein 
 Membrane protein  1  Chloroplast membrane protein 
 Carbohydrate metabolism  7  Glycoside hydrolase, glycosyl transferase, 

phosphoglycerate kinase, pyruvate dehydrogenase kinase 1, 
trehalose-6-phosphate phosphatase, UDP-Glc-4-epimease, 
carboxyphosphoenolpyruvate mutase 

 Electron transport system  1  Thioredoxin 
 Amino acid metabolism  2  4-Hydroxyphenylpyruvate dioxygenase, 

 S -adenosylmethionine decarboxylase 
 Fatty acid metabolism  3  Choline kinase, lipase, and lipoxygenase 
 Nucleotide metabolism  1  Adenylate kinase 
 Hormone biosynthesis  1  Zeaxanthin epoxidase 
 F-box protein  1  F-box protein 
 Protease inhibitor  1  Protease inhibitor 
 Protease  1  Papain Cys protease 
 Dehydrogenase  3  3-Hydroxyacyl-CoA dehydrogenase, dihydroorotate 

dehydrogenase, glutamate dehydrogenase 
 Iron homeostasis  2  Ferritin metallothionein-like type 2 
 Cytoskeleton  2  Actin, actin-depolymerizing factor 
 Transporter  1  Sugar transporter 
 Unknown protein  28  Unknown protein 
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plant cell compartments (chloroplast, mitochon-
drion, peroxisome, and cytosol) to get its carbon 
atoms back into the Calvin cycle, at the cost of 
NADH 2 , ATP, fi xed ammonia, and CO 2  (Foyer 
et al.  2009 ). Besides photorespiration, RuBisCO 
is a slow enzyme that requires posttranslational 
modifi cations and conformational remodeling to 
stay active; hence, a great amount of RuBisCO 
enzyme is necessary to maintain adequate photo-
synthesis rates and to support plant growth; actu-
ally, around 50 % of the total soluble protein 
extracted from leaves is RuBisCO (Parry et al. 
 2012 ). Taken together, these observations and the 
pivotal role of RuBisCO for plant yield pose this 
enzyme or its modifying enzymes as straightfor-
ward candidates for engineering in order to 
achieve the creation of crop-specifi c RuBisCO 
enzymes effi cient enough to greatly improve 
plant yield in specifi c environmental conditions. 
Several efforts have been made in this matter and 
will be discussed here. 

 As it was previously stated, RuBisCO makes 
up to 50 % of the total amount of leaf protein and 
contains around 25 % of the total leaf nitrogen; 
being nitrogen an essential and expensive plant 
nutrient, in 1994 some experiments were con-
ducted with tobacco antisense lines with around 

20 % less RuBisCO content than wild-type 
plants, reducing nitrogen demand in around 11 % 
without negatively affecting CO 2  fi xation (Stitt 
and Schulze  1994 ). Besides lowering plant nitro-
gen demand by modulating RuBisCO levels, 
efforts have been made for the improvement of 
some of its enzymatic traits such as CO 2  affi nity, 
CO 2 /O 2  specifi city, and reaction speed by amino 
acid substitutions in the large subunit of tobacco 
RuBisCO (Zhu et al.  2010 ). Furthermore, there 
are several reports that link heat stress to low 
rates of CO 2  assimilation and decreased levels of 
RuBisCO activity caused by heat-dependent 
RuBisCO activase inactivation (Figs.  6  and  7 ). 
RuBisCO activase has optimal activity at tem-
peratures below 40 °C, but this trait varies among 
plant species depending on the average tempera-
tures of their natural environments (Figs.  6  and  7 ) 
and correlates with the optimal temperatures for 
photosynthesis (Carmo-Silva and Salvucci  2011 ; 
Carmo-Silva et al.  2012 ). Given this data, 
RuBisCO activase provides opportunities for 
genetic engineering, in the sense that creating 
more thermostable variants of this enzyme would 
help photosynthesis to be less sensitive to heat 
stress; despite the apparent advantages that 
RuBisCO activase-engineered crops would pres-

  Fig. 6     Effect of heat stress on RuBisCO activation and 
photosynthesis . The effect of heat stress on RuBisCO 
activation ( squares ) and photosynthesis ( fi lled circles ) 
was evaluated by measuring the net CO 2  assimilation rate 

and RuBisCO in vitro activity of plants under non-photo-
respiratory conditions (2 % O 2 ) (Adapted from Carmo-
Silva et al.  2012 )       
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ent in an over-warming planet, such plant lines 
are still in the very early stages of development 
(Yamori et al.  2012 ).   

 Transcriptomics has proved to be a very useful 
tool for the identifi cation of candidate genes to 
engineer in order to improve the performance of 
crops under diverse stressing conditions; 
RuBisCO itself provides a great example of the 
gap existing between transcript accumulation, 
protein expression, and protein activity; by 
extrapolating this problem to other genes of inter-
est, it becomes clear that the lack of knowledge 
poses challenges that cannot be overcome by 
genomics or transcriptomics alone.  

    Chloroplast Proteomes 

 The proteome refers to the entire set of pro-
teins expressed by a given group of cells under 
specifi c conditions or developmental stage; the 
term was coined in 1994 by Marc Wilkins. On the 
other hand, the term proteomics was coined in 
1997 by P. James by blending together the terms 
protein and genome; this term refers to the 
 large- scale study of proteins. Nowadays, pro-
teomics has proved to be a very valuable tool for 
the progress of basic and applied sciences. 

Thanks to the development of different mass-
spectrometry systems, researchers have gotten to 
explore qualitatively and quantitatively the global 
protein expression profi les at a level of detail 
never reached before. Research in proteomics of 
higher plant chloroplasts has achieved consider-
able success, and the chloroplast proteomes of 
different plant species are known, including spe-
cifi c subsets like envelope, stroma, and thylakoid 
proteomes (Pineda et al.  2010 ; Friso et al.  2004 ); 
thanks to particular protein extraction and sample 
fractionation protocols that enable enrichment of 
the samples with proteins of specifi c physico-
chemical traits and low abundance, such as mem-
brane integral proteins whose hydrophobicity 
was for a long time a challenge when trying to 
analyze thylakoid membrane proteomes. The 
methods to enrich samples with membrane pro-
teins often include steps of fractionation with 
organic solvents, 1-D or 2D SDS-PAGE (sodium 
dodecyl sulfate-polyacrylamide gel electrophore-
sis) or reverse-phase HPLC (high-performance 
liquid chromatography) (Friso et al.  2004 ). 

 Chloroplast proteomes have been reported for 
several plant species under different stressing 
conditions like  A. thaliana , pea, barley, zucchini, 
sugar beet, rice and wheat (Andaluz et al.  2006 ; 
Cui et al.  2005 ; Zhou et al.  2006 ; Curto et al. 

  Fig. 7     Effect of heat stress on RuBisCO activation by 
RuBisCO activase . The effect of heat stress on RuBisCO 
activase was monitored at different temperatures in differ-
ent plant species, Arabidopsis ( black fi lled circles ), 

Camelina ( dark-gray fi lled circles ), tobacco ( light-gray 
fi lled circles ), and cotton ( void circles ) (Adapted from 
Carmo-Silva and Salvucci  2011 )       
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 2006 ; Ciambella et al.  2005 ; Aro et al.  2005 ); 
some examples will be discussed below. 

 In  2012  Kamal et al. reported a set of 767 
unique proteins present in extracts from purifi ed 
Korean winter wheat chloroplasts and sorted the 
identifi ed proteins in 14 functional categories 
(Fig.  8 ), the majority of proteins were found to be 
involved in electron transport, cell organization 
and biogenesis, and metabolic processes. 
Furthermore, in 2007 it was reported a proteomic 
analysis dealing with rice chloroplast biogenesis 
(Kleffmann et al.  2007 ); the study used shotgun 
and 2D-PAGE-based proteomics to ensemble a 
rice etioplast proteome containing 477 etioplast- 
specifi c proteins, it was also found that the transi-
tion from proplastid to chloroplast induced by 
light is marked by a shift in protein expression 
that impacts the metabolic capabilities of the 
plastid, making it change from heterotrophic to 
autotrophic metabolism. In the dark, plastid pro-
tein expression was found to be focused on car-
bohydrate and amino acid metabolism, but 2 h 
after illumination proteins with functions related 
to carbohydrate metabolism, photosynthesis, and 
plastid gene expression increased their abun-
dance, while proteins with functions like amino 
acid and lipid metabolism lowered their abun-
dance, and proteins involved in nucleotide metab-

olism, redox regulation, and tetrapyrrole 
synthesis remained unchanged. Kleffmann et al. 
also found that proteins involved in the plastid 
translation machinery accumulated during this 
transition, the elongation factors P and Tu accu-
mulate along with the proteins that make up the 
ClpP system for protein turnover. It is believed 
that the accumulation of translation and protein 
degradation proteins in the developing plastids 
responds to the need of replacing damaged pro-
teins by the high levels of photooxidative stress 
that chloroplast proteins are subjected to. 
Furthermore, proteins involved in the stabiliza-
tion of mRNAs increase their abundance along 
this transition stage, while proteins related to 
mRNA turn over are less abundant in mature 
plastids of rice. As it was discussed in the previ-
ous section, the knowledge of the genomic ele-
ments and protein effectors in RNA stability is 
crucial for the development of chloroplast genetic 
engineering methodologies, and the data avail-
able on this matter may provide opportunities for 
improving steps in chloroplast biogenesis that 
might result in enhancements of plant yield.  

 The analysis of chloroplast subproteomes has 
resulted in the better understanding of previously 
known functions of specifi c organelle compart-
ments. In the past, it was uncertain at what extent 

  Fig. 8     Probable 
functions of wheat plastid 
proteins . Plastid protein 
extracts from wheat plants 
were analyzed and 
functions predicted for 767 
different proteins (Data 
extracted from Kamal 
et al. 2012 )       
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the plastid nucleoids were the site of posttran-
scriptional processes of RNA maturation and 
ribosome assembly. However, in  2012 , Majeran 
et al. reported a proteomic analysis of isolated 
maize plastid nucleoids; in the study, it was pos-
sible to identify a group of 127 nucleoid-specifi c 
proteins. Most of the identifi ed proteins mapped 
to processes that are classifi ed as DNA related 
(DNA anchoring, organization, repair, and repli-
cation) and RNA related (transcription, editing, 
splicing, stabilization, and maturation), making 
clear that plastid nucleoids are the site of chloro-
plast gene expression and RNA metabolism; 
besides DNA- and RNA-related processes, nucle-
oids were also found to be enriched in ribosomal 
and translation-related proteins, these proteins 
represented about 20 % of the total protein mass 
of nucleoids. These fi ndings lead to the proposal 
of a novel model in which ribosome assembly 
and protein translation takes place in the nucle-
oid, in a process that may be couple to transcrip-
tion (Fig.  9 ; Majeran et al.  2012 ).  

 Also, the effects of stress on chloroplast pro-
teomes have been explored. For instance, in 2006 
the thylakoid proteome of sugar beet was 
explored under iron defi ciency conditions, show-
ing that the abundance of proteins participating in 
photosynthetic electron transport is largely 
affected by iron starvation, while carbon 
metabolism- related proteins (RuBisCO small 
and large subunits, RuBisCO activase, carbonic 
anhydrase, phosphoglycerate kinase, aldolase, 
phosphoribulokinase, transketolase, and ribulose- 
1,7-bisphosphatase) displayed greater abundance 
under the stress conditions (Andaluz et al.  2006 ). 
Furthermore, the proteome of rice leaves under 
cold stress was reported to contain 60 unique pro-
teins, whose functions are related to protein syn-
thesis and folding, cell wall synthesis, protein 
degradation, energy production, and signal trans-
duction. Interestingly more than 40 % of the 
detected proteins were identifi ed as chloroplast 
proteins by bioinformatic tools of transit peptide 
prediction, immediately posing plastids as the 

  Fig. 9     Model of the nucleoid function . Proteins related 
to transcription, translation, RNA processing, and DNA 
maintenance were found to be enriched in chloroplast 
nucleoids, extending the previous model of nucleoid func-
tion. DNA- related processes (shown in  red ; replication, 

organization, repair, and plastid division), RNA-related 
processes (shown in  blue ; transcription, processing, stabi-
lization, splicing, editing), protein-related processes 
(shown in  yellow ; translation, ribosome assembly, protein 
sorting) (Taken from Majeran et al.  2012 )       
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most affected organelles by cold stress and pos-
sibly as mediators of plant responses to cold 
stress (Cui et al.  2005 ). 

 Other aspects of plastid biology have been 
analyzed using proteomic approaches. For 
instance, chloroplast envelopes of pea and maize 
were isolated and their proteomes were analyzed 
and compared. The result was a comparison of 
the plastid proteomes of C 3  and C 4  plants; it was 
found that metabolite transporter proteins (spe-
cifi cally the triosephosphate/phosphate translo-
cator and the phosphoenolpyruvate/phosphate 
translocator) are enriched in C 4  chloroplast pro-
teomes probably due the higher metabolic fl uxes 
that occur during the C 4  type of photosynthesis 
(Bräutigam et al.  2008 ). This data provides 
opportunities for the improvement of projects 
dealing with the engineering of carbon assimila-
tion in C 4  plants. 

 Yet another interesting aspect of proteomics is 
the analysis of the phosphoproteome, a particular 
subproteome that consists of all the proteins that 
are phosphorylated under certain conditions. To 
this date, very little research has focused on the 
analysis of phosphorylated proteins from isolated 
plant organelles, due to low protein abundance 
and the low stability that phosphoproteins dis-
play under the several fractionation steps needed 
for organelle isolation and protein extraction; 
hence, rapid protocols are used for the extraction 
of phosphorylated proteins from whole tissues or 
organs, ensuring a high phosphoproteome cover-
age (Espina et al.  2008 ). Given the technical limi-
tations that phosphoproteomic approaches face, 
the data of phosphoprotein abundance profi les 
for different organelles must be extracted from 
genome-scale phosphoproteomic approaches; in 
order to assign phosphoproteins to specifi c cell 
locations, name it the chloroplast, the whole 
phosphoproteome must be compared to informa-
tion coming from several different sources such 
as organellar subproteomes and targeting experi-
ments with GFP (green fl uorescent protein)-fused 
proteins. Using this approach, in  2009 , Reiland 
et al. reconstructed a phosphoproteome map for 
 A. thaliana  chloroplasts from shoots and rosette 
leaves; it was found that the most frequently 
phosphorylated amino acids in plastids are serine 

and threonine (accounting for around 80 % and 
20 % of the total phosphorylated amino acids, 
respectively) and no evidence of tyrosine phos-
phorylation was found among the 174 analyzed 
plastid-localized phosphoproteins. Furthermore, 
it was found that most of the phosphoproteins 
have functions related to photosynthesis (26), 
metabolism (30), and gene expression (16); sev-
eral chloroplast phosphoproteins were found in 
this study that support older observations and 
hypothesis. For instance, it was suggested that 
phosphorylation of the RNA-binding proteins 
RNP29 and RNP33 is key for RNA stabilization 
and both proteins were detected in this study 
(Reiland et al.  2009 ). Taken together, it is clear 
that phosphoproteomics is a valuable tool for the 
confi rmation and discovery of phosphoproteins 
for the many functions performed by the chloro-
plasts; however, no further efforts have been 
made recently to explore in detail the phospho-
proteome of plastids of other plant species. 

 The analysis of proteomes, particularly plastid 
proteomes and the recent systematic efforts to 
make all proteomics information publicly avail-
able through the creation of new and extensive 
databases, provides opportunities to explore how 
different processes and stress responses are regu-
lated at the protein level, hence providing the 
protein candidates necessary for the generation 
of novel engineered research tools or crops best 
fi t for specifi c environmental conditions.  

    Chloroplast Metabolomes 

 Extending the concept from transcriptomics and 
proteomics, metabolomics is a fi eld that seeks the 
profi ling of all the small-molecule metabolites 
present in a biological sample under a fi xed con-
dition or developmental stage, that way giving a 
comprehensive set of data that represents a 
detailed overview of the precise metabolic and 
physiological state of the sample analyzed. 
Several analytical methods are often applied in 
metabolomics-based studies; sample fraction-
ation is achieved through gas chromatography, 
HPLC, and capillary electrophoresis (Schauer 
et al.  2005 ; Gika et al.  2007 ; Soga et al.  2003 ), 
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whereas metabolite detection is usually per-
formed using mass-spectrometry technologies or 
nuclear magnetic resonance. However, metabolo-
mics faces a great challenge when it comes to the 
analysis of its molecules of interest; in contrast to 
genomics, transcriptomics and proteomics, 
metabolomics has to deal with a very heteroge-
neous set of molecules with different properties, 
while the other omics analyze only polymers 
consisting of a very limited number of monomers 
with a predictable range of physicochemical 
properties. For this reason, several different sam-
ple fractionation and metabolite extraction meth-
ods must be used when trying to profi le the entire 
metabolome of a tissue or organ. As a result, 
there are no reported standard methods for the 
analysis of whole metabolomes from plant sam-
ples, and extensive identifi cation databases simi-
lar to those used for proteomics are nonexistent 
for metabolites, and the existing efforts are 
mainly focused on animal cell models. Other 
common problems related to metabolite determi-
nation are the high turnover rates displayed by 
some metabolites and the elevated rate of translo-
cation that occurs between different cell compart-
ments (Stitt et al.  1983 ; Weber and Fischer  2007 ). 

 Despite the many disadvantages associated 
with metabolomic approaches, this technologies 
have been applied several times with different 
purposes in plant biology, like the safety assess-
ment of GMOs (genetically modifi ed organisms) 
(Baker et al.  2006 ; Kogel et al.  2010 ; Kusano 
et al.  2011 ), the discovery of stress-related com-
pounds (Leiss et al.  2009 ; Lawo et al.  2011 ; 
Aliferis and Jabaji  2012 ), and gene function dis-
covery (Bino et al.  2004 ; Yonekura-Sakakibara 
et al.  2008 ). Also, several efforts have focused on 
the study of metabolite content of plastids using 
nonaqueous fractionation (NAF) methods and 
classical biochemical assays for the determina-
tion of metabolites (Gerhardt and Heldt  1984 ; 
Riens et al.  1991 ). However, recent studies exist 
that employ state-of-the-art high-throughput ana-
lytical procedures (such as mass spectrometry) 
for the profi ling of the metabolite content of spe-
cifi c cell compartments isolated by NAF; those 
studies have reached a point in which it is possi-
ble to describe the metabolome of some plant cell 

compartments, among the studied cell compart-
ments is of course the chloroplast (Geigenberger 
et al.  2011 ). In 2011, it was possible to recon-
struct a metabolite map of the compartmentalized 
metabolome of  A. thaliana  leaves under regular 
growth conditions; from that study, it is clear that 
three subcellular compartments can be very well 
defi ned through nonaqueous fractionation cou-
pled to mass spectrometry, the chloroplast, the 
vacuole, and the cytosol. In this study, it was 
found that 344 analytes are plastid-specifi c, while 
334 metabolites are shared with the cytosol and 
24 with the vacuole; the analytes were sorted into 
different categories including primary metabo-
lism (7 chloroplastic, 12 cytosolic, 9 vacuolar 
specifi c metabolites), secondary metabolism (10 
chloroplastic, 161 cytosolic, 158 vacuolar), lipo-
philic compounds (326 chloroplastic, 288 cyto-
solic, 0 vacuolar), and other functions (1 
chloroplastic, 0 cytosolic, 0 vacuolar) (Krueger 
et al.  2011 ). A computational analysis of this data 
revealed that the chloroplast is enriched in amino 
acids and galactolipids, and some amino acids 
are shared with the cytosol while little overlap 
exists between the metabolites present at the 
plastid and those at the vacuole. On the other 
hand, a plethora of metabolites was mapped to 
the cytosol, stating this compartment as a gate-
way for metabolite fl ux (Klie et al.  2011 ). In spite 
of the great amount of data generated by large- 
scale metabolic profi ling studies, only few bio-
logically relevant hypotheses can be generated 
without information about the specifi c identities 
of the detected metabolites, and as this informa-
tion is still out of reach for the average research 
project, the impact of chloroplast metabolome 
determination on the understanding of plant biol-
ogy will be evaluated in the future. 

 However, one growing fi eld within metabolo-
mics is the identifi cation of alterations in lipid 
metabolism under different conditions, a research 
area commonly known as lipidomics. Being the 
lipidome part of the metabolome, it suffers from 
many of the limitations usually associated to 
metabolomic studies, such as the lack of standard 
protocols for sample fractionation and metabolite 
isolation and identifi cation; as a result, no spe-
cifi c large-scale lipidomics experiments have 
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been driven to characterize the lipid accumula-
tion profi le of intact chloroplasts. However, the 
study described above sheds light on the matter, 
suggesting that the lipidome of chloroplasts 
under normal growth conditions is composed 
mainly of galactolipids and only few species of 
phospholipids (Klie et al.  2011 ), an observation 
that is consistent with data generated using clas-
sical biochemical strategies for lipid content 
determination, which points out that the outer 
and inner membranes of rye, pea, and spinach 
chloroplasts are composed by a high proportion 
of monogalactosyldiacylglycerols (47.9 % inner 
membrane; 20.1 % outer membrane) and digalac-
tosyldiacylglycerols (30 % for both membranes) 
with no sterols or cerebrosides present (Uemura 
and Steponkus  1997 ; Block et al.  1983 ; Cline 
et al.  1981 ). 

 Plant metabolomics is a fi eld yet in the very 
early stages of technical and analytical develop-
ment; hence, full chloroplastic metabolite pro-
fi les are not available yet for any plant species, 
but given the great correlations that can be made 
between metabolomics, proteomics, transcrip-
tomics, and genomics, it is clear that plastid 
metabolomics will develop faster in the years to 
come.  

    Chloroplast System Biology 

 Systems biology is a multidisciplinary fi eld of 
science that features a holistic perspective of bio-
logical phenomena instead of the classical reduc-
tionist way of addressing questions in biology. 
Therefore, systems biology makes use of mathe-
matical models to analyze large datasets gener-
ated through different approaches such as 
genomics, transcriptomics, proteomics, and 
metabolomics to generate hypotheses about 
dynamic biological systems. The origins of this 
fi eld of biological research can be tracked down 
in history to 1952 when a numerical simulation 
was published by Alan Hodgkin and Andrew 
Huxley, they constructed a mathematical model 
that explained the action potential propagation 
along the axon of a neuronal cell (Hodgkin and 
Huxley  1952 ). Hodgkin and Huxley model 

reconstructed a cellular phenomenon from the 
known interaction between two molecular com-
ponents of the cell, a potassium and sodium 
channel. Nowadays and thanks to the boost that 
omic technologies have received over the past 
decade and the increasing capabilities of data 
processing that computing equipment has 
attained, systems biology is a fi eld of research on 
its own, and several institutions dedicated to sys-
tems biology have been created in the world. 

 To this date, much effort has been put in the 
understanding of anterograde and retrograde sig-
naling pathways between chloroplasts and 
nucleus; this efforts have been merged together to 
generate hypotheses about the identity of the key 
molecular mediators of these signaling events, 
which is perhaps one of the most enigmatic ques-
tions in plant biology. In order to better under-
stand anterograde signaling, different microarray 
and comparative proteomics experiments have 
been conducted. For instance, in 2005, a large 
and comprehensive microarray experiment was 
designed to evaluate the expression profi les of 
3,292 nuclear genes that code for chloroplastic 
proteins under 101 experimental conditions or 
genetic backgrounds, the analysis of the data 
clustered 1,590 genes in 23 independent regu-
lons; furthermore, analysis of individual regulons 
made clear that photosynthesis and ribosome 
assembly are highly linked, a possibility never 
explored before (Biehl et al.  2005 ). 

 Microarray-based experiments have also been 
successfully performed in order to shed light on 
the events regulating retrograde signaling during 
the early stages of chloroplast development. In 
 2007 , Koussevitzky et al. reported an approach to 
compare wild-type plants and two  gun  ( genomes 
uncoupled ) mutants ( gun1  and  gun5 ) at the tran-
scriptional level; it was found that 330 genes are 
regulated during plastid development and further 
genomics analysis of the dataset led to the identi-
fi cation of a shared motif in the promoter regions 
of the studied genes that represent the core 
sequence of the ABA (abscisic acid) response 
elements, strongly suggesting that transcription 
factors associated with ABA signaling might be 
involved in the regulation of retrograde signaling 
(Koussevitzky et al.  2007 ). 
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 Yet another example of systems biology 
applied to chloroplast research is the generation 
of computational interactomes using proteins 
predicted to be translocated to the chloroplast. Yu 
et al. assembled a chloroplastic proteome com-
posed of 7,592 proteins, by comparing datasets 
from 9 different resources, further computational 
analysis determined a set of 1,808 proteins as the 
core proteome of  A. thaliana chloroplasts , 
including the 88 proteins encoded by the chloro-
plast genome. The rest of the proteins were 
regarded as putative chloroplastic proteins. By 
comparison with genome-wide  A. thaliana  inter-
actomes and data derived from gene chips, Yu 
et al. described 22,925 interaction pairs involving 
2,214 proteins; 1,043 of these proteins were from 
the chloroplast core proteome and the remaining 
1,171 from the putative chloroplastic protein 
group. Further analysis revealed the existence of 
a large network consisting of 3,109 protein inter-
actions between 309 proteins and 84 minor inde-
pendent networks consisting of more than two 
interacting partners. The validation of the inter-
actome map generated consisted in the recon-
struction from core protein networks of the entire 
protein complexes that make up the photosys-
tems I and II, along with their respective light 
harvesting complexes, plus the ATP synthase and 
cytochrome b 6 f protein complexes, this way reas-
suring the reliability of the assembled interac-
tome. In a further validation effort, 12 interactions 
were randomly chosen to be experimentally 
assessed by yeast two-hybrid assays, and the 
physical interactions were confi rmed (Yu et al. 
 2008 ). 

 Even though systems biology is a not-so- 
young fi eld of research and many integrative 
efforts have been made to try to explore chloro-
plast function and development with a global per-
spective, most of these state-of-the-art studies 
have been conducted using  A. thaliana  as model 
organism; hence, comprehensive information 
coming from different plant models such as 
maize or rice is needed for taking the develop-
ment of analytical tools one step further and 
assemble a core proteome or interactome of the 
fl owering plants, instead of species-specifi c 
maps. Even further, with the addition of informa-

tion from more plant species, it would be possible 
to generate maps that depict the core transcrip-
tomes, proteomes, interactomes, and metabo-
lomes of the entire Plantae kingdom, which is of 
course the ulterior goal of systems biology.  

    Concluding Remarks 

 Plastids are the site of thousands of different 
chemical reactions that provide essential metabo-
lites for plant growth and development. Given the 
pivotal role of chloroplasts in plant biology, the 
knowledge of the molecular mechanisms regulat-
ing their biogenesis, development, and function-
ing lays at the core of every crop improvement 
initiative or any other project that pretends to 
shed light on fundamental processes for plant 
life, since the most important molecular 
 regulators (or their ancillary molecules) are usu-
ally prime targets for engineering and the infor-
mation obtained about their regulation can be 
often extrapolated to several different species. 

 Nowadays, computational biology is usually 
very well blended with the tools to analyze omic- 
generated data, to the point that researchers no 
longer understand omics without the computa-
tional tools to analyze the raw data; take, for 
instance, proteomics, without image-analysis 
software (such as Melanie or PD-Quest;   http://
www.genebio.com/products/melanie/    ,   http://
www.bio-rad.com    ) to process and compare gel 
images, 2D-PAGE gels would be nothing differ-
ent to a canvas full of stains, or without the search 
engines available online (like Mascot;   http://
www.matrixscience.com/    ), the raw mass- 
spectrometry data would yield very little infor-
mation about the protein content of a given 
sample and no data about the identity of the 
detected proteins would be available. In spite of 
the plethora of analytical tools existing and given 
the overwhelming amount of data that is being 
generated on a daily basis through genomics, 
transcriptomics, proteomics, metabolomics, or 
any other novel omic approach, one of the most 
important challenges of modern science is to 
develop tools that allow researchers to integrate 
all the information available from different 
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sources, to generate new biologically relevant 
hypothesis that impact on the global understand-
ing of life and the hundreds of processes that 
make the development and physiology of an 
organism by itself, and when interacting with 
other individuals of the same or different 
species. 

 Just as virtually all fi elds of biology, the study 
of chloroplasts has been boosted by the emer-
gence of global analysis systems to explore 
genomes, transcriptomes, proteomes, metabo-
lomes, etc., being transcriptomics and proteomics 
the main source of engineering targets, while 
genomics provides the tools for the application of 
the engineered proteins or transcripts. To date, 
the greatest problem for the application of “omic- 
derived” knowledge to crop engineering is the 
lack of data generated from enough species to 
create universal improvement systems instead of 
the species-specifi c systems available today.     
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    Abstract  

  Transplastomics are developed predominantly 
for biotechnological applications since heter-
ologous proteins can be expressed to high lev-
els with  bona fi de  structures and because of 
maternal inheritance of tailored traits in most 
of cultivated plants as rare gene leakage 
through pollens is experimentally witnessed. 
Further, advances in plastome sequencing and 
research have been exponential in the post-
genomic era; hence, expressing multiple genes 
to develop biologically functional pharmaceu-
ticals under strong promoters and translation 
control elements in operons is made possible. 
This chapter summarizes the developments 
from plastid genomics to gene expression and 
briefl y describes how transplastome facilitates 
expression of vaccines, therapeutics, and plan-
tibodies, in addition to tailoring agronomic 
traits in plants.  

  Keywords  

  Transplastomics   •   Plastome   •   Gene expression   
•   Genomics   •   Biotechnology   •   Transplastomic 
biotechnology   •   Agronomic traits   •   Health 
traits  

        The Chloroplast Genome 

 Chloroplasts develop either from proplastids in 
meristematic tissues or from other differentiated 
plastids, such as chromoplasts, amyloplasts, and 
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leucoplasts, on exposure to light. In a fully devel-
oped leaf cell, there may be as many as 100 chlo-
roplasts, each with about 100 copies of the plastid 
genome, giving in total ~10,000 copies of the 
plastid genome per cell. Although, the plastid 
genome is very small with respect to the nuclear 
genome, it makes about 10–20 % of the total cel-
lular DNA content because only two copies of 
nuclear genome exist in a diploid plant cell while 
it contains thousands of copies of plastid genome, 
thus extraordinarily increasing the ploidy level of 
the plastid genome: 50,000 copies of plastid 
DNA in a wheat leaf and 10,000 copies of plastid 
DNA in a single pea leaf (Bendich  1987 ). The 
chloroplast genome is a unique and double- 
stranded circular molecule of DNA which varies 
in size from 120 to 220 kb depending on the plant 
species (Palmer  1991 ; Sugiura et al.  1986 ; 
Sugiura  1992 ). The observed difference in size 
between different plastid DNA molecules is 
mainly due to the length of the inverted repeats. 
Two copies of a large inverted repeat (Palmer and 
Thompson  1982 ) divide the genome into four 
segments: the repeats, a small single-copy region, 
and a large single-copy region. 

 The complete nucleotide sequences of plastid 
DNA have been reported for a number of 
 organisms, disclosing an enormous amount of 
functional and evolutionary information. The 
gene order in the tobacco chloroplast genome is 
perhaps the representative of land plants (Sugiura 
 1995 ). The chloroplast genomes encode about 30 
transfer RNAs; 23S, 16S, 5S, and 4.5S ribosomal 
RNAs; about 21 ribosomal proteins; and 4 sub-
units of RNA polymerase. These RNAs together 
with ribosomal proteins enable the plastid to syn-
thesize its own proteins. The chloroplast genome 
also encodes 30 proteins required for proper 
assembly of thylakoid complexes (Sugiura  1992 ) 
and the large subunit of Rubisco which catalyzes 
the fi rst reaction in the pathway of carbon fi xa-
tion. In addition, a set of eleven genes referred to 
as chlororespiratory genes, which resemble the 
genes for the respiratory chain NADH dehydro-
genases in mitochondria, is found in the chloro-
plast genome. The genes  clpP  and  accD  encoding 
a putative subunit of an ATP-dependent protease 
and a subunit of acetyl-CoA carboxylase, respec-

tively, have been identifi ed by homology to  E. 
coli  proteins (Gray et al.  1990 ; Li and Coronan 
 1992 ). Genes required for light-independent con-
version of protochlorophyllide to chlorophyllide 
have been identifi ed in the chloroplast genome of 
black pine (Wakasugi et al.  1994 ; Khan  2013 ). In 
addition, all chloroplast genomes contain open 
reading frames (ORFs), some of which are con-
served between species (Shimada and Sugiura 
 1991 ). The conserved ORFs have been called 
 ycfs ;  y  stands for hypothetical,  c  for chloroplast, 
and  f  for open reading frame. In recent years, 
most of these  ycfs  have been functionally ana-
lyzed through reverse genetics approaches.  

    The Chloroplast Genomics 

 Research on chloroplast genomics can be carried 
out at complete genome sequencing and func-
tional genomics levels. The sequencing of the 
chloroplast genome of tobacco was commenced 
in the 1970s and completed in 1986. Based on 
complete nucleotide sequence information of 
tobacco plastome, initially 82 different genes 
from the tobacco chloroplast genome were iden-
tifi ed. However, during the past 15 years, 31 
additional genes have been identifi ed, with only 
two genes per year (Wakasugi et al.  2001 ). This 
illustrates clearly that the identifi cation of novel 
genes is an extremely strenuous task, requiring 
creative experimental approaches. 

 Complete sequences of two chloroplast 
genomes of liverworts  Marchantia polymorpha  
and the angiosperm plant  Nicotiana tabacum  
were the fi rst targets for chloroplast functional 
genomics (Ohyama et al.  1986 ; Shinozaki et al. 
 1986 ). Striking similarities of chloroplast 
genomes with bacterial genomes (Schwarz and 
Kossel  1980 ) illustrate the prokaryotic origin of 
chloroplasts. Hence, based on sequence homol-
ogy of chloroplast genes with bacterial genes, 
many plastid open reading frames were assigned 
with tentative functions. Nevertheless, the func-
tions of those potential plastid genes that lack 
signifi cant homology with known prokaryotic 
genes remained indescribable. For detailed func-
tional analyses of plastid genes, reverse genetics 
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analysis is considered to be the most powerful 
tool in chloroplast functional genomics. 

 Since chloroplasts have acquired active 
homologous recombination and copy correction 
mechanisms (Cerutti et al.  1992 ), hence design-
ing gene deletion or insertion or mutation cas-
settes and targeting the chloroplast genome 
exploiting chloroplast transformation approaches, 
the remaining  ycfs /genes have been identifi ed 
(Kuroda and Maliga  2002 ; Khan et al.  2007 ). 
Hence, the transformation technologies for chlo-
roplasts (Boynton et al.  1988 ; Svab et al.  1990 ; 
Svab and Maliga  1993 ) have paved the way for 
addressing functional aspects of plastid genes 
and open reading frames by reverse genetics. 
Two model plants are being extensively exploited 
for chloroplast transformation technologies for 
reverse genetics studies, the unicellular green 
alga  Chlamydomonas reinhardtii  (Boynton et al. 
 1988 ) and  Nicotiana tabacum  (Svab et al.  1990 ; 
Svab and Maliga  1993 ). Reverse genetics tech-
nique works on two principles: (1) introduction 
of point mutations by site-directed mutagenesis 
of plastid genes and (2) inactivation of plastid- 
encoded genes by insertional or deletional muta-
genesis (“gene knockout”). Using standard 
reverse genetics approaches based on homolo-
gous recombination, a number of genes and open 
reading frames have been targeted for their func-
tions, including PSI, PSII, ndh, rpo, Ori, accD 
genes, and ycfs. However, some other approaches 
have also been employed that utilize copy correc-
tion and Cre/Lox systems to analyze plastid 
genes of unknown functions (Khan et al.  2007 ; 
Kuroda and Maliga  2003 ). 

 During functional genomics era, the mecha-
nism of chloroplast gene expression has been the 
most interesting target to manage, but recently it 
is revealed that chloroplast gene expression is 
much more complex than previously thought, 
because there are multiple classes of promoters 
and RNA polymerases, multiple RNA processing 
steps (RNA cleavage/trimming,  cis/trans  splic-
ing, RNA editing, and RNA stability), and mul-
tiple mechanisms for translational initiation 
(reviewed in Sugiura et al.  1998 ). In vitro sys-
tems supporting accurate transcription (Kapoor 
and Sugiura  1999 ), translation (Hirose and 

Sugiura  1996 ,  1997 ), and RNA editing (Hirose 
and Sugiura  2001 ) are now available from 
tobacco chloroplasts. These systems together 
with tobacco chloroplast transformation tech-
niques (Svab and Maliga  1993 ; Khan and Maliga 
 1999 ) will provide powerful tools to elucidate 
further gene expression processes and nuclear 
factors responsible for chloroplast genome 
expression.  

    The Chloroplast Gene Expression 

 The chloroplast gene expression has many simi-
larities to the gene expression in prokaryotes 
(Igloi and Kössel  1992 ; Gruissem and Tonkyn 
 1993 ). Two separate RNA polymerases, the 
plastid- encoded plastid RNA polymerase (PEP) 
and the nuclear-encoded plastid RNA polymerase 
(NEP), are responsible for transcribing the plas-
tid genes. The photosynthesis genes are tran-
scribed by an RNA polymerase containing 
plastid-encoded subunits homologous to α, β, and 
β’ subunits of  E. coli  RNA polymerase (Shinozaki 
et al.  1986 ; Sijben-Muller et al.  1986 ; Ruf and 
Kossel  1988 ; Purton and Gray  1989 ). PEP pro-
moters are similar to eubacterial δ  70 -type pro-
moters: the core is comprised of two hexameric 
sequences corresponding to the eubacterial −35 
(TTGACA) and −10 (TATAAT) promoter ele-
ments. The hexamer are spaced 17–19 nucleo-
tides apart and transcription initiation 5–7 
nucleotides downstream of the −10 box sequence 
(as recorded in Gruissem and Tonkyn  1993 ). 

 The activity of RNA polymerase was charac-
terized in its soluble and DNA-bound forms 
(Igloi and Kössel  1992 ; Gruissem and Tonkyn 
 1993 ), and the expression of the  rpo  genes was 
confi rmed by detection of corresponding sub-
units in highly purifi ed enzyme preparations 
from maize chloroplasts (Hu and Bogorad  1990 ; 
Hu et al.  1991 ) and by Western blotting of 
extracts from spinach chloroplasts (Briat et al. 
 1987 ). Evidence for the expression of the  rpo  
genes in the form of the corresponding RNA 
(Hudson et al.  1988 ; Ruf and Kossel  1988 ) and of 
specifi c proteins in soluble chloroplast extracts 
(Ruf and Kossel  1988 ; Purton and Gray  1989 ) 
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confi rmed that the core subunits of a chloroplast 
RNA polymerase are encoded in the chloroplast 
genome. Further, the δ  70 -like factors required for 
promoter recognition (Tiller et al.  1991 ) are 
encoded in the nucleus (Tanaka et al.  1997 ). 

 The other polymerase, the NEP is related to 
the mitochondria and phage-type T3/T7 RNA 
polymerases (Lerbs-Mache  1993 ). PEP is derived 
from the RNA polymerase of the ancestral bacte-
rium. It is assumed that the phage-type plastid 
RNA polymerase evolved by duplication of the 
nuclear gene encoding the mitochondrial enzyme 
and retargeting of the gene product to plastid 
(Hedtke et al.  1997 ). Several plastid promoters 
have been shown to direct the transcription of 
genes in prokaryotic cells (Thompson and Mosig 
 1988 ). Transcript levels from these promoters 
were decreased by cycloheximide, a cytoplasmic 
protein synthesis inhibitor, providing further evi-
dence for a non-consensus-type plastid promoter 
(Kapoor et al.  1997 ). More recently, it has been 
shown that many plastid genes and operons have 
at least one promoter each for  E. coli -like RNA 
polymerase and nuclear-encoded plastid RNA 
polymerase (Hajdukiewics et al.  1997 ). 

 Transcription of plastid genes by one or both 
RNA polymerases refl ects their function. PEP 
transcribes Photosystem I and II genes; therefore, 
it plays an important role in chloroplast gene 
expression. In the absence of the PEP, non- 
photosynthetic proplastids are still maintained 
indicating that essential housekeeping genes are 
transcribed by the NEP. Indeed, most non- 
photosynthetic genes have promoters for both 
RNA polymerases. Only a few genes are known 
to be transcribed exclusively from an NEP pro-
moter,  accD , encoding a subunit of the acetyl- 
CoA carboxylase in dicots (Hajdukiewics et al. 
 1997 ). It is assumed that the phage-type plastid 
RNA polymerase evolved from the mitochondria 
enzyme (Hedtke et al.  1997 ) and the transcription 
of PEP genes by the NEP was probably a critical 
step in the nucleus indirectly taking control of the 
transcription of plastid genes, thereby fully inte-
grating plastids in multicellular plants (Shiina 
et al.  2005 ). 

 Reproducible chloroplast transformation 
approaches have facilitated the study of chloro-

plast gene expression elements including pro-
moters and UTRs (Untranslated Regions) 
analyzed by fusing with reporter genes (Monde 
et al.  2000 ; Khan and Maliga  1999 ). Heterologous 
translation-enhancing sequences, for example, 
bacteriophage T7 gene  10  leader sequence known 
to promote high-level protein accumulation in 
bacteria (Studier et al.  1990 ), have been fused 
with reporter genes, and Western blot analyses 
revealed the accumulation of ~16 to 18 % of total 
soluble proteins (Kuroda and Maliga  2001 ; Khan 
and Maliga  1999 ). Further studies have con-
fi rmed this where translational fusion of the 14 
N-terminal amino acids of the chloroplast  rbcL  
and  atpB  genes to a reporter sequence resulted in 
different levels of reporter protein accumulation, 
but they are not attributable to differences in tran-
script abundance. Furthermore, silent mutations 
in the fused N-terminal coding sequences were 
found to decrease reporter protein accumulation 
without infl uencing RNA level (Kuroda and 
Maliga  2001 ).  

    The Transplastomics in Outline 

 Chloroplast transformation henceforth will be 
referred to as a plastid transformation since chlo-
roplasts are developed from other plastid types, 
as described earlier. The chloroplast transforma-
tion is carried out either by targeting plastids in 
dividing cells or mature cells of fully expanded 
leaves. Plastid transformation vectors are deriva-
tives of  E. coli  plasmids with cloned plastid DNA 
sequences that fl ank both sides of a selectable 
marker gene and gene/s of interest with cloning 
sites. The fl anking sequences serve as targeting 
regions that catalyze the integration of the marker 
gene and the gene of interest into the plastid 
genome at a predetermined site by two events of 
homologous recombination. Since the backbone 
of the vector that carries  E. coli  DNA sequences 
does not carry any plastid replication origin, 
hence it is subsequently lost (Maliga  2004 ). 

 The genetic transformation of plastid genome 
requires (1) a method to deliver the DNA of the 
plastid transformation vector through the cell 
wall, the plasma membrane, and the double 
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membranes of the organelle, (2) a plastid-specifi c 
selectable marker gene to promote sorting of 
transformed and wild-type genome copies, and 
(3) a highly effi cient tissue culture system. To 
date, the particle bombardment, a physical 
method of gene delivery, is widely used to engi-
neer plastid genomes in a number of plant species 
(Daniell et al.  2002 ; Bock and Khan  2004 ; Khan 
et al.  2011 ). In the method, DNA is coated onto 
the surface of the inert metal particles, which are 
subsequently placed onto the surface of the mac-
rocarriers. The macrocarriers are placed along 
with a stopping screen in the macrocarrier assem-
bly. A rupture disk of appropriate pressure, nor-
mally of 1,100 psi, is used to develop the pressure 
that propels the particles down toward the parti-
cles carrying a macrocarrier. The particles hit the 
surface of the target leaf with a velocity opti-
mized for high transformation effi ciencies. The 
bombarded leaves are then placed in the dark. 
Leaves are cut into small pieces and placed on 
antibiotic-containing regeneration medium after 
48 h of bombardments. Antibiotic-resistant 
shoots start appearing within 4–6 weeks of bom-
bardment. Tiny shoots are excised from the 
bleached leaf sections and shifted to jars for pro-
liferation; leaves from the proliferated shoots are 
either for genetic analysis or for further round of 
selection and regeneration to purify the trans-
formed genome from wild-type genomes. During 
the process, sorting at genome, plastid, and cell 
levels is carried out, and the purifi ed homoplas-
mic shoots for transgene are identifi ed for further 
analyses as per designed experiments. 

 Genetic markers are either lethal or nonlethal 
markers used for primary selection of transfor-
mation events. These genetic markers provide 
resistance against spectinomycin, streptomycin, 
and kanamycin which inhibit protein synthesis 
on prokaryotic-type plastid ribosomes. These 
drugs inhibit greening, faster proliferation, and 
shoot formation in tobacco culture, which are the 
selection parameters to identify transplastomic 
clones on a selective medium. Spectinomycin 
selection is nonlethal that is widely used in select-
ing the transformed cells. However, kanamycin 
selection is a lethal selection that has also been 
used for the selection of transplastomic lines 

(Carrer et al.  1993 ). The  aadA  that encodes ami-
noglycoside 3′′-adenylyltransferase and confers 
resistance to spectinomycin or streptomycin 
(Goldschmidt-Clermont  1991 ; Svab et al.  1990 ), 
the  neo  gene that encodes neomycin phos-
photransferase II (Carrer et al.  1993 ) and confers 
resistance to kanamycin, and the  aphA-6  gene 
that encodes aminoglycoside phosphotransferase 
and confers resistance to kanamycin and amika-
mycin (Bateman et al.  2000 ) are commonly used 
selectable marker genes. 

 In addition to selectable markers, reporter 
genes also contribute to the development of the 
technology by serving as tools for visual moni-
toring of transgene expression in transformed 
cells, tissues, and organisms. A number of genes 
have been used to study gene expression in plants, 
e.g., the genes encoding β-glucuronidase, GUS 
( uid A) and β-galactosidase ( lac Z), chloramphen-
icol acetyltransferase  (cat)  and neomycin phos-
photransferase ( nptII ), nopaline synthase ( nos ), 
octopine synthase ( ocs) , and luciferase ( luc) , as 
reporter genes. Of these,  uidA  has been expressed 
transiently (Seki et al.  1995 ) and stably in tobacco 
chloroplasts (Staub and Maliga  1994 ). However, 
histochemical detection of GUS in chloroplasts 
requires prolonged incubation because the chlo-
roplast envelope membranes act as a selective 
barrier to substrate penetration into the chloro-
plasts. The use of nontoxic marker to identify 
transgenic cells after transformation is an effec-
tive procedure for discerning transformed cell/
organs and removing untransformed or non- 
expressing cells, tissues, or organs. Several chlo-
roplast promoters have been shown to direct the 
transcription initiation of reporter genes in 
 prokaryotic cells (Thompson and Mosig  1988 ). 
The green fl uorescent protein  (gfp)  of the jelly-
fi sh,  Aequorea victoria , has been introduced as a 
reporter gene in plants (Khan and Maliga  1999 ). 
The  gfp  provides an easily scored genetic marker 
in plants and major uses in monitoring gene 
expression, protein localization, and screening of 
transformation events at high resolution. It allows 
the direct imaging of the fl uorescent gene prod-
uct in living cells without the need for prolonged 
and lethal histochemical staining procedures 
(Chalfi e et al.  1994 ). The chromophore forms 
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autocatalytically in the presence of oxygen and 
fl uoresces green (508 nm) on absorption of blue 
or UV light of 395 nm. This protein has success-
fully been expressed in  E. coli  and chloroplasts of 
tobacco, potato, and rice (Khan and Maliga  1999 ) 
using chloroplast-specifi c expression signals. In 
a previous study, it was observed that a bacterial 
promoter was able to express reporter gene  gfp  
successfully (Khan  2001 ). The development of a 
gene encoding bifunctional proteins can mini-
mize the use of different set of promoters and ter-
minators and may result in plastid DNA fragment 
deletion through homologous recombination due 
to homology with plastid DNA and physical sep-
aration of genes. Such a gene will facilitate both 
the selection and visual screening of recipient 
cells; therefore, a bifunctional protein was engi-
neered through translational fusion of aa d A and 
 gfp  genes called FLARE-S. This bifunctional 
protein facilitates plastid transformation to rice in 
addition to tobacco, where plastid transformation 
is not associated with a readily identifi able phe-
notype (Khan and Maliga  1999 ).  

    The Transplastomic Biotechnology 

 After the plastid transformation was achieved in 
 Chlamydomonas reinhardtii  (Boynton et al. 
 1988 ) in 1988, a stable chloroplast transforma-
tion was achieved in tobacco using  aadA , a gene 
of bacterial origin, which encodes aminoglyco-
side 3″-adenylyltransferase and confers resis-
tance to spectinomycin and streptomycin (Svab 
and Maliga  1993 ) and a visual reporter gene 
encoding green fl uorescent protein from jellyfi sh 
(Khan  1997 ), which facilitated the extension of 
plastid transformation to nongreen plastids with 
transient (Hibbered et al.  1998 ) and stable expres-
sion (Khan and Maliga  1999 ) of the gene. During 
the period, chloroplast transformation was also 
carried out to study the function of plastid genes 
and to express genes coding for industrially valu-
able enzymes, biomaterials, biopharmaceutical 
proteins, antibodies, antibiotics, vaccine anti-
gens, and genes that confer important agronomic 
traits (Bock  2001 ; Daniell et al.  2002 ; Khan 
 2012 ). Now plastid transformation has been 

established in number of plant species, as detailed 
in Table  1 . Salient examples of biotechnological 
applications of the technology are described in 
the following sections of the chapter.

      Transplastomics Conferring 
Resistance Traits 

 A number of crystal toxin proteins of  Bacillus 
thuringiensis  have been expressed and commer-
cialized through nuclear genomes of plants in the 
recent years, owing to their advantages over tra-
ditional chemical insecticides. However, low lev-
els of expression of toxin proteins have shown 
concerns of developing resistance in feeding 
insects against those toxins. Such evolving levels 
of resistance development in insects may be 
addressed by expressing those proteins from 
chloroplast genomes, known to express transpro-
teins to high levels due to polyploidy of the 
genome (Daniell et al.  2002 ). The chloroplast 
genome was exploited for its biotechnological 
applications for the fi rst time when a native 
 Bacillus  gene was expressed to an unprecedented 
level from tobacco chloroplasts (McBride et al. 
 1995 ), and the plants were extremely toxic to lar-
vae of  Heliothis virescens ,  Helicoverpa zea , and 
 Spodoptera exigua  as demonstrated by the insect 
feeding experiments; there was no need of codon 
optimization of toxin genes since they are of pro-
karyotic origin (Kota et al.  1999 ; De Cosa et al. 
 2001 ). In these experiments, Daniell and col-
leagues reported transgene expression to the level 
of 45 % of the total soluble protein (TSP) when 
the transgene,  cry2Aa2 , was expressed in an 
operon along with two open reading frames, as 
was natively expressed in the  Bacillus , which 
potentially encodes a chaperonin protein, capable 
of correct folding of the toxin protein that ulti-
mately leads toward crystallization of the toxin 
protein inside the chloroplasts (De Cosa et al. 
 2001 ). Hence, exceedingly diffi cult to control 
insects (10-day old cotton bollworm, armyworm) 
were killed 100 % when fed on transgenic 
tobacco leaves, extensively reviewed elsewhere 
(Daniell et al.  2002 ). Encouraged from such 
experiments on model plant tobacco, 
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Dufourmantel et al. ( 2005 ) expressed  cry1Ab  
gene from soybean chloroplasts under the control 
of complete promoter of 16S ribosomal RNA 
gene with few mutations, fused with a ribosome 
binding site (RBS) from the bacteriophage t7 
gene 10 leader (Ye et al.  2001 ) and the 3′ untrans-
lated region of  rbcL  gene from tobacco. 
Transgenic soybean plants showed strong insecti-
cidal activity in velvet bean caterpillars. 

 When it comes to developing transgenic plants 
to fi ght against pathogens, the progress made to 
date is promising for antifungal activity (Cary 
et al.  2000 ); nevertheless, bacteria manage to 
adapt to plant defense mechanisms. Therefore, it 
is needed to express such molecules from plant 
genomes that could bind to the bacterial surface 
and cause their lysis. One of the molecules’ AMP 
(antimicrobial peptide) is an amphipathic alpha- 
helix that can bind to negatively charged phos-
pholipids from outer membranes of bacteria and 
fungi. In a concentration-dependent fashion, 
these molecules aggregate to form pores in the 

membrane and cause microbial lysis. Considering 
the concentration-dependent action of this pep-
tide, it was expressed in tobacco chloroplasts 
reportedly to levels of 21.5–43 % of the total 
soluble protein (De Gray et al.  2001 ) and retained 
biological activity against  Pseudomonas syrin-
gae  and other pathogens. 

 Weeds are a serious threat to crop production, 
competing for food and light. One of the accepted 
strategies to manage weeds is the expression of 
herbicide-resistant genes from plant genomes 
since crops are susceptible to broad-spectrum 
herbicides. Glyphosate is a widely used broad- 
spectrum herbicide that acts as a potent inhibitor 
of the plant aromatic amino acid biosynthetic 
pathway by competitively inhibiting the key 
enzyme 5-enolpyruvylshikimate-3-phosphate 
synthase (EPSPS) and does not distinguish crops 
from weeds, thereby restricting its use. EPSPS is 
a plastid-targeting nuclear-encoded gene in 
plants; hence, the feasibility of expressing the 
gene from plastid genome was explored (Daniell 

   Table 1    Targeting sequences from plastid genomes and the transplastomic plants   

 Crop plants  Targeted tissues  Targeting sites  References 

 Tobacco  Leaves   rbcL-accD   Svab and Maliga ( 1993 ) 
  Arabidopsis   Leaves   trnV-rps12/7   Sikdar et al. ( 1998 ) 
 Rice  Embryogenic cells   trnV-rps12/7   Khan and Maliga ( 1999 ) 
 Potato  Leaves   rbcL-accD   Sidorov et al. ( 1999 ) 

  trnV-3,rps12  
 Tomatoes  Leaves   trnfM-trnG   Ruf et al. ( 2001 ) 
  Lesquerella   Leaves   trnV-rps12/7   Skarjinskaia et al. ( 2003 ) 
 Oilseed rape  Cotyledon petioles   rps7-ndhB   Hou et al. ( 2003 ) 
 Cotton  Embryogenic calli   trnI-trnA   Kumar et al. ( 2004b ) 
 Petunia  Leaves   rbcL-accD   Zubkot et al. ( 2004 ) 
 Carrot  Embryogenic cells   trnI-trnA   Kumar et al. ( 2004a ) 
 Soybean  Embryogenic tissues   trnV-rps12/7   Dufourmantel et al. ( 2004 ) 
 Lettuce  Protoplasts   trnI-trnA   Lelivelt et al. ( 2005 ) 
 Caulifl ower  Protoplasts   rbcL-accD   Nugenta et al. ( 2006 ) 
 Poplar  Calli   trnI-trnA   Okumura et al. ( 2006 ) 
 Cabbage  Leaves   rrn16S-rrn23S   Liu et al. ( 2007 ) 
 Sugar beet  Leaf petioles   rrn16-rps12   De Marchis et al. ( 2009 ) 
 Eggplant  Green stem segments   trnV - 3 ′ rps12   Singh et al. ( 2010 ) 
 Alfalfa  Leaves and calli   trnI-trnA   Wei et al. ( 2011 ) 
 Sugarcane  Embryogenic calli   trnI-trnA   Mustafa ( 2011 ) 
 Wheat  Immature embryos and 

immature infl orescences 
  atpB - rbcL   Cui et al. ( 2011 ) 
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et al.  1998 ). In the attempt, a wild-type EPSPS 
gene from petunia was expressed in tobacco, and 
the transgenic plants were reported to be resistant 
to glyphosate 10-fold higher than the lethal con-
centration. In another study,  Agrobacterium  
EPSPS gene (C4) was expressed from tobacco 
chloroplasts, and the plants exhibited tolerance to 
fi eld dose of glyphosate (Ye et al.  2001 ). Pal 
Maliga and colleagues explored the possibility of 
expressing a bacterial gene,  bar , encoding the 
herbicide inactivating phosphinothricin acetyl-
transferase (PAT) enzyme from tobacco chloro-
plasts to confer tolerance to glufosinate (Lutz 
et al.  2001 ). The transgenic plants expressing the 
enzyme to the level of 7 % of the total soluble 
protein conferred fi eld level tolerance to phosphi-
nothricin (PPT), the active ingredient in the 
Liberty (Lutz et al.  2001 ); nevertheless, attempts 
to develop herbicide resistance genes as select-
able markers for chloroplast transformation have 
failed. Reasons are not known why direct selec-
tion of chloroplast transformation events on PPT- 
containing medium has failed since direct 
selection for PPT-resistant nuclear transformants 
in maize (Spencer et al.  1990 ), wheat (Vasil et al. 
 1992 ), rice (Cao et al.  1992 ), barley (Wan and 
Lemaux  1994 ), and sugarcane (Khan et al.  2011 ) 
has been reported.  

    Transplastomics Conferring 
Medicinal Traits 

 The human serum albumin was the fi rst recombi-
nant plant-derived protein expressed from trans-
genic tobacco and potato plants in 1990 (Sijmons 
et al.  1990 ). Since the transgenic crops were 
allowed to cultivate for open fi eld trials in 1992, 
the U S Department of Agriculture approved 
planting of recombinant protein containing trans-
genic crops in every state. In the proof of con-
cept, several therapeutic proteins, including 
growth hormones, cytokines, antibodies, recom-
binant enzymes, and human and veterinary vac-
cines, have been expressed from plants (Twyman 
et al.  2003 ). 

 Resistance conferring proteins have been 
expressed successfully to exceptionally high lev-

els from chloroplast genome of tobacco, repre-
senting an unprecedented opportunity to 
manufacture affordable modern medicines and 
make these available cost-effectively at the world 
level. In a proof of concept, fragment C of the 
tetanus toxin (TetC), which is already known to 
be a good antigen against  Clostridium tetani , the 
causal agent of tetanus, was expressed from the 
tobacco chloroplast genome to levels of 10–25 % 
of the total soluble protein (Tregoning et al. 
 2003 ), using varied gene contents. Similarly, 
promising progress has been made with develop-
ing a chloroplast-based vaccine for anthrax. 
Anthrax is a zoonotic disease transmitted from 
animals to human and is caused by  Bacillus 
anthracis , a gram-positive spore-forming organ-
ism. The virulent strain of  Bacillus anthracis  car-
ries plasmids: pX01 and pX02. Of these plasmids, 
pX01 harbors  pagA ,  lef , and  cya  genes that 
encode protective antigen (PA), lethal factor 
(LF), and edema factor (EF), respectively. None 
of these proteins are toxic when administered 
individually to cells or animals. However, PA in 
combination with EF, known as edema toxin, 
causes edema. Similarly, PA in combination with 
LF forms LT, the lethal toxin, extensively 
reviewed elsewhere (Collier and Young  2003 ). 
The term “protective antigen” is derived because 
of this protein’s ability to elicit a protective 
immune response against anthrax. Considering 
the importance of the subject, Daniell and col-
leagues expressed PA in transgenic tobacco by 
inserting the  pagA  gene into the chloroplast 
genome. Chloroplast integration of the  pagA  
gene was confi rmed by PCR as well as by doing 
Southern blotting. Mature leaves grown under 
continuous illumination contained PA up to 
14.2 % of the total soluble protein. The effi cacy 
of the plant-derived PA was compared with that 
of PA derived from  B. anthracis  in both in vitro 
and in vivo studies (Koya et al.  2005 ), and the 
chloroplast- derived PA was found equally effec-
tive to PA derived from  B. anthracis . 
Posttranslational modifi cations are vital for sev-
eral proteins to be immunogenic; one of the 
examples is the outer surface lipoprotein A 
(OspA) from the pathogenic bacterium  Borrelia 
burgdorferi , which has been used as a vaccine 

M.S. Khan



567

against Lyme disease. Chloroplast-based OspA 
protein together with an adjuvant was subcutane-
ously injected in mice that induced protective 
antibodies at levels that should be suffi cient to 
protect the animals from  B. burgdorferi  (Glenz 
et al.  2006 ). Cholera toxin B (CTB) acts as a 
strong mucosal adjuvant, and its nontoxic B sub-
unit when fused with antigens for mucosal immu-
nization has immunostimulatory effects (Freytag 
and Clements  2005 ). It is therefore encouraging 
that CTB can be expressed to high levels in 
tobacco chloroplasts both alone (Daniell et al. 
 2001 ; Takahashi et al.  2009 ) and as a fusion pro-
tein (Glenz et al.  2006 ). 

 Several chloroplast-derived biopharmaceuti-
cal proteins have been reported. A protein-based 
polymer, GVGVP, that has medical uses such as 
wound coverings, artifi cial pericardia, and pro-
grammed drug delivery, was stably expressed in 
chloroplasts of tobacco (Guda et al.  2000 ). 
Similarly, human somatotropin (hST), a secre-
tory protein, was expressed from chloroplasts in 
a soluble and biologically active form (Staub 
et al.  2000 ). The key use of hST is in the cure of 
hypopituitary dwarfi sm in children; additional 
indications are treatment of Turner syndrome, 
chronic renal failure, and human immunodefi -
ciency virus wasting syndrome. Another impor-
tant therapeutic protein that comprises 
approximately 60 % of the protein in blood serum 
is HSA, prescribed in multigram quantities to 
restore blood volume in trauma and other clinical 
conditions. Early attempts at expressing HSA 
have achieved inadequately low levels of HSA 
(Human Somatotropin, 0.2 % of tsp) in nuclear 
transgenic plants (Farran et al.  2002 ). 
Nevertheless, in chloroplast transgenic plants, 
the expressed protein was harvested to the levels 
of 11.2 % of the total soluble protein (Fernandez- 
San Millan et al.  2003 ). Similarly, attempts have 
been made to express interferon alpha 5 and 2 
genes from chloroplasts, but the expression levels 
were found suboptimal (Nurjis and Khan  2011 ; 
Khan and Nurjis  2012 ), suggesting to reengineer 
the 5′ ends of the genes. 

 Oral delivery of pharmaceuticals expressed 
from chloroplasts required extension of the tech-
nology edible plants. Recently, chloroplast trans-

formation has been developed in potato (Sidorov 
et al.  1999 ), tomato (Ruf et al.  2001 ), and carrot 
(Kumar et al.  2004a ; Usman and Khan, unpub-
lished). A green fl uorescent protein was expressed 
from plastids of all three plants; however, betaine 
aldehyde dehydrogenase (BADH) was also 
expressed from carrot plastids (Kumar et al. 
 2004a ). Thus, transgenes could be expressed 
from fruit chromoplasts, carrot roots, and 
chromoplast- containing plant tissues when rou-
tine plastid transformation protocols become 
available.   

    Perspective 

 Complete chloroplast genome sequencing made 
it possible to compare the chloroplast genome 
sequences with that of bacteria. Based on 
sequence homology of chloroplast ycfs/genes 
with bacterial genes, plastid genes except of 
divergent sequences were assigned functions. 
Nevertheless, these genes were analyzed using 
reverse genetics approaches when the chloroplast 
transformation was developed. Additionally, 
chloroplast transformation made it possible to 
express foreign genes for biotechnological appli-
cations in the sectors of agriculture, industry, 
environment, and health. Contrary to dicotyle-
donous plants, the plastid transformation in 
monocots is at its early development because of a 
number of reasons, explained in details elsewhere 
(Khan  2012 ).     

   References 

    Bateman A, Birney E, Durbin R, Eddy SR, Howe KL, 
Sonhammer ELL (2000) The Pfam protein families 
database. Nucleic Acids Res 28:263–266  

    Bendich AJ (1987) Why do chloroplasts and mitochondria 
contain so many copies of their genome? BioEssays 
6:279–282  

    Bock R (2001) Transgenic chloroplasts in basic research 
and plant biotechnology. J Mol Biol 312:425–438  

    Bock R, Khan MS (2004) Taming plastids for a green 
future. Trends Biotechnol 22:311–318  

      Boynton JE, Gillham NW, Harris EH, Hosler JP, Johnson 
AM, Jones AR, Randolph-Anderson BL, Robertson 
D, Klein TM, Shark KB, Sanford JC (1988) 

Transplastomics: A Convergence of Genomics and Biotechnology



568

Chloroplast transformation in Chlamydomonas with 
high velocity microprojectiles. Science 
240:1534–1538  

    Briat J-F, Bisanz-Seyer C, Laulhere J-P, Lerbs S, Lescure 
A-M, Mache R (1987) The RNA polymerase from 
chloroplasts and its use for in vitro transcription of 
plastid genes. Plant Physiol 25:273  

    Cao J, Duan XL, McElroy D, Wu R (1992) Regeneration 
of herbicide resistant transgenic rice plants following 
microprojectile-mediated transformation of suspen-
sion culture cells. Plant Cell Rep 11:586–591  

     Carrer H, Hockenberry TN, Svab Z, Maliga P (1993) 
Kanamycin resistance as a selectable marker for plas-
tid transformation in tobacco. Mol Gen Genet 
241:49–56  

    Cary JW, Rajasekaran K, Jayens JM, Cleveland TE (2000) 
Transgenic expression of a gene coding a synthetic 
antimicrobial peptide results in inhibition of fungal 
growth in vitro and in planta. Plant Sci 154:171–181  

    Cerutti H, Osman M, Grandoni P, Jagendorf AT (1992) A 
homolog of  Escherichia coliRecA  protein in plastids 
of higher plants. Proc Natl Acad Sci U S A 
89:8068–8072  

    Chalfi e M, Tu Y, Euskirchen G, Ward WW, Prasher DC 
(1994) Green fl uorescent protein as a marker for gene 
expression. Science 263:802–805  

    Collier RJ, Young JA (2003) Anthrax toxin. Annu Rev 
Cell Dev Biol 19:45–70  

    Cui C, Song F, Tan Y, Zhou X, Zhao W, Ma F, Liu Y, 
Hussain J, Wang Y, Yang G, He G (2011) Stable chlo-
roplast transformation of immature scutella and infl o-
rescences in wheat (Triticum aestivum L.). Acta 
Biochim Biophys Sin 43:284–291  

    Daniell H, Datta R, Verma S, Gray S, Lee SB (1998) 
Containment of herbicide resistance through genetic 
engineering of the chloroplast genome. Nat Biotechnol 
16:345–348  

    Daniell H, Lee S-B, Panchal T, Wiebe PO (2001) 
Expression of cholera toxin B subunit oligomers in 
transgenic tobacco chloroplasts. J Mol Biol 
311:1001–1009  

       Daniell H, Khan MS, Allison L (2002) Milestones in chlo-
roplast genetic engineering: an environmentally 
friendly era in biotechnology. Trends Plant Sci 
7:84–91  

     De Cosa B, Moar W, Lee SB, Miller M, Daniell H (2001) 
Hyper-expression of the Bt Cry2Aa2 operon in chloro-
plasts leads to formation of insecticidal crystals. Nat 
Biotechnol 19:71–74  

    De Gray G, Rajasekaran K, Smith F, Sanford J, Daniell H 
(2001) Expression of an antimicrobial peptide via the 
chloroplast genome to control phytopathogenic bacte-
ria and fungi. Plant Physiol 127:852–862  

    De Marchis F, Wang Y, Stevanato P, Arcioni S, Bellucci M 
(2009) Genetic transformation of the sugar beet 
plastome. Transgenic Res 18:17–30  

    Dufourmantel N, Pelissier B, Garcon F, Peltier G, Ferullo 
JM, Tissot G (2004) Generation of fertile transplasto-
mic soybean. Plant Mol Biol 55:479–489  

    Dufourmantel N, Tissot G, Goutorbe F, Garcon F, Muhr 
C, Jansens S, Pelissier B, Peltier G, Dubald M (2005) 
Generation and analysis of soybean plastid transfor-
mants expressing  Bacillus thuringiensis  Cry1Ab pro-
toxin. Plant Mol Biol 58:659–668  

    Farran I, Sanchez-Serrano JJ, Medina JF, Prieto J, Mingo- 
Castel AM (2002) Targeted expression of human 
serum albumin to potato tubers. Transgenic Res 
11:337–346  

    Fernandez-San Millan A, Mingo-Castel A, Miller M, 
Daniell H (2003) A chloroplast transgenic approach to 
hyper-express and purify human serum albumin, a 
protein highly susceptible to proteolytic degradation. 
Plant Biotechnol J 1:71–79  

    Freytag LC, Clements JD (2005) Mucosal adjuvants. 
Vaccine 23:1804–1813  

     Glenz K, Bouchon B, Stehle T, Wallich R, Simon MM, 
Warzecha H (2006) Production of a recombinant bac-
terial lipoprotein in higher plant chloroplasts. Nat 
Biotechnol 24:76–77  

    Goldschmidt-Clermont M (1991) Transgenic expression 
of aminoglycoside adenine transferase in the chloro-
plast: a selectable marker for site-directed transforma-
tion of Chlamydomonas. Nucleic Acids Res 
19:4083–4089  

    Gray JC, Hird SM, Dyer TA (1990) Nucleotide sequence 
of a wheat chloroplast gene encoding the proteolytic 
subunit of an ATP-dependent protease. Plant Mol Biol 
15:947–954  

      Gruissem W, Tonkyn J (1993) Control mechanisms of 
plastid gene expression. Crit Rev Plant Sci 12:19–55  

    Guda C, Lee SB, Daniell H (2000) Stable expression of a 
biodegradable protein-based polymer in tobacco chlo-
roplasts. Plant Cell Rep 19:257–262  

     Hajdukiewics P, Allison LA, Maliga P (1997) The two 
plastid RNA polymerases encoded by the nuclear and 
plastid compartments transcribe distinct groups of 
genes in tobacco plastids. EMBO J 16:4041–4048  

     Hedtke B, Borner T, Weihe A (1997) Mitochondrial and 
chloroplast phage-type RNA polymerases in 
Arabidopsis. Science 277:809–811  

    Hibbered JM, Linley PJ, Khan MS, Gray JC (1998) 
Transient expression of green fl uorescent protein in 
various plastid types following microprojectile bom-
bardment. Plant J 16:627–632  

    Hirose T, Sugiura M (1996) Cis-acting elements and 
trans-acting factors for accurate translation of chloro-
plast  psbA  mRNAs: development of an in vitro transla-
tion system from tobacco chloroplasts. EMBO J 
15:1687–1695  

    Hirose T, Sugiura M (1997) Both RNA editing and RNA 
cleavage are required for translation of tobacco chlo-
roplast ndhD mRNA: a possible regulatory mecha-
nism for expression of a chloroplast operon consisting 
of functionally unrelated genes. EMBO J 
16:6804–6811  

    Hirose T, Sugiura M (2001) Involvement of a site-specifi c 
 trans -acting factor and a common RNA-binding pro-
tein in the editing of chloroplast mRNAs: develop-

M.S. Khan



569

ment of a chloroplast  in vitro  RNA editing system. 
EMBO J 20:1144–1152  

    Hou BK, Zhou YH, Wan LH, Zhang ZL, Shen GF, Chen 
ZH, Hu ZM (2003) Chloroplast transformation in oil-
seed rape. Transgenic Res 12:111–114  

    Hu J, Bogorad L (1990) Maize chloroplast RNA poly-
merase: the 180-, 120-, and 38-kilodalton polypep-
tides are encoded in chloroplast genes. Proc Natl Acad 
Sci U S A 87:1531–1535  

    Hu J, Troxler RF, Bogorad L (1991) Maize chloroplast 
RNA polymerase: the 78-kilodalton polypeptide is 
encoded by the plastid rpoCl gene. Nucleic Acids Res 
19:3431–3434  

    Hudson GS, Holton TA, Whitfeld PR, Bottomley W 
(1988) Spinach chloroplast rpoB/C genes encode three 
subunits of the chloroplast RNA polymerase. J Mol 
Biol 200:639–654  

     Igloi GL, Kössel H (1992) The transcriptional apparatus 
of chloroplast. Crit Rev Plant Sci 10:525–558  

    Kapoor S, Sugiura M (1999) Identifi cation of two essen-
tial sequence elements in the non-consensus type II 
PatpB-290 plastid promoter by using plastid transcrip-
tion extracts from cultured tobacco BY-2 cells. Plant 
Cell 11:1799–1810  

    Kapoor S, Suzuki JY, Sugiura M (1997) Identifi cation and 
functional signifi cance of a new class of non-
consensus- type plastid promoters. Plant J 11:327–337  

   Khan MS (1997) Tobacco chloroplast transformation 
using microprojectile bombardment. PhD dissertation, 
University of Cambrige, UK  

    Khan MS (2001) Utilizing heterologous promoters to 
express green fl uorescent protein from jellyfi sh in 
tobacco chloroplasts. Pak J Bot 33:43–52  

     Khan MS (2012) Plastid genome engineering in plants: 
present status and future trends. Mol Plant Breed 
3:91–102  

    Khan MS (2013) Towards engineering dark-operative 
chlorophyll synthesis pathway in transgenic plastids. 
In: Barh D et al (eds) OMICS: applications in biomed-
ical, agricultural and environmental sciences. Taylor 
& Francis, New York, pp 423–436  

           Khan MS, Maliga P (1999) Fluorescent antibiotic resis-
tance marker for tracking plastid transformation in 
higher plants. Nat Biotechnol 17:910–915  

    Khan MS, Nurjis F (2012) Synthesis and expression of 
recombinant interferon alpha-5 gene in tobacco chlo-
roplasts, a non-edible plant. Mol Biol Rep 
39:4391–4400  

     Khan MS, Hameed W, Nozoe M, Shiina T (2007) 
Disruption of the  psbA  gene by the copy correction 
mechanism reveals that the expression of plastid- 
encoded genes is regulated by photosynthesis activity. 
J Plant Res 120:421–430  

     Khan MS, Ali S, Iqbal J (2011) Developmental and photo-
synthetic regulation of Bacillus thuringiensis 
δ-endotoxin reveals that engineered sugarcane confer-
ring resistance to ` dead heart` contains no toxins in 
cane juice. Mol Biol Rep 38:2359–2369  

    Kota M, Daniell H, Varma S, Garczynski SF, Gould F, 
Moar WJ (1999) Overexpression of the  Bacillus  
 thuringiensis  (Bt) Cry2Aa2 protein in chloroplasts 
confers resistance to plants against susceptible and 
Bt-resistant insects. Proc Natl Acad Sci U S A 
96:1840–1845  

    Koya V, Moayeri M, Leppla SH, Daniell H (2005) Plant- 
based vaccine: mice immunized with chloroplast- 
derived anthrax protective antigen survive anthrax 
lethal toxin challenge. Infect Immun 73:8266–8274  

      Kumar S, Dhingra A, Daniell H (2004a) Plastid-expressed 
betaine aldehyde dehydrogenase gene in carrot cul-
tured cells, roots, and leaves confers enhanced salt tol-
erance. Plant Physiol 136:2843–2854  

    Kumar S, Dhingra A, Daniell H (2004b) Stable transfor-
mation of the cotton plastid genome and maternal 
inheritance of transgenes. Plant Mol Biol 56:203–216  

     Kuroda H, Maliga P (2001) Sequences downstream of the 
translation initiation codon are important determinants 
of the translation effi ciency in chloroplasts. Plant 
Physiol 125:430–436  

    Kuroda H, Maliga P (2002) Overexpression of the clpP 
5-untranslated region in a chimeric context causes a 
mutant phenotype. Suggesting competition for a clpP- 
specifi c RNA maturation factor in tobacco chloro-
plasts. Plant Physiol 129:1600–1606  

    Kuroda H, Maliga P (2003) The plastid clpP1 protease 
gene is essential for plant development. Nature 
425:86–89  

    Lelivelt C, McCabe M, Newell C, DeSnoo C, Dun K, 
Birch-Machin I, Gray J, Mills K, Nugent J (2005) 
Stable plastid transformation in lettuce (Lactuca sativa 
L.). Plant Mol Biol 58:763–774  

    Lerbs-Mache S (1993) The 110-kDa polypeptide of spin-
ach plastid DNA-dependent RNA polymerase: Single- 
subunit enzyme or catalytic core of multimeric enzyme 
complexes? Proc Natl Acad Sci U S A 90:5509–5513  

    Li S-J, Coronan JE (1992) A putative zing fi nger protein 
encoded by a conserved chloroplast gene is very likely 
a subunit of a biotin-dependent carboxylase. Plant Mol 
Biol 20:759–761  

    Liu CW, Lin CC, Chen J, Tseng MJ (2007) Stable chloro-
plast transformation in cabbage (Brassica oleracea L. 
var. capitata L.) by particle bombardment. Plant Cell 
Rep 26:1733–1744  

     Lutz KA, Knapp J, Maliga P (2001) Expression of bar in 
the plastid genome confers herbicide resistance. Plant 
Physiol 125:1585–1590  

    Maliga P (2004) Plastid transformation in higher plants. 
Annu Rev Plant Biol 55:289–313  

    McBride KE, Svab Z, Schaaf DJ, Hoga PS, Stalker DM, 
Maliga P (1995) Amplifi cation of a chimeric Bacillus 
gene in chloroplasts leads to an extraordinary level of 
an insecticidal protein in tobacco. Biotechnology 
13:362–365  

    Monde RM, Schuster G, Stern DB (2000) Processing and 
degradation of chloroplast mRNA. Biochimie 
82:573–582  

Transplastomics: A Convergence of Genomics and Biotechnology



570

   Mustafa G (2011) Development of plastid transformation 
in sugarcane. PhD dissertation, Quaid-i-Azam 
University, Islamabad  

    Nugenta GD, Coyne S, Nguyen TT, Kavanaghb TA, Dix 
PJ (2006) Nuclear and plastid transformation of 
Brassica oleracea var. botrytis(caulifl ower) using 
PEG-mediated uptake of DNA into protoplasts. Plant 
Sci 170:135–142  

    Nurjis F, Khan MS (2011) Expression of recombinant 
interferon alpha-2a in tobacco chloroplasts using 
microprojectile bombardment. Afr J Biotechnol 
10:17016–17022  

    Ohyama K, Fukuzawa H, Kohchi T, Shirai H, Sano T, 
Sano S, Umesono K, Shiki Y, Takeuchi M, Chang Z, 
Aota S, Inokuchi H, Ozeki H (1986) Chloroplast gene 
organization deduced from complete nucleotide 
sequence of liverwort Marchantia polymorpha chloro-
plast DNA. Nature 322:572–574  

    Okumura S, Sawada M, Park Y, Hayashi T, Shimamura M, 
Takase H, Tomizawa KI (2006) Transformation of 
poplar (Populus alba) plastids and expression of for-
eign proteins in tree chloroplasts. Transgenic Res 
15:637–646  

    Palmer JD (1991) Plastid chromosomes: structure and 
evolution. In: Bogorad L, Vasil IK (eds) The molecu-
lar biology of plastids, vol 7A, Cell culture and 
somatic cell genetics of plants. Academic, New York, 
pp 5–53  

    Palmer JD, Thompson WF (1982) Chloroplast DNA rear-
rangements are more frequent when a large inverted 
repeat sequence is lost. Cell 29:537–550  

     Purton N, Gray JC (1989) The plastid rpoA gene encoding 
a protein homologous to the bacterial RNA poly-
merase alpha subunit is expressed in pea chloroplasts. 
Mol Gen Genet 217:77–84  

      Ruf M, Kossel H (1988) Structure and expression of the 
gene coding for the alpha-subunit of DNA-dependent 
RNA polymerase from the chloroplast gene of  Zea 
mays . Nucleic Acids Res 16:5741–5755  

     Ruf S, Hermann M, Berger IJ, Carrer H, Bock R (2001) 
Stable genetic transformation of tomato plastids and 
expression of a foreign protein in fruit. Nat Biotechnol 
19:870–875  

    Schwarz Z, Kossel H (1980) The primary structure of 16S 
rDNA from Zea mays chloroplast is homologous to E. 
coli 16S rRNA. Nature 283:739–742  

    Seki M, Shigemoto N, Sugita M, Sugiura M, Koop H-U, 
Irifune K, Morikawa H (1995) Transient expression of 
β-glucuronidase in plastids of various plant cells and 
tissues delivered by a pneumatic particle gun. J Plant 
Res 108:235–240  

    Shiina T, Tsunoyama Y, Nakahira Y, Khan MS (2005) 
RNA polymerases: promoters and transcription regu-
lators in higher plant chloroplasts. Int Rev Cytol Cell 
Biol 244:1–68  

    Shimada H, Sugiura M (1991) Fine structural features of 
the chloroplast genome: comparison of the sequenced 
chloroplast genomes. Nucleic Acids Res 19:983–995  

     Shinozaki K, Ohme M, Tanaka M, Wakasugi T, Hayashida 
T, Zaita N, Chunwongse J, Obokata J, Yamaguchi- 
Shinozaki K, Ohto C, Torazawa K, Meng BY, Sugita 

M, Deno H, Kamogashira T, Yamada K, Kusuda J, 
Takaiwa F, Kato A, Tohdoh N, Shimada H, Sugiura M 
(1986) The complete nucleotide sequence of the 
tobacco chloroplast genome; its gene organization and 
expression. EMBO J 5:2043–2049  

     Sidorov VA, Kasten D, Pang SZ, Hajdukiewicz PTJ, 
Staub JM, Nehra NS (1999) Stable chloroplast trans-
formation in potato: Use of green fl uorescent protein 
as a plastid marker. Plant J 19:209–216  

    Sijben-Muller G, Hallick RB, Alt J, Westhof P, Herrmann 
RG (1986) Spinach plastid genes coding for initiation 
factor IF-1, ribosomal protein S-11 and RNA poly-
merase a-subunit. Nucleic Acids Res 14:1029–1045  

    Sijmons PC, Dekker BM, Schrammeijer B, Verwoerd TC, 
Elzen VD, Peter JM, Hoekema A (1990) Production of 
correctly processed human serum albumin in trans-
genic plants. Bio/Technology 8:217–221  

    Sikdar SR, Serino G, Chaudhuri S, Maliga P (1998) 
Plastid transformation in Arabidopsis thaliana. Plant 
Cell Rep 18:20–24  

    Singh AK, Verma SS, Bansal KC (2010) Plastid transfor-
mation in eggplant (Solanum melongena L.). 
Transgenic Res 19:113–119  

    Skarjinskaia M, Svab Z, Maliga P (2003) Plastid transfor-
mation in Lesquerella fendleri, an oilseed brassica-
ceae. Transgenic Res 12:115–122  

    Spencer TM, Gordon-Kamm WJ, Daines RJ, Start WG, 
Lemaux PG (1990) Bialaphos selection of stable 
transformants from maize cell culture. Theor Appl 
Genet 79:625–631  

    Staub JM, Maliga P (1994) Translation of psbA mRNA is 
regulated by light via the 5’-untranslated region in 
tobacco plastids. Plant J 6:547–553  

    Staub JM, Garcia B, Graves J, Hajdukiewicz PTJ, Hunter 
P, Nehra N, Paradkar V, Schlittler M, Carroll JA, 
Spatola L et al (2000) High-yield production of a 
human therapeutic protein in tobacco chloroplasts. 
Nat Biotechnol 18:333–338  

    Studier FW, Rosenberg AH, Dunn JJ, Dubendorff JW 
(1990) Use of T7 RNA polymerase to direct expres-
sion of cloned genes. Methods Enzymol 185:60–89  

     Sugiura M (1992) The chloroplast genome. Plant Mol 
Biol 19:149–168  

    Sugiura M (1995) The chloroplast genome. Essays 
Biochem 30:49–57  

    Sugiura M, Shinozaki K, Zaita N, Kusuda M, Kumano M 
(1986) Clone bank of the tobacco ( Nicotiana taba-
cum ) chloroplast genome as a set of overlapping 
restriction endonuclease fragments: mapping of eleven 
ribosomal protein genes. Plant Sci 44:211–216  

    Sugiura M, Kusumegi T, Sugishita H, Murakami K, Ideue 
T, Hirose T (1998) Translational control of photosyn-
thetic genes in tobacco plastids. In: Garab G (ed) 
Photosynthesis: mechanisms and effects, vol 
IV. Kluwer Academic, Dordrecht, pp 2943–2946  

        Svab Z, Maliga P (1993) High-frequency plastid transfor-
mation in tobacco by selection for a chimeric aadA 
gene. Proc Natl Acad Sci U S A 90:913–917  

      Svab Z, Hajduckiewicz P, Maliga P (1990) Stable trans-
formation of plastids in higher plants. Proc Natl Acad 
Sci U S A 87:8526–8530  

M.S. Khan



571

    Takahashi I, Nochi T, Yuki Y, Kiyono H (2009) New hori-
zon of mucosal immunity and vaccines. Curr Opin 
Immunol 21:352–358  

    Tanaka K, Tozawa Y, Mochizuki N, Shinozaki K, Nagatani 
A, Wakasa K, Takahashi H (1997) Characterization of 
three cDNA species encoding plastid RNA poly-
merase sigma factor heterogeneity in higher plant 
plastids. FEBS Lett 413:309–313  

     Thompson RJ, Mosig G (1988) Integration host factor 
(IHF) represses a Chlamydomonas chloroplast pro-
moter in E. coli. Nucleic Acids Res 16:3313–3326  

    Tiller K, Eisermann A, Link G (1991) The chloroplast 
transcription apparatus from mustard. Evidence for 
three different transcription factors which resemble 
bacterial sigma factors. Eur J Biochem 198:93–99  

    Tregoning JS, Nixon P, Kuroda H, Svab Z, Clare S, Bowe 
F, Fairweather N, Ytterberg J, van Wijk KJ, Dougan G, 
Maliga P (2003) Expression of tetanus toxin fragment 
C in tobacco chloroplasts. Nucleic Acids Res 
31:1174–1179  

    Twyman RM, Stoger E, Schillberg S, Christou P, Fischer 
R (2003) Molecular farming in plants: host systems 
and expression technology. Trends Biotechnol 
21:570–578  

    Vasil V, Castillo A, Fromm M, Vasil IK (1992) Herbicide 
resistant fertile transgenic wheat plants obtained by 

microprojectile bombardment of regenerable embryo-
genic callus. Biotechnology 10:667–674  

    Wakasugi T, Tsudzuki J, Ito S, Nakashima K, Tsudzuki T, 
Sugiura M (1994) Loss of all ndh genes as revealed by 
sequencing the entire chloroplast genome of black 
pine, Pinus thunbergii. Proc Natl Acad Sci U S A 
91:9794–9798  

    Wakasugi T, Tsudzuki T, Sugiura M (2001) The genomics 
of land plant chloroplasts: gene content and alteration 
of genomic information by RNA editing. Photosynth 
Res 70:107–118  

    Wan Y, Lemaux PG (1994) Generation of large numbers 
of independently transformed fertile barley plants. 
Plant Physiol 104:37–48  

    Wei Z, Liu Y, Lin C, Wang Y, Cai Q, Dong Y, Xing S 
(2011) Transformation of alfalfa chloroplasts and 
expression of green fl uorescent protein in a forage 
crop. Biotechnol Lett 33:2487–2494  

     Ye G-N, Hajdukiewics PTJ, Broyles D, Rodriguez D, Xu 
CE, Nehra NS, Staub JM (2001) Plastid-expressed 
5-enolpyruvylshikimate-3-phosphate synthase genes 
provide high level glyphosate tolerance in tobacco. 
Plant J 25:261–270  

    Zubkot MK, Zubko EI, Zuilen KV, Meyer P, Day A (2004) 
Stable transformation of petunia plastids. Transgenic 
Res 13:523–530       

Transplastomics: A Convergence of Genomics and Biotechnology



573D. Barh et al. (eds.), PlantOmics: The Omics of Plant Science,
DOI 10.1007/978-81-322-2172-2_20, © Springer India 2015

    Contents 

  Introduction    574 

  Transcriptional Regulation 
and Transcriptome    574 

  Post-transcriptional Regulation    577 

  RNA Splicing    578 

  RNA Editing    579 

  Mitochondrial Proteomics    580 

  Translational Machinery: Mitoribosomes    582 

  Mitochondrial Energy Metabolomics    582 

  OXPHOS System    583 

  Oxidative Phosphorylation (OXPHOS) 
Apparatus    583 
  Complex I (CI)    583 
  Complex II (CII)    584 
  Complex III (CIII)    584 
  Complex IV (CIV)    590 
  Complex V (CV)    594 

  Regulation of the Biogenesis of the OXPHOS 
Complexes and Supercomplexes    594 

  Crosstalk Between Organelles: Anterograde 
and Retrograde    599 
  Anterograde Mechanism    600 
  Retrograde Regulation    600 

  Crosstalk Between Chloroplast 
and Mitochondria    601 

  Cell Death: Cellular Defence 
and Homeostasis    602 

  Autophagy    604 

  Applications of Plant Mito-Omics    605 

  References    605 

   Abstract  

  The semi-autonomous nature of mitochondria 
provides avenues to understand the evolution 
of cellular functions, genome and regulatory 
circuit connecting gene expression and func-
tions. The mitochondria compromised its 
genome size for functional compatibility of 
cell, and this transition has been started 
approximately three billion years ago, when 
bacteria with unique energy- producing capa-
bilities took residence in a proto-eukaryotic 
cell. In the course of evolution of this symbi-
otic relationship, the bacterium transferred 
many of its genes to the host nucleus, creating 
the modern nuclear DNA (nDNA) genome. 
Since their discovery in 1840 (called  bioblast ), 
great progress has been made in understand-
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ing the central role of mitochondria in the 
regulation of energy metabolism and nonethe-
less as a key determinant of cellular fate. The 
mitochondrial genomic sequence database is 
available for majority of species used as scien-
tifi c model to address current scientifi c ques-
tions. Herein mitochondrial omics give an 
edge to understand regulation at transcrip-
tional, post- transcriptional (splicing and RNA 
editing), translational and post-translational 
level, energy complex composition, biogene-
sis and cell death. Where necessary, the read-
ers are referred to related detailed studies.  

  Keywords  

  Plant mitochondrial omics   •   OXPHOS   • 
  Mitochondrial transcriptome   •   Mitochondrial 
proteome   •   Mitoribosomes   •   Retrograde signal-
ling   •   Apoptosis   •   RNA splicing   •   RNA editing  

        Introduction 

 Richard Altman was the fi rst scientist to discover 
the occurrence of mitochondria and called them 
 bioblast.  A half century later, Altman’s bioblasts 
were named as mitochondria by Carl Benda in 
1898 wherein Greek word  mitos  stands for thread 
and  chondros  means granule. Granulated thread 
is the appearance of the mitochondria during 
spermatogenesis. Mitochondria can be created 
only by the division of the pre-existing mitochon-
dria. Cell does not have the capacity to generate 
and/or biosynthesize mitochondria de novo. 
Mitochondria have the ability to change shape 
and size and their association to the cytoskeleton 
enables them to travel long distances in the cell. 
Mitochondria are membrane-bound eukaryotic 
organelles that produce ATP (adenosine triphos-
phate) in the process of oxidative phosphoryla-
tion and tricarboxylic acid cycle. However in 
plants, they are also responsible for other tasks 
like signal transduction and biosynthesis of 
nucleotides, amino acids, vitamins and lipids 
(Rebeille et al.  1997 ; Bartoli et al.  2000 ; Gueguen 

et al.  2000 ). In addition, they are also involved in 
regulation of programmed cell death and response 
to increased oxidative stress produced as a result 
of high salt, cold and drought conditions (Balk 
et al.  1999 ; Moller  2001 ; Sweetlove et al.  2002 ) 
(Balk and Leaver  2001 ). Mitochondrion of land 
plants is not only almost 100 times larger than the 
animal mitochondrion but also has obtained com-
plexity due to ongoing DNA rearrangements. 
The mitochondrial genome is composed of about 
13 electron transport and oxidative phosphoryla-
tion components, some tRNAs and ribosomal 
RNAs and proteins, e.g. in  Arabidopsis  57 
(Unseld et al.  1997 ), in yeast 43 (Talla et al.  2005 ) 
while in humans 37 genes (Anderson et al.  1981 ). 
In the following paragraphs, we have summa-
rized the state-of-the-art information on tran-
scriptome and proteome and modulation of gene 
expression in plant mitochondria. Similarly, 
mitochondrial translational machinery (mitoribo-
somes) and mitochondrial complexes/supercom-
plexes and their assembly and regulation are 
discussed as well. In addition, the central role of 
mitochondria in determination of cellular fate is 
also briefl y discussed.  

    Transcriptional Regulation 
and Transcriptome 

 In contrast to plant plastids (where two types of 
RNA polymerase, i.e. multi-subunit plastid- 
encoded RNA polymerase (PEP) and single- 
subunit nuclear-encoded RNA polymerase, 
transcribe the plastome DNA), only one type of 
RNA polymerase, i.e. nuclear-encoded RNA 
polymerase (Mercer et al.), is responsible for 
transcription of plant chondrion. NEP, a single- 
protein 110-kDa enzyme (Lerbs-Mache  1993 ; 
Hess and Borner  1999 ), is encoded by nuclear 
 RpoT  (RNA polymerase of the T-phage type) 
genes and does not require nuclear-encoded 
sigma-like factors for promoter specifi city and 
identifi cation (Fig.  1 ). C-terminal sequences of 
NEP contain catalytically relevant part; form 
structural domain fi ngers, thumb and palm and 
are highly conserved (Hess and Borner  1999 ; 
McAllister  1993 ). In addition to the nuclear- 

M.M. Ghulam et al.



575

encoded phage-type RNA polymerase (RNAP), 
another phage RNAP encoded by linear or circu-
lar extrachromosomal mtDNA molecules is also 
found in mitochondria of some higher plants and 
fungi, but its transcriptional activity has not yet 
been established (reviewed by Handa  2008 ). 
Eudicots nuclear genome hosts three  RpoT  genes 
which encode for three different NEPs, i.e. 
 RpoT   m  ( m itochondria),  RpoT   mp  ( m itochondria 
and  p lastid) and  RpoT   p  ( p lastid). However, 
 Nicotiana tabacum  nuclear genome bears six 
 RpoT  genes (Hedtke et al.  2002 ; Hedtke et al. 
 1997 ,  2000 ; Kobayashi et al.  2002 ). Some of the 
angiosperms have only  RpoTm  and  RpoTp  and 
hence only one RNA polymerase for chondrion. 
Dual organelle targeting of  RpoT   mp  is either 
regulated by in-frame shift of translation initia-
tion codon (Richter et al.  2002 ) or by 5′ UTR in a 
developmental stage-specifi c or tissue-specifi c 
manner (Kabeya and Sato  2005 ; Courtois et al. 
 2007 ; Christensen et al.  2005 ).  

 NEP recognizes consensus sequences like 
CRTA- (CRTAAGAGA), DDTA- or YYTA- 
motifs or loose motifs like ATTA and RGTA core 

where R = A; G, D = A, G; and T, Y = C, T. These 
sequences are localized in close proximity of 
translation initiation sites (TIS) (1–5 nucleotides 
upstream of TIS). In addition, an A/T-rich region 
is found further upstream of promoter core motifs 
which positively regulate transcription. Motif 
sequences and cis-elements together may render 
gene specifi city to the phage RNA polymerase as 
transcription in mitochondria is gene specifi c 
rather than being promoter specifi c (Kuhn et al. 
 2009 ). In contrast to vertebrate mitochondria 
where transcription starts only from three 
 promoters, i.e. LSP, HSP2 and HSP, transcription 
in plant mitochondria starts from higher number 
of promoters which result in higher mono-cis-
tronic/polycistronic transcript ratio (Dombrowski 
et al.  1999 ). Mitochondrial genes have multiple 
promoters whose role and/or need are yet unclear. 
They may be important to ensure transcription 
after mitochondrial genome rearrangements 
(Liere et al.  2011 ; Kuhn et al.  2005 ). Preferential 
transcription from any of these multiple promot-
ers of a single gene under biotic and abiotic stress 
conditions, at different developmental stages or 

Nucleus

Chloroplast

NEP: RPOT

Mitochondria

PEP
(

mp

P

mp

p

mp

Cytoplasm

factors

m
m

Plastid genome

Mitochondrial
genome

Nuclear 

a

bgenome

s

  Fig. 1    ( a ) Nuclear- and plastid-encoded RNA polymer-
ases and sigma factors required for PEP promoter speci-
fi city in  Arabidopsis thaliana. PEP  plastid-encoded 
RNA polymerase,  NEP  nuclear-encoded RNA poly-

merase,  m  mitochondria,  mp  mitochondria and plastid,  p  
plastid. ( b ) Plant of  Arabidopsis thaliana  (Personal com-
munication Dr. Livia Merendino and Dr. Malik Ghulam 
Mustafa)       

 

Plant Mitochondrial Omics: State-of-the-Art Knowledge



576

in tissue-specifi c manner, has yet not been well 
established. RpoTmp (early NEP) is believed to 
transcribe mitochondrial and plastid genes during 
early seedling development, while RpoTm and 
RpoTp (late NEP) take over transcription at later 
developmental stages. RpoTmp is involved in the 
formation of nad2, nad6 and cox1 and respiratory 
chain complexes I and IV (Kuhn et al.  2009 ). 

 Phage T7 RNA polymerase is capable to recog-
nize, melt and initiate transcription without tran-
scription factors, i.e. no transcription initiation or 
elongation complex is required. It recognizes the 
−3 to −11 sequence with C-terminal domain while 
−12 to −17 by N-terminal domain (Sousa  1996 ; 
Cheetham et al.  1999 ). Although in  Arabidopsis  
RpoTm and RpoTp were shown to recognize, melt 
and initiate transcription and catalyze general tran-
scription elongation from many promoters only on 
supercoiled DNA in vitro (Kuhn et al.  2007 ), still 
it is speculated that plant RpoTm and RpoTmp 
may still require transcription factors in vivo for 
promoter recognition, TIS and transcription elon-
gation (Liere et al.  2011 ). Although homologues 
of certain transcription factors like mTERF (higher 
plants), MCT (maize), 32- and 43-kDa proteins in 
pea and 69-kDa protein in wheat (Liere et al.  2011 ) 
have been identifi ed but localization and function-
ality of such factors in plant mitochondria are 
poorly characterized. 

 The mechanism by which plant mitochon-
drial and nuclear transcription is coordinated to 
maintain steady-state level of transcripts to syn-
thesize stoichiometric amounts of subunits of 
different complexes under normal and/or stress 
conditions is not yet well characterized. Presently 
available data indicate that transcription in plant 
mitochondria is loosely regulated and has mini-
mal role in tissue-specifi c and developmental 
stage-specifi c regulation of steady-state level of 
RNA (Kuhn et al.  2009 ; Giege et al.  2000 ; Kuhn 
et al.  2005 ). However, post-transcriptional regu-
lation is proposed to play an important role to 
maintain different tissue-specifi c steady-state 
levels of mtRNA (Gagliardi and Leaver  1999 ; 
Giege et al.  2005 ). 

 A large number of mitochondrial genomes 
have been sequenced across the living organisms: 
for a comprehensive list and completely 
sequenced data of mitochondrial genomes, con-

sult   http://megasun.bch.umontreal.ca/ogmp/proj-
ects/other/mt_list.html    . Similarly, a large number 
of plant mitochondrial genomes have also been 
sequenced but the comprehensive transcriptome 
data is available only for a few plant mitochon-
dria. Forner et al. ( 2005 ,  2007 ) have systemati-
cally mapped the 5′ and 3′ termini of the 
mitochondrial transcripts of  Arabidopsis thali-
ana  by using circular RT-PCR technique. C-RT- 
PCR is a very powerful technique for precise 
measurement of the 5′ and 3′ ends of the mature 
transcripts and can distinguish transcripts with a 
difference of even one nucleotide (Fig.  2a–c ). 
They found stable 5′ and 3′ ends for the open 
reading frames. Most of the genes were found to 
have multiple 5′ ends with one major form not 
necessarily originating from transcription initia-
tion. Most of the identifi ed 5′ ends originated as a 
result of processing of the primary transcripts. In 
addition, majority of the mature abundant tran-
scripts were produced as a result of cleavage of 5′ 
ends of the primary transcripts. In contrast to 5′ 
ends, most of the genes had single 3′ end. All the 
5′ and 3′ ends have been summarized by Binder 
et al. ( 2011 ) and Forner et al. ( 2007 ). The 3′ 
UTRs range from 0 to 500 nucleotides. Even 
some transcripts had major 3′ ends in open read-
ing frames (lack stop codon like in ccmC: −46 
from stop codon). Even such transcripts were 
found to be translationally competent (Raczynska 
et al.  2006 ).  

 Plant mitochondria contain cryptic (originated 
from intergenic regions due to loose transcrip-
tional control) and defective (produced as a result 
of ineffi cient post-transcriptional control) tran-
scripts which are reviewed by Holec et al. ( 2008 ). 
Fujii et al. ( 2011 ) have very recently character-
ized the continuously expressed ORFs present in 
the intergenic region of mitochondrial genome of 
rice. Similarly, Islam et al. ( 2013 ) have presented 
the mitochondrial genome and transcriptome 
sequence analyses of perennial ryegrass ( Lolium 
perenne  L.), but still it lacks the detailed transcript 
mapping and promoter identifi cation. In contrast 
to plant mitochondrial transcriptome data, human 
mitochondrial transcriptome has been analyzed 
more comprehensively across different cell lines 
and tissues (Mercer et al.  2011 ). The data can be 
accessed at   http://mitochondria.matticklab.com    .  
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    Post-transcriptional Regulation 

 Although not fully established yet, it is probable 
that post-transcriptional modifi cations of the 
plant mitochondrial transcripts (mRNA, tRNA 
and rRNA) regulate gene expression and, most of 
which are involved (directly or indirectly) in oxi-
dative phosphorylation, render them translation-
ally and/or functionally competent. Although 
most of the genes of mitochondrial bacterial 
endosymbiont have either been lost or transferred 
to the nucleus, still transcripts of the small num-
ber of genes left in the plant mitochondrion 
undergo splicing (removal of introns), maturation 
of 5′ and 3′ ends and even editing too which indi-
cates that the mito-omics (mitochondrial genetic 
system) are regulated in a complex manner and 
are not as simple as thought at the time of early 
mitochondrion sequencing. 

 Complete genome sequence comparison of 15 
angiosperm species (Kubo and Newton  2008 ; 
Kubo and Mikami  2007 ) showed not only pres-
ence of similar gene content but also high conser-
vation of gene and intron sequences across 
different angiosperm species. But still the 
sequenced genomes varied greatly in size. This is 
because of species-specifi c intergenic regions’ 
repeated mitochondrial DNA segments (having 
plastid or nuclear origin or even sequence of 
unknown origin), collectively tagged as ‘junk 
sequences’, but we would name them as ‘unchar-
acterized sequences’ of mitochondrial genome 
unless proven otherwise. As previously named 
‘junk sequences’—introns—of human genome 
proved to be involved not only in gene regulation 
but also in many diseases. 

 Plant mitochondrial RNAs (rRNAs, tRNAs 
and mRNAs) are co-transcriptionally or post- 
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transcriptionally processed (to produce mature 3′ 
and 5′ extremities), spliced (both  cis  and  trans ) 
and edited prior to becoming competent for trans-
lation (mRNAs), structure (rRNAs) and function 
(tRNA).  

    RNA Splicing 

 At the time of their discovery in 1977 (Chow 
et al.  1977 ; Berget et al.  1977 ), introns were 
defi ned as ‘the non-coding sequences that inter-
rupt protein coding sequences in viral and nuclear 
genes’. However, by now we know that introns 
are not necessarily the non-coding sequences and 
are not only found in coding sequences but also 
can be present in non-coding regions, 3′ UTRs 
and 5′ UTRs. In addition, they are found in 
almost all types of genome (although the preva-
lence and number vary greatly), i.e. nuclear, plas-
tid, mitochondrial, prokaryotic, eukaryotic and 
viral genomes. 

 Majority of the introns found in mitochon-
drion of land plants are the group II introns. A 
small number of group I introns (homing ribo-
zymes) are also found in mitochondrion of non-
vascular plants. Both the group I and group II 
introns
    1.    Contain higher-order conserved structures 

which are required for accurate and correct 
splicing.   

   2.    Act as ribozyme, i.e. they can self-splice in 
the absence of any other enzyme or protein.   

   3.    Some of them act as retro-elements, i.e. an 
intron RNA that integrates into their host 
genome at new positions or in another genome 
with the help of intron-encoded reverse tran-
scriptase or DNA endonuclease (Lambowitz 
and Zimmerly  2011 ).   

   4.    Group I introns encode homing DNA endo-
nuclease while group II introns encode reverse 
transcriptase which facilitates their reintegra-
tion into the genome.     
 The complexity of gene expression and 

splicing is further enhanced by the need to 
‘trans- splice’ the scattered coding sequences 
due to rearrangements of segments of 
mitochondrial DNA. 

 DNA rearrangements of plant mitochondrion 
break apart coding sequences of certain genes. 
But these fractured genes are expressed correctly 
and remain functional due to the presence of 
intron sequences which can form conserved 
intron structures and splice in  trans.  A number of 
group I and group II introns have been discovered 
and characterized in nature but only a few of 
them undergo trans-splicing (Glanz and Kuck 
 2009 ). For example, in plant mitochondrion only 
nine trans-splicing events have been described so 
far. Seven of them are group II trans-splicing 
introns in plant mitochondria in nad1, nad2, nad5 
and cox2 ( Allium cepa ) genes. Trans-splicing in 
these genes is not conserved throughout the plant 
kingdom, i.e. they may  trans-splice  in some and 
 cis-splice  in other plant mitochondria. For exam-
ple, nad1 (nad1i394), nad2 (nad2i542), nad5 
(nad5i1455, nad5i1477) are cis-splicing in 
 Isoetes  while  trans-splicing  in seed plants. 
Similarly, nad1i728 is  cis-splicing  in some fl ow-
ering plants while  trans-splicing  in others (Qiu 
and Palmer  2004 ). The eighth and ninth trans- 
splicing introns are located at the same position 
in cox genes in  Isoetes engelmannii  and 
 Marchantia , respectively (Grewe et al.  2009 ). 
Although Castandet et al. ( 2010 ) and Farre et al. 
( 2012 ) have suggested the requirement of RNA 
editing for correct splicing reaction in plant mito-
chondria, the exact mechanism of regulation and/
or modulation of the expression of separately 
located segments of a single gene has not yet 
been characterized. Similarly, it is not clear how 
the steady-state level of mRNA of trans-spliced 
genes is maintained in cases where gene seg-
ments are transcribed from different promoters. 
Some segments become part of the pre-existing 
transcriptional unit while others recruit new pro-
moters from the non-coding or spacer regions. 

 Although, none of the land plant mitochon-
drial intron has been shown to be autocatalytic 
neither  in vivo  nor  in vitro  probably because of 
lack of cellular environment in  in vitro  systems 
and due to technical diffi culties in  in vivo  studies, 
the mechanism of splicing of group I and group II 
introns has been extensively studied in 
 Tetrahymena  nuclear ribosomal RNA introns and 
yeast mitochondrial introns, respectively. Group I 
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and group II introns differ from each other in 
their structure and biochemical pathways, but 
still both are ribozymes and both catalyze two 
trans-esterifi cation reactions in the presence of 
magnesium ions. They also differ in ribozyme 
core length as group II introns is about ~500 nt 
while that of group I introns is ~250 nt (Vicens 
and Cech  2006 ; Toor et al.  2006 ). Group I and 
group II ribozymes have gained the attention of 
the scientifi c community because of their ability 
to specifi cally disrupt the gene of interest and/or 
repair RNA (Long et al.  2003 ; Lambowitz and 
Zimmerly  2004 ; Toro et al.  2007 ). Ribozyme of 
group I intron consists of substrate domain (P1–
P2), scaffolding domain (P4, P5, P6) and cata-
lytic domain (P3, P7, P8, P9). 

 Splicing of the group I introns is initiated by 
the attack of external guanosine on the 5′ splice 
site which is followed by another trans- 
esterifi cation reaction in which 3′ OH of upstream 
exon attacks 3′ splice site resulting in the ligation 
of two exons and removal of linear intron. 

 Of the six helical domains (I–VI) of group II 
introns, domain V (conserved 34 nt) serves as a 
catalytic core along with sequences of domain 
I. An adenosine of domain VI near the 3′ end of 
the intron initiates the splicing of group II introns 
through the attack of its 2′ OH on the 5′ splice 
site forming a 2–5′ phospho-di-ester bond. This 
is followed by the attack of 3′ OH of the upstream 
exon on the 3′ splice site resulting in the ligation 
of the two exons and release of intron as lariat. 
Although the above model is widely accepted 
among the scientifi c community, Li-Pook-Than 
and Bonen ( 2006 ) proposed a hydrolytic and a 
hypothetical model of splicing mechanism of 
group II introns. Alternative splicing which 
results in diversity of transcripts and proteins 
both in animals and plants has not yet been fully 
established for group I and II introns. 

 Though some of the components of ‘spliceo-
some’ have been described and/or hypothesized 
which include RNA maturases, reverse transcrip-
tases both arising from the ORFs located within 
introns, intron-encoded proteins and nuclear- 
encoded PPR (pentatricopeptide repeat) element 
proteins, there is no concrete evidence of the 
 spliceosome of plant mitochondrial transcrip-

tome, i.e. it has not yet been isolated and/or fully 
characterized. 

 Similarly, temporal and spatial regulation 
of RNA processing, splicing and editing and 
their interrelationship has not yet been fully 
established. 

 It has recently been shown that introns play an 
important role in the regulation of expression of 
ribosomal protein genes of the host gene and par-
alogs of its host genes in yeast. They can have 
intergenic and intragenic upregulatory and down-
regulatory effects on the gene expression 
(Parenteau et al.  2011 ). Do the introns of plant 
mitochondria play any role in the regulation of 
the mRNA level of the host gene or neighbouring 
genes needs to be elaborated/analyzed.  

    RNA Editing 

 RNA editing is a post-transcriptionally and/or 
transcriptionally coupled process in which the 
sequence of neo-synthesized RNA is altered as 
compared to the sequence of its template DNA 
either through conversion, deletion or insertion of 
ribonucleotides. Although different RNA editing 
types occur in different types of transcriptomes, 
i.e. addition/deletion of adenine, insertion of 
 cytidine, C-to-U and A-to-I editing and insertion/
deletion of guanosines, in plant mitochondrial 
transcriptome conversion of cytidine to uracil 
(through deamination of cytidine) is the most 
prevalent form of RNA editing (Jacques et al. 
 1994 ; Benne et al.  1986 ; Mahendran et al.  1994 ; 
Wagner et al.  1989 ; Hoch et al.  1991 ). Uracil to 
cytidine is another rare type of RNA editing that 
occurs in plant mitochondria (Shikanai  2006 ). 
Editing sites and their number (several hundred) 
is less conserved in plant mitochondria (Zeng 
et al.  2007 ). For example, Chaw et al. ( 2008 ) and 
Grewe et al. ( 2009 ) reported almost 1,000 editing 
sites in the mitochondrial transcriptomes of 
 Cycas taitungensis  and  Isoetes engelmannii . 
While  Arabidopsis thaliana  has 456 (Giege and 
Brennicke  1999 ),  Oryza sativa  has 491 (Notsu 
et al.  2002 ) and  Brassica napus  has 427 editing 
sites in mitochondrial transcriptome (Handa 
 2003 ). The readers are referred to PREPACT 
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(  http://www.prepact.de    ) for prediction, analysis, 
annotation and graphical display of RNA editing 
sites (Lenz et al.  2010 ). RNA editing can result in 
the creation of a translation start codon (Hoch 
et al.  1991 ; Chapdelaine and Bonen  1991 ), for-
mation/removal of stop codon (Kugita et al. 
 2003 ; Hiesel et al.  1989 ; Hiesel et al.  1994 ) and 
alteration in amino acid sequence to create con-
served and functional protein, partial editing sites 
(only a subset of transcripts is edited) (Brennicke 
et al.  1999 ) or even silent editing sites—no 
change in amino acid but may result in change of 
translatability due to codon usage differences 
(most cases of editing at third nucleotide of the 
codon are silent) (Kempken et al.  1991 ). 

 Two components of the mitochondrial edito-
some, i.e. transcript-specifi c editing factor 
(TSEF) and PPR (pentatricopeptide repeat pro-
tein), have been identifi ed in plant, but the editing 
enzyme (if any) or enzymatic mechanism of edit-
ing has neither been identifi ed nor characterized. 
The widely accepted mechanisms for RNA 
 editing are de-amination and transamination 
(Takenaka et al.  2008 ). Among the nuclear- 
encoded TSEFs identifi ed so far, MEF1 (editing 
sites—ES— rps4 -956,  nad7 -963 and  nad2 -1,160) 
(Zehrmann et al.  2009 ), MEF11 ( cox3 -422,  nad4- 
124   and  ccb203 -344) and MEF9 ( nad7 -200) 
(Verbitskiy et al.  2010 ) are characterized. 
Similarly, PPR proteins OGR1 having DYW 
domain were found to be responsible for editing 
at nad4-C401, nad4-C416, nad4-C433, nad2-
 C1457, ccmC-458, cox2-167 and cox3-572 (Kim 
et al.  2009 ). Characterization of MEF1, MEF9, 
MEF11 and OGR1 in editing was carried out 
through nuclear mutants and direct evidence of 
binding of these factors and/or mechanism of 
gene specifi city are still lacking. Bentolila et al. 
( 2013 ), Yagi et al. ( 2013 ) and Tseng et al. ( 2013 ) 
have further elaborated the role of REME2 
(required for effi ciency of mitochondrial editing 
2) and PPRs (pentatricopeptide proteins) in RNA 
editing in plant mitochondria, respectively. 

 Along with the regulation of mitochondrial 
gene expression at transcript level (discussed 
above), it is hypothesized that the regulation of 
mitochondrial gene expression also takes place at 
translational and post-translational level (com-

plex assembly) (Giege et al.  2005 ). A very recent 
study of the  rps10  mutant plants of  Arabidopsis 
thaliana  further supports the hypothesis where 
authors have concluded that ‘The ultimate coor-
dination of expression of the nuclear and mito-
chondrial genomes occurs at the complex 
assembly level’ (Kwasniak et al.  2013 ).  

    Mitochondrial Proteomics 

 Diversity of mitochondrial functions leads the 
scientist to speculate and suggest that the mito-
chondrial proteome may contain thousands of 
proteins. In order to decipher the coordinate 
functioning of different complexes and/or pro-
teins needed to perform multiple tasks of mito-
chondria, detailed identifi cation and functional 
attribution to each protein of mitochondrial pro-
teome is of prime importance. 

 Although mitochondria have their own 
genome, only a few proteins are encoded by it. 
Majority of proteins are encoded by nucleus and 
then transported into mitochondria by complex 
protein import machinery. It has been shown 
that proteins are imported into mitochondria 
through multi-subunit protein complexes called 
as translocases with combined action of pepti-
dases and molecular chaperons. Once the pro-
teins are translated into the cytosol, they are 
recognized by the protein import complex and 
transported into mitochondria. This specifi c rec-
ognition of proteins depends on the presence of 
N-terminal targeting sequence termed as pre-
sequence. The import of proteins into mitochon-
dria occurs by four different types of pathways 
which include (1) general import pathway based 
on N-terminal targeting signal sequences; (2) 
the carrier import pathway which depends on 
import for proteins of mitochondrial carrier 
family into the inner membrane; (3) the sorting 
and assembly pathway which describes the 
import of β-barrel proteins into the outer mem-
brane through sorting and assembly machinery 
of outer membranes, also known as topogenesis 
of β-barrel proteins and (4) the mitochondrial 
intermembrane space import and assembly 
pathway which describes the import of proteins 
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into the intermembranes of mitochondria. Due 
to lack of experimental data of plant mitochon-
drial proteome, many bioinformatics tools have 
been used to identify the proteins on the basis of 
their subcellular location, whereas extensive 
experimental studies of mitochondrial proteome 
of the human heart, yeast and mouse have been 
carried out (Mootha et al.  2003 ; Sickmann et al. 
 2003 ; Taylor et al.  2003 ). 

 Initially different experimental approaches 
like two-dimensional electrophoresis showed 
that plant mitochondria have 500–1,500 proteins 
(Kruft et al.  2001 ; Bardel et al.  2002 ; Millar et al. 
 2001 ), but these data were not reliable as in this 
approach a single protein can appear as multiple 
protein spots. To overcome this limitation, later 
on Heazlewood and his colleagues did the experi-
mental analysis of  Arabidopsis thaliana  mito-
chondrial proteome by using liquid 
chromatography in tandem with mass spectrom-
etry (LC-MS/MS) which is a very sensitive 
method (Heazlewood et al.  2003a ). Direct sample 
analysis of  Arabidopsis  mitochondrial protein 
lysates resulted in identifi cation of 416 proteins 
out of which 95 % have been already identifi ed 
through two-dimensional gel electrophoresis 
(Kruft et al.  2001 ; Millar et al.  2001 ; Werhahn 
and Braun  2002 ). They have also confi rmed the 
previously identifi ed protein results which were 
determined during purifi cation of particular sub-
sets and protein complex of mitochondrial pro-
teins (Sweetlove et al.  2002 ; Heazlewood et al. 
 2003a ,  c ; Herald et al.  2003 ). Out of 416, major-
ity of the proteins (409) are nuclear encoded and 
only 7 are encoded by mitochondria. Moreover, 
they have also assigned functions to these pro-
teins by using BLAST on the basis of amino acid 
sequence similarity with already known proteins. 
They have shown that some of the proteins are 
part of the tricarboxylic acid cycle (TCA) and 
electron transport chain, involved in transcription 
and translational processes and signalling path-
ways. Some of the proteins have no amino acid 
sequence similarity to any protein of known 
function; hence, they were called as proteins of 
unknown function. 

 Later on, another group, Huang and his 
 collaborators, studied the rice mitochondrial pro-

teomics through two-dimensional gel 
electrophoresis and LC-MS/MS of trypsin- 
digested samples. By using both gel-based and 
non-gel-based experimental analysis, they have 
identifi ed the 322 nonredundant rice mitochon-
drial proteins (Huang et al.  2009 ). They have 
shown that 22 % of the proteins are involved in 
energy production and 28 % in the tricarboxylic 
acid cycle and 17 % of the proteins were defi ned 
as unknown proteins. The remaining few proteins 
were found to be involved in signalling process, 
stress defence, biosynthesis of vitamins and elec-
tron transport chain as in  Arabidopsis . They have 
shown that  Arabidopsis  and rice have conserved 
mitochondrial proteins when they compared both 
proteome results. Almost 80 % of the proteins 
identifi ed in rice mitochondria have orthologues 
in  Arabidopsis . The proteins which are involved 
in energy and metabolism in  Arabidopsis  have 
homologues in rice. Similarly, the proteins with 
unknown function have also conserved amino 
acid sequences in both  Arabidopsis  and rice 
which suggests that they have conserved func-
tions (Huang et al.  2009 ). 

 Many bioinformatics tools like MitoProt 
(Claros and Vincens  1996 ), TargetP (Emanuelsson 
et al.  2000 ) and Predator (Small et al.  2004 ) can 
be used to determine the protein subcellular loca-
tion. Recently, a  computational model, naive 
Bayesian network, was used for predicting the 
 Arabidopsis  mitochondrial proteins. This model 
is based on the genomic data obtained from eight 
bioinformatics tools, protein domain properties, 
multiple orthologous mappings and co-expres-
sion patterns obtained from microarray profi les 
(Cui et al.  2011 ). They have identifi ed 2,311 
mitochondrial proteins by using this bioinformat-
ics strategy and developed CoreMitoP database 
(  http://www.megabionet.org/atpid/webfile/    ). 
This database also contains information about the 
biological functions of these mitochondrial pro-
teins which are similar as predicted in earlier 
studies. 

 An important experimental study of 
 Arabidopsis  mitochondrial proteome was carried 
out by MS analysis of 2-D gel separable protein 
spots (Taylor et al.  2011 ). As a result of this gel- 
based technique, they have identifi ed 264 mito-
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chondrial proteins, and alongside by using 
LC-MS/MS, 220 proteins were identifi ed. 

 It has been shown that mitochondrial proteins 
change in abundance under a variety of stress 
conditions both in  Arabidopsis  and rice. Some of 
the proteins are affected by multiple stress condi-
tions like HSP70 decrease under salt stress and 
increase under Cd stress and heat in  Arabidopsis . 
Similarly, there are some other proteins like GDC 
P protein which increase under salt, heat and cold 
conditions. These results are obtained only from 
preliminary studies but can be helpful for further 
investigation of the environmental response of 
the plant mitochondria. 

 These experimental studies and bioinformat-
ics tools helped scientists to develop databases of 
mitochondrial proteome which are publically 
available (  http://www.megabionet.org/atpid/
webfi le/    ), but still it needs more extensive func-
tional proteomic studies to fully understand the 
molecular mechanism of plant mitochondria. 
There are many constraints for better understand-
ing of mitochondrial proteomes like mitochon-
drial sample purity from different species and 
fractionation and digestion of mitochondria for 
their deeper analysis by using different methods 
like LC-MS/MS. As it is clear from the discus-
sion in the above paragraph that the mitochon-
drial proteomic studies are at the nascent stage 
(identifi cation of proteins), a lot of efforts are 
required in the fi eld for the structural character-
ization and functional importance.  

    Translational Machinery: 
Mitoribosomes 

 Plant mitochondria possess their own translation 
machinery composed of ribosomes called mitori-
bosomes. The constituents of mitoribosomes are 
proteins (encoded by nuclear and mitochondrial 
genomes) and ribosomal RNA (rRNA—
26S/18S—transcribed from mitochondrion). In 
animals, all the mitoribosomal proteins were 
transferred to nucleus during gene loss and trans-
fer (all ribosomal proteins are encoded by nuclear 

genome), whereas plant mitochondrion has 
retained a few ribosomal protein genes and even 
the gene order of their ancestral bacteria (Lang 
et al.  1999 ). Mitochondrion of bryophytes con-
tains 16 while fl owering plants contain 14 mitori-
bosomal protein genes including S1–S4, S7, 
S10–S14, S16, L2, L5 and L16 (Takemura et al. 
 1992 ; Adams and Palmer  2003 ), while the 
remaining proteins are encoded by the nucleus 
and are transported to the mitochondria for mito-
ribosomal assembly. Heterogenic proteins and 
rRNAs are arranged in two subunits, i.e. large 
subunit (LSU) and small subunit (SSU). Plant 
mitoribosome is composed of 80 proteins of 
which 24 make up the small subunit (SSU) and 
42 proteins make up the large subunit. It has 
recently been shown that silencing of only one 
nuclear-encoded mitochondrial ribosomal pro-
tein gene results in the alteration of the mitochon-
drial translation (Kwasniak et al.  2013 ). The 
results of Kwasniak et al. ( 2013 ) indicate that 
mitochondrial gene expression is regulated at 
translation and post-translational level through 
mitoribosomal proteins. The structural details of 
the mammalian mitochondria have been reviewed 
by Agrawal and Sharma ( 2012 ). Similarly, a 3A° 
detailed structure of yeast ribosomes has recently 
been revealed (Ben-Shem et al.  2011 ), but such 
detailed structural characterization of plant mito-
ribosome and its constituents (proteins and 
rRNA) and modus operandi are still lacking. 
Although strong and/or defi nitive experimental 
evidence is still lacking, a new term, ‘specialized 
ribosomes’, has become a hot issue in the fi eld 
(Xue and Barna  2012 ). The question of ‘special-
ized mitoribosomes’ is still open and need to be 
discussed and analyzed.  

    Mitochondrial Energy 
Metabolomics 

 The eukaryotic cell came into existence as a 
result of an endosymbiotic association of unique 
energy-producing bacteria and a proto- eukaryotic 
cell, wherein host cell provided physical space 
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and materials to the bacterium, which supplied 
energy to the host. During the evolution of this 
symbiotic relationship, the bacterium transferred 
many of its genes (about 1,500) to the host 
nucleus, creating the modern nuclear DNA 
(nDNA) genome (Wallace  2005a ). The entire 
mtDNA is almost exclusively transcribed (it con-
tains very small non-coding areas) and is arranged 
in nucleoids (Holt et al.  2007 ). 

 The mitochondrial genome controls many 
essential functions to meet energy requirement of 
cells. The most important among these functions 
are (1) OXPHOS (oxidative phosphorylation), 
(2) the production of most of the cell’s ROS and 
(3) the regulation of apoptosis by activating the 
mitochondrial permeability transmission pore 
(Wallace  2005b ).  

    OXPHOS System 

 This is a complex mitochondrial respiratory 
mechanism to harness electron energy from car-
bohydrates and fats to phosphorylate ADP to 
make ATP. The light-dependent metabolic path-
way distinguishes plant OXPHOS system from 
most animals because it includes additional so- 
called ‘alternative’ electron transport component, 
which participates in photorespiration. Therefore, 
activities of plant mitochondria have to be coor-
dinated with the ones of chloroplasts. 

 Throughout the evolution, mitochondria and 
chloroplasts retain the majority of their genome 
to act semi-autonomously inside eukaryotic 
hosts. The semi-autonomous status of these 
organelles resulted in coordination of spatially 
separated genomes for its biogenesis and its 
functional activity. About 30 mitochondrial pro-
teins are encoded by the mitochondrial genome, 
several of which represent components of the 
OXPHOS system (Unseld et al.  1997 ). The 
remaining approximately 2,000 mitochondrial 
proteins, including most components of the 
OXPHOS system, are nuclear encoded and have 
to be post-translationally imported into the organ-
elle (Mackenzie and McIntosh  1999 ; Adams and 
Palmer  2003 ).  

    Oxidative Phosphorylation 
(OXPHOS) Apparatus 

 The OXPHOS apparatus, commonly known as 
ETC, is comprised of four large protein com-
plexes (I, II, III, IV) that interact with each other 
via the small lipid ubiquinone (UQ) and the small 
protein cytochrome c. The electron fl ow from 
NADH to oxygen is coupled to proton transloca-
tion out of the matrix, which drives phosphoryla-
tion of ADP to form ATP by the F-ATP synthase 
(complex V). 

    Complex I (CI) 

 Complex I (NADH ubiquinone oxidoreductase) 
is the main entrance point for electrons into the 
respiratory chain under most of the conditions. It 
transfers two electrons from NADH to ubiqui-
none, and coupled to this process, four protons 
are translocated across the inner mitochondrial 
membrane. 

 Direct comparisons of CI subunit composition 
across taxa have revealed divergences between 
plant CI versus mammalian CI, with eight 
nuclear-encoded plant CI subunits being plant 
specifi c and several others being common 
between plants and non-mammalian eukaryotes 
but absent in mammals (Meyer et al.  2008 ; 
Klodmann and Braun  2011 ; Klodmann et al. 
 2010 ; Cardol  2011 ). 

 The 1,000-kDa complex I consists more than 
49 distinct protein subunits, one FMN cofactor 
and eight Fe–S clusters. The proteins that consti-
tute complex I is encoded by two genomes: nine 
have a mitochondrial genetic origin in higher 
plants, while the remaining subunits are encoded 
in the nucleus. Recently, composition of complex 
I has been investigated intensively in humans 
(Ugalde et al.  2004 ; Vogel et al.  2007 ; Remacle 
et al.  2008 ; Peters et al.  2013 ) in the vascular 
plants  Arabidopsis thaliana  and  Oryza sativa  
(Heazlewood et al.  2003b ,  c ; Meyer et al.  2008 ) 
and in the green algae  Chlamydomonas rein-
hardtii  (Cardol et al.  2004 ,  2005 ). In  Arabidopsis , 
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42 distinct complex I subunits are known and 
some of them interrupted with class II introns. 
These class II introns are removed post- 
transcriptionally by mitochondrial CAF-like 
splicing factor 1 (mCSF1; At4 g31010) (Meyer 
et al.  2008 ; Zmudjak et al.  2013 ). The complex I 
subunits of  Arabidopsis thaliana  are highly con-
served across the organisms; 40 out of 49 sub-
units have homology with bovine complex I, 
including 14 orthologues to the prokaryotic 
enzyme that constitute the ‘core’ subunits of 
complex I (Cardol et al.  2005 ; Peters et al.  2013 ). 
The function of most of the extra subunits in 
mitochondria is yet unclear, but it is speculated 
that they might be important for enzyme stabili-
zation or protection of the complex towards reac-
tive oxygen species (ROS) (Vogel et al.  2007 ). 
For the detailed list of characterized and putative 
constituents of complex I, refer to Table  1 .

       Complex II (CII) 

 Succinate–ubiquinone oxidoreductase, complex 
II; the smallest among OXPHOS complex, has a 
central role in mitochondrial metabolism because 
it is involved in both the tricarboxylic (TCA) 
acid cycle and the mitochondrial electron trans-
port chain. Complex II mediates the oxidation of 
succinate to fumarate and the reduction of ubi-
quinone to ubiquinol. The activity of this com-
plex is not coupled to the generation of an 
electrochemical gradient of protons across the 
membrane to drive the synthesis of ATP 
(Horsefi eld et al.  2004 ). 

 Across the organisms, complex II consists of 
four core subunits: a fl avoprotein (SDH1), an 
iron–sulphur subunit (SDH2) and two membrane 
anchor subunits (SDH3 and SDH4). Moreover, 
four proteins of unknown function are observed 
which co-migrate with the complex (Eubel et al. 
 2003 ; Millar et al.  2004 ). In  Arabidopsis , all SDH 
subunits are encoded in the nuclear genome. 
Knockout mutants of the SDH1 gene are embryo 
lethal (Leon et al.  2007 ), but knockdowns of 
SDH1 and SDH2 lead to phenotypes associated 
with altered stomatal aperture, altered mitochon-
drial ROS production and altered nitrogen use 

effi ciency (Fuentes et al.  2011 ; Gleason et al. 
 2011 ). Several proteins assisting CII assembly 
have been described in yeast and mammalian 
cells, but only SDHAF1 and SDHAF2 are con-
sidered to be real assembly factors that directly 
and specifi cally aid CII assembly (Hao et al. 
 2009 ; Ghezzi et al.  2009 ; Rutter et al.  2010 ). In 
 Arabidopsis , knockdown of the SDHAF2 homo-
logue lowers SDH assembly and markedly 
reduces root growth. For the detailed list of char-
acterized and putative constituents of complex II, 
refer to Table  2 .

       Complex III (CIII) 

 Cytochrome ‘bc’ complex or ubiquinol–cyto-
chrome ‘c’ oxidoreductase (complex III) oxi-
dizes ubiquinol produced by the action of 
complex I and II. The electrons from ubiquinol 
are transferred to cytochrome  c  and four protons 
are pumped for each pair of electrons passing 
through this multi-subunit complex (Tzagoloff 
 1995 ; Berry et al.  2000 ). 

 Complex III contains 10 subunits including 
the dual functional core proteins that act both in 
CIII function and as the matrix processing pepti-
dase, removing pre-sequences from imported 
matrix proteins. Cytochrome b, the only one sub-
unit of this complex, is encoded by the plant 
mitochondrial genome (Unseld et al.  1997 ), and 
the remaining nine are encoded by the nuclear 
genome. In BN-PAGE separations from 
 Arabidopsis  mitochondria, all of these subunits 
have been identifi ed and linked back to a set of 
mostly single-copy genes (Werhahn and Braun 
 2002 ; Meyer et al.  2008 ). Yeast provides an ideal 
model system to study CIII, due to its ability to 
survive by fermentation in the absence of the 
complex, making gene knockout and mutagenesis 
possible (Smith et al.  2012 ). CIII assembly fol-
lows a modular assembly model including early 
core subcomplex, late core subcomplex and a 
dimeric CIII state (Smith et al.  2012 ). There have 
been 13 assembly factors involved in aiding the 
different stages of CIII assembly in yeast. Two of 
these, BCS1L and TTC19, were also found to 
have functional homologues in mammalian CIII 
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assembly (Diaz et al.  2011 ; Smith et al.  2012 ). 
Little is known about CIII assembly or functional 
assembly factors in plants. For the detailed list of 
characterized and putative constituents of com-
plex III, refer to Table  3 .

       Complex IV (CIV) 

 Cytochrome  c  oxidase (COX) or complex IV is 
the terminal enzyme of the mitochondrial elec-
tron transport chain. It comes from heme–copper 
 aa 3-type terminal oxidase superfamily and cata-
lyzes the sequential transfer of electrons from 
reduced cytochrome ‘c’ to dioxygen, conse-
quently generating water. This electron transfer 
reaction is coupled to electrogenic proton pump-
ing across the inner mitochondrial membrane 
(Capaldi  1990 ; Barrientos  2002 ; Herrmann and 
Funes  2005 ). 

 The CIV consists of 7 or 8 subunits in plants 
(Peiffer et al.  1990 ), but the recent list has grown 
up to 14 proteins in  Arabidopsis  (Millar et al. 

 2004 ). However, only eight proteins are ubiqui-
tously present in other organisms with certain 
amount of homology; further the rest of the six 
proteins that may represent plant-specifi c CIV 
subunits were identifi ed. The CIV subunits 
assemble sequentially that start with incorpora-
tion of subunit I and followed through by several 
discrete assembly factors in human (Barrientos 
et al.  2009 ). The number of assembly factor in 
yeast goes up to 40 that helps different stages of 
CIV assembly, but only a few homologues for 
these factors have been defi ned in humans 
(Barrientos et al.  2009 ; Diaz et al.  2011 ). A study 
reveals the capability of plant homologue of yeast 
assembly factor COX19 to complement the yeast 
cox19 null mutant and might play a role in the 
biogenesis of plant cytochrome ‘c’ oxidase to 
replace damaged forms of the enzyme (Attallah 
et al.  2007 ). However, it seems evident that our 
knowledge about the assembly of CIV in plants is 
still incomplete. For the detailed list of character-
ized and putative constituents of complex IV, 
refer to Table  4 .

   Table 2    Complex II   

 Complex II Genes  Common name  MW (dalton)  Function  Origin  Remarks 

 At2g18450  SDH1-2, succinate 
dehydrogenase 1-2 

 69,362.7  Electron transport chain, 
mitochondrial electron transport, 
succinate to ubiquinone, 
oxidation–reduction process, 
tricarboxylic acid cycle 

 Nuclear  Mitochondria 
only 

 At5g40650  SDH2-2, succinate 
dehydrogenase 2-2 

 31,140.6  Mitochondrial electron transport, 
succinate to ubiquinone, 
oxidation–reduction process, 
tricarboxylic acid cycle 

 Nuclear  Mitochondria 
only 

 At5g09600  SDH3-1, succinate 
dehydrogenase 3-1 

 23,453.8  Mitochondrial electron transport, 
succinate to ubiquinone 

 Nuclear  Dual targeted 

 At2g46505  SDH4, succinate 
dehydrogenase 
subunit 4 

 16,841.3  Aerobic respiration, glycolysis, 
response to cadmium ion, 
tricarboxylic acid cycle 

 Nuclear  Mitochondria 
only 

 At1g08480  SDH6, succinate 
dehydrogenase 6 

 15,812.6  Biological process, 
photorespiration 

 Nuclear  Multi-targeted 

    http://www.arabidopsis.org/index.jsp.in     
 Note: Only experimentally proved subunits and intermediate or assembly factor were included in the tables 
  N/A , not applicable or information unavailable; dual targeted, targeted to mitochondria and chloroplast; multi-targeted, 
mitochondria, chloroplast and other organelles (list of constituents of each complex was modifi ed from bioinformatics 
analysis of Cardol et al.  2005 . The tables have been updated and/or modifi ed where necessary to recent information 
extracted from TAIR database)  

M.M. Ghulam et al.
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       Complex V (CV) 

 The ATP synthase is also considered as complex 
V of OXPHOS system in addition to earlier 
described complexes. The membrane-bound 
ATP synthase is an F 0 F type H + -ATP synthase 
that catalyzes the steps in oxidative phosphory-
lation through which ATP is produced. It con-
sists of ATP generating hydrophilic F component 
which opens up into the matrix and a hydropho-
bic F component, which channels protons 
through the membrane while also anchoring the 
whole complex to the mitochondrial inner mem-
brane (Senior and Tsai  1990 ; Hamasur and 
Glaser  1992 ; Velours and Arselin  2000 ; 
Heazlewood et al.  2003a ,  b ). This complex is 
highly conserved in structural core subunit of 
enzyme in both prokaryotic and eukaryotic 
organisms (Millar et al.  2011 ). The biogenesis of 
complex V also shows intricate coordination of 
nucleus and mitochondria, wherein most of 
F-ATP synthase subunits are encoded in the 
nucleus (β, γ, δ and ε), while most of the F sub-
units are encoded in the plant mitochondrial 
genome and translated in the mitochondrial 
matrix (a, b, c and A6L) (Jansch et al.  1996 ; 
Heazlewood et al.  2003c ; Sabar et al.  2003 , 
 2005 ). F1α subunit is encoded in the mitochon-
drial genome and highly conserved across most 
plant species. The changes in mitochondrial- 
encoded subunits of the F 0 F-ATP synthase are 
frequently associated with cytoplasmic male ste-
rility (CMS) in plants, most likely due to the 
high ATP demand of fl oral tissues (Xu et al. 
 2008 ). The study investigating knockouts of ATP 
synthase core subunits has shown its importance 
in plants, which are lethal in nature. Further it 
was confi rmed in dexamethasone inducible 
knockdown that the tissue-specifi c phenotypes 
slow the rates of mitochondrial ADP: ATP 
cycling across a range of developmental 
stages (Robison et al.  2009 ). Induction of the 
knockdown during germination in the light leads 
to seedling lethality, stunting of dark-grown (eti-
olated) seedlings, downward curling or wavy-
edged leaf margins of light-grown plants and 
ball-shaped unexpanded fl owers (Robison et al. 
 2009 ), highlighting the high energetic demand of 

key growth stages. For the detailed list of charac-
terized and putative constituents of complex V, 
refer to Table  5 . For illustration of complete 
OXPHOS system and potential arrangement of 
complexes, refer to Fig.  3 .

         Regulation of the Biogenesis 
of the OXPHOS Complexes 
and Supercomplexes 

 The enzymes in respiratory chain are spatially 
distributed along inner and outer mitochondrial 
membrane in a series of protein complexes and 
supercomplexes. The biogenesis of these com-
plexes requires highest degree of coordinated 
gene expression between nucleus and mitochon-
dria. Recent study suggests supercomplexes as 
highly dynamic in nature, which forms respiro-
some according to growth microenvironment 
including carbon source. This plasticity model 
explains that respirosome is neither explained by 
fl uid mosaic nor by static model alone, both are 
required for most effi cient combination 
(Lapuente-Brun et al.  2013 ). In plants, genetic 
information is distributed between three com-
partments: nucleus, chloroplasts and mitochon-
dria. It is well established that chloroplast and 
mitochondria are of endosymbiotic origin and on 
the contrary contain only relatively few protein 
coding genes, which range between 3 
( Plasmodium  mitochondrion) and 209 ( Porphyra  
chloroplast) (Leister  2012 ). On the other side, 
their contemporary prokaryotic relatives possess 
several thousand genes; this shows an ancient, 
extensive transfer of their original genetic mate-
rial to the nucleus. In the process mitochondria 
and chloroplast give up most genes to nucleus 
which are expressed in nucleus, synthesized in 
the cytoplasm and post-translationally imported 
into the organelles. This spatial distribution of 
genes minimizes functional redundancy of gene 
expression and alternatively comes up with new 
integration mechanism for coordinated gene 
expression and signalling crosstalk. The crosstalk 
between organelles includes both anterograde 
(nucleus-to-organelle) and retrograde (organelle-
to-nucleus) controls.  

M.M. Ghulam et al.
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Complex I
NADH 
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Complex II
Succinate 

Dehydrogenase

Complex III
Cytochrome
bc1 complex

Complex IV
Cytochrome 

Oxidase

Complex V
ATP Synthase

Subunits and 
homology

49 Subunits
14 bacterial

27 eukaryotic
8 Plant

8 Subunits
4 eukaryotic

4 plant specific
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10 eukaryotic

14 subunits
8 eukaryotic

6 plant specific

11 subunits
10 eukaryotic

1 plant specific
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And 650 KD
85-550KD 

Sub-complexes

unknown Unknown Unknown Matrix F1
Membrane F0

Assembly factor L-galactono-1, 
4-lactone 

dehydrogenase 
(GLDH)

SDHAF2 Unknown COX19 ATP10
ATP11
ATP12

  Fig. 3    Tabulated illustration of summary of subunit composition and assembly of OXPHOS system in mitochondria 
(Modifi ed from Jacoby et al.  2012 )       

    Crosstalk Between Organelles: 
Anterograde and Retrograde 

 The anterograde regulatory mechanism coordi-
nates gene expression in chloroplasts and mito-
chondria and is responsive to endogenous and 
environmental signals perceived by the nucleus. 
Retrograde signalling regulates the expression of 
nuclear organelle genes in response to the meta-

bolic and developmental state of the organelle. 
Besides the crosstalk between chloroplasts/mito-
chondria and the nucleus, chloroplast–mitochon-
drion communication has been established during 
plant evolution to coordinate the activities of the 
two organelles which exhibit a high level of met-
abolic interdependence (Fig.  4 ) (Woodson and 
Chory  2008 ).  
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    Anterograde Mechanism 

 The mitochondrial and chloroplast proteome is 
largely encoded at nucleus, under the control of 
anterograde regulatory mechanism. This mecha-
nism controls organelle gene expression at mul-
tiple levels:
    1.    Modulation of transcript level of nuclear chlo-

roplast genes (Kleffmann et al.  2004 ).   
   2.    Post-translational import of proteins into 

chloroplasts and mitochondria mediated by 
Tic/Toc and Tim/Tom complexes, respec-
tively. These translocons exist in different iso-
forms with substrate specifi city, potentially 
participating in the accumulation of tissue- 
specifi c plastid and mitochondrial proteomes 
(Lister et al.  2004 ; Soll and Schleiff  2004 ).   

   3.    Transcription, transcript editing, maturation 
and processing as well as the translation of 
organelle-encoded proteins and their autoreg-
ulation. This is, in large part, mediated by 
nuclear-encoded factors, allowing nuclear 
control of the expression of organelle genes 
(Leon et al.  1998 ; Choquet and Wollman 
 2002 ).   

   4.    Post-translational events, such as the assem-
bly of the multi-protein complexes of the thy-
lakoid membrane or of the inner envelope of 
mitochondria. These processes require 

nuclear-encoded assembly factors (Grivell 
et al.  1999 ; Vothknecht and Westhoff  2001 ).   

   5.    Organelle development, for instance organelle 
division, which is tightly controlled by 
nuclear-encoded proteins (Osteryoung and 
Nunnari  2003 ).     
 Studies to date support the conclusion that the 

regulation of plastome and chondrome gene 
expression occurs majorly at the post- 
transcriptional level (Leon et al.  1998 ; Rochaix 
 2001 ).  

    Retrograde Regulation 

 The retrograde regulation encompasses nuclear 
gene regulation by organelle-specifi c signals, like 
plastid-derived signals regulating nuclear photo-
synthetic Lhcb genes in photo-oxidized plants, 
and the redox state of the plastoquinone pool due 
to variation in excitation state of photosystems 
controls transcriptional response of selected 
nuclear photosynthetic gene promoter 
(Pfannschmidt et al.  2001 ). The redox state of the 
stromal electron acceptors of PSI, in fact, seems 
to be crucial for the regulation of Lhcb genes 
(Pursiheimo et al.  2001 ). 

 In addition to redox signalling, the chloro-
phyll biosynthetic pathway has also been associ-

Nucleus

Mitochondria Chloroplast

Environmental Signal

  Fig. 4    An overview of crosstalk between organelles in 
regulation of coordinated gene expression. The simplifi ed 
diagram illustrates communication between nucleus, 
mitochondria and chloroplast in response to environmen-

tal cues (growth signal, stress, light, reactive oxygen spe-
cies and many more); details could be found in the main 
text (Redrawn and modifi ed from Woodson and Chory 
 2008 )       
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ated with the control of nuclear gene expression. 
The intermediates of chlorophyll biosynthetic 
pathway have been involved in the modulation of 
transcript accumulation of several nuclear 
 chloroplast genes (Johanningmeier and Howell 
 1984 ; Kropat et al.  1997 ). The  Arabidopsis  Lhcb 
mutants are resistant to norfl urazon-induced 
photo-oxidative damage, which affects genome 
uncoupled 1–5 (GUN1–GUN5) proteins involved 
in tetrapyrrole metabolism. The products of 
GUN2/HY1 and GUN3/HY2 contribute to heme 
degradation in the ‘Fe branch’ of tetrapyrrole bio-
synthesis, GUN5 encodes the CHLH subunit of 
the Mg-chelatase (Mochizuki et al.  2001 ), and 
GUN4 binds product and substrate of 
Mg-chelatase and activates Mg-chelatase (Larkin 
et al.  2003 ; Larkin et al.  2003 ). 

 The gun mutant analysis has supported the 
plastid retrograde signalling wherein Mg porphy-
rins and/or enzymes of this biosynthetic pathway 
act as sensors. Earlier, GUN5 was suggested as a 
sensor (Mochizuki et al.  2001 ), but the idea was 
recently revised in favour of the tetrapyrrole 
intermediate Mg-protoporphyrin IX, a proposed 
signalling molecule between chloroplast and 
nucleus (Strand et al.  2003 ). In this retrograde 
signalling model, regulation of Mg-protoporphyrin 
synthesis and transport is controlled by GUN4 
(Larkin et al.  2003 ; Wilde et al.  2004 ), while an 
additional chloroplast protein, LAF6/ABC1, is 
thought to be involved in the transport and distri-
bution of protoporphyrin IX (Moller  2001 ). 

 Furthermore, sugar and reactive oxygen spe-
cies are very important classes of molecules in 
retrograde signalling, and the regulatory effect of 
sugars on nuclear expression of photosynthetic 
genes and on plant metabolism is well known 
(Rolland et al.  2002 ). A low sugar status enhances 
photosynthesis and induces reserve mobilization 
and export, whereas an abundant supply of sugars 
promotes growth and carbohydrate storage. The 
effect of singlet oxygen generated during dark-
to- light shift confi ned to plastids and activating 
several stress response pathways was confi rmed 
in the  Arabidopsis  fl u mutant (op den Camp et al. 
 2003 ). The biological activity of this reactive 
oxygen species is highly specifi c and seems to 
depend on the chemical identity of the molecule 

and/or the site at which it is generated (Op den 
Camp et al.  2003 ). Also photorespiratory H 2 O 2  
has been suggested to have a direct impact on the 
transcription of nuclear genes (Vandenabeele 
et al.  2004 ).   

    Crosstalk Between Chloroplast 
and Mitochondria 

 The chloroplast and mitochondria are metaboli-
cally interdependent, wherein photosynthesis 
provides substrates for mitochondrial respiration 
but depends itself on a range of compounds syn-
thesized by mitochondria, including ATP in the 
dark. Moreover, mitochondrial respiration pro-
tects photosynthesis against photo-inhibition by 
dissipating redox equivalents exported from the 
chloroplasts (Raghavendra and Padmasree  2003 ). 

 The crosstalk between chloroplast and mito-
chondrion has been actively explored by genetic 
studies. The exchange of tRNA between two 
organelles was evident in  C. reinhardtii  mutant 
for suppressor gene in the chloroplast that acts on 
a mitochondrial mutation (Bennoun and Delosme 
 1999 ). The absence of chloroplast activity in the 
barley albostrians mutant fully differentiated leaf 
tissue leads to a compensatory increase in mito-
chondrial gene copy number and an elevated 
level of mitochondrial transcripts (Hedtke et al. 
 1999 ). Vice versa, mutations affecting specifi c 
mitochondrial proteins glycine decarboxylase 
(gdc) have been analyzed for their effects on 
chloroplast properties in potato (Heineke et al. 
 2001 ) and barley (Igamberdiev et al.  2001 ). Both 
mutants show a lowered glycine decarboxylase 
activity and are impaired in photorespiration, 
leading to an over-reduction and over- 
energization of the chloroplast. In the tobacco 
CMSII mutant, which lacks the major mitochon-
drial NADH dehydrogenase (complex I), the rate 
of photosynthesis is decreased, notably during 
dark–light transitions or when carbon fi xation 
and photorespiration are simultaneously active 
(Sabar et al.  2000 ; Dutilleul et al.  2003a ). In the 
same mutant, modulation of nuclear gene expres-
sion maintains whole cell redox balance 
(Dutilleul et al.  2003b ). The analysis of the pro 
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rs1 mutant of  Arabidopsis , defective in an 
organelle- targeted tRNA synthetase, shows that 
nuclear photosynthetic genes are specifi cally 
downregulated, indicating that mitochondrion–
chloroplast crosstalk might involve reprogram-
ming of the expression of nuclear chloroplast 
genes.  

    Cell Death: Cellular Defence 
and Homeostasis 

 The seminal work of Kerr and co-worker, sum-
marized by—Kerr ( 2002 ), opens up multiple 
facet of cell death pathway, which describes 
 morphological changes associated with regulated 
(apoptosis) and unregulated (necrosis) cell death 
in nematode  Caenorhabditis elegans . Since the 
initial identifi cation of apoptosis, several types of 
programmed cell death (PCD) have been identi-
fi ed. Programmed cell death (PCD) is a central 
process that fi ne-tunes cellular homeostasis dur-
ing normal growth and development, its defence 
mechanism to counter pathogen attack and its 
response to stress conditions. The PCD basically 
transits between apoptosis, autophagy and necro-
sis alike in plant and animal cells, and there is a 
certain amount of overlap between these different 
cell death processes. The mitochondria play 
important role in orchestrating death signals that 
lead to the initiation of cell death and subse-
quently release molecules that drive the destruc-
tion of the cell. The cytochrome ‘c’ is released 
from the mitochondria intermembrane space and 
is an important event in the early stage of the 
death process in both plant and animal cells. The 
release of cytochrome ‘c’ is controlled in part by 
selective opening of the permeability transition 
pore in the mitochondria, and the magnitude of 
the opening of the permeability transition pore 
may be a determining factor in the type of pro-
grammed cell death a cell undergoes. Similarly, 
reactive oxygen species (ROS) production by 
mitochondria (possibly as a result of cytochrome 
 c  release) has been identifi ed as a driver of cell 
death in plant cells, and again the type of death 
programme that is activated may be due to the 
levels of ROS produced in the dying cell as apop-

tosis, autophagy or necrosis can be initiated by 
oxidative stress (Fig.  5 ).  

 The extensive research in animal systems has 
demonstrated the involvement of different forms 
of cell death in the maintenance of cellular 
homeostasis and has been linked to foetal devel-
opmental events such as the formation of inde-
pendent digits (Thompson  1995 ; Zuzarte-Luis 
and Hurle  2002 ). The cell death programme also 
governs many important diseases, which has 
been linked to either an increase (e.g. Parkinson’s 
disease or Alzheimer’s disease) or a decrease 
(e.g. some types of cancer, systemic lupus erythe-
matosus, and herpes) in rates of apoptosis 
(Thompson  1995 ). The autophagic cell death is 
less studied than apoptosis and seems to occur 
less often during development. However, it is 
known to contribute to the development of insect 
salivary glands and has been linked to heart fail-
ure in humans (Knaapen et al.  2001 ; Berry and 
Baehrecke  2007 ). Necrosis-like neuronal cell 
death has been reported in dying neurons of  C. 
elegans  (Hall et al.  1997 ) and also occurs in 
mammalian cells when caspase activation is 
blocked or apoptosis is aborted following death 
programme activation (Leist and Jaattela  2001 ). 

 Like the animal counterpart, the plant also 
shows involvement of PCD in normal growth and 
development. The xylem vessel formation is the 
consequence of PCD, wherein tracheary element 
(TE) cells undergo PCD after secondary wall 
synthesis, leaving a hollow cell corpse (Fukuda 
 2000 ). During embryogenesis in angiosperm, 
two sister cells arise from the asymmetric divi-
sion of the zygote and go on to form either the 
embryo or vacuolated suspensor cells that signal 
suspensor cell to undergo PCD (McCabe et al. 
 1997a ) (McCabe et al.  1997a ). In sunfl ower, 
cytoplasmic male sterile (CMS)-associated death 
shows common features as in mammalian coun-
terpart, like cellular condensation, nuclear DNA 
cleavage and cytochrome ‘ c ’ release (Balk and 
Leaver  2001 ). This indicated a role for the mito-
chondrion in regulated CMS-associated 
PCD. The ‘self-incompatibility’, wherein plants 
deter inbreeding, is maintained by the interaction 
of two multi-allelic gene products PrsS (stigma S 
locus determinant) and PrpS (pollen S locus 
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determinant). Upon interaction of the pollen PrpS 
extracellular loop with the PrsS in the stigma of 
self-incompatible plants, a Ca 2+ -dependent sig-
nalling network is triggered, which results in 
growth inhibition and PCD in the pollen tube 
(Thomas and Franklin-Tong  2004 ; Wheeler 
 2009 ). As well as plant development, PCD plays 
a signifi cant role in plant stress responses. 
Apoptotic-like PCD morphology (cellular con-
densation, which in plant cells is observed as a 
retraction of the protoplast away from the cell 
wall) has been shown to occur in cells subjected 

to various abiotic stress-inducing treatments, 
such as treatment of carrot or  Arabidopsis thali-
ana  cells with H 2 O 2  (Kawai-Yamada et al.  2004 ), 
tunicamycin or brefeldin A treatment of syca-
more cells (Crosti et al.  2001 ; Malerba et al. 
 2004 ) and treatment of  A. thaliana  cell cultures 
with ceramides (Townley et al.  2005 ). In addi-
tion, heat shock is a potent inducer of apoptotic- 
like PCD morphology in carrot,  A. thaliana  and 
tobacco (McCabe et al.  1997a ; McCabe and 
Leaver  2000 ; Vacca et al.  2004 ). Indeed, McCabe 
et al. ( 1997b ) showed that the level of apoptotic- 

Mitochondria

Apoptotic signal

StressHomeostasis Immunity

Cytochrome c

Permeability transition pore

Mitochondrial membrane potential loss

Apoptosome formation

Caspase activation

Apoptosis

  Fig. 5    Central mode of 
apoptosis. The diagram 
depicts the basic mode of 
an apoptosis programme 
that starts with the 
apoptotic signal either for 
cellular homeostasis or 
clearance of pathogenic 
stress. The programme 
starts with the rearrange-
ment of some membrane 
protein, change in 
membrane potential and 
fi nally release of cyto-
chrome ‘c’ in cytoplasm. 
The cytochrome c helps in 
the formation of apopto-
some complex; subse-
quently it activates effector 
proteins (caspases) that 
damages of DNA, RNA 
and protein leading to cell 
death       
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like PCD morphology observed in heat-shocked 
carrot cells shown correlation with the tempera-
ture. The studies have shown that at lower tem-
peratures (25–35 °C) cells remained alive, which 
turns on programmed cell death with gradual 
increase in temperature and maximum (100 %) at 
55 °C. While all cells died with temperature treat-
ments above 55 °C (65–85 °C), the incidence of 
this corpse morphology declined rapidly and was 
completely absent after temperature treatments 
above 75 °C, indicating that these cells died  via  
necrosis. This suggested that cell shrinkage is an 
active process resulting from PCD rather than an 
uncontrolled collapsing of the cell. 

 PCD is also a crucial component of responses 
associated with the biotic stresses caused by 
pathogen attack. Host cell death occurs in 
response to many, but not all, plant–pathogen 
interactions. This cell death can lead to plant 
resistance or susceptibility to the invading patho-
gen, largely depending on the food preference of 
the pathogen (Greenberg and Yao  2004 ). The 
hypersensitive response (HR) to avirulent patho-
gens often terminates in the rapid death of 
infected or challenged cells, which can result in 
arrest of pathogen growth (Heath  2000 ). Elicitors 
inducing the HR, such as cryptogein, induce an 
apoptotic-like PCD morphology in challenged 
soybean and tobacco cells in the HR lesion zone 
(Levine et al.  1996 ). Many virulent pathogens 
also induce programmed cell death. Yao and co- 
workers, studying the effects of many different 
pathogens (fungi, bacteria and viruses) in oat, 
found that apoptotic-like PCD morphologic fea-
tures occurred in infected cells and sometimes in 
neighbouring cells at various time points depend-
ing on the type of infectious agent (Yao et al. 
 2002 ).  

    Autophagy 

 In recent time, the autophagy is regarded as a 
pro-survival process in plants, especially during 
nutrient stress (Cacas and Diamond  2009 ). In  S. 
cerevisiae , deletions in the orthologues ATG 
genes have demonstrated that the absence of the 
autophagy pathway leaves plants more sensitive 

to low nutrient conditions (Doelling et al.  2002 ; 
Hanaoka et al.  2002 ; Surpin et al.  2003 ; 
Yoshimoto et al.  2009 ; Xiong et al.  2007a ). In 
absence of autophagy plants experience an accel-
erated senescence and appear more sensitive to 
chronic oxidative stress (Doelling et al.  2002 ; 
Xiong et al.  2007a ,  b ). Further studies in animals 
have suggested that autophagy is required to 
remove oxidized proteins and damaged mito-
chondria (Zhang et al.  2007 ). If this holds true in 
plants, it would suggest that the reason autophagy- 
defi cient plants undergo premature senescence is 
because of an inability to clean up toxic cellular 
components, such as damaged mitochondria. 

 The role autophagy in plant defence responses 
against invading pathogens is a matter of ongoing 
debate; however, existing evidence suggests its 
involvement (Liu et al.  2005 ; Patel and Dinesh- 
Kumar  2008 ; Hofi us et al.  2009 ; Yoshimoto et al. 
 2009 ). For example, Patel and Dinesh-Kumar 
( 2008 ) reported that autophagy-defi cient (anti-
sense At- Atg6 )  A. thaliana  plants underwent an 
uncontrolled hypersensitive response (HR) after 
infection with avirulent  P. syringae  pv.  tomato  
( Pto ) DC3000 ( AvrRpm1 ), where the lesion that 
normally remains localized to the point of infec-
tion instead spread throughout the leaf and killed 
it. Similar results were previously observed in 
tobacco plants defi cient in Nt-atg6/Beclin1 or 
Nt-atg7 (after VIGS) following infection with 
tobacco mosaic virus (Liu et al.  2005 ) These 
fi ndings suggest that autophagy is a regulatory 
mechanism just before commitment stage for 
PCD that occurs during HR. However, the 
autophagy can also be a positive regulator of 
PCD during the HR as shown by infection of 
autophagy-defi cient  A. thaliana  knockout plants 
with avirulent  Pto DC3000 ( AvrRpm1 ) did not 
lead to an uncontrolled HR lesion spread (Hofi us 
et al.  2009 ). Yoshimoto and co-workers suggest 
that the differences between these studies may 
relate to differences in pathogen-treated plant or 
leaf age (Yoshimoto et al.  2009 ). Whatever the 
case may be, it seems that in plants, as in animals, 
autophagy can act in a protective capacity but can 
also function as a form of PCD. 

 Autophagy is considered as pro-survival 
mechanism against acute stress and oxidative 
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stress is one of them (Xiong et al.  2007b ). 
However, it has also been demonstrated that the 
direct application of H 2 O 2  can induce autophagic 
cell death in plants. As mitochondria are one of 
the main locations in plant cells for the produc-
tion of ROS, it is possible that plant mitochondria 
could directly initiate autophagic cell death. In 
the future it will be interesting to test the effects 
of factors that inhibit MPT in plants (such as 
CsA) on the induction of autophagic cell death. 
This will help to determine what role, if any, the 
mitochondrion plays in plant autophagic cell 
death.  

    Applications of Plant Mito-Omics 

 The recent development in mito-omics (genom-
ics, transcriptomics, proteomics and metabolo-
mics) has given impetus to understand vital 
cellular mechanisms. Numerous studies have 
tried to establish endosymbiont origin of mito-
chondria in the past, but now, in light of recent 
development, mitochondria became so integrated 
with cell functionality that the thin line also has 
disappeared. The mitochondrial uniqueness in 
various mechanisms and essentiality for cellular 
survival keep them in the centre of cellular 
metabolism alike in plant and animal world. On 
the other hand, minor perturbation in mitochon-
drial functionality leads to major functional loss 
in terms of growth and development. Along with 
the modulation of the mito-omics, maintenance 
of coordinated expression of plant mito-omics, 
nuclear omics and plastomics in the changing 
environmental conditions of plant growth and 
development would in itself be a challenge in 
future existence. 

 Plant mitochondria have small genome com-
parable to that of plastome, are maternally inher-
ited and are found in large numbers per cell—these 
characters make them comparable to plastids/
chloroplast to act as bio-factories and/or bioreac-
tors (for detailed and comprehensive study of 
plastid transformation, refer to the 
‘  Transplastomics    ’ by Khan M.S. et al. in the 
same book) for the production of pharmaceuti-
cals and recombinant proteins, but because of 

ongoing DNA recombination, inconsistent num-
ber of mitochondria in intra-tissue and inter- 
tissue cells, diffi culties of transfection and 
maintenance of the transfected DNA in whole 
cells have been main hurdles in making plant 
mitochondrial transformation a success story. 

 The mitochondrial complexes are the central 
hub for oxygen utilization in cell, and during the 
process, oxygen free radicals are generated, 
which is the leading cause of cellular damage. 
Alongside, mitochondria have strong antioxidant 
machinery to get rid of oxygen free radicals and 
help to prolong the life of cell as a unit and organ-
ism as whole system. In future, mitochondria 
may prove useful to improve the effi ciency of 
cellular energy production and enhance life span. 
It has been clearly shown that the mitochondria 
are instrumental in redox and ROS signalling 
under abiotic and biotic stresses in plant, but the 
mechanism to modulate the mito-omics to 
enhance stress tolerance and/or resistance still 
has to be established, and concerted efforts of the 
scientifi c communities across the world are 
required for the rapid advancement in the fi eld.     

   References 

     Adams KL, Palmer JD (2003) Evolution of mitochondrial 
gene content: gene loss and transfer to the nucleus. 
Mol Phylogenet Evol 29(3):380–395  

    Agrawal RK, Sharma MR (2012) Structural aspects of 
mitochondrial translational apparatus. Curr Opin 
Struct Biol 22(6):797–803  

    Anderson S, Bankier AT, Barrell BG, de Bruijn MH, 
Coulson AR, Drouin J, Eperon IC, Nierlich DP, Roe 
BA, Sanger F, Schreier PH, Smith AJ, Staden R, 
Young IG (1981) Sequence and organization of the 
human mitochondrial genome. Nature 
290(5806):457–465  

    Attallah CV, Welchen E, Pujol C, Bonnard G, Gonzalez 
DH (2007) Characterization of Arabidopsis thaliana 
genes encoding functional homologues of the yeast 
metal chaperone Cox19p, involved in cytochrome c 
oxidase biogenesis. Plant Mol Biol 65(3):343–355. 
doi:  10.1007/s11103-007-9224-1      

     Balk J, Leaver CJ (2001) The PET1-CMS mitochondrial 
mutation in sunfl ower is associated with premature 
programmed cell death and cytochrome c release. 
Plant Cell 13(8):1803–1818  

    Balk J, Leaver CJ, McCabe PF (1999) Translocation of 
cytochrome c from the mitochondria to the cytosol 

Plant Mitochondrial Omics: State-of-the-Art Knowledge

http://dx.doi.org/10.1007/s11103-007-9224-1
http://dx.doi.org/10.1007/978-81-322-2172-2_20


606

occurs during heat-induced programmed cell death in 
cucumber plants. FEBS Lett 463(1–2):151–154  

    Bardel J, Louwagie M, Jaquinod M, Jourdain A, Luche S, 
Rabilloud T, Macherel D, Garin J, Bourguignon J 
(2002) A survey of the plant mitochondrial proteome 
in relation to development. Proteomics 2(7):880–898  

    Barrientos A (2002) In vivo and in organello assessment 
of OXPHOS activities. Methods 26(4):307–316  

    Barrientos A, Fontanesi F, Diaz F (2009) Evaluation of the 
mitochondrial respiratory chain and oxidative phos-
phorylation system using polarography and spectro-
photometric enzyme assays. Curr Protoc Hum Genet 
Jonathan L Haines [et al] Chapter 19:Unit19 13. 
doi:  10.1002/0471142905.hg1903s63      

    Bartoli CG, Pastori GM, Foyer CH (2000) Ascorbate bio-
synthesis in mitochondria is linked to the electron 
transport chain between complexes III and IV. Plant 
Physiol 123(1):335–344  

    Benne R, Van den Burg J, Brakenhoff JP, Sloof P, Van 
Boom JH, Tromp MC (1986) Major transcript of the 
frameshifted coxII gene from trypanosome mitochon-
dria contains four nucleotides that are not encoded in 
the DNA. Cell 46(6):819–826  

    Bennoun P, Delosme M (1999) Chloroplast suppressors 
that act on a mitochondrial mutation in Chlamydomonas 
reinhardtii. Mol Gen Gene MGG 262(1):85–89  

    Ben-Shem A, Garreau de Loubresse N, Melnikov S, 
Jenner L, Yusupova G, Yusupov M (2011) The struc-
ture of the eukaryotic ribosome at 3.0 A resolution. 
Science 334(6062):1524–1529  

    Bentolila S, Babina AM, Germain A, Hanson MR (2013) 
Quantitative trait locus mapping identifi es REME2, a 
PPR-DYW protein required for editing of specifi c C 
targets in Arabidopsis mitochondria. RNA Biol 10:9  

    Berget SM, Moore C, Sharp PA (1977) Spliced segments 
at the 5’ terminus of adenovirus 2 late mRNA. Proc 
Natl Acad Sci U S A 74(8):3171–3175  

    Berry DL, Baehrecke EH (2007) Growth arrest and 
autophagy are required for salivary gland cell degrada-
tion in Drosophila. Cell 131(6):1137–1148. 
doi:  10.1016/j.cell.2007.10.048      

    Berry EA, Guergova-Kuras M, Huang LS, Crofts AR 
(2000) Structure and function of cytochrome bc com-
plexes. Annu Rev Biochem 69:1005–1075  

    Binder S, Hölzle A, Jonietz C (2011) RNA processing and 
RNA stability in plant mitochondria. In: Kempken F 
(ed) Plant mitochondria, vol 1, Advances in plant biol-
ogy. Springer, New York, pp 107–130. 
doi:  10.1007/978-0-387-89781-3_5      

    Brennicke A, Marchfelder A, Binder S (1999) RNA edit-
ing. FEMS Microbiol Rev 23(3):297–316  

    Cacas JL, Diamond M (2009) Is the autophagy machinery 
an executioner of programmed cell death in plants? 
Trends Plant Sci 14(6):299–300. doi:  10.1016/j.
tplants.2009.02.008    , author reply 300–291  

    Capaldi RA (1990) Structure and assembly of cytochrome 
c oxidase. Arch Biochem Biophys 280(2):252–262  

    Cardol P (2011) Mitochondrial NADH: ubiquinone oxi-
doreductase (complex I) in eukaryotes: a highly con-
served subunit composition highlighted by mining of 

protein databases. Biochim Biophys Acta 
1807(11):1390–1397. doi:  10.1016/j.
bbabio.2011.06.015      

    Cardol P, Vanrobaeys F, Devreese B, Van Beeumen J, 
Matagne RF, Remacle C (2004) Higher plant-like sub-
unit composition of mitochondrial complex I from 
Chlamydomonas reinhardtii: 31 conserved compo-
nents among eukaryotes. Biochim Biophys Acta 
4(3):212–224  

          Cardol P, Gonzalez-Halphen D, Reyes-Prieto A, Baurain 
D, Matagne RF, Remacle C (2005) The mitochondrial 
oxidative phosphorylation proteome of 
Chlamydomonas reinhardtii deduced from the 
Genome Sequencing Project. Plant Physiol 
137(2):447–459. doi:  10.1104/pp. 104.054148      

    Castandet B, Choury D, Begu D, Jordana X, Araya A 
(2010) Intron RNA editing is essential for splicing in 
plant mitochondria. Nucleic Acids Res 
38(20):7112–7121  

    Chapdelaine Y, Bonen L (1991) The wheat mitochondrial 
gene for subunit I of the NADH dehydrogenase com-
plex: a trans-splicing model for this gene-in-pieces. 
Cell 65(3):465–472  

    Chaw SM, Shih AC, Wang D, Wu YW, Liu SM, Chou TY 
(2008) The mitochondrial genome of the gymnosperm 
Cycas taitungensis contains a novel family of short 
interspersed elements, Bpu sequences, and abundant 
RNA editing sites. Mol Biol Evol 25(3):603–615  

    Cheetham GM, Jeruzalmi D, Steitz TA (1999) Structural 
basis for initiation of transcription from an RNA 
polymerase- promoter complex. Nature 
399(6731):80–83  

    Choquet Y, Wollman FA (2002) Translational regulations 
as specifi c traits of chloroplast gene expression. FEBS 
Lett 529(1):39–42  

    Chow LT, Gelinas RE, Broker TR, Roberts RJ (1977) An 
amazing sequence arrangement at the 5’ ends of ade-
novirus 2 messenger RNA. Cell 12(1):1–8  

    Christensen AC, Lyznik A, Mohammed S, Elowsky CG, 
Elo A, Yule R, Mackenzie SA (2005) Dual-domain, 
dual-targeting organellar protein presequences in 
Arabidopsis can use non-AUG start codons. Plant Cell 
17(10):2805–2816  

    Claros MG, Vincens P (1996) Computational method to 
predict mitochondrially imported proteins and their 
targeting sequences. Eur J Biochem 241(3):779–786  

    Courtois F, Merendino L, Demarsy E, Mache R, Lerbs- 
Mache S (2007) Phage-type RNA polymerase 
RPOTmp transcribes the rrn operon from the PC pro-
moter at early developmental stages in Arabidopsis. 
Plant Physiol 145(3):712–721  

    Crosti P, Malerba M, Bianchetti R (2001) Tunicamycin 
and Brefeldin A induce in plant cells a programmed 
cell death showing apoptotic features. Protoplasma 
216(1–2):31–38  

    Cui J, Liu J, Li Y, Shi T (2011) Integrative identifi cation of 
Arabidopsis mitochondrial proteome and its function 
exploitation through protein interaction network. 
PLoS One 6(1):0016022  

M.M. Ghulam et al.

http://dx.doi.org/10.1104/pp. 104.054148
http://dx.doi.org/10.1016/j.bbabio.2011.06.015
http://dx.doi.org/10.1016/j.bbabio.2011.06.015
http://dx.doi.org/10.1016/j.tplants.2009.02.008
http://dx.doi.org/10.1016/j.tplants.2009.02.008
http://dx.doi.org/10.1007/978-0-387-89781-3_5
http://dx.doi.org/10.1016/j.cell.2007.10.048
http://dx.doi.org/10.1002/0471142905.hg1903s63


607

     Diaz S, Renault T, Villalba A, Carballal MJ (2011) 
Disseminated neoplasia in cockles Cerastoderma 
edule: ultrastructural characterisation and effects on 
haemolymph cell parameters. Dis Aquat Org 
96(2):157–167. doi:  10.3354/dao02384      

     Doelling JH, Walker JM, Friedman EM, Thompson AR, 
Vierstra RD (2002) The APG8/12-activating enzyme 
APG7 is required for proper nutrient recycling and 
senescence in Arabidopsis thaliana. J Biol Chem 
277(36):33105–33114. doi:  10.1074/jbc.M204630200      

    Dombrowski S, Hoffmann M, Guha C, Binder S (1999) 
Continuous primary sequence requirements in the 
18-nucleotide promoter of dicot plant mitochondria. J 
Biol Chem 274(15):10094–10099  

    Dutilleul C, Driscoll S, Cornic G, De Paepe R, Foyer CH, 
Noctor G (2003a) Functional mitochondrial complex I 
is required by tobacco leaves for optimal photosyn-
thetic performance in photorespiratory conditions and 
during transients. Plant Physiol 131(1):264–275. 
doi:  10.1104/pp. 011155      

    Dutilleul C, Garmier M, Noctor G, Mathieu C, Chetrit P, 
Foyer CH, de Paepe R (2003b) Leaf mitochondria 
modulate whole cell redox homeostasis, set antioxi-
dant capacity, and determine stress resistance through 
altered signaling and diurnal regulation. Plant Cell 
15(5):1212–1226  

    Emanuelsson O, Nielsen H, Brunak S, von Heijne G 
(2000) Predicting subcellular localization of proteins 
based on their N-terminal amino acid sequence. J Mol 
Biol 300(4):1005–1016  

    Eubel H, Jansch L, Braun HP (2003) New insights into the 
respiratory chain of plant mitochondria. 
Supercomplexes and a unique composition of complex 
II. Plant Physiol 133(1):274–286  

    Farre JC, Aknin C, Araya A, Castandet B (2012) RNA 
editing in mitochondrial trans-introns is required for 
splicing. PLoS One 7(12):20  

    Forner J, Weber B, Wietholter C, Meyer RC, Binder S 
(2005) Distant sequences determine 5’ end formation 
of cox3 transcripts in Arabidopsis thaliana ecotype 
C24. Nucleic Acids Res 33(15):4673–4682  

     Forner J, Weber B, Thuss S, Wildum S, Binder S (2007) 
Mapping of mitochondrial mRNA termini in 
Arabidopsis thaliana: t-elements contribute to 5’ and 
3’ end formation. Nucleic Acids Res 
35(11):3676–3692  

    Fuentes D, Meneses M, Nunes-Nesi A, Araujo WL, Tapia 
R, Gomez I, Holuigue L, Gutierrez RA, Fernie AR, 
Jordana X (2011) A defi ciency in the fl avoprotein of 
Arabidopsis mitochondrial complex II results in ele-
vated photosynthesis and better growth in nitrogen- 
limiting conditions. Plant Physiol 157(3):1114–1127. 
doi:  10.1104/pp. 111.183939      

    Fujii S, Toda T, Kikuchi S, Suzuki R, Yokoyama K, 
Tsuchida H, Yano K, Toriyama K (2011) Transcriptome 
map of plant mitochondria reveals islands of unex-
pected transcribed regions. BMC Genomics 
12(279):1471–2164  

    Fukuda H (2000) Programmed cell death of tracheary ele-
ments as a paradigm in plants. Plant Mol Biol 
44(3):245–253  

    Gagliardi D, Leaver CJ (1999) Polyadenylation acceler-
ates the degradation of the mitochondrial mRNA asso-
ciated with cytoplasmic male sterility in sunfl ower. 
EMBO J 18(13):3757–3766  

    Ghezzi D, Goffrini P, Uziel G, Horvath R, Klopstock T, 
Lochmuller H, D’Adamo P, Gasparini P, Strom TM, 
Prokisch H, Invernizzi F, Ferrero I, Zeviani M (2009) 
SDHAF1, encoding a LYR complex-II specifi c assem-
bly factor, is mutated in SDH-defective infantile leu-
koencephalopathy. Nat Genet 41(6):654–656  

    Giege P, Brennicke A (1999) RNA editing in Arabidopsis 
mitochondria effects 441 C to U changes in ORFs. 
Proc Natl Acad Sci U S A 96(26):15324–15329  

    Giege P, Hoffmann M, Binder S, Brennicke A (2000) 
RNA degradation buffers asymmetries of transcription 
in Arabidopsis mitochondria. EMBO Rep 
1(2):164–170  

     Giege P, Sweetlove LJ, Cognat V, Leaver CJ (2005) 
Coordination of nuclear and mitochondrial genome 
expression during mitochondrial biogenesis in 
Arabidopsis. Plant Cell 17(5):1497–1512  

    Glanz S, Kuck U (2009) Trans-splicing of organelle 
introns–a detour to continuous RNAs. BioEssays: 
News Rev Mol, Cell Dev Biol 31(9):921–934  

    Gleason C, Huang S, Thatcher LF, Foley RC, Anderson 
CR, Carroll AJ, Millar AH, Singh KB (2011) 
Mitochondrial complex II has a key role in 
mitochondrial- derived reactive oxygen species infl u-
ence on plant stress gene regulation and defense. Proc 
Natl Acad Sci U S A 108(26):10768–10773  

    Greenberg JT, Yao N (2004) The role and regulation of 
programmed cell death in plant-pathogen interactions. 
Cell Microbiol 6(3):201–211  

     Grewe F, Viehoever P, Weisshaar B, Knoop V (2009) A 
trans-splicing group I intron and tRNA-hyperediting 
in the mitochondrial genome of the lycophyte Isoetes 
engelmannii. Nucleic Acids Res 37(15):5093–5104  

    Grivell LA, Artal-Sanz M, Hakkaart G, de Jong L, 
Nijtmans LG, van Oosterum K, Siep M, van der Spek 
H (1999) Mitochondrial assembly in yeast. FEBS Lett 
452(1–2):57–60  

    Gueguen V, Macherel D, Jaquinod M, Douce R, 
Bourguignon J (2000) Fatty acid and lipoic acid bio-
synthesis in higher plant mitochondria. J Biol Chem 
275(7):5016–5025  

    Hall DH, Gu G, Garcia-Anoveros J, Gong L, Chalfi e M, 
Driscoll M (1997) Neuropathology of degenerative 
cell death in Caenorhabditis elegans. J Neurosci 
17(3):1033–1045  

    Hamasur B, Glaser E (1992) Plant mitochondrial F 0 F1 
ATP synthase. Identifi cation of the individual subunits 
and properties of the purifi ed spinach leaf mitochon-
drial ATP synthase. Eur J Biochem 205(1):409–416  

    Hanaoka H, Noda T, Shirano Y, Kato T, Hayashi H, 
Shibata D, Tabata S, Ohsumi Y (2002) Leaf senes-
cence and starvation-induced chlorosis are accelerated 
by the disruption of an Arabidopsis autophagy gene. 
Plant Physiol 129(3):1181–1193. doi:  10.1104/pp. 
011024      

    Handa H (2003) The complete nucleotide sequence and 
RNA editing content of the mitochondrial genome of 

Plant Mitochondrial Omics: State-of-the-Art Knowledge

http://dx.doi.org/10.1104/pp. 011024
http://dx.doi.org/10.1104/pp. 011024
http://dx.doi.org/10.1104/pp. 111.183939
http://dx.doi.org/10.1104/pp. 011155
http://dx.doi.org/10.1074/jbc.M204630200
http://dx.doi.org/10.3354/dao02384


608

rapeseed (Brassica napus L.): comparative analysis of 
the mitochondrial genomes of rapeseed and 
Arabidopsis thaliana. Nucleic Acids Res 
31(20):5907–5916  

    Handa H (2008) Linear plasmids in plant mitochondria: 
peaceful coexistences or malicious invasions? 
Mitochondrion 8(1):15–25  

    Hao HX, Khalimonchuk O, Schraders M, Dephoure N, 
Bayley JP, Kunst H, Devilee P, Cremers CW, 
Schiffman JD, Bentz BG, Gygi SP, Winge DR, Kremer 
H, Rutter J (2009) SDH5, a gene required for fl avina-
tion of succinate dehydrogenase, is mutated in para-
ganglioma. Science 325(5944):1139–1142  

    Heath MC (2000) Nonhost resistance and nonspecifi c 
plant defenses. Curr Opin Plant Biol 3(4):315–319  

      Heazlewood JL, Howell KA, Millar AH (2003a) 
Mitochondrial complex I from Arabidopsis and rice: 
orthologs of mammalian and fungal components cou-
pled with plant-specifi c subunits. Biochim Biophys 
Acta 1604(3):159–169  

     Heazlewood JL, Howell KA, Whelan J, Millar AH 
(2003b) Towards an analysis of the rice mitochondrial 
proteome. Plant Physiol 132(1):230–242. doi:  10.1104/
pp. 102.018986      

      Heazlewood JL, Millar AH, Day DA, Whelan J (2003c) 
What makes a mitochondrion? Genome Biol 4(6):218. 
doi:  10.1186/gb-2003-4-6-218      

    Hedtke B, Borner T, Weihe A (1997) Mitochondrial and 
chloroplast phage-type RNA polymerases in 
Arabidopsis. Science 277(5327):809–811  

    Hedtke B, Wagner I, Borner T, Hess WR (1999) Inter- 
organellar crosstalk in higher plants: impaired chloro-
plast development affects mitochondrial gene and 
transcript levels. Plant J 19(6):635–643  

    Hedtke B, Borner T, Weihe A (2000) One RNA poly-
merase serving two genomes. EMBO Rep 
1(5):435–440  

    Hedtke B, Legen J, Weihe A, Herrmann RG, Borner T 
(2002) Six active phage-type RNA polymerase genes 
in Nicotiana tabacum. Plant J 30(6):625–637  

    Heineke D, Bykova N, Gardestrom P, Bauwe H (2001) 
Metabolic response of potato plants to an antisense 
reduction of the P-protein of glycine decarboxylase. 
Planta 212(5–6):880–887  

    Herald VL, Heazlewood JL, Day DA, Millar AH (2003) 
Proteomic identifi cation of divalent metal cation bind-
ing proteins in plant mitochondria. FEBS Lett 
537(1–3):96–100  

    Herrmann JM, Funes S (2005) Biogenesis of cytochrome 
oxidase-sophisticated assembly lines in the mitochon-
drial inner membrane. Gene 354:43–52  

     Hess WR, Borner T (1999) Organellar RNA polymerases 
of higher plants. Int Rev Cytol 190:1–59  

    Hiesel R, Wissinger B, Schuster W, Brennicke A (1989) 
RNA editing in plant mitochondria. Science 
246(4937):1632–1634  

    Hiesel R, Combettes B, Brennicke A (1994) Evidence for 
RNA editing in mitochondria of all major groups of 
land plants except the Bryophyta. Proc Natl Acad Sci 
U S A 91(2):629–633  

     Hoch B, Maier RM, Appel K, Igloi GL, Kossel H (1991) 
Editing of a chloroplast mRNA by creation of an ini-
tiation codon. Nature 353(6340):178–180  

     Hofi us D, Schultz-Larsen T, Joensen J, Tsitsigiannis DI, 
Petersen NH, Mattsson O, Jorgensen LB, Jones JD, 
Mundy J, Petersen M (2009) Autophagic components 
contribute to hypersensitive cell death in Arabidopsis. 
Cell 137(4):773–783. doi:  10.1016/j.cell.2009.02.036      

    Holec S, Lange H, Canaday J, Gagliardi D (2008) Coping 
with cryptic and defective transcripts in plant mito-
chondria. Biochim Biophys Acta 9:566–573  

    Holt IJ, He J, Mao CC, Boyd-Kirkup JD, Martinsson P, 
Sembongi H, Reyes A, Spelbrink JN (2007) 
Mammalian mitochondrial nucleoids: organizing an 
independently minded genome. Mitochondrion 7 
(5):311–321  

    Horsefi eld R, Iwata S, Byrne B (2004) Complex II from a 
structural perspective. Curr Protein Pept Sci 
5(2):107–118  

     Huang S, Taylor NL, Narsai R, Eubel H, Whelan J, Millar 
AH (2009) Experimental analysis of the rice mito-
chondrial proteome, its biogenesis, and heterogeneity. 
Plant Physiol 149(2):719–734  

    Igamberdiev AU, Bykova NV, Lea PJ, Gardestrom P 
(2001) The role of photorespiration in redox and 
energy balance of photosynthetic plant cells: a study 
with a barley mutant defi cient in glycine decarboxyl-
ase. Physiol Plant 111(4):427–438  

    Islam MS, Studer B, Byrne SL, Farrell JD, Panitz F, 
Bendixen C, Moller IM, Asp T (2013) The genome 
and transcriptome of perennial ryegrass mitochondria. 
BMC Genomics 14(1):202  

    Jacoby RP, Li L, Huang S, Pong Lee C, Millar AH, 
Taylor NL (2012) Mitochondrial composition, 
 function and stress response in plants. J Integr Plant 
Biol 54(11):887–906  

    Jacques JP, Hausmann S, Kolakofsky D (1994) 
Paramyxovirus mRNA editing leads to G deletions as 
well as insertions. EMBO J 13(22):5496–5503  

    Jansch L, Kruft V, Schmitz UK, Braun HP (1996) New 
insights into the composition, molecular mass and 
stoichiometry of the protein complexes of plant mito-
chondria. Plant J 9(3):357–368  

    Johanningmeier U, Howell SH (1984) Regulation of light- 
harvesting chlorophyll-binding protein mRNA accu-
mulation in Chlamydomonas reinhardi. Possible 
involvement of chlorophyll synthesis precursors. J 
Biol Chem 259(21):13541–13549  

    Kabeya Y, Sato N (2005) Unique translation initiation at 
the second AUG codon determines mitochondrial 
localization of the phage-type RNA polymerases in 
the moss Physcomitrella patens. Plant Physiol 
138(1):369–382  

    Kawai-Yamada M, Ohori Y, Uchimiya H (2004) 
Dissection of Arabidopsis Bax inhibitor-1 suppressing 
Bax-, hydrogen peroxide-, and salicylic acid-induced 
cell death. Plant Cell 16(1):21–32. doi:  10.1105/
tpc.014613      

    Kempken F, Mullen JA, Pring DR, Tang HV (1991) RNA 
editing of sorghum mitochondrial atp6 transcripts 

M.M. Ghulam et al.

http://dx.doi.org/10.1105/tpc.014613
http://dx.doi.org/10.1105/tpc.014613
http://dx.doi.org/10.1016/j.cell.2009.02.036
http://dx.doi.org/10.1186/gb-2003-4-6-218
http://dx.doi.org/10.1104/pp. 102.018986
http://dx.doi.org/10.1104/pp. 102.018986


609

changes 15 amino acids and generates a carboxy- 
terminus identical to yeast. Curr Genet 
20(5):417–422  

    Kerr JF (2002) History of the events leading to the 
 formulation of the apoptosis concept. Toxicology 
181–182:471–474  

    Kim SR, Yang JI, Moon S, Ryu CH, An K, Kim KM, Yim 
J, An G (2009) Rice OGR1 encodes a pentatricopep-
tide repeat-DYW protein and is essential for RNA 
editing in mitochondria. Plant J 59(5):738–749  

    Kleffmann T, Russenberger D, von Zychlinski A, 
Christopher W, Sjolander K, Gruissem W, Baginsky S 
(2004) The Arabidopsis thaliana chloroplast proteome 
reveals pathway abundance and novel protein func-
tions. Curr Biol 14(5):354–362  

    Klodmann J, Braun HP (2011) Proteomic approach to 
characterize mitochondrial complex I from plants. 
Phytochemistry 72(10):1071–1080. doi:  10.1016/j.
phytochem.2010.11.012      

    Klodmann J, Sunderhaus S, Nimtz M, Jansch L, Braun 
HP (2010) Internal architecture of mitochondrial com-
plex I from Arabidopsis thaliana. Plant Cell 
22(3):797–810  

    Knaapen MW, Davies MJ, De Bie M, Haven AJ, Martinet 
W, Kockx MM (2001) Apoptotic versus autophagic 
cell death in heart failure. Cardiovasc Res 
51(2):304–312  

    Kobayashi Y, Dokiya Y, Kumazawa Y, Sugita M (2002) 
Non-AUG translation initiation of mRNA encoding 
plastid-targeted phage-type RNA polymerase in 
Nicotiana sylvestris. Biochem Biophys Res Commun 
299(1):57–61  

    Kropat J, Oster U, Rudiger W, Beck CF (1997) Chlorophyll 
precursors are signals of chloroplast origin involved in 
light induction of nuclear heat-shock genes. Proc Natl 
Acad Sci U S A 94(25):14168–14172  

     Kruft V, Eubel H, Jansch L, Werhahn W, Braun HP (2001) 
Proteomic approach to identify novel mitochondrial 
proteins in Arabidopsis. Plant Physiol 
127(4):1694–1710  

    Kubo T, Mikami T (2007) Organization and variation of 
angiosperm mitochondrial genome. Physiol Plant 
129(1):6–13. doi:  10.1111/j.1399-3054.2006.00768.x      

    Kubo T, Newton KJ (2008) Angiosperm mitochondrial 
genomes and mutations. Mitochondrion 8(1):5–14  

    Kugita M, Yamamoto Y, Fujikawa T, Matsumoto T, 
Yoshinaga K (2003) RNA editing in hornwort chloro-
plasts makes more than half the genes functional. 
Nucleic Acids Res 31(9):2417–2423  

     Kuhn K, Weihe A, Borner T (2005) Multiple promoters 
are a common feature of mitochondrial genes in 
Arabidopsis. Nucleic Acids Res 33(1):337–346  

    Kuhn K, Bohne AV, Liere K, Weihe A, Borner T (2007) 
Arabidopsis phage-type RNA polymerases: accurate 
in vitro transcription of organellar genes. Plant Cell 
19(3):959–971  

      Kuhn K, Richter U, Meyer EH, Delannoy E, de 
Longevialle AF, O’Toole N, Borner T, Millar AH, 
Small ID, Whelan J (2009) Phage-type RNA poly-
merase RPOTmp performs gene-specifi c transcription 

in mitochondria of Arabidopsis thaliana. Plant Cell 
21(9):2762–2779  

      Kwasniak M, Majewski P, Skibior R, Adamowicz A, 
Czarna M, Sliwinska E, Janska H (2013) Silencing of 
the nuclear RPS10 gene encoding mitochondrial ribo-
somal protein alters translation in Arabidopsis mito-
chondria. Plant Cell 25(5):1855–1867  

    Lenz H, Rudinger M, Volkmar U, Fischer S, Herres S, 
Grewe F, Knoop V (2010) Introducing the plant RNA 
editing prediction and analysis computer tool 
PREPACT and an update on RNA editing site nomen-
clature. Curr Genet 56(2):189–201  

    Lambowitz AM, Zimmerly S (2004) Mobile group II 
introns. Annu Rev Genet 38:1–35  

   Lambowitz AM, Zimmerly S (2011) Group II introns: 
mobile ribozymes that invade DNA. Cold Spring Harb 
Perspect Biol 3(8):a003616  

    Lang BF, Gray MW, Burger G (1999) Mitochondrial 
genome evolution and the origin of eukaryotes. Annu 
Rev Genet 33:351–397  

    Lapuente-Brun E, Moreno-Loshuertos R, Acin-Perez R, 
Latorre-Pellicer A, Colas C, Balsa E, Perales- 
Clemente E, Quiros PM, Calvo E, Rodriguez- 
Hernandez MA, Navas P, Cruz R, Carracedo A, 
Lopez-Otin C, Perez-Martos A, Fernandez-Silva P, 
Fernandez-Vizarra E, Enriquez JA (2013) 
Supercomplex assembly determines electron fl ux in 
the mitochondrial electron transport chain. Science 
340(6140):1567–1570  

      Larkin RM, Alonso JM, Ecker JR, Chory J (2003) GUN4, 
a regulator of chlorophyll synthesis and intracellular 
signaling. Science 299(5608):902–906. doi:  10.1126/
science.1079978      

    Leist M, Jaattela M (2001) Four deaths and a funeral: 
from caspases to alternative mechanisms. Nat Rev 
Mol Cell Biol 2(8):589–598. doi:  10.1038/35085008      

    Leister D (2012) Retrograde signaling in plants: from 
simple to complex scenarios. Front Plant Sci 3(135):19  

     Leon P, Arroyo A, Mackenzie S (1998) Nuclear control of 
plastid and mitochondrial development in higher 
plants. Annu Rev Plant Physiol Plant Mol Biol 
49:453–480. doi:  10.1146/annurev.arplant.49.1.453      

    Leon G, Holuigue L, Jordana X (2007) Mitochondrial 
complex II Is essential for gametophyte development 
in Arabidopsis. Plant Physiol 143(4):1534–1546. 
doi:  10.1104/pp. 106.095158      

    Lerbs-Mache S (1993) The 110-kDa polypeptide of spin-
ach plastid DNA-dependent RNA polymerase: single- 
subunit enzyme or catalytic core of multimeric enzyme 
complexes? Proc Natl Acad Sci U S A 
90(12):5509–5513  

    Levine B, Goldman JE, Jiang HH, Griffi n DE, Hardwick 
JM (1996) Bc1-2 protects mice against fatal alphavi-
rus encephalitis. Proc Natl Acad Sci U S A 
93(10):4810–4815  

      Liere K, Weihe A, Borner T (2011) The transcription 
machineries of plant mitochondria and chloroplasts: 
composition, function, and regulation. J Plant Physiol 
168(12):1345–1360  

Plant Mitochondrial Omics: State-of-the-Art Knowledge

http://dx.doi.org/10.1104/pp. 106.095158
http://dx.doi.org/10.1146/annurev.arplant.49.1.453
http://dx.doi.org/10.1038/35085008
http://dx.doi.org/10.1126/science.1079978
http://dx.doi.org/10.1126/science.1079978
http://dx.doi.org/10.1111/j.1399-3054.2006.00768.x
http://dx.doi.org/10.1016/j.phytochem.2010.11.012
http://dx.doi.org/10.1016/j.phytochem.2010.11.012


610

    Li-Pook-Than J, Bonen L (2006) Multiple physical forms 
of excised group II intron RNAs in wheat mitochon-
dria. Nucleic Acids Res 34(9):2782–2790  

    Lister R, Chew O, Lee MN, Heazlewood JL, Clifton R, 
Parker KL, Millar AH, Whelan J (2004) A transcrip-
tomic and proteomic characterization of the 
Arabidopsis mitochondrial protein import apparatus 
and its response to mitochondrial dysfunction. Plant 
Physiol 134(2):777–789. doi:  10.1104/pp. 103.033910      

     Liu Y, Schiff M, Czymmek K, Talloczy Z, Levine B, 
Dinesh-Kumar SP (2005) Autophagy regulates pro-
grammed cell death during the plant innate immune 
response. Cell 121(4):567–577. doi:  10.1016/j.
cell.2005.03.007      

    Long M, Betran E, Thornton K, Wang W (2003) The ori-
gin of new genes: glimpses from the young and old. 
Nat Rev Genet 4(11):865–875  

    Mackenzie S, McIntosh L (1999) Higher plant mitochon-
dria. Plant Cell 11(4):571–586  

    Mahendran R, Spottswood MS, Ghate A, Ling ML, Jeng 
K, Miller DL (1994) Editing of the mitochondrial 
small subunit rRNA in Physarum polycephalum. 
EMBO J 13(1):232–240  

    Malerba M, Cerana R, Crosti P (2004) Comparison 
between the effects of fusicoccin, Tunicamycin, and 
Brefeldin A on programmed cell death of cultured 
sycamore (Acer pseudoplatanus L.) cells. Protoplasma 
224(1–2):61–70  

    McAllister WT (1993) Structure and function of the bac-
teriophage T7 RNA polymerase (or, the virtues of sim-
plicity). Cell Mol Biol Res 39(4):385–391  

    McCabe PF, Leaver CJ (2000) Programmed cell death in 
cell cultures. Plant Mol Biol 44(3):359–368  

      McCabe MS, Power JB, de Laat AM, Davey MR (1997a) 
Detection of single-copy genes in DNA from trans-
genic plants by nonradioactive Southern blot analysis. 
Mol Biotechnol 7(1):79–84. doi:  10.1007/BF02821545      

    McCabe PF, Valentine TA, Forsberg LS, Pennell RI 
(1997b) Soluble signals from cells identifi ed at the cell 
wall establish a developmental pathway in carrot. 
Plant Cell 9(12):2225–2241  

    Mercer TR, Neph S, Dinger ME, Crawford J, Smith MA, 
Shearwood AM, Haugen E, Bracken CP, Rackham O, 
Stamatoyannopoulos JA, Filipovska A, Mattick JS 
(2011) The human mitochondrial transcriptome. Cell 
146(4):645–658  

       Meyer EH, Taylor NL, Millar AH (2008) Resolving and 
identifying protein components of plant mitochondrial 
respiratory complexes using three dimensions of gel 
electrophoresis. J Proteome Res 7(2):786–794. 
doi:  10.1021/pr700595p      

     Millar AH, Sweetlove LJ, Giege P, Leaver CJ (2001) 
Analysis of the Arabidopsis mitochondrial proteome. 
Plant Physiol 127(4):1711–1727  

     Millar AH, Eubel H, Jansch L, Kruft V, Heazlewood JL, 
Braun HP (2004) Mitochondrial cytochrome c oxidase 
and succinate dehydrogenase complexes contain plant 
specifi c subunits. Plant Mol Biol 56(1):77–90. 
doi:  10.1007/s11103-004-2316-2      

    Millar AH, Whelan J, Soole KL, Day DA (2011) 
Organization and regulation of mitochondrial respira-
tion in plants. Annu Rev Plant Biol 62:79–104  

     Mochizuki N, Brusslan JA, Larkin R, Nagatani A, Chory 
J (2001) Arabidopsis genomes uncoupled 5 (GUN5) 
mutant reveals the involvement of Mg-chelatase H 
subunit in plastid-to-nucleus signal transduction. Proc 
Natl Acad Sci U S A 98(4):2053–2058. doi:  10.1073/
pnas.98.4.2053      

     Moller IM (2001) PLANT MITOCHONDRIA AND 
OXIDATIVE STRESS: electron transport, NADPH 
turnover, and metabolism of reactive oxygen species. 
Annu Rev Plant Physiol Plant Mol Biol 52:561–591  

    Mootha VK, Bunkenborg J, Olsen JV, Hjerrild M, 
Wisniewski JR, Stahl E, Bolouri MS, Ray HN, Sihag 
S, Kamal M, Patterson N, Lander ES, Mann M (2003) 
Integrated analysis of protein composition, tissue 
diversity, and gene regulation in mouse mitochondria. 
Cell 115(5):629–640  

    Notsu Y, Masood S, Nishikawa T, Kubo N, Akiduki G, 
Nakazono M, Hirai A, Kadowaki K (2002) The com-
plete sequence of the rice (Oryza sativa L.) mitochon-
drial genome: frequent DNA sequence acquisition and 
loss during the evolution of fl owering plants. Mol 
Genet Genomics 268(4):434–445  

    Op den Camp RG, Przybyla D, Ochsenbein C, Laloi C, 
Kim C, Danon A, Wagner D, Hideg E, Gobel C, 
Feussner I, Nater M, Apel K (2003) Rapid induction 
of distinct stress responses after the release of singlet 
oxygen in Arabidopsis. Plant Cell 15(10):2320–2332  

    Osteryoung KW, Nunnari J (2003) The division of endo-
symbiotic organelles. Science 302(5651):1698–1704. 
doi:  10.1126/science.1082192      

    Parenteau J, Durand M, Morin G, Gagnon J, Lucier JF, 
Wellinger RJ, Chabot B, Elela SA (2011) Introns 
within ribosomal protein genes regulate the produc-
tion and function of yeast ribosomes. Cell 
147(2):320–331  

     Patel S, Dinesh-Kumar SP (2008) Arabidopsis ATG6 is 
required to limit the pathogen-associated cell death 
response. Autophagy 4(1):20–27  

    Peiffer WE, Ingle RT, Ferguson-Miller S (1990) 
Structurally unique plant cytochrome c oxidase iso-
lated from wheat germ, a rich source of plant mito-
chondrial enzymes. Biochemistry 29(37):8696–8701  

    Peters K, Belt K, Braun HP (2013) 3D gel map of 
Arabidopsis complex I. Front Plant Sci 4(153)  

    Pfannschmidt T, Schutze K, Brost M, Oelmuller R (2001) 
A novel mechanism of nuclear photosynthesis gene 
regulation by redox signals from the chloroplast dur-
ing photosystem stoichiometry adjustment. J Biol 
Chem 276(39):36125–36130. doi:  10.1074/jbc.
M105701200      

    Pursiheimo S, Mulo P, Rintamaki E, Aro EM (2001) 
Coregulation of light-harvesting complex II phosphor-
ylation and lhcb mRNA accumulation in winter rye. 
Plant J 26(3):317–327  

M.M. Ghulam et al.

http://dx.doi.org/10.1074/jbc.M105701200
http://dx.doi.org/10.1074/jbc.M105701200
http://dx.doi.org/10.1126/science.1082192
http://dx.doi.org/10.1073/pnas.98.4.2053
http://dx.doi.org/10.1073/pnas.98.4.2053
http://dx.doi.org/10.1007/s11103-004-2316-2
http://dx.doi.org/10.1021/pr700595p
http://dx.doi.org/10.1007/BF02821545
http://dx.doi.org/10.1016/j.cell.2005.03.007
http://dx.doi.org/10.1016/j.cell.2005.03.007
http://dx.doi.org/10.1104/pp. 103.033910


611

    Qiu YL, Palmer JD (2004) Many independent origins of 
trans splicing of a plant mitochondrial group II intron. 
J Mol Evol 59(1):80–89  

    Raczynska KD, Le Ret M, Rurek M, Bonnard G, 
Augustyniak H, Gualberto JM (2006) Plant mitochon-
drial genes can be expressed from mRNAs lacking 
stop codons. FEBS Lett 580(24):5641–5646  

    Raghavendra AS, Padmasree K (2003) Benefi cial interac-
tions of mitochondrial metabolism with photosyn-
thetic carbon assimilation. Trends Plant Sci 
8(11):546–553. doi:  10.1016/j.tplants.2003.09.015      

    Rebeille F, Macherel D, Mouillon JM, Garin J, Douce R 
(1997) Folate biosynthesis in higher plants: purifi ca-
tion and molecular cloning of a bifunctional 
6 - h y d r o x y m e t h y l - 7 , 8 - d i h y d r o p t e r i n 
pyrophosphokinase/7,8-dihydropteroate synthase 
localized in mitochondria. EMBO J 16(5):947–957  

    Remacle C, Barbieri MR, Cardol P, Hamel PP (2008) 
Eukaryotic complex I: functional diversity and experi-
mental systems to unravel the assembly process. Mol 
Genet Genomics 280(2):93–110. doi:  10.1007/
s00438-008-0350-5      

    Richter U, Kiessling J, Hedtke B, Decker E, Reski R, 
Borner T, Weihe A (2002) Two RpoT genes of 
Physcomitrella patens encode phage-type RNA poly-
merases with dual targeting to mitochondria and plas-
tids. Gene 290(1–2):95–105  

     Robison MM, Ling X, Smid MP, Zarei A, Wolyn DJ 
(2009) Antisense expression of mitochondrial ATP 
synthase subunits OSCP (ATP5) and gamma (ATP3) 
alters leaf morphology, metabolism and gene expres-
sion in Arabidopsis. Plant Cell Physiol 50(10):1840–
1850. doi:  10.1093/pcp/pcp125      

    Rochaix JD (2001) Assembly, function, and dynamics of 
the photosynthetic machinery in Chlamydomonas 
reinhardtii. Plant Physiol 127(4):1394–1398  

    Rolland F, Moore B, Sheen J (2002) Sugar sensing and 
signaling in plants. Plant Cell 14(205):S185–S205  

    Rutter J, Winge DR, Schiffman JD (2010) Succinate 
dehydrogenase—assembly, regulation and role in 
human disease. Mitochondrion 10(4):393–401  

    Sabar M, De Paepe R, de Kouchkovsky Y (2000) Complex 
I impairment, respiratory compensations, and photo-
synthetic decrease in nuclear and mitochondrial male 
sterile mutants of Nicotiana sylvestris. Plant Physiol 
124(3):1239–1250  

    Sabar M, Gagliardi D, Balk J, Leaver CJ (2003) ORFB is 
a subunit of F1F(O)-ATP synthase: insight into the 
basis of cytoplasmic male sterility in sunfl ower. 
EMBO Rep 4(4):381–386  

    Sabar M, Balk J, Leaver CJ (2005) Histochemical staining 
and quantifi cation of plant mitochondrial respiratory 
chain complexes using blue-native polyacrylamide gel 
electrophoresis. Plant J 44(5):893–901. 
doi:  10.1111/j.1365-313X.2005.02577.x      

    Senior DJ, Tsai CS (1990) Esterase activity of high-Km 
aldehyde dehydrogenase from rat liver mitochondria. 
Biochem Cell Biol 68(4):758–763  

    Shikanai T (2006) RNA editing in plant organelles: 
machinery, physiological function and evolution. Cell 
Mol Life Sci 63(6):698–708  

    Sickmann A, Reinders J, Wagner Y, Joppich C, Zahedi R, 
Meyer HE, Schonfi sch B, Perschil I, Chacinska A, 
Guiard B, Rehling P, Pfanner N, Meisinger C (2003) 
The proteome of Saccharomyces cerevisiae mitochon-
dria. Proc Natl Acad Sci U S A 100(23):13207–13212  

    Small I, Peeters N, Legeai F, Lurin C (2004) Predotar: a 
tool for rapidly screening proteomes for N-terminal 
targeting sequences. Proteomics 4(6):1581–1590  

      Smith PM, Fox JL, Winge DR (2012) Biogenesis of the 
cytochrome bc(1) complex and role of assembly fac-
tors. Biochim Biophys Acta 2:276–286  

    Soll J, Schleiff E (2004) Protein import into chloroplasts. 
Nat Rev Mol Cell Biol 5(3):198–208  

    Sousa R (1996) Structural and mechanistic relationships 
between nucleic acid polymerases. Trends Biochem 
Sci 21(5):186–190  

    Strand A, Asami T, Alonso J, Ecker JR, Chory J (2003) 
Chloroplast to nucleus communication triggered by 
accumulation of Mg-protoporphyrinIX. Nature 
421(6918):79–83. doi:  10.1038/nature01204      

    Surpin M, Zheng H, Morita MT, Saito C, Avila E, 
Blakeslee JJ, Bandyopadhyay A, Kovaleva V, Carter 
D, Murphy A, Tasaka M, Raikhel N (2003) The VTI 
family of SNARE proteins is necessary for plant via-
bility and mediates different protein transport path-
ways. Plant Cell 15(12):2885–2899. doi:  10.1105/
tpc.016121      

     Sweetlove LJ, Heazlewood JL, Herald V, Holtzapffel R, 
Day DA, Leaver CJ, Millar AH (2002) The impact of 
oxidative stress on Arabidopsis mitochondria. Plant J 
32(6):891–904  

    Takemura M, Oda K, Yamato K, Ohta E, Nakamura Y, 
Nozato N, Akashi K, Ohyama K (1992) Gene clusters 
for ribosomal proteins in the mitochondrial genome of 
a liverwort, Marchantia polymorpha. Nucleic Acids 
Res 20(12):3199–3205  

    Takenaka M, Verbitskiy D, van der Merwe JA, Zehrmann 
A, Brennicke A (2008) The process of RNA editing in 
plant mitochondria. Mitochondrion 8(1):35–46  

    Talla E, Anthouard V, Bouchier C, Frangeul L, Dujon B 
(2005) The complete mitochondrial genome of the 
yeast Kluyveromyces thermotolerans. FEBS Lett 
579(1):30–40  

    Taylor SW, Fahy E, Zhang B, Glenn GM, Warnock DE, 
Wiley S, Murphy AN, Gaucher SP, Capaldi RA, 
Gibson BW, Ghosh SS (2003) Characterization of the 
human heart mitochondrial proteome. Nat Biotechnol 
21(3):281–286  

    Taylor NL, Heazlewood JL, Millar AH (2011) The 
Arabidopsis thaliana 2-D gel mitochondrial proteome: 
refi ning the value of reference maps for assessing pro-
tein abundance, contaminants and post-translational 
modifi cations. Proteomics 11(9):1720–1733  

    Thomas SG, Franklin-Tong VE (2004) Self- 
incompatibility triggers programmed cell death in 
Papaver pollen. Nature 429(6989):305–309. 
doi:  10.1038/nature02540      

Plant Mitochondrial Omics: State-of-the-Art Knowledge

http://dx.doi.org/10.1038/nature02540
http://dx.doi.org/10.1105/tpc.016121
http://dx.doi.org/10.1105/tpc.016121
http://dx.doi.org/10.1038/nature01204
http://dx.doi.org/10.1111/j.1365-313X.2005.02577.x
http://dx.doi.org/10.1093/pcp/pcp125
http://dx.doi.org/10.1007/s00438-008-0350-5
http://dx.doi.org/10.1007/s00438-008-0350-5
http://dx.doi.org/10.1016/j.tplants.2003.09.015


612

     Thompson CB (1995) Apoptosis in the pathogenesis and 
treatment of disease. Science 267(5203):1456–1462  

    Toor N, Robart AR, Christianson J, Zimmerly S (2006) 
Self-splicing of a group IIC intron: 5’ exon recogni-
tion and alternative 5’ splicing events implicate the 
stem-loop motif of a transcriptional terminator. 
Nucleic Acids Res 34(22):6461–6471  

    Toro N, Jimenez-Zurdo JI, Garcia-Rodriguez FM (2007) 
Bacterial group II introns: not just splicing. FEMS 
Microbiol Rev 31(3):342–358  

    Townley HE, McDonald K, Jenkins GI, Knight MR, 
Leaver CJ (2005) Ceramides induce programmed cell 
death in Arabidopsis cells in a calcium-dependent 
manner. Biol Chem 386(2):161–166. doi:  10.1515/
BC.2005.020      

    Tseng CC, Lee CJ, Chung YT, Sung TY, Hsieh MH (2013) 
Differential regulation of Arabidopsis plastid gene 
expression and RNA editing in non- photosynthetic tis-
sues. Plant Mol Biol 82(4–5):375–392  

    Tzagoloff A (1995) Ubiquinol-cytochrome-c oxidoreduc-
tase from Saccharomyces cerevisiae. Methods 
Enzymol 260:51–63  

    Ugalde C, Vogel R, Huijbens R, Van Den Heuvel B, 
Smeitink J, Nijtmans L (2004) Human mitochondrial 
complex I assembles through the combination of evo-
lutionary conserved modules: a framework to interpret 
complex I defi ciencies. Hum Mol Genet 13(20):2461–
2472. doi:  10.1093/hmg/ddh262      

      Unseld M, Marienfeld JR, Brandt P, Brennicke A (1997) 
The mitochondrial genome of Arabidopsis thaliana 
contains 57 genes in 366,924 nucleotides. Nat Genet 
15(1):57–61. doi:  10.1038/ng0197-57      

    Vacca RA, de Pinto MC, Valenti D, Passarella S, Marra E, 
De Gara L (2004) Production of reactive oxygen spe-
cies, alteration of cytosolic ascorbate peroxidase, and 
impairment of mitochondrial metabolism are early 
events in heat shock-induced programmed cell death 
in tobacco Bright-Yellow 2 cells. Plant Physiol 
134(3):1100–1112. doi:  10.1104/pp. 103.035956      

    Vandenabeele S, Vanderauwera S, Vuylsteke M, Rombauts 
S, Langebartels C, Seidlitz HK, Zabeau M, Van Montagu 
M, Inze D, Van Breusegem F (2004) Catalase defi ciency 
drastically affects gene expression induced by high light 
in Arabidopsis thaliana. Plant J 39(1):45–58  

    Velours J, Arselin G (2000) The Saccharomyces cerevi-
siae ATP synthase. J Bioenerg Biomembr 
32(4):383–390  

    Verbitskiy D, Zehrmann A, van der Merwe JA, Brennicke 
A, Takenaka M (2010) The PPR protein encoded by 
the LOVASTATIN INSENSITIVE 1 gene is involved 
in RNA editing at three sites in mitochondria of 
Arabidopsis thaliana. Plant J 61(3):446–455  

    Vicens Q, Cech TR (2006) Atomic level architecture of 
group I introns revealed. Trends Biochem Sci 
31(1):41–51  

     Vogel RO, Smeitink JA, Nijtmans LG (2007) Human 
mitochondrial complex I assembly: a dynamic and 
versatile process. Biochim Biophys Acta 10(27):9  

    Vothknecht UC, Westhoff P (2001) Biogenesis and origin 
of thylakoid membranes. Biochim Biophys Acta 
12:1–2  

    Wagner RW, Smith JE, Cooperman BS, Nishikura K 
(1989) A double-stranded RNA unwinding activity 
introduces structural alterations by means of adenos-
ine to inosine conversions in mammalian cells and 
Xenopus eggs. Proc Natl Acad Sci U S A 
86(8):2647–2651  

    Wallace DC (2005a) The mitochondrial genome in human 
adaptive radiation and disease: on the road to thera-
peutics and performance enhancement. Gene 
354:169–180  

    Wallace DC (2005b) A mitochondrial paradigm of meta-
bolic and degenerative diseases, aging, and cancer: a 
dawn for evolutionary medicine. Annu Rev Genet 
39:359–407  

     Werhahn W, Braun HP (2002) Biochemical dissection of 
the mitochondrial proteome from Arabidopsis 
thaliana by three-dimensional gel electrophoresis. 
Electrophoresis 23(4):640–646  

    Wheeler DS (2009) Death to sepsis: targeting apoptosis 
pathways in sepsis. Crit Care 13(6):1010. doi:  10.1186/
cc8162      

    Wilde A, Mikolajczyk S, Alawady A, Lokstein H, Grimm 
B (2004) The gun4 gene is essential for cyanobacterial 
porphyrin metabolism. FEBS Lett 571(1–3):119–123. 
doi:  10.1016/j.febslet.2004.06.063      

     Woodson JD, Chory J (2008) Coordination of gene 
expression between organellar and nuclear genomes. 
Nat Rev Genet 9(5):383–395  

     Xiong Y, Contento AL, Bassham DC (2007a) Disruption 
of autophagy results in constitutive oxidative stress in 
Arabidopsis. Autophagy 3(3):257–258  

     Xiong Y, Contento AL, Nguyen PQ, Bassham DC (2007b) 
Degradation of oxidized proteins by autophagy during 
oxidative stress in Arabidopsis. Plant Physiol 
143(1):291–299. doi:  10.1104/pp. 106.092106      

    Xu XW, Shi C, He ZQ, Ma CM, Chen WH, Shen YP, Guo 
Q, Shen CJ, Xu J (2008) Effects of phytoestrogen on 
mitochondrial structure and function of hippocampal 
CA1 region of ovariectomized rats. Cell Mol 
Neurobiol 28(6):875–886. doi:  10.1007/
s10571-008-9265-2      

    Xue S, Barna M (2012) Specialized ribosomes: a new 
frontier in gene regulation and organismal biology. 
Nat Rev Mol Cell Biol 13(6):355–369  

    Yagi Y, Tachikawa M, Noguchi H, Satoh S, Obokata J, 
Nakamura T (2013) Pentatricopeptide repeat proteins 
involved in plant organellar RNA editing. RNA Biol 
10:9  

    Yao N, Imai S, Tada Y, Nakayashiki H, Tosa Y, Park P, 
Mayama S (2002) Apoptotic cell death is a common 
response to pathogen attack in oats. Mol Plant- 
Microbe Interact 15(10):1000–1007. doi:  10.1094/
MPMI.2002.15.10.1000      

      Yoshimoto K, Jikumaru Y, Kamiya Y, Kusano M, 
Consonni C, Panstruga R, Ohsumi Y, Shirasu K (2009) 
Autophagy negatively regulates cell death by control-

M.M. Ghulam et al.

http://dx.doi.org/10.1094/MPMI.2002.15.10.1000
http://dx.doi.org/10.1094/MPMI.2002.15.10.1000
http://dx.doi.org/10.1007/s10571-008-9265-2
http://dx.doi.org/10.1007/s10571-008-9265-2
http://dx.doi.org/10.1104/pp. 106.092106
http://dx.doi.org/10.1016/j.febslet.2004.06.063
http://dx.doi.org/10.1186/cc8162
http://dx.doi.org/10.1186/cc8162
http://dx.doi.org/10.1104/pp. 103.035956
http://dx.doi.org/10.1038/ng0197-57
http://dx.doi.org/10.1093/hmg/ddh262
http://dx.doi.org/10.1515/BC.2005.020
http://dx.doi.org/10.1515/BC.2005.020


613

ling NPR1-dependent salicylic acid signaling during 
senescence and the innate immune response in 
Arabidopsis. Plant Cell 21(9):2914–2927. 
doi:  10.1105/tpc.109.068635      

    Zehrmann A, Verbitskiy D, van der Merwe JA, Brennicke 
A, Takenaka M (2009) A DYW domain-containing 
pentatricopeptide repeat protein is required for RNA 
editing at multiple sites in mitochondria of Arabidopsis 
thaliana. Plant Cell 21(2):558–567  

    Zeng WH, Liao SC, Chang CC (2007) Identifi cation of 
RNA editing sites in chloroplast transcripts of 
Phalaenopsis aphrodite and comparative analysis with 
those of other seed plants. Plant Cell Physiol 
48(2):362–368  

    Zhang Z, Liu JJ, Yao FL, He H, Yang J, Xie HF, He T 
(2007) Morphological changes of non-apoptotic pro-
grammed cell death of polymorphonuclar neutrophils 
induced by ONO-AE-248. Xi bao yu fen zi mian yi 
xue za zhi Chin J Cell Mol Immunol 23(5):413–415  

   Zmudjak M, Colas des Francs-Small C, Keren I, Shaya F, 
Belausov E, Small I, Ostersetzer-Biran O (2013) 
mCSF1, a nucleus-encoded CRM protein required for 
the processing of many mitochondrial introns, is 
involved in the biogenesis of respiratory complexes I 
and IV in Arabidopsis. New Phytol 199(2):379–394. 
doi:  10.1111/nph.12282      

    Zuzarte-Luis V, Hurle JM (2002) Programmed cell death 
in the developing limb. Int J Dev Biol 46(7):871–876      

Plant Mitochondrial Omics: State-of-the-Art Knowledge

http://dx.doi.org/10.1111/nph.12282
http://dx.doi.org/10.1105/tpc.109.068635


615D. Barh et al. (eds.), PlantOmics: The Omics of Plant Science,
DOI 10.1007/978-81-322-2172-2_21, © Springer India 2015

     Abstract  

  Earth environment with all its good and bad 
effects is maintained and disturbed by the 
interplay between plants and animals. Plants 
could be silent indicators of healthy or stress-
ful environment in and around themselves 
through varied morphological manifestations. 
Environmental stress may be abiotic or biotic. 
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Morphological manifestations of plant’s 
response to any kind of stress may be organ 
specifi c or integrative. Among different angio-
spermic plant organs, leaf (source organ) and 
fruit (sink organ) micromorphological 
responses to stress are found to be more dra-
matic and critical. Along with these, other 
plant organs like stem, root, fl ower, etc. also 
manifest micromorphological changes in 
response to various environmental stresses. 
They are certainly being the direct outcome of 
internal mechanistic alterations of plants to 
combat stressful environment. Understanding 
of this organ architecture is the fi rst and fore-
most step towards unveiling the underlying 
controlling factors.  

  Keywords  

  Environment   •   Indicator   •   Micromorphology   • 
  Plant defence   •   Plant organ   •   Stress  

        Introduction 

 Micro is a prefi x that comes from the Greek word 
“μικρός ( mikrós )” meaning small, denoting a 
factor of one millionth. More precisely any 
fi ner level structure or morphology visible 
under microscopy is micromorphology. 
Micromorphomics is the micromorphology- 
based analysis applied to plants, animals and 
humans. Its application to illuminating the black 
box (stress) is currently an emerging branch. 
Consideration of ecological trends in the evolu-
tion of morpho-anatomical traits clearly indicates 
precise coordination between structure and func-
tion in plants. Such coordination becomes strong 
enough under stressful environment, when struc-
tural attributes modifi ed for optimising their 
function to guarantee growth, survival and repro-
duction of plants. 

 The term “stress” can be defi ned as any distur-
bance that adversely affects the growth of a plant 
as a whole. Various abiotic and biotic constraints 
such as water and nutrient defi ciency, adverse cli-
matic conditions, heavy metal contamination, 
mechanical injury, plant diseases, insect damage, 
etc. are major stressors that act as growth- limiting 

factors. In response to stress, plants can adapt to, 
avoid or may overcome the stress by means of 
various physiological and biochemical mecha-
nisms. Tolerance involves endurance of the stress 
such that plants can function normally under both 
internal and external stress and depends on the 
development of specialised physiological mecha-
nisms. On the other hand, avoidance involves 
establishment and maintaining of internal normal 
conditions under external stressful conditions 
and more often utilises the morphological devices 
to shield plants from the effects of extreme condi-
tions. Plant architecture thus can play an impor-
tant role in stress. Thus, developing plant varieties 
with appropriate architecture will help to cope 
with the rapidly increasing stress in environment. 
So understanding the response of plants to stress 
would be desirable in the light of global and 
regional changes not only to forecast population 
dynamics in natural ecosystems, but also to adjust 
management practices in agriculture. To analyse 
the plant’s response to stress, measurements from 
all levels of plant organisation like molecules, 
organelles, cells, tissues, organs, whole plants 
and populations often are necessary. 

 Every plant organ is ideally designed to fulfi l 
metabolic and physiological processes in specifi c 
environmental conditions. Even the origin and 
evolutionary history of plants refl ects plenty of 
examples of how a specifi c trait and its structural 
attributes arose to fulfi l a specifi c need. Any 
undesirable disturbance in environment would 
create catastrophic changes primarily in specifi c 
plant organ adversely affecting its physiological 
function and subsequently at the whole plant 
level. 

 Scientifi c advancement and its outcome ulti-
mately focus on the effective way to achieve sta-
ble environment with less disturbances. So to 
detect stress as early as possible to minimise its 
effects on plants and thereafter on mankind, 
modifi ed micro-features of different plant organs 
like leaf, fruit and root could be a fi rst-hand indi-
cator (Talukdar  2013b ,  c ). These modifi ed fea-
tures or symptoms are the direct outcome of 
interaction between stress factor and plant 
defence system. More often, degree of interac-
tion determines the intensity of symptoms pro-
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duced. Therefore, these features validated by 
microscopic analyses are useful to diagnose and 
rapid assessment of stress factor. Detection of 
intrinsic mechanism/s controlling stress-induced 
architectural changes is very crucial and still 
is enigmatic. Most of the stress-induced 
 morphological changes are the outcome of reori-
entation of growth rather than cessation of growth 
resulting from altered metabolism. Thus identifi -
cation of underlying physiological and intrinsic 
metabolic reaction based on the structural signa-
ture of stress factors is also possible (André et al. 
 2006 ; Martin et al.  2006 ; Talukdar  2012 ; 
Vollenweider et al.  2003 ,  2006 ). This mechanis-
tic detail plays a pivotal role to select or create 
new stress- resistant/tolerant varieties of crops to 
obtain better productivity (Jaleel et al.  2009a ,  b ; 
Martinez et al.  2007 ; Nam et al.  2001 ). Under 
heavy metal stress uptake, accumulation of met-
als at higher concentrations can be cytotoxic in 
some plant species causing structural and ultra-
structural changes affecting the growth and phys-
iological status of the plants (Barcelo et al.  1988 ; 
Han et al.  2004 ; Vazquez et al.  1992 ; Zhao et al. 
 2006 ). So architectural parameters which can be 
treated as visualisation of internal cytosolic story 
can other way be used to understand and optimise 
the overall process of phytoremediation and 
to screen the effective plant types for 
phytoremediation.  

    Leaf Architecture Modifi cations 
to Stress 

 Leaf is the major source organ of higher plants 
with very few exceptions. Its fascinating array of 
mesophyll cells and stomata leaf provides 
thermo-nutrient stability of plants facilitating 
transpiration and photosynthesis. The following 
are the major leaf architectural modifi cations 
reported in angiosperms in response to different 
abiotic and biotic stresses. 

    Leaf Colour Modifi cation 

 Changes of leaf colour are generally resulted 
from physiological changes caused by water defi -

ciency or change in nutrient status or chemical 
changes within plant cell due to pathogen 
(Jackson  1986 ). The changes in colour are ulti-
mately associated with the alteration of pigment 
content and are frequent in dry habitats. They 
help in reducing solar irradiation and conse-
quently decrease leaf heating and transpiration 
rates as well as avoid damage to photosystems 
(Arena et al.  2008 ; Aronne and De Micco  2001 ; 
Jaleel et al.  2009a ,  b ).  

    Leaf Curling and Rolling 

 Leaf curling is generally associated with hyper-
trophy and hyperplasia of mesophyll cells (Evans 
et al.  1977 ; Sant’Anna-Santos et al.  2006 ). 
Extensive leaf rolling, common in grasses, is 
associated with drought and salt stress. This fea-
ture is affected by the turgidity of bulliform cells. 
Under high salinity, enlarged and well-developed 
bulliform cells were observed in  Deschampsia 
antarctica ,  Leptochloa fusca  and many salt range 
ecotypes (Gielwanowska et al.  2005 ; Ola et al. 
 2012 ). It plays an important role to avoid water 
loss and can be regarded as an adaptive defensive 
strategy against drought, salt and heat stress. 
Bulliform cells, also known as motor cells, 
respond rapidly to water or heat stresses by los-
ing their turgor and become fl accid resulting in 
leaf blade rolling, thus optimising water and tem-
perature condition. Therefore, in some physio-
logical reports leaf rolling was defi ned as water 
conservation movement (Srivastava  2001 ), previ-
ously known as nastic movement.  

    Leaf Necrosis 

 Tip burn and marginal necrosis of leaf were fre-
quently reported as fl uoride injury to vegetation 
around highly industrialised areas (Fornasiero 
 2001 ). Necrosis along veins and leaf chlorosis 
were noted due to overexposure to heavy metals 
like zinc (André et al.  2006 ). Structural injury on 
leaf induced by heavy metals was decreased at 
higher shoot position and more pronounced at 
lower shoot and thus indicates their mode of 
translocation through vascular tissue.  
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    Stomatal Features 

 Stomata number of leaf is reduced in high salin-
ity (Çavuşoğlu et al.  2007 ,  2008 ; Ola et al.  2012 ). 
Decrease in stomata number and density were 
also noted in severe drought (De Micco and 
Aronne  2012 ; Xu and Zhou  2008 ). Plants of arid 
or semiarid regions show sunken stomata. 
However, the occurrence of stomata plugged 
with cuticular structures has been shown as an 
adaptation to excess water in plants growing in 
rainforests and cloud forests. These plugs help in 
maintaining photosynthetic activity by prevent-
ing the formation of a continuous water fi lm 
(Field et al.  1998 ). Interestingly, increased sto-
matal density coupled with decreased stomatal 
size is considered as a good adaptive feature of 
plants in response to heavy metal toxicity and 
polluted environment (Azmat et al.  2009 ; Melo 
et al.  2007 ; Noman et al.  2012 ). The larger num-
ber of small stomata ensures suffi cient fl ow of 
CO 2  for photosynthesis, keeping transpiration to 
a minimum.  

    Stomatal Clustering 

 Very recently “stomatal clustering” is recognised 
as a new micromorphological marker for envi-
ronmental adaptation in terrestrial plants (Gan 
et al.  2010 ). Stomatal clustering is an abnormal 
stomatal distribution/arrangement that is formed 
by two or more stomata in the leaf epidermis. In 
normal distribution at least one intervening epi-
dermal cell must be present in between two 
neighbouring stomata. This convention, also 
known as “one-cell-spacing rule”, optimises the 
balance between water loss and carbon assimila-
tion by minimising the overlaps of stomatal gas-
eous diffusion shells (GDS) (Larkin et al.  1997 ). 
In contiguous clustering two or more stomata are 
placed in direct contact without any intervening 
epidermal cell between neighbouring guard cells. 
This type was reported in members of 
Papilionaceae, Sonneratiaceae, Annonaceae and 
Amaryllidaceae. In many other angiosperm fami-
lies like Boraginaceae, Cruciferae, Moraceae, 
Rubiaceae and Theaceae, more common noncon-

tiguous stomatal cluster was reported where most 
of the stomata are arranged in groups at whole 
leaf level without any direct contact between 
guard cells. Few scientists argued that stomatal 
clusters have positive effect on plants. In water 
stress condition larger clusters were found in 
comparison to well-watered soil condition in few 
 Begonia  species (Hoover  1986 ). Interestingly, 
there is a positive correlation between cluster size 
and multiple epidermis under drought in  Begonia  
species and considered as typical drought adapta-
tion trait (Tang et al.  2002 ). Stomatal clustering 
plays an important role in water conservation 
under severe drought. Overlapping of gaseous 
diffusion shells that resulted in stomatal cluster 
effectively reduces the total leaf area of evapora-
tion, keeping water loss to a minimum. In few 
cases higher carbon assimilation rate in leaf was 
reported than in leaf with normally distributed 
stomata (Schlüter et al.  2003 ).  

    Leaf Trichome 

 Increase in the number of trichomes per unit area 
favours plant survival in contaminated environ-
ment (Azmat et al.  2009 ). In addition, increased 
abaxial and adaxial epidermal thickness contrib-
utes signifi cantly in tackling hazardous effects of 
heavy metal contamination (Gomes et al.  2011 ; 
Noman et al.  2012 ). A twofold increase in tri-
chome length on leaf surface of road-side plants 
like  Asparagus racemosus ,  Azadirachta indica , 
 Bougainvillea spectabilis ,  Cassia fi stula ,  Ficus 
religiosa  and  Nerium indicum  exposed to auto- 
exhaust pollution was noted (Pal et al.  2002 ). 
Most ecological studies suggest that plants grow-
ing under stress tend to possess leaves that have 
more hairs than similar or related plants from 
normal condition. Leaf pubescence reduces the 
light absorption during conditions of high tem-
perature and drought, resulting in reduced heat 
loads which in turn lower leaf temperatures and 
transpiration rates. Dense hair also protects the 
plant from predation by insects and larger herbi-
vores. Increases in number of stomata with tri-
chomes on the surface of leaves were observed in 
many leguminous crops like  Phaseolus mungo  

T. Talukdar



619

and  Lens culinaris  under Pb toxicity (Azmat 
et al.  2009 ). There is also evidence that in 
 Arabidopsis  trichomes play additional or alterna-
tive roles in response to abiotic stress to detoxify 
heavy metals (Ager et al.  2003 ). On the other 
hand, a decrease in trichome length and density 
upon cadmium exposure was reported in  Cajanus 
cajan  (Khudsar et al.  2001 ).  

    Change in Cuticle Layer 

 Cuticle is composed of cutin and wax, provides 
fi rst contact zone between plant surface and envi-
ronment, maintains structural integrity of plant 
tissues, protecting plants from foreign invasion 
(like microbes, other pathogen, insect, etc.), from 
harmful radiation (Kerstiens  1996 ; Riederer and 
Müller  2005 ) and from dry environment by mini-
mising non-stomatal water loss (Kerstiens  2006 ; 
Riederer and Schreiber  2001 ; Von et al.  2007 ). 
Increase in wax amount at enhanced temperature 
and at low relative humidity has been noticed in 
rose and other plants (Dixon et al.  1997 ; Jenks 
et al.  2001 ). Increase in cuticle thickness is also a 
common feature in plants (e. g. peanut, cabbage) 
facing severe drought and salinity (Shepherd and 
Griffi ths  2006 ). An increase in cuticular wax is 
also a very striking feature of cadmium-exposed 
leaves as noted in barley seedlings (Hollenbach 
et al.  1997 ).  

    Changes in Leaf Epidermal Cells 

 Rupturing of leaf epidermal cells in high salinity 
and low pH stress was noted in  Genipa ameri-
cana  L. of Rubiaceae (Sant’Anna-Santos et al. 
 2006 ).  

    Leaf Thickness 

 Increased leaf thickness resulting from the thick-
ening of the mesophyll and the cuticle correlated 
with loss of moisture and is the result of water 
stress (Bussotti et al.  1995 ). On the contrary, 

decrease in lamina thickness and mesophyll 
thickness with increasing salinity was reported in 
many plants. Reduced mesophyll area in turn 
reduces the capacity for re-translocation of min-
eral nutrients and assimilates in leaf. In few cases 
palisade mesophyll cell length decreased slightly 
under salinity as in olive plants (Karimi et al. 
 2009 ). Under severe stress degeneration of 
phloem, necrosis of lower epidermis manifested 
by cell collapse, cell wall thickening and accu-
mulation of secondary compounds were preva-
lent. Palisade and spongy cells in mesophyll were 
adversely affected and showed different degen-
eration symptoms including cell wall thickening, 
folding and partial collapse along with accumula-
tion of secondary compounds. In Indian mustard 
( Brassica juncea ), high concentration of metal 
ions (>50 mM) induces shrinkage of epidermal, 
palisade and spongy parenchyma cells due to 
accumulation of metal ions (Maruthi Sridhar 
et al.  2005 ). These changes were indicative of 
accelerated cell senescence processes 
(Vollenweider et al.  2006 ). However, in response 
to drought, leaf thickness increased due to 
increase in parenchyma tissue engaged in water 
storage (Aronne and De Micco  2001 ). Higher 
photosynthetic tissue with enlarged or increased 
palisade and spongy cells capable of producing 
higher vital metabolites was reported in few her-
baceous plants like  Hibiscus  and  Rosa  in response 
to stress (Nawaz et al.  2011 ; Noman et al.  2012 ). 
Such contrasting behaviour of photosynthetic tis-
sue in different plants in response to stress leads 
to speculation that decrease in mesophyll thick-
ness is the injurious effect of stressors hampering 
growth in susceptible plants, while increased 
palisade and spongy cell area are considered as 
healthy adaptability signs to stress in resistant/
tolerant plants (Gostin  2009 ).  

    Changes in Leaf Temperature 

 Increased leaf temperature was noted in many 
plants due to restricted transpiration from water 
scarcity under drought or due to a vascular 
disease.  
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    Leaf Vein 

 Decrease in size and thickness of midrib and 
large veins along with decrease in number of 
median and small veins with increasing salinity 
were noted in kallar grass ( Leptochloa fusca  
L. Kunth) (Ola et al.  2012 ). Gradual decrease in 
vascular bundle area in the leaf of cogon grass 
( Imperata cylindrica ) is reported with increasing 
salinity level (Hameed et al.  2009 ). In leaf differ-
ent types of vein play different physiological 
functions. The large veins transport water and the 
small veins mainly load and transport nutrients. 
Salt stress thus interferes with distribution of 
nutrients and water, limiting the growth rate of 
affected plant (Hu et al.  2005 ).  

    Leaf Sclerifi cation 

 Sclerifi cation of leaf increased with increasing 
salinity to minimise water loss and to confer 
rigidity. This was reported for many plants like 
 Festuca  (Ola et al.  2012 ),  Spartina alternifl ora  of 
Poaceae (Walsh  1990 ),  Kandelia candel  (Hwang 
and Chen  1995 ), cotton (Reinhardt and Rost 
 1995 ),  Puccinellia tenuifl ora  (Yujing et al.  2000 ) 
and  Prosopis strombulifera  of Leguminosae 
(Reinoso et al.  2004 ).  

    Accumulation of Phenol 

 Accumulation of phenolic compounds in glandu-
lar leaf hairs, epidermal cells and parenchyma-
tous cells was noted in plants facing drought, 
salinity and temperature stress as in  Cistus 
ladanifer  L. (De Micco and Aronne  2007 ). 
Formation of black spot due to high accumula-
tion of phenolics and lignin is also considered as 
one of the most frequent reactions of plants to 
industrial pollution like air and water pollution 
and reported in  Picea abies  and in few members 
of Fabaceae (Gostin  2009 ; Wild and Schmitt 
 1995 ). Phenolic compounds act as fi lter against 
excess radiation during scorching heat. They also 
protect plants from permanent damage due to 
grazing and pathogen attacks. In severe cases, 

higher accumulation of dark phenolic compounds 
was generally followed by cytoplasm degrada-
tion and vacuolar content release that led to cell 
death (Sant’Anna-Santos et al.  2006 ; Zobel and 
Nighswander  1991 ).  

    Crystal Formation 

 Formation of crystals was noted in the intercel-
lular spaces and on the surface of the cell wall of 
mesophyll tissue in  Vicia faba  L. under high- 
metal toxicity (Probst et al.  2009 . Needle-like 
crystal deposits in leaves were detected as the 
unique anatomical feature under arsenic treat-
ment in common bean  Phaseolus vulgaris  
(Talukdar  2013a ). Crystal formation usually 
occurs through substitution of mineral ions (e.g. 
Ca 2+ ) by metals and subsequent transportation 
and precipitation of displaced minerals as crys-
tals in apoplast (Sarret et al.  2001 ). These crystals 
are supposed to be an avoidance mechanism in 
the ultimate phase of plant response to highly 
exceeded metals (Probst et al.  2009 ).   

    Stem Architecture Modifi cations 
to Stress 

 The stem is a part of the plant that holds up other 
structures such as the leaves and fl owers. This is 
important as the leaves need to be held up to the 
sun to get its light for photosynthesis and the 
fl owers need to be held up to be available for pol-
lination. Stems also carry water and minerals up 
from the roots to the leaves to help with photo-
synthesis and take food back down to be stored 
and distributed to the plant as needed. The major 
stem manifestations noted in different plants 
under stress are as follows. 

    Changes in Stem Diameter 

 Reduction in stem diameter due to reduced cell 
division and expansion, sometimes accompanied 
by reduced DNA content in high salt stress, was 
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reported from a wide range of plants (Wignarajahk 
et al.  1975 ).  

    Variation in Stem Epidermal Features 

 Increase in thickness of cuticle and epidermal 
cell wall in response to drought and heat stress is 
another common feature in plants. Increased cell 
wall thickness was also noted in shoots of  V. faba  
L. exposed to Cd or Cu (Liu et al.  2004a ) and in 
marine macroalga exposed to Cu (Andrade et al. 
 2004 ). This phenomenon seems to be associated 
to increased activity of peroxidase which cataly-
ses lignin synthesis (Arduini et al.  1995 ; Liu 
et al.  2004a ,  b ) and is induced in higher plants 
exposed to toxic metals (Prasad  1996 ).  

    Changes in Vascular Bundle 

 The vascular bundle area including xylem (proto-
xylem and metaxylem) and phloem is reduced 
with high salinity. This is probably compensated 
by increase in number of vascular bundle in stem 
along with increasing salinity (Ola et al.  2012 ). 
The reduction of xylem vessel diameter under 
saline and water-stressed conditions was early 
observed in cotton and tomato plants (Strogonov 
 1962 ) and in wild barley (Huang and Redmann 
 1995 ). Narrow vessel only allows slow water 
fl ow rate which is valuable because low conduc-
tion and low transpiration are needed during the 
period of drought (Carlquist  1975 ). Vessel group-
ing is another phenomenon which recently has 
been proved to have a positive role in conferring 
drought resistance in seven  Acer  species (Lens 
et al.  2011 ).  

    Stem Sclerifi cation 

 Percentage of sclerenchyma (sclerifi cation) 
increased with increasing salinity, and drought. 
This was modulated for minimising water loss 
and for reinforcing mechanical strength that pre-
vent wilting. Consequently, this may lead to may 
lead to irreversible collapse and damage of cells.  

    Stem Aerenchyma 

 Stem air space or aerenchyma is a feature of 
waterlogged plant. With increasing salinity or 
drought, decrease in air spaces was noted by fi ll-
ing up with tightly packed parenchyma cells. 
This increases area of storage tissue with increas-
ing vacuolar volume for storing toxic ions 
(Akhtar et al.  1998 ; Ola et al.  2012 ).  

    Deposition of Starch 

 Presence of starch granules in parenchyma cells 
of stem under high salinity was frequently noted. 
This might be an effect of carbohydrate accumu-
lation in relation to inhibition of carbohydrate 
translocation by pollutants and has an important 
role in the osmotic adjustment in the salt-tolerant 
plants (Ashraf and Tufail  1995 ; Murakeozy et al. 
 2003 ; Rennenberg et al.  1996 ).  

    Crystal Formation 

 Formation of different types of crystal structures, 
such as druses, prismatic and crystal sand, were 
noted in stem cortical cells of  Phaseolus vulgaris  
under arsenic toxicity (Talukdar  2013a ). Stem 
crystals were also observed in  Phaseolus mungo  
under metal toxicity (Fig.  1 ). In Indian mustard 

  Fig. 1    Light micrograph of transverse section of stem in 
 Phaseolus mungo  under metal stress showing prismatic 
crystals ( arrow ). Bar = 50 μm       
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depositions of electron-dense particles along the 
walls of vascular bundles of stem were noted 
under high zinc and cadmium concentration 
(Maruthi Sridhar et al.  2005 ). Heavy metal- 
induced structural changes in the plant parts were 
also reported in mung bean (Singh et al.  2007 ), 
pea (Rodríguez-Serrano et al.  2009 ) and in radish 
(Vitória et al.  2006 ).    

    Root Architecture Modifi cations 
to Stress 

 Roots are considered a sensor organ that detects 
changes of water availability in soil and infl u-
ences the resistance to different stress like 
drought, salinity and heat at the whole plant level. 
In offering adaptation, plants showing different 
root architecture and various combinations of 
root morphological and anatomical responses 
have different adaptive strategies. Intensity and 
occurrence of various traits in different species 
and even in different cultivars within same spe-
cies are quite variable (Peña-Valdivia et al.  2010 ; 
Shao et al.  2008 ). The following are the major 
root architectural modifi cations reported in 
angiosperms in response to different abiotic and 
biotic stresses. 

    Ramifi cation of Root 

 Production of ramifi ed root system in response to 
drought was reported in many crop plants like 
rice, wheat, soybean, maize, sunfl ower and others 
(Jaleel et al.  2009b ; Sacks et al.  1997 ; Tahir et al. 
 2002 ). During ramifi cation lateral roots are 
formed due to auxin accumulation near the root 
pericycle indicating reorientation of growth 
(Pasternak et al.  2005 ). Increased root area is also 
observed in  Arabidopsis thaliana  (Cruciferae) 
when the plant is exposed to abiotic stress (Olmos 
et al.  2006 ). Such prolifi c root system increases 
the water uptake and maintains requisite osmotic 
pressure through higher proline levels under 
drought (Djibril et al.  2005 ; Jaleel et al.  2009b ).  

    Changes in Root Length 
and Diameter 

 Elongation of root and decrease in root diameter 
in response to drought in many wild species were 
reported. Small diameter root maximises absorp-
tive surfaces, thus increasing rates of water and 
nutrient uptake (Eissenstat  1992 ; Reader et al. 
 1993 ).  

    Wall Thickening 

 To control water loss, thickening of outer cell 
wall of rhizodermis and the presence of suberised 
layers of cell at the periphery of root are impor-
tant root adaptations in drought. In the root, 
increase in cell wall thickness was also noted 
under high-metal toxicity in  Vicia faba  L. (Probst 
et al.  2009 ). By this ultrastructural modifi cation, 
plants could limit the metal absorption. In 
strongly damaged cells, high amounts of electron- 
dense dark particles of metals were observed 
within the cell walls and cells as in  Vicia faba  L. 
and in  Sesbania  root cells (Sahi and Sharma 
 2005 ). This accumulation indicates probable 
entry of metals into the root cells after weakening 
the primary level of plant defence.  

    Changes in Root Cortex 

 The number of cortical layers is reduced under 
drought conditions for shortening the way 
between the soil and the stele favouring quick 
radial water transport (Fahn  1964 ). Formation of 
cortical lacunae by rupturing of cortical cells to 
regulate the inverse fl ux of water from stele to 
soil (North and Nobel  1995 ; Peña-Valdivia et al. 
 2010 ; Robards et al.  1979 ) was noted in  Agave 
deserti, Opuntia fi cus-indica  and in many other 
plants during drought. Formation of cortical lacu-
nae in turn weakens the root mechanical strength, 
which is counterbalanced by the formation of 
additional sclerenchyma, increased vascular sys-
tem and sometimes by lignifi cations of pith 
(Mostajeran and Rahimi-Eichi  2008 ).  

T. Talukdar



623

    Wall Thickenings 

 Thickening of endodermal cell wall and forma-
tion of additional suberised layer around the stele 
were noted to prevent desiccation of tissues 
inside the stele (North and Nobel  1992 ).  

    Root Hair Density 

 Loss of root hairs was noted in model legume 
 Medicago sativa  under cadmium and mercury 
toxicity (Villasante et al.  2005 ). Even complete 
absence of root hairs were observed in common 
beans under arsenic toxicity (Talukdar  2013a ).  

    Wall Depositions in Root 

 Electron-dense depositions were observed all 
along the cell walls of roots in acknowledged 
metal accumulator  Brassica juncea  under metal 
stress (Maruthi Sridhar et al.  2005 ).   

    Flower Architecture Modifi cations 
to Stress 

 A fl ower is a modifi ed stem tip with compressed 
internodes, bearing structures that are highly 
modifi ed leaves. The biological function of the 
fl ower is the formation of fruits and seeds, hence 
ensuring maximal reproductive success. The 
reproductive phase in fl owering plants is often 
highly sensitive to environmental stress than the 
vegetative phase, adversely affecting the repro-
ductive success of the species leading to severe 
decrease in crop yield. Sexual reproduction in 
fl owering plants is dependent on the correct 
delivery of pollen grains to conspecifi c stigmata. 
Female reproductive function, that is, the ability 
of a fl owering plant to set viable seed, depends on 
both stigma receptivity and ovule viability 
(Dumas et al.  1984 ). The angiosperm stigma is an 
effi cient structure with both morphological and 
physiological adaptations that enable pollen cap-
ture, hydration and germination. The stigma sur-
face plays a vital part in regulating compatibility 

relationships within species. The stigma is the 
fi rst pollen landing site where the recognition 
events lead to the acceptance of compatible pol-
len or the rejection of incompatible pollen 
(Cynthla et al.  1990 ) and is mostly made up of 
elongate papilla cells, each of which has a single, 
fi nger-like projection that is receptive to pollen 
binding (Heslop-Harrison  1981 ). Pollen-stigma 
adhesion is highly species specifi c and environ-
ment sensitive. Sometimes, environmental sensi-
tivity of reproductive organs varied considerably 
in different developmental stages of fl ower. For 
example, in  Petunia , the stigmas and styles of 
young buds were more sensitive to high- 
temperature stress than those of fully opened 
fl owers. In contrast, the ovary of fully opened 
fl owers appeared to be more sensitive to high- 
temperature stress than those of young buds and 
was evidenced by increased SOD (superoxide 
dismutase) activity. 

 Understanding how different plants cope with 
stress during their reproductive phase is critical 
to managing the future of agricultural productiv-
ity. Interestingly, stress tolerance in vegetative 
and reproductive tissues is not always correlated 
(Salem et al.  2007 ). For instance, while the veg-
etative surfaces of most plants are heavily pro-
tected by cuticle from dehydration and pathogen 
attack, the stigma cannot be protected by a thick 
cuticle or wax since it must capture and hydrate 
pollen and allow eventual penetration of the pol-
len tube. Very few literatures and insights are 
presently available to comment precisely about 
the micro-manifestation of stressors on the repro-
ductive organs and their putative role in combat-
ing stress. In the given extent of this literature, 
the most prevalent architectural modifi cations 
have been focused. 

    Changes in Floral Area 

 Head diameter is decreased in sunfl ower under 
drought (Jaleel et al.  2009b ). Size of fl ower in 
bud condition and in fully opened condition 
decreased as compared to control under tempera-
ture stress in  Petunia  (Wang  2006 ).  
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    Blossom Drop 

 Blossom drop is the loss of fl owers and known to 
occur in tomatoes, peppers, snap beans and many 
other fruiting vegetables under various abiotic 
and biotic stresses. In tomatoes, blossom drop is 
usually preceded by the yellowing of the pedicle 
(Ozores-Hampton and McAvoy  2010 ). 
Interestingly, Peet et al. ( 1998 ) documented that 
heat stress increases fl ower number in tomato 
under experimental condition.  

    Stigma Yield 

 Fresh weight of fl ower stigma (stigma yield) ini-
tially increases with salinity, but in extreme saline 
condition (>70 mMol), stigma yield decreases 
rapidly in saffron ( Crocus sativus ) (Torbaghan 
et al.  2011 ).  

    Changes in Stigma Position 

 High temperature affects the stigma position of 
fl ower affecting pollen capturing capacity (Kinet 
and Peet  1997 ).  

    Pollen Viability 

 Anther-specifi c development indicates that the 
male reproductive process is more sensitive to 
certain environmental stresses than the female 
reproductive development process (Sakata and 
Higashitani  2008 ). For instance, exposure to high 
temperature resulted in male sterility in barley 
because of non-viable pollen and failure of anther 
dehiscence, whereas gynoecium function 
remained unaffected (Peet et al.  1998 ). The most 
common and frequently reported reproductive 
anomaly under stress is variable percentage of 
pollen sterility leading to decreased fruit set and 
is observed in many plants. In tomato tempera-
ture stress adversely reduces pollen viability and 
fruit setting (Pressman et al.  2002 ). Causes and 
manifestations of pollen sterility are highly vari-

able among different plant types. In rice high 
temperature decreases the swelling ability of the 
pollen grains, resulting in poor theca dehiscence, 
because this swelling of pollen grains in the loc-
ules is the driving force for anther dehiscence 
(Matsui et al.  1999 ,  2000 ; Shah et al.  2011 ). In 
contrast, heat-tolerant rice cultivars showed well- 
developed cavities in anthers and thick locule 
walls which enable easy rupture of the septa in 
response to swelling of pollen, resulting in better 
anther dehiscence and pollen shed. In most of the 
heat-sensitive cultivars, endothecium layer of 
anther becomes disorganised, leading to failure 
of anther dehiscence (Sakata and Higashitani 
 2008 ). Sometimes normal round-shaped rice pol-
len grains possess abnormal tapetum in high tem-
perature, causing pollen adhesion to the stigma. 
Often premature or delayed degradation of tape-
tum cells resulted under elevated stress (Sakata 
and Higashitani  2008 ). Tapetum degradation was 
also noted in many plants like sunfl ower, maize, 
petunia, wheat and barley (Balk and Leaver  2001 ; 
Conley and Hanson  1994 ). Thus subsequent pol-
len germination was negatively affected leading 
to sterility (Endo et al.  2009 ). In cowpea, male 
sterility occurs with high temperatures during 
fl oral development, due to degeneration of tape-
tum and lack of endothecial development (Ahmed 
et al.  1992 ). The size of the basal dehiscence 
could be a useful morphological marker of pollen 
viability. Anthers with large basal dehiscence are 
more stress tolerant compared to anthers with 
small basal dehiscence because anthers with 
large basal pore facilitate pollen release. 
Moreover, it can be assumed that rice cultivars 
with large anthers are tolerant to temperature 
stress because they have a large number of pollen 
grains per anther, which compensates for the 
reduction in the number of pollen grains that ger-
minate under high temperature (Matsui and 
Omasa  2002 ; Shah et al.  2011 ). In barley abnor-
mal short anther completely lacking pollen grains 
were developed under high-temperature stress 
(Sakata and Higashitani  2008 ). Abnormal tapetal 
enlargement was observed in anthers under chill 
stress in sugar beet and rice (Matsuhira et al. 
 2007 ; Nishiyama  1976 ). Reduced pollen tube 
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growth and seed set were noted under heat and 
cold stress in  Arabidopsis  and in chickpea (Clarke 
and Siddique  2004 ; Zinn et al.  2010 ). In chickpea 
high temperature also reduced pollen production 
per fl ower, % pollen germination and stigma 
receptivity, which ultimately lead to reduced pod 
and seed setting (Devasirvatham et al.  2012 ). 
Data indicate that pollen grains were more sensi-
tive to high temperature than the stigma in chick-
pea. All these structural attributes may play 
important roles in conferring resistance to heat 
and other abiotic and biotic stresses. There is 
high legitimate demand of devoting more atten-
tion to develop heat-tolerant cultivar of rice and 
other cereals using all these structural attributes 
in the present perspective, since global circula-
tion models predict that increasing greenhouse 
gases will elevate the average global temperature 
between 1.1 and 6.4 °C during the twenty-fi rst 
century (Lobell and Field  2007 ).  

    Stamen Modifi cation 

 Carpeloid stamen and petaloid stamens are male 
reproductive abnormalities where male reproduc-
tive organ (stamen) converted to female repro-
ductive organ (carpel) or to petal. Such changes 
were reported in wheat, cotton and  Brassica  
where early steps of fl ower formation are 
impaired (Carlsson et al.  2008 ; Sakata and 
Higashitani  2008 ; Zubko et al.  2001 ).  

    Fusion of Anther Lobe 

 The anthers of healthy hermaphrodite mango 
fl ower were bilobed with large number of turgid 
pollen grains, whereas malformed fl owers 
showed fused lobed anthers with scanty deformed 
pollen grains. Furthermore, the stigma of healthy 
fl owers exhibited a broad landing pad as com-
pared to malformed stigma which showed hooked 
and pointed tips with poor stigmatic receptivity. 
All these impaired morphology of male and 
female reproductive organs are mainly responsi-
ble for restricting the pollen germination and pol-

len tube growth leading to failure of sexual 
reproduction (Rani et al.  2013 ). Such impairment 
is probably due to augmented level of endoge-
nous ethylene in response to stress.   

    Fruit Architecture Modifi cations 
to Stress 

 Fruits and seeds are the characteristic reproduc-
tive body of plants that carries the miniature 
undeveloped plants (embryo) and are responsible 
for the overwhelming evolutionary success of the 
fl owering plants. Fruit is a signifi cant part of the 
human diet, supplying fi bre, minerals, vitamins 
and other chemopreventive agents such as anti-
oxidants. Hence, in addition to research pro-
grammes directed to understanding and 
improving the qualities of fruit, signifi cant efforts 
have also been made to protect the fruit in haz-
ardous environment sustaining human health. 
The ultimate refl ection of any type of environ-
mental stress injury is on the crop productivity of 
plants resulted from reduced fruit and seed yield 
in terms of quantity and quality. The understand-
ing of associated structural abnormalities is 
therefore very crucial for manipulating such traits 
through crop management, breeding or biotech-
nology in the perspective of stress tolerance 
(Giovannoni  2001 ). Data indicates that ethylene 
plays a major role in mediating stress responses 
of fruits. 

    Seed Yield 

 Achene yield of sunfl ower (Reddy et al.  2004 ) 
and seed yield of common bean, green gram and 
maize (Webber et al.  2006 ; Monneveux et al. 
 2006 ) are very much affected under drought.  

    Size of Fruits 

 Size and weight of the fruit are very badly 
affected under stress. For instance, water stress 
decreases fruit size and fruit weight in apple, 
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stone fruit, peach and kiwifruit, resulting from 
reduced growth rate (Miller et al.  1998 ; Naor 
et al.  2008 ).  

    Fruit Colour Modifi cation 

 Colour modifi cation of fruits is another fre-
quently observed phenomenon of plants in 
response to stress. Water stress can modify fruit 
colour. For example, severe water stress decreases 
red skin pigmentation in peach (Lopez et al. 
 2011 ). On the contrary, enhancement of red 
colour is noted in apple with a lowered water sta-
tus. This may have been due to the advanced 
accumulation of sugars measured in this fruit, as 
sucrose plays a major role in anthocyanin devel-
opment (Kilili et al.  1996 ; Lopez et al.  2011 ).  

    Softening of Fruits 

 Softening of fruits is an easily detectable change 
under stress that resulted from increased activity 
of cell wall-degrading enzymes (Kader  2003 ).  

    Black Deposition in Fruits 

 Considerable blackening of trichome tip and 
cross wall, pappus tip and margin, and sometimes 
deposition of electron-dense opaque particles 
within endospermic cells were observed in fruits 
of  Wedelia chinensis  (Asteraceae) under arsenic 
stress (Talukdar  2013b ) (Figs.  2  and  3 ). In 
exceeded metal concentration due to over deposi-
tion of dark materials, the epicarpic cell wall and 
phytomelanin layer became more thickened. 
Thickening of the outermost layer of fruit wall 
might be an avoidance mechanism to limit the 
entry of toxic metal into ultimate sink organ.    

    Fruit Wall Features 

 The exocarp of grape ( Vitis vinifera ) berries 
developed well-ordered indentations, and meso-
carp was collapsed under abiotic stress (Bondada 
and Keller  2012 ).  

    Formation of Crystal 

 Crystallisation in mesocarpic parenchymatous 
cells and pappus cells of fruit in  Wedelia chinen-
sis  was noted under heavy metal stress (Talukdar 
 2013b ) (Fig.  4 ).    

  Fig. 2    Light micrograph of fruit trichome of  Wedelia chi-
nensis  Merrill under arsenic stress showing black deposi-
tion ( arrow ). Bar = 100 μm       

  Fig. 3    Light micrograph of endospermic cells in fruit of 
 Wedelia chinensis  Merrill under arsenic stress showing 
black deposition ( arrow ). Bar = 25 μm       

  Fig. 4    Light micrograph of fruit pappus of  Wedelia chi-
nensis  Merrill under arsenic stress showing crystals 
( arrow ). Bar = 100 μm       
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    How Symptoms Symptomise 
the Black Box? 

 Nature and distribution of symptoms in different 
plant organs provides basic information to diag-
nose the class of stress factor. Among abiotic and 
biotic stresses, the fi rst one affects the whole 
plant and also other plants growing nearby 
(Vollenweider et al.  2003 ). So multi-organ 
 deformities will indicate abiotic stress origin. In 
any specifi c plant organ, evenly distributed symp-
tom gradient indicates abiotic stress origin com-
pared to biotic stress with scattered symptoms 
without any gradient. For instance, under drought 
and heavy metal stress, symptom development 
generally proceeds acropetally. Abiotic and 
biotic stress factors may be further classifi ed 
based on detailed analysis of symptoms. 

    A Case Study 

 Detection of stress factor based on leaf 
symptoms:
    1.    Evenly distributed symptom gradient – abiotic 

stress factor   
   2.    Scattered symptoms without any gradient – 

biotic stress factor     

    Abiotic 
     1.    Symptoms in sun-exposed leaf, intercostals – 

abiotic airborne stress factor   
   2.    Symptoms in shaded leaf, connected to 

veins – abiotic soilborne stress factor   
   3.    Leaf rolling – drought   
   4.    Necrotic spot along veins – heavy metals   
   5.    Diffuse mottling – ozone   
   6.    Intercostal stippling – ozone, heavy metals   
   7.    Edge and tip necrosis – fl uoro or sulphur 

emissions, salt, drought/heat, heavy metals, 
frost, nutrient defi ciency   

   8.    Even discolouration – natural autumn senes-
cence, drought, frost, ozone, nutrient 
defi ciency      

    Biotic 
     1.    Patchy discolouration on leaf, no biotic 

remnants – bacteria   

   2.    Patchy discolouration on leaf with leaf curl-
ing, no biotic remnants – virus   

   3.    Patchy discolouration on leaf with biotic rem-
nants like hyphae, fruit bodies      

    Fungi 
     4.    Feeding injury – insects   
   5.    Feeding injury on leaf along vein, 

stippling – mites     
 Interestingly, a particular stress factor may not 

always induce the same kind of modifi cation to 
all exposed plant types. In other words, different 
plant species respond differently to a specifi c 
stress refl ecting their underlying differences in 
adaptive strategies. Moreover, in natural habitat 
multi-stress factors may often be present in a par-
ticular geographic area and subsequently induce 
different combinations of a variety of symptoms 
in affected plants. So sample site history also 
plays a crucial role to restrict the stress factor. 
Thus with precise diagnostic skill and advent of 
technology, more insight into the modern-evolved 
constrained environment is indeed urgently 
needed to achieve a food-secured world.       

   References 

    Ager FJ, Ynsa MD, Dominguez-Solis JR, Lopez-Martin 
MC, Gotor C, Romero LC (2003) Nuclear micro- 
probe analysis of Arabidopsis thaliana leaves. Nucl 
Inst Methods Phys Res B 210:401–406  

    Ahmed FE, Hall AE, DeMason DA (1992) Heat injury 
during fl oral development in cowpea ( Vigna unguicu-
lata ). Am J Bot 79:784–791  

    Akhtar J, Gorham J, Qureshi RH (1998) Does tolerance of 
wheat to salinity and hypoxia correlate with root dehy-
drogenase activities or aerenchyma formation? Plant 
Soil 201:275–284  

    Andrade LR, Farina M, Amado Filho GM (2004) Effects 
of copper on  Enteromorpha fl exuosa  (Chlorophyta) 
in vitro. Ecotoxicol Environ Saf 58:117–125  

     André O, Vollenweider P, Günthardt-George MS (2006) 
Foliage response to heavy metal contamination in 
Sycamore Maple ( Acer pseudoplatanus  L.). For Snow 
Landsc Res 80(3):275–288  

    Arduini I, Godbold DL, Onnis A (1995) Infl uence of cop-
per on root growth and morphology of  Pinus pinea  L. 
and  Pinus pinaster  Ait. seedlings. Tree Physiol 
15:411–415  

    Arena C, Vitale L, De Santo VA (2008) Paraheliotropism 
in Robinia pseudoacacia L.: an effi cient strategy to 
optimise photosynthetic performance under natural 
environmental conditions. Plant Biol 10:194–201  

Micromorphomics: A Morphological Dissection to Unveil Environmental Stress



628

     Aronne G, De Micco V (2001) Seasonal dimorphism in 
the Mediterranean Cistus incanus L. subsp. incanus. 
Ann Bot 87(6):789–794  

    Ashraf M, Tufail M (1995) Variation in salinity tolerance 
in sunfl ower ( Heliunthus annuus  L.). J Agron Crop Sci 
174:351–362  

      Azmat R, Haider S, Nasreen H, Aziz F, Riaz M (2009) A 
viable alternative mechanism in adapting the plants to 
heavy metal environment. Pak J Bot 416:2729–2738  

    Balk J, Leaver CJ (2001) The PETI-CMS mitochondrial 
mutation in sunfl ower is associated with premature 
programmed cell death and cytochrome  c  release. 
Plant Cell 13:1803–1818  

    Barcelo J, Vazquez MD, Poschenrieder C (1988) 
Cadmium induced structural and ultrastructural 
changes in the vascular system of bush bean stems. 
Bot Acta 101:254–261  

    Bondada BR, Keller M (2012) Not all shrivels are created 
equal – morpho-anatomical AND compositional char-
acteristics differ AMONG different shrivel types that 
develop during ripening OF grape ( Vitis VINIFERA  
L.) berries. Am J Plant Sci 3(7):879–898  

    Bussotti F, Bottaci A, Bartolesi A, Grossoni P, Tani C 
(1995) Morpho-anatomical alterations in leaves col-
lected from beech trees ( Fagus sylvatica  L.) in condi-
tions of natural water stress. Environ Exp Bot 
35(2):201–213  

    Carlquist S (1975) Ecological strategies of xylem evolu-
tion. University of California Press, Berkeley  

    Carlsson J, Leino M, Sohlberg J, Sundström JF, Glimelius 
K (2008) Mitochondrial regulation of fl ower develop-
ment. Mitochondrion 8:74–86  

    Çavuşoğlu K, Kiliç S, Kabar K (2007) Some morphologi-
cal and anatomical observations during alleviation of 
salinity (NaCl) stress on seed germination and seed-
ling growth of barley by polyamines. Acta Physiol 
Plant 29:551–557  

    Çavuşoğlu K, Kiliç S, Kabar K (2008) Effects of some 
plant growth regulators on leaf anatomy of radish 
seedlings grown under saline conditions. J Appl Biol 
Sci 2:47–50  

    Clarke HJ, Siddique KHM (2004) Response of chickpea 
genotypes to low temperature stress during reproduc-
tive development. Field Crop Res 90(2–3):323–334  

    Conley CA, Hanson MR (1994) Tissue specifi c protein 
expression in plant mitochondria. Plant Cell 6:85–91  

    Cynthla JMK, Bong YY, Seabrook JEA (1990) Stigma of 
 Solanum tuberosum  cv shepody: morphology, ultra-
structure, and secretion. Am J Bot 77:1111–1124  

    De Micco V, Aronne G (2007) Anatomical features, 
monomer lignin composition and accumulation of 
phenolics in one-year-old branches of the 
Mediterranean  Cistus ladanifer  L. Bot J Linn Soc 
155:361–371  

    De Micco V, Aronne G (2012) Morpho-anatomical traits 
for plant adaptation to drought. In: Aroca R (ed) Plant 
responses to drought stress. Springer, Berlin/
Heidelberg  

    Devasirvatham V, Gaur PM, Mallikarjuna N, Tokachichu 
RN, Trethowan RM, Tan DKY (2012) Effect of high 

temperature on the reproductive development of 
chickpea genotypes under controlled environments. 
Funct Plant Biol 39(12):1009–1018  

    Dixon M, Le Thiec D, Garrec JP (1997) An investigation 
into the effects of ozone and drought, applied singly 
and in combination on the quantity and quality of the 
epicuticular wax of Norway spruce. Plant Physiol 
Biochem 35(6):447–454  

    Djibril S, Mohamed OK, Diaga D, Diégane D, Abaye BF, 
Maurice S, Alain B (2005) Growth and development 
of date palm ( Phoenix dactylifera  L.) seedlings under 
drought and salinity stresses. Afr J Biotechnol 
4:968–972  

    Dumas C, Knox RB, Gaude T (1984) Pollen-pistil recog-
nition: new concepts from electron microscopy and 
cytochemistry. Int Rev Cytol 90:239–272  

    Eissenstat DM (1992) Costs and benefi ts of constructing 
roots of small diameter. J Plant Nutr 15:763–782  

    Endo M, Tsuchiya T, Hamada K, Kawamura S, Yano K, 
Ohshima M, Higashitani A, Watanabe M, Kawagishi- 
Kobayashi M (2009) High temperatures cause male 
sterility in rice plants with transcriptional alterations 
during pollen development. Plant Cell Physiol 
50:1911–1922  

    Evans LS, Gmur NF, Kelsch JJ (1977) Leaf surface and 
histological perturbations of leaves of  Phaseolus vul-
garis  and  Helianthus annuus  after exposure to simu-
lated acid rain. Am J Bot 64:903–913  

    Fahn A (1964) Some anatomical adaptations in desert 
plants. Phytomorphology 14:93–102  

    Field TS, Zwieniecki MA, Donoghue MJ, Holbrook NM 
(1998) Stomatal plugs of Drimys winteri (Winteraceae) 
protect leaves from mist but not drought. Proc Natl 
Acad Sci U S A 95:14256–14259  

    Fornasiero RB (2001) Phytotoxic effects of fl uorides. 
Plant Sci 161(5):979–985  

    Gan Y, Zhou L, Shen ZJ, Shen ZX, Zhang YQ, Wang GX 
(2010) Stomatal clustering, a new marker for environ-
mental perception and adaptation in terrestrial plants. 
Bot Stud 51:325–336  

    Gielwanowska I, Szczuka E, Bednara J, Górecki R (2005) 
Anatomical features and ultrastructure of  Deschampsia 
antarctica  (Poaceae) leaves from different growing 
habitats. Ann Bot 96(6):1109–1119  

    Giovannoni J (2001) Molecular biology of fruit matura-
tion and ripening. Annu Rev Plant Physiol Plant Mol 
Biol 52:725–749  

    Gomes MP, Marques TCLLDM, Nogueira MDG et al 
(2011) Ecophysiological and anatomical changes due 
to uptake and accumulation of heavy metal in 
Brachiaria decumbens. Sci Agric 68(5):566–573  

     Gostin IN (2009) Air pollution effects on the leaf structure 
of some  Fabaceae  species. Not Bot Horti Agrobot 
Cluj-Napoca 37(2):57–63  

    Hameed M, Ashraf M, Nargis N (2009) Anatomical adap-
tations to salinity in cogon grass [ Imperata cylindrica  
(L.) Raeuschel] from the Salt Range, Pakistan. Plant 
Soil 322:229–238  

    Han FX, Maruthi Sridhar BB, Monts DL, Su Y (2004) 
Phytoavailability and toxicity of trivalent and hexava-

T. Talukdar



629

lent chromium to  Brassica juncea  L. Czern. New 
Phytol 162:489–499  

    Heslop-Harrison Y (1981) Stigma characteristics and 
angiosperm I, taxonomy. Nor J Bot 1:401–420  

    Hollenbach B, Schreiber L, Hartung W, Dietz K-J (1997) 
Cadmium leads to stimulated expression of the lipid 
transfer protein genes in barley: implications for the 
involvement of lipid transfer proteins in wax assem-
bly. Planta 203:9–19  

    Hoover WS (1986) Stomata and stomatal clusters in 
 Begonia : ecological response in two Mexican species. 
Biotropica 18:16–21  

    Hu Y, Fromm J, Schmidhalter U (2005) Effect of salinity 
on tissue architecture in expanding wheat leaves. 
Planta 220:838–848  

    Huang J, Redmann RE (1995) Responses of growth, mor-
phology, and anatomy to salinity and calcium supply 
in cultivated and wild barley. Can J Bot 
73:1859–1866  

    Hwang YH, Chen SC (1995) Anatomical responses in 
 Kandelia candel  (L.) Druce seedlings growing in the 
presence of different concentrations of NaCl. Bot Bull 
Acad 36:181–188  

    Jackson RD (1986) Remote sensing of biotic and abiotic 
plant stress. Annu Rev Phytopathol 24:265–287  

     Jaleel CA, Gopi R, Azooz MM, Panneerselvam R (2009a) 
Leaf anatomical modifi cations in  Catharanthus roseus  
as affected by plant growth promoters and retardants. 
Glob J Mol Sci 4(1):01–05  

        Jaleel CA, Manivannan P, Wahid A, Farooq M, Jasim 
Al-Juburi H, Somasundaram R, Panneerselvam R 
(2009b) Drought stress in plants: a review on morpho-
logical characteristics and pigments composition. Int J 
Agric Biol 11:100–105  

    Jenks MA, Andersen L, Teusink RS, Williams MH (2001) 
Leaf cuticular waxes of potted rose cultivars as 
affected by plant development, drought and paclobutra-
zol treatments. Physiol Plant 112:62–70  

   Kader AA (2003) Physiology of CA treated produce. Acta 
Hort 600:349–354  

    Karimi E, Abdolzadeh A, Sadeghipour HR (2009) 
Increasing salt tolerance in Olive. Olea europaea L. 
plants by supplemental potassium nutrition involves 
changes in ion accumulation and anatomical attri-
butes. Int J Plant Prod 3(4):49–60  

    Kerstiens G (1996) Cuticular water permeability and its 
physiological signifi cance. J Exp Bot 47:1813–1832  

    Kerstiens G (2006) Water transport in plant cuticles: an 
update. J Exp Bot 57:2493–2499  

    Khudsar T, Uzzafar M, Iqbal M (2001) Cadmium induced 
changes in leaf epidermis, photosynthetic rate and pig-
ment concentrations in  Cajanus cajan . Biol Plant 
44(1):59–64  

    Kilili AW, Behboudian MH, Mills TM (1996) Postharvest 
performance of ‘Braeburn’ apples in relation to with-
holding of irrigation at different stages of the growing 
season. J Hortic Sci 71(5):693–701  

    Kinet JM, Peet MM (1997) Tomato. In: Wien HC (ed) The 
physiology of vegetable crops. Commonwealth 
Agricultural Bureau (CAB) International, Wallingford  

    Larkin JC, Marks MD, Nadeau J, Sack F (1997) Epidermal 
cell fate and patterning in leaves. Plant Cell 
9:1109–1111  

    Lens F, Sperry JS, Christman MA, Choat B, Rabaey D, 
Jansen S (2011) Testing hypotheses that link wood 
anatomy to cavitation resistance and hydraulic con-
ductivity in the genus Acer. New Phytol 190:709–723  

     Liu HY, Liao BH, Lu SQ (2004a) Toxicity of surfactant, 
acid rain and Cd2+ combined pollution to the nucleus 
of  Vicia faba  root tip cells. Chin J Appl Ecol 
15(3):493–496  

    Liu HY, Liao BH, Zhou PH, Yu PZ (2004b) Toxicity of 
linear alkylbenzene sulfonate and alkylethoxylate to 
aquatic plants. Bull Environ Contam Toxicol 
72(4):866–872  

    Lobell DB, Field CB (2007) Global scale climate-crop 
yield relationships and the impacts of recent warming. 
Environ Res Lett 2:004000  

     Lopez G, Larrigaudière C, Girona J, Behboudian MH, 
Marsal J (2011) Fruit thinning in ‘conference’ pear 
grown under defi cit irrigation: implications for fruit 
quality at harvest and after cold storage. Sci Hortic 
129(1):64–70  

    Martin D, Vollenweider P, Gunthardt-Goerg MS (2006) 
Bioindication of heavy metal contamination in vegeta-
ble gardens. For Snow Landsc Res 80(2):169–180  

    Martinez JP, Silva H, Ledent JF, Pinto M (2007) Effect of 
drought stress on the osmotic adjustment, cell wall 
elasticity and cell volume of six cultivars of common 
beans ( Phaseolus vulgaris  L.). Eur J Agron 26:30–38  

      Maruthi Sridhar BB, Diehl SV, Han FX, Monts DL, Su Y 
(2005) Anatomical changes due to uptake and accu-
mulation of Zn and Cd in Indian mustard ( Brassica 
juncea ). Environ Exp Bot 54:131–141  

    Matsuhira H, Shinada H, Yui-Kurino R, Hamato N, 
Umeda M, Mikami T, Kubo T (2007) An anther- 
specifi c lipid transfer protein gene in sugar beet: its 
expression is strongly reduced in male-sterile plants 
with Owen cytoplasm. Physiol Plant 129:407–414  

    Matsui T, Omasa K (2002) Rice (Oryza sativa L.) cultivars 
tolerant to high temperature at fl owering: anther char-
acteristics. Ann Bot 89:683–687  

    Matsui T, Omasa K, Horie T (1999) Mechanism of anther 
dehiscence in rice (Oryza sativa L.). Ann Bot 
84:501–506  

    Matsui T, Omasa K, Horie T (2000) High temperature at 
fl owering inhibits swelling of pollen grains, a driving 
force for thecae dehiscence in rice (Oryza sativa L.). 
Plant Prod Sci 3:430–434  

    Melo HC, Castro EM, Soares AM, Melo LA, Alves JD 
(2007) Anatomical and physiological alterations in 
 Setaria anceps  stapf ex Massey and  Paspalum panicu-
latum  under water defi cit conditions. Hoehnea 
34:145–153 (in Portuguese with abstract in English)  

    Miller SA, Smith GS, Boldingh HL, Johansson A (1998) 
Effects of water stress on fruit quality attributes of 
kiwifruit. Ann Bot 81:73–81  

    Monneveux P, Sánchez C, Beck D, Edmeades GO (2006) 
Drought tolerance improvement in tropical maize 

Micromorphomics: A Morphological Dissection to Unveil Environmental Stress



630

source populations: evidence of progress. Crop Sci 
46:180–191  

    Mostajeran A, Rahimi-Eichi V (2008) Drought stress 
effects on root anatomical characteristics of rice culti-
vars (Oryza sativa L.). Pak J Biol Sci 11:2173–2183  

    Murakeozy EP, Nagy Z, Duhaze C, Bouchereau A, Tuba Z 
(2003) Seasonal changes in the levels of compatible 
osmolytes in three halophytic species of inland saline 
vegetation in Hungary. J Plant Physiol 160:395–401  

    Nam NH, Chauhan YS, Johansen C (2001) Effect of tim-
ing of drought stress on growth and grain yield of 
extra-short-duration pigeonpea lines. J Agric Sci 
136:179–189  

    Naor A, Naschitz S, Peres M, Gal Y (2008) Responses of 
apple fruit size to tree water status and crop load. Tree 
Physiol 28:1255–1261  

    Nawaz T, Hameed M, Ashraf M, Al- Qurainy F, Ahmad 
MSA, Younis A, Hayat M (2011) Ecological signifi -
cance of diversity in leaf tissue architecture of some 
species/cultivars of the genus  Rosa  L. Pak J Bot 
432:873–883  

    Nishiyama I (1976) Male sterility caused by cooling treat-
ment at the young microspore stage in rice plants. 
XII. Classifi cation of tapetal hypertrophy on the basis 
of ultrastructure. Proc Crop Sci Soc Jpn 45:254–262  

      Noman A, Hameed M, Ali Q, Aqeel M (2012) Foliar tis-
sue architectural diversity among three species of 
genus  Hibiscus  for better adaptability under industrial 
environment. Int J Environ Sci 2(4):2212–2222  

    North GB, Nobel PS (1992) Drought-induced changes in 
hydraulic conductivity and structure in roots of 
Ferocactus acanthodes and Opuntia fi cus-indica. New 
Phytol 120:9–19  

    North GB, Nobel PS (1995) Hydraulic conductivity of 
concentric root tissues of Agave deserti Engelm. 
Under wet and drying conditions. New Phytol 
130:47–57  

         Ola H, Elbar A, Reham FE, Eisa SS, Habib SA (2012) 
Morpho-anatomical changes in salt stressed Kallar 
grass ( Leptochloa fusca  L. Kunth). Res J Agric Biol 
Sci 8(2):158–166  

    Olmos E, Kiddle G, Pellny TK, Kumar S, Foyer CH 
(2006) Modulation of plant morphology, root architec-
ture, and cell structure by low vitamin C in Arabidopsis 
thaliana. J Exp Bot 57(8):1645–1655  

    Ozores-Hampton M, McAvoy G (2010) What causes 
blossom drop in tomatoes? Tomato Mag 14(4):4–5  

    Pal A, Kulshreshtha K, Ahmed KJ, Behl HM (2002) Do 
leaf surface characters play a role in plant resistance to 
auto-exhaust pollution? Flora 197(1):47–55  

    Pasternak T, Rudas V, Potters G, Jansen MAK (2005) 
Morphogenic effects of abiotic stress: reorientation of 
growth in  Arabidopsis thaliana  seedlings. Environ 
Exp Bot 53(3):299–314  

     Peet MM, Sato S, Gardner RG (1998) Comparing heat 
stress effects on male-fertile and male-sterile toma-
toes. Plant Cell Environ 21:225–231  

     Peña-Valdivia CB, Sánchez-Urdaneta AB, Meza Rangel J, 
Juárez Muñoz J, García-Nava R, Celis Velázquez R 
(2010) Anatomical root variations in response to water 

defi cit: wild and domesticated common bean 
(Phaseolus vulgaris L.). Biol Res 43:417–427  

    Prasad TK (1996) Mechanism of chilling induced oxida-
tive stress injury and tolerance in developing maize 
seedlings: changes in antioxidant system, oxidation of 
proteins and lipids, and protease activities. Plant J 
10:1017–1026  

    Pressman E, Peet MM, Pharr DM (2002) The effect of 
heat stress on tomato pollen characteristics is associ-
ated with changes in carbohydrate concentration in the 
developing anthers. Ann Bot 90:631–636  

      Probst A, Liu H, Fanjul M, Liao B, Hollande E (2009) 
Response of  Vicia faba  L. to metal toxicity on mine 
tailing substrate: Geochemical and morphological 
changes in leaf and root. Environ Exp Bot 
66:297–308  

   Rani V, Ansari MW, Shukla A et al (2013) Fused lobed 
anther and hooked stigma affect pollination, fertiliza-
tion and fruit set in mango: A scanning electron 
microscopy study. Plant Signal Behav 8(3)  

    Reader RJ, Jalili A, Grime JP, Spencer RE, Matthews NN 
(1993) A comparative-study of plasticity in seedling 
rooting depth in drying soil. J Ecol 81:543–550  

    Reddy AR, Chaitanya KV, Vivekanandan M (2004) 
Drought induced responses of photosynthesis and 
antioxidant metabolism in higher plants. J Plant 
Physiol 161:1189–1202  

    Reinhardt DH, Rost TL (1995) Developmental changes of 
cotton root primary tissues induced by salinity. Int J 
Plant Sci 156:505–513  

    Reinoso H, Sosa L, Ramírez L (2004) Salt-induced 
changes in the vegetative anatomy of  Prosopis strom-
bulifera  ( Leguminosae ). Can J Bot 82:618–628  

    Rennenberg H, Herschbach C, Polle A (1996) 
Consequences of air pollution on shoot-root interac-
tions. J Plant Physiol 148:269–301  

    Riederer M, Müller C (eds) (2005) Biology of the plant 
cuticle. Blackwell, Oxford  

    Riederer M, Schreiber L (2001) Effects of environmental 
factors on the water permeability of plant cuticles. J 
Exp Bot 52:2023–2033  

    Robards AWV, Clarkson DT, Sanderson J (1979) Structure 
and permeability of the epidermal/hypodermal layers 
of the sand sedge (Carex arenaria L.). Protoplasma 
101:331–347  

    Rodríguez-Serrano M, Romero-Puertas MC, Pazmiño 
DM, Testillano PS, Risueño MC, del Río LA, Sandalio 
LM (2009) Cellular responses of pea plants to cad-
mium toxicity: cross talk between reactive oxygen 
species, nitric oxide, and calcium. Plant Physiol 
150:229–243  

    Sacks MM, Silk WK, Burman P (1997) Effect of water 
stress on cortical cell division rates within the apical 
meristem of primary roots of maize. Plant Physiol 
114:519–527  

    Sahi SV, Sharma NC (2005) Phytoremediation of lead. In: 
Shtangeeva I (ed) Trace and ultratrace elements in 
plants and soils, series advances in ecological 
researches. Witpress, Southampton/Boston  

T. Talukdar



631

        Sakata T, Higashitani A (2008) Male sterility accompa-
nied with abnormal anther development in plants – 
genes and environmental stresses with special 
reference to high temperature injury. Int J Plant Dev 
Biol 2:42–51  

    Salem MA, Kakani VG, Koti S, Reddy KR (2007) Pollen- 
based screening of soybean genotypes for high tem-
peratures. Crop Sci 47:219–231  

      Sant’Anna-Santos BF, da Silva LC, Azevedo AA, Aguiar 
R (2006) Effects of simulated acid rain on leaf anat-
omy and micromorphology of  Genipa americana  L. 
(Rubiaceae). Braz Arch Biol Technol 49(2):313–321  

    Sarret G, Vangronsveld J, Manceau A, Musso M, Haen J, 
Menthonnex JJ, Hazemann JL (2001) Accumulation 
form of Zn and Pb in  Phaseolus vulgaris  in the pres-
ence and absence of EDTA. Environ Sci Technol 
35:2854–2859  

    Schlüter U, Muschak M, Berger D, Altmann T (2003) 
Photosynthetic performance of an Arabidopsis mutant 
with elevated stomatal density ( sdd1-1 ) under differ-
ent light regimes. J Exp Bot 54:867–874  

     Shah F, Huang J, Cui K, Nei L, Shah T, Chen C, Wang K 
(2011) Impact of high-temperature stress on rice plant 
and its traits related to tolerance. J Agric Sci 
149:545–556  

    Shao HB, Chu LY, Jaleel CA, Zhao CX (2008) Water- 
defi cit stress-induced anatomical changes in higher 
plants. C R Biol 33:215–225  

    Shepherd T, Griffi ths DW (2006) The effects of stress on 
plant cuticular waxes. New Phytol 171:469–499  

    Singh HP, Batish DR, Kohli RK, Arora K (2007) Arsenic- 
induced root growth inhibition in mung bean 
( Phaseolus aureus  Roxb.) is due to oxidative stress 
resulting from enhanced lipid peroxidation. Plant 
Growth Regul 53:65–73  

   Srivastava LM (2001) Plant growth and development. 
Academic, San Diego/London  

    Strogonov BP (1962) Physiological basis of salt tolerance 
of plants. Israel program for Scientifi c Translations, 
Jerusalem (translated from Russian)  

    Tahir MHN, Imran M, Hussain MK (2002) Evaluation of 
sunfl ower ( Helianthus annuus  L.) inbred lines for 
drought tolerance. Int J Agric Biol 3:398–400  

    Talukdar D (2012) Modulation of plant growth and leaf 
biochemical parameters in grass pea ( Lathyrus sativus  
L) and fenugreek ( Trigonella foenum-graecum  L.) 
exposed to NaCl treatments. Indian J Fundam Appl 
Life Sci 2(3):20–28  

      Talukdar D (2013a) Arsenic-induced oxidative stress in 
the common bean legume, Phaseolus vulgaris L. seed-
lings and its amelioration by exogenous nitric oxide. 
Physiol Mol Biol Plants 19(1):69–79  

      Talukdar T (2013b) Fruit microcharacters as potential bio-
markers of arsenic toxicity in a medicinal herb, 
 Wedelia Chinensis  merrill of compositae. Int J Agric 
Sci Res 3(1):143–150  

    Talukdar T (2013c) Cypselas diversity of the tribe 
Cardueae (Asteraceae)-an overview. Lap Lambert 
Academic Publishing, Saarbrücken  

    Tang M, Hu YX, Lin JX, Jin XB (2002) Developmental 
mechanism and distribution pattern of stomatal clus-
ters in  Begonia peltatifolia . Acta Bot Sin 44:384–390  

    Torbaghan ME, Torbaghan ME, Ahmadi M (2011) The 
effect of salt stress on fl ower yield and growth param-
eters of saffron ( Crocus sativus  L.) in greenhouse con-
dition. Int Res J Agric Sci Soil Sci 1(10):421–427  

    Vazquez MD, Poschenrieder CH, Barcelo J (1992) 
Ultrastructural effects and localization of low cad-
mium concentrations in bean roots. New Phytol 
120:215–226  

    Villasante CO, Rellán-Álvarez R, Campo FFD, Carpena- 
Ruiz RO, Hernández LE (2005) Cellular damage 
induced by cadmium and mercury in  Medicago sativa . 
J Exp Bot 56(418):2239–2251  

    Vitória AP, Da Cunha M, Azevedo RA (2006) 
Ultrastructural changes of radish leaf exposed to cad-
mium. Environ Exp Bot 58:47–52  

     Vollenweider P, Ottiger M, Günthardt-George MS (2003) 
Validation of leaf ozone symptoms in natural vegeta-
tion using microscopical methods. Environ Pollut 
124:101–118  

     Vollenweider P, Cosio C, Günthardt-George MS, Keller C 
(2006) Localization and effects of cadmium in leaves 
of a cadmium-tolerant willow ( Salix viminalis  L.). Part 
II Microlocalization and cellular effects of cadmium. 
Environ Exp Bot 58:25–40  

   Von V, Zabka V, Wuppertal A (2007) The plasticity of bar-
ley ( Hordeum vulgare ) leaf wax characteristics and 
their effects on early events in the powdery mildew 
fungus ( Blumeria graminis  f.sp.  hordei ): interactive 
adaptations at the physiological and the molecular 
level. Dissertation, University of Würzburg  

    Walsh GE (1990) Anatomy of the seed and seedling of 
 Spartina alternifl ora  Lois. (Poaceae). Aquat Bot 
38:177–193  

   Wang YY (2006) Occurrence and characterisation of 
superoxide dismutases in the female reproductive 
structures of  Petunia . Dissertation, University of 
Canterbury  

   Webber M, Barnett J, Finlayson B, Wang M (2006) 
Pricing China’s irrigation water. Working Paper, 
School of Anthropology, Geography and 
Environmental Studies, The University of Melbourne, 
Victoria, Australia  

    Wignarajahk D, Jenning H, Handley JF (1975) The effect 
of salinity on growth of  Phaseolus vulgaris  L. 1. 
Anatomical changes in the fi rst trifoliate leaf. Ann Bot 
39:1029–1038  

    Wild A, Schmitt V (1995) Diagnosis of damage to Norway 
spruce ( Picea abies ) through biochemical criteria. 
Physiol Plant 93:375–382  

    Xu Z, Zhou G (2008) Responses of leaf stomatal density 
to water status and its relationship with photosynthesis 
in a grass. J Exp Bot 59:3317–3325  

    Yujing Z, Yong Z, Zizhi H (2000) Studies on microscopic 
structure of  Puccinellia tenuifl ora  stem under salinity 
stress. Grassl China 5:6–9  

    Zhao XZ, Yang YS, Shen ZX (2006) Stomatal clustering 
in  Cinnamomum camphora . S Afr J Bot 72:565–569  

Micromorphomics: A Morphological Dissection to Unveil Environmental Stress



632

    Zinn KE, Tunc-Ozdemir M, Harper JF (2010) Temperature 
stress and plant sexual reproduction: uncovering the 
weakest links. J Exp Bot 61(7):1959–1968  

    Zobel A, Nighswander JE (1991) Accumulation of pheno-
lic compounds in the necrotic areas of Austrian and 
Red Pine needles after spraying with sulphuric acid: a 
possible bioindicator of air pollution. New Phytol 
117:565–574  

    Zubko MK, Zubko EI, Ruban AV, Adler K, Mock HP, 
Misera S, Gleba YY, Grimm B (2001) Extensive 
developmental and metabolic alterations in cybrids 
 Nicotiana tabacum  (+ Hyoscyamus niger ) are caused 
by complex nucleo-cytoplasmic incompatibility. Plant 
J 25:627–639      

T. Talukdar



633D. Barh et al. (eds.), PlantOmics: The Omics of Plant Science,
DOI 10.1007/978-81-322-2172-2_22, © Springer India 2015

     Abstract  

  Many biologists have known that there are 
many groups of microorganisms that, although 
they cannot be cultured, do exist and infl uence 
the life of mammals, plants, and other small 
multicellular organisms. Nowadays, many 
new sequencing techniques have been devel-
oped that, with very high precision, can iden-
tify the presence of these microorganisms and 
how they affect others. The microbiota of 
humans and plants can be studied, and their 
effects on health and growth are becoming 
known using the transcriptome analysis of 
interaction. Life on earth has evolved over bil-
lions of years, and its most initial form—the 
microorganism—has evolved in gradually 
changing environmental conditions. They are 
present everywhere: from high temperatures 
to freezing conditions, in water and in air, on 
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surfaces and in inner cavities. Despite centu-
ries of research, the world of microorganisms 
is not fully known, as only a fraction (0.001) 
of it is able to be cultured, thus leaving a world 
little known to us. Initially, polymerase chain 
reaction (PCR)-based techniques, and later 
16S ribosomal RNA (rRNA) sequences, 
allowed a view into this hidden microbial 
diversity and provided knowledge about 
uncultured microbes. Microbiomic analyses 
made it possible to know about and culture 
members of previously unknown groups of 
certain microbiomes. Similarly, nucleic acid 
probes with fl uorescent labels can identify 
even single cells in situ, and sequence-based 
analyses using random sequencing, as well as 
cloning of complete microbiomes, has facili-
tated the reconstruction of genomes. 
Transcriptomes and proteomes of microbi-
omes have provided microbiologists with 
opportunities to switch from diversity studies 
to that of functional microbiomics. Soil, which 
is essential for plants, is an ocean of microor-
ganisms that affect plants largely through 
roots and on aerial surrounds. The study of 
microbiomics helps in the identifi cation of 
new groups involved in plant diseases from 
the rhizosphere microbiome. The application 
of new groups of microorganisms and their 
interactions are enormous in the fi elds of food, 
human health, and plant health.  

  Keywords  

  Microbiomics   •   Metagenomics   •   16S rRNA 
sequences   •   Rhizosphere microbiomics   • 
  Microscopy  

        Introduction 

 The invention of the microscope is associated 
with the origin and development of the science of 
microbiology. The fi rst view into the microbial 
world was via bacterial cells in 1663, the era of 
Antonie van Leeuwenhoek, who is thought to 
have designed and developed microscopes. For 
over 200 years, ever improving microscopy tech-
niques have enabled microbiologists to study the 

diversity of the microbial world. The fi ndings and 
discoveries of the botanist Ferdinand Cohn are 
undoubtedly important, as he classifi ed bacteria 
and described the life cycle of  Bacillus subtilis  
(Geison  1981 ). Another invention to revolution-
ize the fi eld of microbiology was the concept of 
pure culture—developed by Franz Unger in the 
1850s—which became the standard bacteriologi-
cal technique for microbiology (Drews  1999 ; 
Mazumdar  1995 ). From this point on, the micro-
bial world was divided based on the ability to cul-
ture the microbes. To date, much is known about 
microbes, particularly those that have been cul-
tured, as the ability to carry out the necessary 
quality of work has attracted the attention of sci-
entists. A large number of microbes from a 
microbial community have evolved with plants, 
animals, and humans. The human gastrointestinal 
tract is home to approximately ten times more 
microbial cells than exists in the rest of the human 
body. This large number of microbial cells, with 
more than 1,000 species, constitutes the human 
gut microbiota, and the total number of genes 
present in this microbial community is 100 times 
greater than the genes present in the human 
genome. This has led microbiologists to under-
stand that humans and other macro-organisms 
are not individuals, as commonly thought, but 
instead can be thought of as an ecosystem with 
thousands of species living together. 

 This is a very unusual idea, and some scien-
tists have taken the lead in the last decade with 
unique sampling techniques required for this 
concept, which differ from traditional sampling 
methods. With the invention of new sequencing 
techniques and very high computational powers, 
some results are convincing the world of this new 
idea of the co-evolution of microbes and 
 macroorganisms as one ecosystem. Microbiomics 
has evolved as the study of all the genomes of the 
microorganisms present in an ecosystem. It is 
quite complicated to differentiate the terms from 
an ecological to a microbiological and molecular 
biology perspective; the defi nitions themselves 
are the subject of hot debate. ‘Microbiome’ has 
been defi ned as being all the genomes (or genes) 
and the interactions of microorganisms present in 
a particular ecosystem, while ‘microbiota’ means 
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all the microorganisms present in an ecosystem. 
With the understanding of the concept of metage-
nomics, many new genus and species have been 
identifi ed using new-generation sequencing and 
computational techniques; this has given rise to 
some commercially important strains used to 
treat human gut problems. Plant surfaces are sur-
rounded by diverse microorganisms that affect 
them in different ways: some can improve plant 
health, while some have the potential to reduce 
attacks from and incidences of diseases and 
insect pests. Soil can be described as an ‘ocean’ 
of microbes that largely affect plant roots. 
Development of suppressiveness in soil to plant 
pathogens can be improved by understanding the 
microfl ora present in the rhizosphere. Water eco-
systems are severely impacted by agricultural 
pesticides and industrial effl uents; microorgan-
isms have developed the capacity to degrade 
these pollutants, and this capacity has been 
improved by transferring the trait into more effi -
cient native microbes, especially bacteria. 

 There is great potential in the area of micro-
biomics in terms of human health and potentially 
in agricultural and environmental sciences. The 
area is growing rapidly from its infancy and 
expanding quickly.  

    Non-culturable Microorganisms 

 Culturing methods are very effi cient for provid-
ing information about defi nite groups of cultured 
microorganisms, providing detailed information 
about specifi c behaviors and characteristics of 
microbes in culture. The uncultured world of 
microorganisms somehow did not gather as much 
attention, possibly because of the ease in working 
with, and the level of information coming from, 
cultured microorganisms. Microbial physiology 
and genetics was developed with the tamed 
model microorganisms, and also opened doors to 
new dimensions for many aspects of biological 
processes. This was the phenomenon up to the 
middle of the 1980s. Some believed in the con-
cept of unculturable microorganisms (Staley and 
Konopka  1985 ). Estimates for total counts of 
microbes in a population via microscope and 

dilution plate techniques differed, and in some 
cases this difference appeared very large. Grimes 
et al. ( 1986 ) observed differences of as much as 
four to six times between the plate count method 
and the estimation of viable cells using acridine 
orange dye staining. Similarly,    Torsvik and 
Ovreas ( 2002 ) found only up to 1.0 % of bacteria 
were culturable from soils using the standard cul-
ture media under normal conditions. The work of 
Brock and colleagues on uncultured microorgan-
isms was some signifi cant evidence in the line of 
uncultured members of the microbial community 
from Yellowstone hot springs. Many bacteria did 
not grow on culture media, and cultured bacteria 
did not refl ect their physiological activities in 
their ecological niche. The Yellowstone hot water 
spring is characterized by particularly hot water, 
and many of the bacteria present had adapted to 
the high temperature (which was higher than the 
melting point of agar used in media for solidifi ca-
tion); hence, such bacteria were not cultured on 
media. These conditions led to the application of 
some innovative techniques: Brock immersed the 
glass slides in the spring for different lengths of 
time and observed them under a microscope. He 
also used fl uorescent antibodies against the 
known cultured bacteria, which he thought might 
suppress the uncultured bacteria (Bohlool and 
Brock  1974 ; Bott and Brock  1969 ; Brock  1967 ). 
This technique was very successful in estimating 
the population sizes and growth rates of all com-
munity members. Brock and colleagues found 
that strains of  Sulfolobus  can grow, even at lower 
temperatures (Mosser et al.  1974 ). They also 
identifi ed candidates responsible for photosyn-
thesis in the hot spring; covering the spring led it 
to lose its pink color, which refl ected that 
 Synechococcus —a bacterium that is usually pink 
in culture—was actually responsible for the pho-
tosynthesis (Brock and Brock  1968 ). Further evi-
dence for the uncultured world came from the 
work of Whang and Hatori ( 1988 ), who studied 
oligotrophs and found that longer culture incuba-
tion can improve the growth of certain microor-
ganisms in culture. 

 Food, when infected with some pathogenic 
microorganisms can become lethal. The food 
industry faces this very challenge while trying to 

Microbiomics: An Approach to Community Microbiology



636

maintain quality. Some human pathogenic organ-
isms living on food cannot be cultured until they 
face some stress, such as hot or cold temperatures 
or moisture stress (Dahl and Pestka  1985 ). The 
idea of living and infectious microorganisms that 
were nonetheless not able to be cultured comes 
from the work of Colwell and colleagues, who 
showed that strains of  Vibrio cholera  were viable 
and able to cause disease but were unable to be 
cultured until they had been passed from the 
mammalian intestine (mouse or human) (Colwell 
et al.  1990 ; Colwell and Grimes  2000 ). 

 Many such results and advances in technology 
make it easier for scientists to understand uncul-
turable microbes. Along the same vein was the 
discovery of the diversity of soil bacteria using 
DNA–DNA re-association. This work showed 
that the diversity of bacteria in soil was 100 times 
greater and more complex than was thought with 
standard culturing techniques (   Torsvik et al. 
 1990 ). Further important work proved that gas-
tric ulcers and cancers could be caused by 
 Helicobacter pylori . This bacterium was known 
to exist in the gastric mucosa of dogs in 1893 and 
confi rmed in humans in 1906. In 1938, the cor-
relation between peptic ulcers or cancers and the 
presence of bacteria was observed, but it was 
only in the mid-1980s, when  H. pylori  was cul-
tured, that its role with disease was established 
(Doenges  1938 ; Marshall et al.  1985a ,  b ). The 
culturing of  H. pylori  occurred accidently when 
plates were incubated for 5 days instead of 3 
(Buckley and O’Morain,  1998 ). All the facts and 
fi ndings of many workers have led to the idea that 
there are many hidden natures to uncultured 
microorganisms, and their association with some 
physiological effects and diseases are still 
unknown. The culturability of a population of 
microorganisms can enhance our understanding, 
but it cannot represent the vast diversity and their 
effects on human and related activities. 

    Identifi ng the Taxa 

    In Situ Hybridization (Fluorescent 
Probes) 
 Identifi cation of a group of microorganisms or 
any particular species from a population at some 

time becomes very important. Using fl uorescent 
probes for specifi c sequences of DNA from a 
group or species helps in identifi cation and quan-
tifi cation of the group or species from other 
members of a population. This is a culture- 
independent technique and needs some prior 
information on specifi c genomic sequences of 
organisms. Fluorescent in situ hybridization 
(FISH) requires small subunit (SSU) ribosomal 
RNA (rRNA) oligonucleotide probes; this 
method combines both SSU rRNA probe hybrid-
ization with fl uorescent microscopy, which helps 
in quantifi cation of microbes and their specifi c 
importance in the population. Use of FISH is 
increased in the area of gastrointestinal tract stud-
ies, where a large microbial community is not 
culturable and their relative proportion is not 
understood. The bacterial genera  Bacteroides , 
 Bifi dobacterium ,  Streptococcus ,  Lactobacillus , 
 Collinsella ,  Eubacterium ,  Fusobacterium , 
 Clostridium ,  Veillonella ,  Fibrobacter , and 
 Ruminococcus  have been quantifi ed with the help 
of this technique (Schwiertz et al.  2000 ; Harmsen 
et al.  2002 ; Harmsen and Welling  2002 ). This 
technique is combined with automated computer-
ized systems and has been used mainly to learn 
the proportion and presence of major bacteria in 
the human gastrointestinal tract (Amann et al. 
 1990 ; Jansen et al.  1999 ). 

 This technique is very powerful in addressing 
some ecological issues; it can identify subpopu-
lations, give community structure, there is no 
need to grow the organisms, and it can give a cell 
population count (Vaughan et al.  2000 ). The 
addition of cytometry to FISH has now improved 
the automation of cell counting in samples of the 
gastrointestinal tract; this will sort the microbes, 
particularly bacteria, and will be further used for 
diversity studies (Wallner et al.  1997  and 
Zoetendal et al.  2002 ).  

    16S rRNA 
 Many of the sequenced genes and other portions 
of genome vary among species. Horizontal trans-
fer, multiple copies of a genomic fragment or 
genes, or ambiguous rDNA markers make the 
concept of species confusing with overlapping 
information (Achtman and Wagner  2008 ). In 
practice, a sequence similarity cut-off of 95.97 or 
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99 % is often used, and the resulting groups are 
assumed to be identical and are referred to as an 
operational taxonomic unit (OTU) or phylotype. 
In microbiome studies, these OTUs are of equal 
importance to species, as information about spe-
cies is usually not available (OTUs as a similar 
genome). Assigning the sequence to a particular 
OTU is referred to as ‘binning’, and this is car-
ried out using unsupervised clustering of similar 
sequences (Schloss et al.  2009 ; Schloss  2010 ). 
The data are trained to assign the sequences to 
taxonomic bins using any method of mutation 
rate incorporation, establishing evolutionary 
relationship, or supervised methods (Wang et al. 
 2007 ). 

 Biological analyses can be performed using 
computational tools, as the binning process treats 
individual OTUs as a separate class and each 16S 
sequence is assigned as a bin to a taxonomic cat-
egory, thus a microbiome can be presented as a 
histogram of assigned bins (Hamady and Knight 
 2009 ). These histograms can be converted to 
binary codes on the basis of the presence or 
absence of a particular bin and studied in other 
communities and related microbiomes. Bins or 
OTUs will not appear outside specifi c microbi-
omes, thus this approach is typically most useful 
for low-complexity microbiomes or where OTUs 
are well designated with their specifi city. 
Boinformaticians can use the histogram of 16S 
sequence data to analyse the microbiome to com-
pare two related communities; this information 
can be used for principle component analysis to 
identify the source of signifi cant variance and 
correlation with community characteristics 
(Lozupone and Knight  2005 ; Johnson and 
Wichern  2007 ; Gianoulis et al.  2009 ). DeLong 
and colleagues identifi ed a 40 kb fragment in 
their clones of prokaryotic libraries from sea 
water. That clone was from an archaebacteria that 
had not been previously cultured. Similar studies 
were also conducted using soil, but incurred dif-
fi culties related to DNA integrity during the 
extraction process and purifi cation from soil 
samples, although this can produce results simi-
lar to those with sea water samples (Berry et al. 
 2003 ; Courtois et al.  2003 ). 

 Information produced by 16S RNA signatures 
has intensifi ed efforts to culture uncultured bac-

teria, and identify new bacterial genera and spe-
cies. This has been facilitated using fl uorescent 
probes in the microbiome. Some members of 
SAR11 clade from sea water were cultured only 
after getting information about their presence 
using the 16S rRNA sequences; these are termed 
genus  Pelagibactor . This genus is found in abun-
dance in sea water surfaces, as they form one- 
third of all prokaryotic cells from sea water 
(Rappe et al.  2002 ; Cho and Giovannoni,  2004 ). 
SAR11 members (the Pelagibactors) correspond 
to the  Acitobacteria  phylum found in soil, which 
comprise 20–30 % of the microbiome based on 
16S rRNA sequence analyses, and only three 
members have been cultured from soil microbi-
ota (Sessitsch et al.  2001 ; Smit et al.  2001 ; 
Janssen et al.  2002 ; Sait et al.  2002 ). Information 
gained from culture-independent methods shows 
the presence of more genus and species in soil 
and water microbiota. More intensive study is 
needed to culture more microorganisms, espe-
cially to culture more members of  Acidobacteria  
(Lorenz et al.  2002 ). 

 Besides identifying new genera and species of 
microorganisms, 16S rRNA sequence analyses 
also help identify new genes into the known and 
unknown microbes. Sequence of a gene that was 
associated with the Proteobacteria was a 
bacteriorhodopsin- like gene. This gene product 
was a photoreceptor that was earlier thought to be 
associated only with  Archaea  (Stein et al.  1996 ; 
Beja et al.  2001 ). Sequence data from phyloge-
netic marker data provide information about the 
physiological behavior of less complex microbi-
ota. Contrary to this is the method of sequence 
random clones, which provide deep information 
when carried out on a large scale. Phylogenetic 
markers used as initial identifi ers and for taxo-
nomic information from DNA fragments with 
some important genes are lesser in number; as 
more genes are sequenced and cloned they will 
provide more information and thus will increase 
the available markers (Tyson et al.  2004 ; Venter 
et al.  2004a ,  b ).  

    Community Sequencing 
 Community diversity analyses were possible 
with modern high-throughput techniques, mostly 
carried out for uncultured microbes. 
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Metagenomics is considered the study of the 
combination of all the high-throughput studies 
with microbiota. Among them, the most useful is 
whole metagenome shotgun (WMS) sequencing 
of community microbiomes (Chen and Pachter 
 2005 ). The most exciting information from WMS 
sequencing has come from studies of the human 
gut microbiome and its role in obesity, energy 
utilization, and physiological disorders 
(Turnbaugh and Gordon  2008 ). Similar to 
metagenomes of the human gut, WMS sequenc-
ing, human stool metatranscriptomics, and 
medium-throughput human gut metaproteomics 
has provided important information on the rela-
tionship between the human body and its micro-
biota (Poretsky et al.  2009 ; Shi et al.  2009 ; Li 
et al.  2011 ; Booijink et al.  2010 ; Giannoukos 
et al.  2012 ). This technique is good for any het-
erogeneous population, and the low frequency in 
population and biasness of the 16S rRNA- 
sequencing methods has no infl uence (Sogin 
et al.  2006 ). Leavue and Tech ( 2011 ) studied the 
leaf and fruit surfaces of grapes using 16S rRNA 
gene sequencing. Findings indicate that the 
V5-36 V6 regions of the bacterial 16S rRNA 
gene do not always offer suffi cient resolution to 
assign sequences at the species level. These stud-
ies have opened new horizons for understanding 
the physiological and functional association of 
certain types of genes found in abundance and 
reconstruction of genomes of organisms that 
were not able to be cultured.   

    Interaction Molecules/Proteome 

 A vast variety of new genes are present in the 
microbiome and interacting with the other pro-
teins produced by members of the community. 
‘Metatranscriptomics’—a fi eld very similar to 
metagenomics—uses sequences of reverse- 
transcribed RNAs; extending this up to the quan-
tifi cation of protein level is ‘metaproteomics’, 
while ‘metabolomics’ deals with the investiga-
tion of small metabolites (Turnbaugh and Gordon 
 2008 ; Verberkmoes et al.  2009 ; Li et al.  2011 ). 
These fi elds are in the very early stages of devel-
opment and use technologies that are almost sim-

ilar to those used by their cultured counterparts. 
Comparable computational approaches are to be 
used for the analyses of sequence data of a com-
munity and its interaction under certain environ-
mental conditions; translational metaomics 
studies are greatly infl uenced by their host envi-
ronment. The most studied environment is the 
human gut; the community structure changes 
with time and with the food habits of the indi-
vidual (Nicholson et al.  2005 ; Dethlefsen and 
Relman  2010 ). The microbiota are thus very 
changeable, as they change metagenomically 
within hours and metatranscriptionally within 
minutes to responses against antibiotics and 
meals (Booijink et al.  2010 ; Dethlefsen and 
Relman  2010 ). The phenotypes that are easily 
affected by the response of the metagenome have 
great potential in pharmaceuticals, where the 
effectiveness of drugs may be affected by the 
microbiome in the individual’s gut. The prebiot-
ics and probiotics that lead to the growth of ben-
efi ciary microbes have a range of nutrients to be 
studied, depending on the climate and infectious 
disease in the human population of the particular 
locality (Jia et al.  2008 ; Guarner and Malagelada 
 2003 ). The interaction effects of microbes on 
human health were well documented before the 
development of microbiomics; Nobel prize win-
ner Ilya Mechnikov named the yogurt-producing 
bacterium  Lactobacillus bulgaricus  based on the 
fact that yogurt-consuming Bulgarians had lon-
ger life spans than non-consumers. Recent fi nd-
ings now support the effect of probiotics on 
human health (Garrett et al.  2010 ; Martin et al. 
 2008 ). Antibiotics affect the microbiota of the 
colon, and some disease-causing bacteria, such 
as  Clostridium diffi cile , are able to maintain the 
population from a very low initial spore count. A 
patient with  C. diffi cile  infection underwent fecal 
transplant from her husband and fi nally recov-
ered the very next day. Metagenomic study 
revealed that a new microbial community was 
restored, with its taxonomic variable members. 
Thus, the human microbiota needs to be studied 
with reference to its interaction to different fac-
tors such as medicines, food, local hygiene, and 
climate. It requires continued experimentation 
and strong bioinformatic support to reveal the 
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biological questions arising from interaction of 
these microbial communities; that information 
may be helpful in the clinical treatment of indi-
vidual patients based on specifi c requirements 
(Khoruts et al.  2010 ; Borody  2000 ).   

    Culture-Independent Diversity 

    Diversity Unknown 

 Microbiota are of interest for research due to 
their effect on the immunity of the host organism, 
in turn infl uencing the health and frequency of 
disease in a population. Vice versa, the health of 
an organism also changes the frequency of micro-
bial communities. For example, different places 
in the body vary in the type and frequency of the 
associated microbes found. On the surface of 
human skin, the very few genera present are 
dominated by Propionibacterium; the human 
nasal cavity has relatively more genera, with a 
higher proportion of Corynebacterium. 
Streptococcus is dominant among the several 
hundred genera present in the oral cavity. The gut 
hosts over 500 genera, with microbial density as 
high as 10 11  microbial cells per gram tissue. 
Despite that decades have passed since the dis-
coveries about the importance of gut microfl ora, 
these communities are still not well understood. 
Microbiome present on human skin play an 
important role in resistance against infection 
caused by Staphylococcus spp. Vaccination pro-
grams against pneumococcus changed after 
knowledge was gained about the effect of nasal 
microbial communities on infectious bacterium. 
Another example is the extreme dysbiosis that 
occurs in cystic fi brosis and leads to pathogenic 
infection (Grice et al. 2009; Morgan and 
Huttenhowr  2012 ). Microbial communities asso-
ciated with the human body have a great infl u-
ence on the health of individuals. The diversity of 
microbiota and its infl uence on human physiol-

ogy are areas of research to understand the mean-
ing of their association with humankind.  

    Culture Independent 

 In addition to providing a universal culture- 
independent means to assess diversity, 16S rRNA 
sequences also aid in culturing efforts. 
Microorganisms need specifi c conditions to 
grow, which they get readily in their natural envi-
ronment; in culture-level conditions they might 
be recalcitrant for several reasons. Some microbes 
need symbiotic partners, and absence of such 
partners inhibits their growth. Specifi c nutrient 
requirements or surfaces needed to grow may be 
limiting in some cases. Inhibitory compounds 
and a combination of temperature, pressure, or 
atmospheric gas can also be responsible for the 
unculturable nature of some microbes. Slow 
growth rates and negative feedback of some 
metabolites in culture, or rapid dispersion from 
colonies, are reasons for non-competitiveness in 
the culture (Simu and Hagstrom  2004 ). Getting 
the testing conditions right for a microorganism 
is critical as well as very laborious and challeng-
ing for the scientist. This can be achieved only 
with the availability of correct quantitative 
assays.   

    Human Microbiomics 

 The human body is known to be dominated with 
billions of microbial cells, with great variability 
in number and taxonomical aspects. Some are 
very well studied, while, for many others, we 
continue to have no knowledge of their existence 
and physiological behavior. The human 
 gastrointestinal tract is studied largely as com-
pared with other cavities and surfaces with 
respect to microbiota. Experiments have proven 
that some issues related to human health are 
infl uenced by microbiota. Obesity is treated as a 
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disease infl uenced by genetics and personal hab-
its; however, Ley ( 2010 ) demonstrated a large 
change between the microbiota of obese wild-
type and non-obese mice and confi rmed that, in 
gnotobiotic mice, the phenotype was transferable 
with the transfer of microbiota. Reduction in 
 Bacteroidetes  and a simultaneous increase in 
 Firmicutes  was found to be a major change 
between two distinct individuals (Turnbaugh 
et al.  2006 ). Shifts of this functional correlation 
with obesity were observed with functional 
metagenomics, and relate to the capacity of 
microbiota to utilize energy and control fat stor-
age. The underlying molecular mechanism is yet 
to be proved; experimentation can provide infor-
mation about whether this association was mere 
correlation or could be used in clinical treatment 
(Turnbaugh et al.  2009 ). 

 Like obesity, a community of great impor-
tance once the functional mechanism was under-
stood was the formation of biofi lm in the mouth 
cavity that leads to formation of dental cavities or 
periodontitis. The microbiota of oral tissues and 
oral saliva was studied and it was found that the 
interaction of tooth enamel with microbiota var-
ied, as this interaction changed with the cleaning 
of the teeth. The complexity of the microbiota 
was re-established from nothing; fi rst in coloni-
zation were  Streptococci , which consisted of 
some adhesions and receptors that help in stick-
ing to the bare surface of the tooth, subsequently 
supporting the binding of a variety of microbes. 
These bacteria were supported by  Vellonella  and 
 Actinomyces  sp., which led to the development of 
a local environment favorable to  Fusobacterium  
and  Porphyromonas . This entire process was 
mediated by metabolic dependencies of bacterial 
taxa on each other, surface recognition, and cell-
to- cell physical interactions (and intercellular 
signaling), thus providing a suitable niche for 
bacteria to evolve a complex microbiota within 
hours. Intensive computational and experimental 
work is needed to understand the community 
function in this kind of system evolvability 
(Nasidze et al.  2009 ; Zijnge et al.  2010 ; 
Hehemann et al.  2010 ). 

    Second Human Genome 

 The human genome sequencing project provided 
great insight into molecular-level understanding 
of the functions of and interactions between 
genes. Assuming the average size of a bacterial 
genome is approximately 3 Mb, the human intes-
tine hosts a genome equal to its own total genome. 
Another human genome is functionally more 
active due to the high gene density, thus interact-
ing effects are more intense and clinically impor-
tant. Estimation of this microbial genomic 
content in the human population should consider 
that the microbiota of the individual person and 
the communities inside change greatly with the 
human population or individuals.   

    Plant Microbiomics 

    Crop Microbiomics 

    Phylloplane Microbiomics 
 The upper half of plants are exposed to all taxa of 
fungi, bacteria, and yeast that readily colonize 
the aerial parts of plants. Knowledge of the 
microbiota of plant surfaces like phylloplane 
(leaf surfaces) and the fruit surface has been 
based on culturing methods and, thus, very lim-
ited information was available. Techniques such 
as denaturing gradient gel electrophoresis and 
sequencing of 16S rRNA genes improved the 
understanding of these plant surfaces. Now it is 
realized that these microbial communities are 
more complex, and far less is depicted through 
experimentations about the effect of factors such 
as environment, type of plant, and microbiota in 
the aerial surface (Leveau  2009 ; Delmotte et al. 
 2009 ; Redford et al.  2010 ; Hunter et al.  2011 ). 
Microbial compositions of the phylloplane pro-
vide insight into protecting the plants from vari-
ous diseases and insects and help in improving 
plant health. Leveau and Tech ( 2011 ) studied the 
leaf and fruit surfaces of grapes using 16S rRNA 
gene sequencing. They used eight leaves and two 
berries as samples and extracted the microbial 
DNA from their surfaces. A maximum of 
 prokaryotic sequences (53.3 %) were assigned to 
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the group Protobacteria, followed by  Firmicutes  
(15.1 %), Bacteriodetes (10.1 %), and 
Actinobacteria (8.0 %). Among them, approxi-
mately half were from 297 genera that were 
already known and dominated by the following 
ten genera:  Sphingomonas ,  Hymenobacter , 
 Bacillus ,  Pseudomonas ,  Skermanella ,  Leuconostoc , 
 Massilia ,  Methylobacterium ,  Cellvibrio , and 
 Curtobacterium . They also found that 67 % of ran-
dom sequences from  Pseudomonas  I originated 
from grape leaves and two were identical to the 16S 
rRNA gene from  P. caricapapayae ; ten sequences 
were identical to the 16S rRNA genes from  P. 
rhizosphaerae  and  P. abietaniphila , and one was 
identical to the 16S rRNA genes from the 
Pseudomonas species  fl uorescens ,  corrugata , 
 chlororaphis ,  lini ,  congelans ,  tremae ,  kilonensis , 
 frederiksbergensis ,  thivervalensis ,  migulae ,  jes-
senii ,  cedrella ,  veronii , and  mandelii . This vast 
diversity present on the surface has a full scope 
for their effect on plant health and survival. 

   Plant Health 
 Aerial plant surfaces are full of microfl ora and 
they do take part in utilization of different sub-
strates. During development of the plant, these 
organisms may provide some of the nutrients; 
after the plant has matured, they can go with the 
produce and start interacting among them for uti-
lization of substrates and can change the quality 
of produce. Some grape fruit processes are 
affected by fruit and leaf surface microorgan-
isms. Vinifi cation may encounter interference by 
some spoilage bacteria such as  Acinetobacter , 
 Lactobacillus ,  Oenococcus , and  Pediococcus  
(Bartowski  2009 ) and may create the aroma of 
berries (Verginer et al.  2010 ) or affect wine pH 
(Bartowski  2009 ). The wine industry chose to 
have some natural microfl ora for ethanol produc-
tion (Varela et al.  2009 ). 

 Phylloplane microbiota interact with one or 
more members of the ecosystem; these activities 
(benefi cial or deleterious) directly affect the 
health of the plant. Understanding the composi-
tion of the microbial community may provide 
insight to enable better care of crops and result in 
more profi ts for growers.  

   Disease Resistance 
 Competition and biocontrol activities are impor-
tant mechanisms which take place in reducing 
diseases on the plant. Many fungal and bacterial 
genera present on the leaf surfaces are known to 
have biocontrol activities. A foliar pathogen of 
vineyards with a history of causing losses is  
 Erysiphe necator . This pathogen causes powdery 
mildew of grapes, a very important commercial 
crop worldwide (Pearson and Goheen  2008 ). 
Dimakopoulou et al. ( 2008 ) showed that other 
microbes from the ecological community were 
responsible for protection against foliar patho-
gens including powdery mildew pathogen. 

 The importance of trunk bark as a potential 
source of inoculums for leaves and fruits of 
grapes should also be considered. They are physi-
cally very close to each other and may even come 
into direct contact.  Uncinula nector , a pathogenic 
fungus of the grape berry, was isolated from the 
bark of grape vines (Behar et al.  2008 ; Cortesi 
et al.  1997 ; Grove  2004 ).  Botrytis cinerea, 
Fusarium laterium, Penicillium  spp.,  Phomopsis 
viticola   (Munkvold and Marois  1993 ; Barata 
et al.  2012 ), and the yeast-like fungus 
 Aureobasidium pullulans  are known for their 
biocontrol activities on grape berry pathogens   . 
Based on 16S rDNA sequence analysis, the 224 
isolates were assigned to a specifi c genus, with a 
classifi cation threshold above 98 %. The fre-
quency of genera and species vary from type of 
sample and time of sampling. However, there 
were similarities in the diversity and abundance 
of isolates from each ecosystem. A total of 24 dif-
ferent genera were identifi ed and the strains 
belonged to six different bacterial classes (alpha-, 
beta-, and gamma-Proteobacteria, Actinobacteria, 
Clostridia, and Bacilli). The most common and 
abundant genera were Pseudomonads, which 
may play a role in biocontrol activity (Martins 
et al.  2013 ).   

    Root Rhizosphere Microbiomics 
 The microbial community in the vicinity of plant 
roots is important for the functioning of the plant; 
it can improve the uptake of nutrients by the plant 
and provide protection against pathogen and 
insect attacks. Microbiological studies in the soil 
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environment are hampered by the fact that the 
largest proportion of soil bacteria cannot yet be 
cultured (Doornbos et al.  2012 ). Moreover, evo-
lution in the science of metagenomics with 
modern- day sequencing technologies depicts an 
improved picture of the microbial community 
and its activities in the rhizosphere (Hirsch and 
Mauchline  2012 ). Microbial activities in com-
plex environments such as the rhizosphere are yet 
to be exposed, as very little information is avail-
able for rhizosphere microbiota of different crop 
species. Functional microbiomics may reveal 
some of the concepts of interactions in the rhizo-
spheric environment (Jansson et al.  2012 ). The 
new knowledge of rhizospheric microbiome 
activities will provide tools for manipulating the 
environment to achieve the genetic potential of 
crops by improving crop health (Bakker et al. 
 2013 ). 

   Plant Health 
 Soil microorganisms are chemotactically 
attracted to plant root exudates, after which they 
proliferate in this carbon-rich environment 
(Lugtenberg and Kamilova  2009 ). Carbon limita-
tion could be demonstrated in bulk soil but not in 
the rhizosphere using  Pseudomonas fl uorescens  
strains carrying carbon-limitation reporter sys-
tems (Koch et al.  2001 ). Different plant species 
have their own confi guration of exudates and 
nutrient uptake from soil; different plant species 
are expected to have different rhizospheric micro-
biota. Indeed, plant-specifi c microbial communi-
ties could be isolated from roots in studies 
comparing, for example, wheat, ryegrass, bent-
grass, and clover (Grayston et al.  1998 ), or wheat 
and canola (Germida et al.  1998 ). Further, plant 
species-specifi c rhizosphere populations could 
be isolated within a specifi c bacterial group such 
as fl uorescent  Pseudomonas  spp., (Lemanceau 
et al.  1995 ). More recent studies, in which the 
rhizosphere microbiomes were characterized 
based on direct extraction of total community 
DNA, also provide strong evidence for plant 
species- specifi c microbiomes (Kirk et al.  2005 ; 
Inceoglu et al.  2013 ). The roots of wheat, maize, 
rape, and barrel clover were shown to carry dif-
ferent bacterial communities as a consequence of 

assimilation of root exudates (Haichar et al. 
 2008 ). Bacterial community structures in fi eld- 
grown potato rhizospheres were affected by the 
growth stage of the plant (Inceoglu et al.  2013 ). 
Further, at the genotype level within a plant spe-
cies, specifi city of the rhizosphere microbiome 
has been described (Weinert et al.  2011 ). Micallef 
et al. ( 2009 ) used  A. thaliana  and showed that the 
rhizosphere of this model plant mediates a sig-
nifi cant change in the bacterial community rela-
tive to the bulk soil. The rhizosphere effect was 
illustrated by comparing rhizosphere bacterial 
communities of tobacco and  A. thaliana  grown 
on a potting and a clay soil. Total bacterial counts 
on 1/10 strength tryptic soy agar (TSA) and 
counts of fl uorescent pseudomonads on King’s 
medium B agar (KB) in bulk soil and in the rhizo-
spheres of  A. thaliana  Col-0 and tobacco were 
recorded. The rhizosphere effect was exemplifi ed 
by the observation that numbers in the rhizo-
sphere were about 10- to 100-fold higher than the 
numbers in bulk soil for both plant species. In 
 Pseudomonas , specifi c denaturing gradient gel 
electrophoresis (DGGE) profi les were shown and 
compared in a redundancy analysis. For both 
tobacco and  A. thaliana , rhizosphere 
 Pseudomonas  communities differed from those 
in the bulk soil, and the communities differed 
between the plant species. The  A. thaliana  root 
microbiome has been described in detail using 
pyrosequencing of 16S rRNA gene amplicons 
(Bulgarelli et al.  2012 ; Lundberg et al.  2012 ). 
Whereas differences between bacterial commu-
nities in bulk soil and the rhizosphere were 
observed in these studies, their focus was on the 
endophytic compartment. Inside the root, the 
microbiome clearly differed from the bulk soil 
and was enriched in Actinobacteria and 
Proteobacteria (Bulgarelli et al.  2012 ).  

   Disease Resistance 
 The type of plant species also affects the rhizo-
spheric microbiota; roots select or attract a spe-
cifi c set of microbes and decide their frequencies. 
Under the infl uence of some disease-causing 
pathogens, plants act selectively to attract spe-
cifi c microorganisms, particularly bacterial spe-
cies, into its rhizosphere. This is most clearly 
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observed in so-called disease-suppressive soils, 
in which disease will not develop despite the 
presence of a virulent pathogen and a susceptible 
plant. 

 Suppressiveness for plant diseases in soil is 
thus due to the presence of specifi c microfl ora in 
the rhizosphere; only under heavy inoculum load 
and favorable conditions may disease appear 
(Mazzola  2002 ). A well studied example was 
take all decline (TAD), which developed in con-
tinuous wheat cultures after a severe outbreak of 
the take-all disease caused by  Gaeumannomyces 
graminis  var.  tritici . This suppressiveness can be 
transferred to other disease-conducive soils for 
TAD disease in wheat, and the application of heat 
treatment to suppressive soil will cause it to lose 
its ability to reduce the disease. Under continu-
ous wheat cropping, a specifi c group of fl uores-
cent pseudomonads that produce 
2,4-diacetylphloroglucinol (DAPG) was enriched 
in the rhizosphere, and these bacteria appeared to 
be responsible for TAD (Raaijmakers and Weller 
 1998 ). Additional bacterial taxa that may be 
involved in TAD had more recently been identi-
fi ed using 16S rRNA-based techniques (Weller 
et al.  2002 ; Schreiner et al.  2010 ). Mavrodi et al. 
( 2012 ) studied the plant-specifi c preferences for 
bacteria under disease conditions and their effect 
on reducing the disease. They observed that, 
under irrigation, the wheat rhizosphere recruited 
DAPG-producing pseudomonads, whereas, 
under dry conditions, phenazine-producing pseu-
domonads were recruited. This observation was 
correlated with the two different pathogens of 
wheat, one favoring the irrigated conditions ( G. 
graminis  var.  tritici ) and the other a pathogen that 
perpetuates and is more infectious under dry con-
ditions ( Rhizoctonia solani ).  G. graminis  var. 
 tritici  was found to be more sensitive to DAPG 
produced by pseudomonads under irrigated con-
ditions, whereas  R. solani  was sensitive to the 
phenazine, a chemical produced by pseudomo-
nads under dry conditions. Thus, under suppres-
siveness, plants select the microbiota favoring 
plant growth by inhibiting pathogen growth. For 
other soil-borne pathogens, specifi c compounds 
that suppress pathogen growth were also found in 
the soil and root zone of the plant. In  Fusarium  

wilt of crop plants, the suppressive soil zone was 
rich in active phenazines produced by pseudomo-
nads; the effi cacy was increased with the syner-
gistic effect of non-pathogenic  Fusarium  spp. 
competing for nutrients in the suppressive zones 
(Mazurier et al.  2009 ). The presence of microbial 
consortia in suppressive soils was reported from 
some of the disease-suppressive soils. In the 
potato, a unique frequency of members of rhizo-
spheric microbiota was recorded in potato com-
mon scab suppressive soils (Rosenzweig et al. 
 2012 ). In tobacco, black root rot disease is caused 
by the fungus  Thielaviopsis basicola ; the consor-
tia of bacterial genera of  Pseudomonas , 
 Azospirillum ,  Gluconacetobacter ,  Burkholderia , 
 Comamonas , and Sphingomonadaceae was 
observed in high proportions in the root rot- 
suppressive soils as compared with disease- 
conducive soils (Kyselkova et al.  2009 ). Plants 
bring a consortia of antagonists into the rhizo-
sphere under disease-conducive conditions as 
compared with disease suppressiveness. Mendes 
et al. ( 2011 ) identifi ed some such groups in the 
rhizosphere of sugarbeet against the pathogen  R. 
solani . They used PhyloChip analysis in  R. 
solani- suppressive and -conducive soils, and 
were able to identify more than approximately 
33,000 bacterial taxonomic groups out of 60,000 
tested. Finally, they sorted 17 taxa, including 
members of β-proteobacteria, γ-proteobacteria, 
and the fi rmicutes fi rmly related to soil suppres-
siveness. Not only do plants have preferential 
selection of microbiota in the rhizosphere, there 
is also a change in expression of the genes of 
members of rhizospheric microbiota. Changes in 
expression of genes for interaction with plants in 
 Pseudomanas  and  Bacillus amyloliquefaciens  in 
response to root exudates was studied using 
microarray transcriptome profi ling in cultured 
plants (Mark et al.  2005 ; Fan et al.  2012 ). 
Similarly, Zysko et al. ( 2012 ) observed the tran-
scriptional response of pseudomonas on phos-
phate availability in the rhizosphere of  Lolium.  
Barret et al. ( 2009 ) showed changes in the gene 
expression of the Pf29Arp strain of  P. fl uorescens  
present in  G. graminis  var.  tritici -infected roots. 
HCN is produced in the rhizosphere of straw-
berry, which gives biocontrol activity against the 
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pathogenic fungus  Verticillium dahlia  (DeCoste 
et al.  2010 ); the HCN biosynthesis increased with 
the increased activities of genes of pseudomonas 
sp LBUM300. Jousset et al. ( 2011 ) evidenced 
that plants produce systemic signaling to 
improve/increase biocontrol activities against 
pathogen infection. In the split root system of 
barley- pythium ultimum  interaction, one side was 
infected with fungal pathogen, which enhanced 
expression of  phlA  gene of  P. fl uorescens  CHA0 
for production of DAPG on another side of the 
split root. Expression of the  phlA  gene was 
induced by phenolic acids produced in response 
to attack by  Pythium.  

 Further, it is more evident that root exudates 
change the expression of the rhizospheric micro-
biome. Many new studies are now focusing on 
the impact of plant variety and rhizospheric vari-
ation on interaction and diseases. Wheat take all 
disease is greatly infl uenced by the antifungal 
compound DAPG produced by fl uorescent pseu-
domonas; the production of DAPG depends on 
plant genotype and pseudomonas strains 
(Okubara and Bonsall  2008 ; Kwak et al.  2012 ).  

   Insect Resistance/Effect of Insects 
 Insects are another member of the plant ecosys-
tem; like pathogens, they also infl uence the 
microfl ora related to plants. Microfl ora are 
affected by the chemicals secreted by plants in 
response to insect attack. This can increase the 
particular group of microbes or pathogen in a 
particular phylloplane or rhizosphere. Lee et al. 
( 2012 ) observed a reduction in the bacterial dis-
ease caused by  Xanthomonas axonopodis  pv . 
vesicatoria  on pepper plants as a result of leaf 
feeding by aphids; simultaneously, aphid feeding 
reduced another devastating bacterial pathogen 
of solanaceous crops, the  Ralstonia sola-
nacearum.  This might have happened due to 
 Bacillus subtilis . The population density of this 
benefi cial bacterium increased after aphid foliar 
feeding. Like the aphid, white fl y, a vector of 
viruses in solanaceous crops, also changes the 
microbiota of the pepper plant and improves 
pathogen resistance (Yang et al.  2011 ). The com-
pounds produced due to whitefl y and aphid feed-
ing that result in improved resistance are a subject 

of current research. There may be some rhizo-
spheric bacteria like pseudomonads that can pro-
duce some insecticidal toxins (Pechy-Tarr et al. 
 2013 ). Carvalhais et al. ( 2013 ) used 16 S rRNA 
pyrosequencing and reported the use of jasmo-
nate in  A. thaliana , which led to changes in rhizo-
spheric microbiota to some taxa associated with 
plant disease reduction.    

    Forest Microbiomics 

 Unlike fi eld crops and cropping systems, forests 
contain a vast variety of vegetation that includes 
different groups of plants; their interaction with 
the surrounding environment and among them-
selves makes specifi c niches of microbes around 
forest plants. Soil in the forest is an important 
component that maintains the fl ow of energy in 
the ecosystem and keeps the forest productive 
with its biodiversity. Forest soils are formed with 
woody plant parts, litter, and humus; this nutrient- 
rich environment attracts different microbial 
taxa. The microbes and their interaction with 
plants affect the health of plants, thus impacting 
on carbon utilization as well as on carbon and 
other nutrient cycles. Soil is a dynamic system, 
with complex microbiota that takes part in the 
functioning of the ecosystem and affects the plant 
in terms of the way it behaves differently to stress 
conditions. Among all the microbes, fungi play a 
major role: white and brown wood rot fungi 
decompose wood; leaf litter fungi decompose 
leaves and grow as saprophytes. At the center of 
their activities is the interaction as a community, 
the role of each member in the microbiota and 
their effect are usually not known. DNA barcod-
ing using high-throughput techniques merely 
highlight the diversity. The functional diversity 
of fungal microbiota is more important than 
dividing them on the basis of their individual 
properties such as mycorrhiza, decomposer, or 
saprophyte. The power of new sequencing tech-
nologies to assess structural shifts in the soil 
microbiota at deep coverage and high phyloge-
netic resolution provide novel information 
regarding the resistance and resilience of the for-
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est soil microbiome to compaction (Allison and 
Martiny  2008 ; Dominati et al.  2010 ). 

 Soil compaction is caused by many distur-
bances that lead to changes in the soil microbial 
community. Measuring the microbial community 
structure and associated functions will help in 
monitoring the alterations of the soil system. It 
can evaluate the capacity of the soil system to 
recover and can hint at future irreversible changes 
in the soil ecosystem (Van-Camp et al.  2004 ). 

 The complete structure of soil microbial diver-
sity was studied in compacted soil (Hartmann 
et al.  2014 ) using pyrosequencing. A total of 244 
fungal and bacterial groups were studied and 
found to be affected by soil compaction. The bac-
terial groups acidobacteria, bacteroidetes, chlo-
rofl exi, delta, and beta proteobacteria and 
fi rmicutes were more evident in compact soil, 
thus appearing to prefer to grow in a low-oxygen 
environment. 

 The verrucomicrobial and the proteobacterial 
were affected by soil compaction, and their num-
bers reduced signifi cantly. Fungal diversity was 
also affected by soil compaction, as members of 
the Ascomycotina group increased in number 
under compact soil conditions and that of 
Basidiomycotina was reduced; this negatively 
impacted the growth of ectomycorrhiza and sup-
ported the growth of saprophytes (Hartmann 
et al.  2014 ).   

    Environmental Microbiomics 

 The impact of pollution is inevitable unless it is 
controlled to enable the sustained development of 
human society. In order to achieve this pollution- 
free environment, pollutants and wastes from 
diverse sources need to be degraded, and biologi-
cal systems with high catabolic capacity will be 
important for this purpose. Among all biological 
processes, those of microorganisms have an 
astonishing impact on pollutant degradation. 
New sequencing, proteomics, bioinformatics, 
and genomics techniques, along with micro-
scopic advancement, provide a huge amount of 
information to the microbiologist. This fl ow of 

information provides in silico methodologies to 
study the metabolic pathways and regulatory 
frameworks in microbial communities. The deg-
radation pathway can thus be studied and modi-
fi ed to use organisms to their maximum potential. 
Functional metagenomics will provide an under-
standing of regulatory pathways in the context of 
carbon sources used under particular environ-
ments, which will accelerate understanding and 
development of techniques for bioremediation. 

    Pesticide Degradation 

 Strong selective pressures for evolution and 
growth of pesticide-degrading bacteria lead to 
their high concentration in polluted waters. This 
pressure for survival forces the development of 
new ways of enzymatic degradation and utiliza-
tion of pesticides as sole carbon sources by bac-
teria (van der Meer  2008 ). Mobile genetic 
elements like plasmids and transposons are called 
mobilomes, and carry genes for the degradation 
of pesticides. These mobilomes help bacteria to 
evolve under high pesticide loads in water; this 
happens via the exchange of genetic material 
between similar or different groups of bacteria 
(Heuer and Smalla  2012 ). Plasmid IncP-1 and 
transposone IS1071 carry broad-spectrum xeno-
biotic catabolic genes; the prevalence of these 
mobilomes increases under a high pesticide load 
and enhances the capacity of the ecosystem to 
catabolize the pesticides and other haloaromatic 
compounds. The degradation capacity of the 
microbial community is used to reduce the pesti-
cide load in the ecosystem. 

 Microbial communities are affected by chemi-
cal and other pollutants in water; studies of these 
effects are very unreliable and uncertain and 
present a challenge to the environmental microbi-
ologist. Microbial interactions with pollutants in 
sediments are even more diffi cult to study. Much 
less information is available on sediment pesti-
cide–microbe interaction. It was observed that 
agrochemicals, especially pesticides, present in 
water body sediments changed the terminal 
restriction fragment length polymorphism 
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(T-RFLP) patterns of microbiota existing in con-
taminated sediments. The change in concentra-
tions of pesticides changed the frequency of the 
microbial community in polluted water. If the 
activities of microbiota and biomass of microbial 
communities are an indicator for the health of 
water ecosystems, these were largely not affected 
by pesticide pollutants (Widenfalk et al.  2008 ).  

    Water Pollutants 

 Varieties of pollutants other than pesticides exist 
in water bodies; no doubt cleaning of these pollut-
ants is important for environmental risks. 
Microbial degradation is always the method of 
choice due to its ease of application (Koukkou 
and Vandera  2011 ). The astonishing capabilities 
of microbes in degradation or transformation of 
chemical pollutants, including hydrocarbons, 
pharmaceutical substances, heterocyclic com-
pounds, polychlorinated biphenyls, etc., provide a 
natural tool to manipulate the microbial environ-
ment to achieve clean sustainable water bodies. In 
recent years, a confl uence of methodologies in the 
fi elds of genomics, metagenomics, and bioinfor-
matics has provided scientists with insights into 
important pathways for biological degradation of 
chemical pollutants and provided information to 
understand the ability of microorganisms to adapt 
in vast environmental conditions. 

 Advances in sequencing technologies and 
development in microbiomics has provided much 
information to aid in the understanding of the 
molecular and genetic basis of biodegradation of 
chemical pollutants. Aromatic compounds are 
among the most recalcitrant of these pollutants, 
and lessons can be learned from the recent 
genomic studies of  Burkholderia xenovorans  
LB400 and  Rhodococcus  sp. strain RHA1, the 
bacterial genomes of which are completely 
sequenced to date. This has helped in understand-
ing microbial metabolisms, especially those of 
bacterials for catabolic and non-catabolic adapta-
tions in polluted environments. It also explains 

the evolution of large bacterial genomes in 
 Burkholderia xenovorans . 

 In  Pseudomonas , it was demonstrated that 
lower numbers of aromatic pathways were 
involved in catabolism of the xenobiotic as well 
as natural aromatic compounds. During evolu-
tion, similar pathways were present in different 
taxa of bacteria. Recent studies with comparative 
functional genomics of bacteria established that 
pathways like Box and Paa were present in more 
phylogenetic groups. Also, the remarkable capac-
ity of some of the large genome bacteria to catab-
olise aromatic pollutants was found to be ancient 
in origin (McLeod and Eltis  2008 ). Some of the 
organic pollutants are recalcitrant, and microbial 
degradation of these chemicals was of great 
importance. Hydrocarbons, especially haloge-
nated compounds, were thought to degrade only 
through aerobic processes; this theory changed 
after isolation of some bacteria capable of anaer-
obically degrading hydrocarbon and dehaloge-
nating halogen compounds (Cupples et al.  2005 ). 
Over the last decade, complete genomes of bacte-
ria capable of anaerobic degradation of organic 
pollutants have been sequenced. The genome of 
bacteria  Aromatoleum aromaticum  was 
sequenced and, the fi rst time, it was a complete 
sequence of ~4.7 Mb for a bacteria capable of 
anaerobic degradation of an organic pollutant. 
About 25 gene clusters were found in the genome 
of  A. aromaticum  catabolic network responsible 
for aromatic compound degradation. Niche adap-
tion for the bacteria responsible for anaerobic 
catabolism of aromatic compounds was only pos-
sible with the presence of specifi c degrading 
pathways. Complete genome sequencing of 
 Dehalococcoides ethenogenes  (1.4 Mb) and 
 Desulfi tobacterium hafniense  (5.7 Mb) also pro-
vided insights into their ability to dehalogenate 
halogenated aromatic compounds; this included 
the dehalogenation of brominated herbicide bro-
moxynil and iodinated compounds, either used 
for electron acceptor or in other ways during 
halorespiration (Heider and Rabus  2008 ).   
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    Microbial Resource Collection 
Centers 

    Role in Maintaining the Microbial 
Resources 

 It is evident that new-generation sequencing 
techniques are opening ways for the identifi ca-
tion of many previously unknown and uncultur-
able bacterial genera and species; thus, new 
culture methods and modifi cations in existing 
protocols can be carried out for the isolation and 
characterization of novel microbes from diverse 
environments. The preservation without changes 
in the morphological and physiological charac-
teristics of these newly isolated microbes is 
obligatory for future reference. Therefore, it is 
important that, after growing novel microbes, 
researchers devise appropriate preservation 
protocol(s) suitable for the microorganisms. 
Microbial resource centers also play an important 
role in the development of protocols related to 
long-term preservation; checking the viability 
and authenticity of preserved cultures; providing 
training in areas related to microbial handling, 
biosafety, and biosecurity; and offering reference 
strains to the scientifi c community for quality 
control and molecular biology research (Heylen 
et al.  2012 ). Nowadays, it is becoming very 
important to study microbial taxonomy, preserva-
tion, genomic studies, and microbial ecology to 
preserve the valuable gene pool and maintain a 
diversity of microorganisms for future use. 
Worldwide, countries understand the importance 
of microbial diversity and are establishing fully 
equipped microbial resource centers with experts 
from diverse fi elds of study for future research 
and application (Prakash et al.  2013 ). 

 The European Consortium of Microbial 
Resource Centres (EMbaRC) is one example. 
These centers are self-sustaining, with a large 
biodiversity of microorganisms. They also pro-
vide expert services for different research and 
have reference strains in their large collection of 
microorganisms. EMbaRC aims to make meth-

ods of strain identifi cation uniform across the 
consortium centers and provide a service for vali-
dation of reference strains. EMbaRC maintains 
the quality of all consortium centers in Europe, 
thus fulfi lling the research needs of individual 
centers. In India, similar services are provided by 
the National Bureau of Agriculturally Important 
Microorganisms and the Indian Institute of 
Microbial Technology; there is also the Indian 
type culture collection center at the Indian 
Agriculture Research Institute.   

    Conclusion and Future Direction 

 Community microbiology has developed from 
culture-dependent methods to culture-free identi-
fi cation of microbes in a community; this has 
been possible due to the development of tech-
niques in sequencing and improved knowledge 
around molecular biology, particularly interac-
tions among different proteins in an environment. 
Using 16S rRNA techniques, many new genera 
and species of microbes have been identifi ed, and 
the relative frequency of many of those that are 
known have been fi xed in some microbial niches. 
This provides an opportunity to understand the 
relative role of different members of the micro-
bial community in micro-ecology. Microbiomics 
provides an opportunity to understand the behav-
ior of microbes in the microbial community and 
their impact on the community. Human health is 
an important issue that seems to be largely infl u-
enced by the associated microbes present in and 
on different surfaces and cavities of the human 
body. Information about this microbial diversity 
has the potential for treating problems such as 
obesity and issues related to the gastrointestinal 
tract. In future, prebiotics and probiotics can be 
further developed based on specifi c problems. It 
can be seen as the clinical problems of a human 
community living in a particular locality and 
associated microfl ora in that community. Family- 
or individual-based treatments may also be devel-
oped based on their associated microfl ora. Plant 
health is greatly infl uenced by the microfl ora in 
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the rhizosphere or phylloplane. Microbiomics 
opens a door to study the known and unknown 
microbial diversity around plant surfaces that 
either enhances plant growth by producing 
growth regulators or by inhibiting diseases and 
insect pests. Studies about treatment with chemi-
cals produced by a specifi c group of microorgan-
isms may be developed to improve certain 
microbes around plant surfaces for improved 
plant growth. Environmental pollutants are effec-
tively combated with certain bacterial communi-
ties that have developed the capacity to utilize 
these pollutants as a sole carbon source. 
Agrochemicals such as herbicides, pesticides, 
and fertilizers can be degraded in polluted water 
bodies by those bacteria with an enhanced capac-
ity to catalyze the chemical pollutants. With the 
help of new sequencing technologies, scientists 
can identify the specifi c microbes or genes pres-
ent in a community for degrading agrochemicals 
and other chemical pollutants. New strains may 
also be developed with enhanced and multiple 
capacities for catabolism of pollutants. 

 Microbiomic studies are providing informa-
tion to different microbial niches and comparing 
related ecosystems. These studies are improving 
clinical treatments for some problems such as 
obesity and gastric ulcers, which have otherwise 
been treated in different ways. In agriculture, it 
has been shown that the disease suppressiveness 
of soils is infl uenced by the presence of certain 
microbes; in polluted water bodies, microbiomics 
is becoming important in the identifi cation of 
new genes from the microbiomes of water and 
sediments. This emerging fi eld of microbiomics 
will greatly infl uence human life in the near 
future, as it has the potential to explore new 
sources of genes or establish the role of some 
known microbial genes in community.     

         References 

    Achtman M, Wagner M (2008) Microbial diversity and 
the genetic nature of microbial species. Nat Rev 
Microbiol 6:431–440. doi:  10.1038/nrmicro1872      

    Allison SD, Martiny JBH (2008) Resistance, resilience, 
and redundancy in microbial communities. Proc Natl 
Acad Sci U S A 105:11512–11519  

    Amann RI, Krumholz L, Stahl DA (1990) Fluorescent- 
oligonucleotide probing of whole cells for determina-
tive, phylogenetic, and environmental studies in 
microbiology. J Bacteriol 172:762–770  

       Bakker PAHM, Berendsen RL, Doornbos RF, Wintermans 
PCA, Pieterse CM (2013) The rhizosphere revisited: 
root microbiomics. Front Plant Sci 165:1–7  

    Barata A, Malfeito-Ferreira M, Loureiro V (2012) The 
microbial ecology of wine grape berries. Int J Food 
Microbiol 153:243–259  

    Barret M, Frey-Klett P, Guillerm-Erckelboudt AV, Boutin 
M, Guernec G, Sarniguet A (2009) Effect of wheat 
roots infected with the pathogenic fungus 
 Gaeumannomyces graminis  var.  tritici  on gene expres-
sion of the biocontrol bacterium  Pseudomonas fl uore-
scens  Pf29Arp. Mol Plant Microbe Interact 
22:1611–1623  

     Bartowski EJ (2009) Bacterial spoilage of wine and 
approaches to minimize it. Lett Appl Microbiol 
48:149–156  

    Behar A, Jurkevitch E, Yuval B (2008) Bringing back the 
fruit into fruit fl y – bacteria interactions. Mol Ecol 
17:1375–1386  

    Beja O, Spudich EN, Spudich JL, Leclerc M, DeLong EF 
(2001) Proteorhodopsin phototrophy in the ocean. 
Nature 411:786–789  

    Berry AE, Chiocchini C, Selby T, Sosio M, Wellington 
EM (2003) Isolation of high molecular weight DNA 
from soil for cloning into BAC vectors. FEMS 
Microbiol Lett 223:15–20  

    Bohlool BB, Brock TD (1974) Immunofl uorescence 
approach to the study of the ecology of Thermoplasma 
acidophilum in coal refuse material. Appl Microbiol 
28:11–16  

     Booijink CC, Boekhorst J, Zoetendal EG, Smidt H, 
Kleerebezem M et al (2010) Metatranscriptome analy-
sis of the human fecal microbiota reveals subject-spe-
cifi c expression profi les, with genes encoding proteins 
involved in carbohydrate metabolism being domi-
nantly expressed. Appl Environ Microbiol 
76:5533–5540  

    Borody TJ (2000) “Flora Power” – fecal bacteria cure 
chronic C. diffi cile diarrhea. Am J Gastroenterol 
95:3028–3029. doi:  10.1111/j.1572-0241.2000.03277.x      

    Bott TL, Brock TD (1969) Bacterial growth rates above 
90 degrees C in Yellowstone hot springs. Science 
164:1411–1412  

    Brock TD (1967) Life at high temperatures. Science 
158:1012–1019  

    Brock TD, Brock ML (1968) Measurement of steady- 
state growth rates of a thermophilic alga directly in 
nature. J Bacteriol 95:811–815  

    Buckley MJM, O’Morain CA (1998)  Helicobacter  biol-
ogy discovery. Br Med Bull 54:7–16  

     Bulgarelli D, Rott M, Schlaeppi K, Ver Loren van Themaat 
E, Ahmadinejad N, Assenza F et al (2012) Revealing 
structure and assembly cues for  Arabidopsis  root-
inhabiting bacterial microbiota. Nature 488:91–95. 
doi:  10.1038/nature11336      

P. Sharma et al.

http://dx.doi.org/10.1038/nature11336
http://dx.doi.org/10.1111/j.1572-0241.2000.03277.x
http://dx.doi.org/10.1038/nrmicro1872


649

    Carvalhais LC, Dennis PG, Badri DV, Tyson GW, Vivanco 
JM, Schenk PM (2013) Activation of the jasmonic 
acid plant defence pathway alters the composition of 
rhizosphere bacterial communities. PLoS One 
8:e56457. doi:  10.1371/journal.pone.0056457      

    Chen K, Pachter L (2005) Bioinformatics for whole- 
genome shotgun sequencing of microbial  communities. 
PLoS Comput Biol 1:106–112. doi:  10.1371/journal.
pcbi.0010024      

    Cho JC, Giovannoni SJ (2004) Cultivation and growth 
characteristics of a diverse group of oligotrophic 
marine gammaproteobacteria. Appl Environ Microbiol 
70:432–440  

    Colwell RR, Grimes DJ (eds) (2000) Nonculturable 
microorganisms in the environment. ASM Press, 
Washington, DC  

    Colwell RR, Tamplin ML, Brayton PR, Gauzens AL, Tall 
BD, Harrington D, Levine MM, Hall S, Huq A, Sack 
DA (1990) Environmental aspects of  V. cholerae  in 
transmission of cholera. In: Sack RB, Zinnaka Y (eds) 
Advances in research on cholera and related diar-
rhoeas, 7th edn. KTK Scientifi c Publications, Tokyo, 
pp 327–343  

    Cortesi P, Bisiach M, Ricciolini M, Gadoury DM (1997) 
Cleistothecia of Uncinula necator – an additional 
source of inoculum in Italian vineyards. Plant Dis 
81:922–926  

    Courtois S, Cappellano CM, Ball M, Francou FX, 
Normand P, Helynck G, Martinez A, Kolvek SJ, 
Hopke J, Osburne MS, August PR, Nalin R, Guerineau 
M, Jeannin P, Simonet P, Pernodet JL (2003) 
Recombinant environmental libraries provide access 
to microbial diversity for drug discovery from natural 
products. Appl Environ Microbiol 69:49–55  

    Cupples AM, Sanford RA, Sims GK (2005) 
Dehalogenation of bromoxynil (3,5-dibromo-4- 
hydroxybenzonitrile) and ioxynil (3,5-diiodino-4- 
hydroxybenzonitrile) by desulfi tobacterium 
chlororespirans. Appl Environ Microbiol 
71(7):3741–3746  

    Dahl Sawyer CA, Pestka JJ (1985) Foodservice systems: 
presence of injured bacteria in foods during food prod-
uct fl ow. Annu Rev Microbiol 39:51–67  

    DeCoste NJ, Gadkar VJ, Filion M (2010) Verticillium 
dahliae alters  Pseudomonas  spp. populations and 
HCN gene expression in the rhizosphere of straw-
berry. Can J Microbiol 56:906–915. doi:  10.1139/ 
W10-080      

    Delmotte N, Knief C, Chaffron S, Innerebner G, 
Roschitzki B, Schlapbach R, von Mering C, Vorholt 
JA (2009) Community proteogenomics reveals 
insights into the physiology of phyllosphere bacteria  

     Dethlefsen L, Relman DA (2010) Microbes and health 
sackler colloquium: incomplete recovery and individ-
ualized responses of the human distal gut microbiota 
to repeated antibiotic perturbation. Proc Natl Acad Sci 
U S A. doi:  10.1073/pnas.1000087107      

    Dimakopoulou M, Tjamos SE, Antoniou PP, Pietri A, 
Battilani P, Avramidis N, Markakis EA, Tjamos EC 
(2008) Phyllosphere grapevine yeast  Aureobasidium 
pullulans  reduces  Aspergillus carbonarius  (sour rot) 

incidence in wine-producing vineyards in Greece. Biol 
Control 46:158–165  

    Doenges JL (1938) Spirochaetes in the gastric glands of 
 Macacus rhesus  and humans without defi nite history 
of related disease. Proc Soc Exp Biol Med 
38:536–538  

    Dominati E, Patterson M, Mackay A (2010) A framework 
for classifying and quantifying the natural capital and 
ecosystem services of soils. Ecol Econ 69:1858–1868  

    Doornbos RF, VanLoon LC, Bakker PAHM (2012) Impact 
of root exudates and plant defense signaling on bacte-
rial communities in the rhizosphere. Agron Sustain 
Dev 32:227–243. doi:  10.1007/s13593-011-0028-y      

      Drews G (1999) Ferdinand Cohn: a promoter of modern 
microbiology. Nova Acta Leopold 80(130):13–14  

    Fan B, Cravalhais LC, Becker A, Fedoseyenko D, 
VonWiren N, Borriss R (2012) Transcriptomic profi l-
ing of  Bacillus amyloliquefaciens  FZB42 in response 
to maize root exudates. BMC Microbiol 12:116. 
doi:  10.1186/1471-2180-12-116      

    Garrett WS, Gordon JI, Glimcher LH (2010) Homeostasis 
and infl ammation in the intestine. Cell 140:859–870  

    Geison GL (1981) Cohn, Ferdinand Julius. In: Gillispie 
CC (ed) Dictionary of scientifi c biography, vol 3. 
Scribner, New York  

    Germida JJ, Siciliano SD, DeFreitas JR, Seib AM (1998) 
Diversity of root-associated bacteria associated with 
fi eld grown canola ( Brassica napus  L.) and 
wheat( Triticum aestivum  L.). FEMS Microbiol Ecol 
26:43–50. doi:  10.1111/j.1574-6941.1998.tb01560.x      

    Giannoukos G, Ciulla DM, Huang K, Haas BJ, Izard J 
et al (2012) Effi cient and robust RNA-seq process for 
cultured bacteria and complex community transcrip-
tomes. Genome Biol 13:R23. doi:  10.1186/
gb-2012-13-3-r23      

    Gianoulis TA, Raes J, Patel PV, Bjornson R, Korbel JO 
et al (2009) Quantifying environmental adaptation of 
metabolic pathways in metagenomics. Proc Natl Acad 
Sci U S A 106:1374–1379. doi:  10.1073/
pnas.0808022106      

    Grayston SJ, Wang S, Campbell CD, Edwards AC (1998) 
Selective in fl uence of plant species on microbial 
diversity in the rhizosphere. Soil Biol Biochem 
30:369–378. doi:  10.1016/S0038-0717(97)00124-7      

    Grimes DJ, Atwell RW, Brayton PR, Palmer LM, Rollins 
DM, Roszak DB, Singleton FL, Tamplin ML, Colwell 
RR (1986) The fate of enteric pathogenic bacteria in 
estuarine and marine environments. Microbiol Sci 
3:324–329  

    Grove GG (2004) Perennation of Uncinula necator in 
vineyards of eastern Washington. Plant Dis 
88:242–247  

    Guarner F, Malagelada JR (2003) Gut fl ora in health and 
disease. Lancet 361:512–519  

    Haichar FZ, Marol C, Berge O, Rangel-Castro JI, Prosser 
JI, Balesdent J et al (2008) Plant host habitat and root 
exudates shape soil bacterial community structure. 
ISME J 2:1221–1230. doi:  10.1038/ismej.2008.80      

    Hamady M, Knight R (2009) Microbial community pro-
fi ling for human microbiome projects: tools, tech-

Microbiomics: An Approach to Community Microbiology

http://dx.doi.org/10.1038/ismej.2008.80
http://dx.doi.org/10.1016/S0038-0717(97)00124-7
http://dx.doi.org/10.1073/pnas.0808022106
http://dx.doi.org/10.1073/pnas.0808022106
http://dx.doi.org/10.1186/gb-2012-13-3-r23
http://dx.doi.org/10.1186/gb-2012-13-3-r23
http://dx.doi.org/10.1111/j.1574-6941.1998.tb01560.x
http://dx.doi.org/10.1186/1471-2180-12-116
http://dx.doi.org/10.1007/s13593-011-0028-y
http://dx.doi.org/10.1073/pnas.1000087107
http://dx.doi.org/10.1139/ W10-080
http://dx.doi.org/10.1139/ W10-080
http://dx.doi.org/10.1371/journal.pcbi.0010024
http://dx.doi.org/10.1371/journal.pcbi.0010024
http://dx.doi.org/10.1371/journal.pone.0056457


650

niques, and challenges. Genome Res 19:1141–1152. 
doi:  10.1101/gr.085464.108      

    Harmsen HJM, Welling GW (2002) Fluorescence in situ 
hybridization as a tool in intestinal bacteriology. In: 
Tannock GW (ed) Probiotics and prebiotics: where are 
we going? Caister Academic Press, Norfolk, pp 41–58  

    Harmsen HJM, Raangs GC, He T, Degener JE, Welling 
GW (2002) Extensive set of 16S rRNA-based probes 
for detection of bacteria in human feces. Appl Environ 
Microbiol 68:2982–2990  

     Hartmann M, Niklaus PA, Zimmermann S, Schmutz S, 
Kremer J, Abarenkov K, Lüscher P, Widmer F, Frey B 
(2014) Resistance and resilience of the forest soil 
microbiome to logging-associated compaction. ISME 
J 8(1):226–244  

    Hehemann JH, Correc G, Barbeyron T, Helbert W, Czjzek 
M et al (2010) Transfer of carbohydrate-active 
enzymes from marine bacteria to Japanese gut micro-
biota. Nature 464:908–912. doi:  10.1038/nature08937      

   Heider J, Rabus R (2008) Genomic insights in the anaero-
bic biodegradation of organic pollutants. In: Diaz E 
(ed) Microbial degradation, Genomics and molecular 
biology. Caister Academic Press, Norfolk, pp 25–54. 
ISBN 978-1-904455-17-2  

    Heuer H, Smalla K (2012) Plasmids foster diversifi cation 
and adaptation of bacterial populations in soil. FEMS 
Microbiol Rev 36:1083–1104  

    Heylen K, Hoefman S, Vekeman B, Peiren J, De Vos P 
(2012) Safeguarding bacterial resources promotes bio-
technological innovation. Appl Microbiol Biotechnol 
94:565–574  

    Hirsch PR, Mauchline TH (2012) Who’s who in the plant 
root microbiome? Nat Biotechnol 30:961–962. 
doi:  10.1038/nbt.2387      

    Hunter PJ, Hand P, Pink D, Whipps JM, Bending GD 
(2011) Both leaf properties and microbe-microbe 
interactions infl uence within-species variation in bac-
terial population diversity and structure in the lettuce 
( Lactuca  species) phyllosphere. Appl Environ 
Microbiol 76:8117–8125  

     Inceoglu O, VanOverbeek LS, Salles JF, Van Elsas JD 
(2013) The normal operating range of bacterial com-
munities in soil used for potato cropping. Appl 
Environ Microbiol 79:1160–1170. doi:  10.1128/
AEM.02811-12      

    Jansen GJ, Wildeboer-Veloo AC, Tonk RH, Franks AH, 
Welling GW (1999) Development and validation of an 
automated, microscopy-based method for enumera-
tion of groups of intestinal bacteria. J Microbiol 
Methods 37:215–221  

    Janssen PH, Yates PS, Grinton BE, Taylor PM, Sait M 
(2002) Improved culturability of soil bacteria and iso-
lation in pure culture of novel members of the divisions 
acidobacteria, actinobacteria, proteobacteria, and ver-
rucomicrobia. Appl Environ Microbiol 68:2391–2396  

    Jansson JK, Neufeld JD, Moran MA, Gilbert JA (2012) 
Omics for understanding microbial functional 
dynamics. Environ Microbiol 14:1–3. doi:  10.1111/j.
1462-2920.2011.02518      

    Jia W, Li H, Zhao L, Nicholson JK (2008) Gut microbiota: 
a potential new territory for drug targeting. Nat Rev 
Drug Discov 7:123–129. doi:  10.1038/nrd2505      

    Johnson RA, Wichern DW (2007) Applied multivariate 
statistical analysis, 6th edn. Prentice Hall, Englewood 
Cliffs  

    Jousset A, Rochat L, Lanoue A, Bonkowski M, Keel C, 
Scheu S (2011) Plants respond to pathogen infection 
by enhancing the antifungal gene expression of root- 
associated bacteria. Mol Plant Microbe Interact 
24:352–358. doi:  10.1094/MPMI-09-10-0208      

    Khoruts A, Dicksved J, Jansson JK, Sadowsky MJ (2010) 
Changes in the composition of the human fecal micro-
biome after bacteriotherapy for recurrent Clostridium 
diffi cile-associated diarrhea. J Clin Gastroenterol 
44:354–360. doi:  10.1097/MCG.0b013e3181c87e02      

    Kirk JL, Klironomos JN, Lee H, Trevors JT (2005) The 
effects of perennial ryegrass and alfalfa on microbial 
abundance and diversity in petroleum contaminated 
soil. Environ Pollut 133:455–465. doi:  10.1016/j.
envpol.2004.06.002      

    Koch B, Worm J, Jensen LE, Hojberg O, Nybroe O (2001) 
Carbon limitation induces σs-dependent gene expres-
sion in  Pseudomonas fl uorescens  in soil. Appl Environ 
Microbiol 67:3363–3370. doi:  10.1128/AEM.67.8.
3363-3370.2001      

      Koukkou A-I, Vandera E (2011) Hydrocarbon-degrading 
soil bacteria: current research. In: Koukkou A-I (ed) 
Microbial bioremediation of non-metals: current 
research. Caister Academic Press, Norfolk, pp 93–117. 
ISBN 978-1-904455-83-7  

    Kwak YS, Bonsall RF, Okubara PA, Paulitz TC, 
Thomashow LS, Weller DM (2012) Factors impacting 
the activity of 2,4-diacetylphloroglucinol-producing 
 Pseudomonas fl uorescens  against take-all of wheat. 
Soil Biol Biochem 54:48–56. doi:  10.1016/j.
soilbio.2012.05.012      

    Kyselkova M, Kopecky J, Frapolli M, Defago G, Sagova- 
Mareckova M, Grundmann GL et al (2009) 
Comparison of rhizobacterial community composition 
in soil suppressive or conducive to tobacco black root 
rot disease. ISME J 3:1127–1138. doi:  10.1038/
ismej.2009.61      

    Lee B, Lee S, Ryu MR (2012) Foliar aphid feeding 
recruits rhizosphere bacteria and primes plant immu-
nity against pathogenic and nonpathogenic bacteria in 
pepper. Ann Bot 110:281–290. doi:  10.1093/aob/
mcs055      

    Lemanceau P, Corberand T, Gardan L, Latour X, Laguerre 
G, Boeuf-gras J-M et al (1995) Effect of two plant spe-
cies, fl ax (Linum usitatissimum L.) and tomato 
(Lycopersicon esculentum Mill.), on the diversity of 
soil borne populations of fl uorescent pseudomonads. 
Appl Environ Microbiol 61:1004–1012  

    Leveau JHJ (2009) Life on leaves. Nature 461:741  
     Leveau JHJ, Tech JJ (2011) Grapevine microbiomics: 

Bacterial diversity on grape leaves and berries revealed 
by high-throughput sequence analysis of 16S rRNA 
amplicons. Acta Horticult 905:31–42  

P. Sharma et al.

http://dx.doi.org/10.1093/aob/mcs055
http://dx.doi.org/10.1093/aob/mcs055
http://dx.doi.org/10.1038/ismej.2009.61
http://dx.doi.org/10.1038/ismej.2009.61
http://dx.doi.org/10.1016/j.soilbio.2012.05.012
http://dx.doi.org/10.1016/j.soilbio.2012.05.012
http://dx.doi.org/10.1128/AEM.67.8.3363-3370.2001
http://dx.doi.org/10.1128/AEM.67.8.3363-3370.2001
http://dx.doi.org/10.1016/j.envpol.2004.06.002
http://dx.doi.org/10.1016/j.envpol.2004.06.002
http://dx.doi.org/10.1097/MCG.0b013e3181c87e02
http://dx.doi.org/10.1094/MPMI-09-10-0208
http://dx.doi.org/10.1038/nrd2505
http://dx.doi.org/10.1111/j.1462-2920.2011.02518
http://dx.doi.org/10.1111/j.1462-2920.2011.02518
http://dx.doi.org/10.1128/AEM.02811-12
http://dx.doi.org/10.1128/AEM.02811-12
http://dx.doi.org/10.1038/nbt.2387
http://dx.doi.org/10.1038/nature08937
http://dx.doi.org/10.1101/gr.085464.108


651

    Ley RE (2010) Obesity and the human microbiome. Curr 
Opin Gastroenterol 26:5–11. doi:  10.1097/MOG.0b01
3e328333d751      

     Li X, LeBlanc J, Truong A, Vuthoori R, Chen SS et al 
(2011) A metaproteomic approach to study human- 
microbial ecosystems at the mucosal luminal inter-
face. PLoS One 6:e26542. doi:  10.1371/journal.
pone.0026542      

    Lorenz P, Liebeton K, Niehaus F, Eck J (2002) Screening 
for novel enzymes for biocatalytic processes: access-
ing the metagenome as a resource of novel functional 
sequence space. Curr Opin Biotechnol 13:572–577  

    Lozupone C, Knight R (2005) UniFrac: a new phyloge-
netic method for comparing microbial communities. 
Appl Environ Microbiol 71:8228–8235. doi:  10.1128/
AEM. 71.12.8228-8235.2005      

    Lugtenberg B, Kamilova F (2009) Plant-growth- 
promoting rhizobacteria. Annu Rev Microbiol 
63:541–556. doi:  10.1146/annurev.micro.62.081307      

    Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, 
Gehring J, Malfatti S, Tremblay J, Engelbrektson A, 
Victor Kunin V, del Rio TG, Edgar RC, Eickhorst T, 
Ley RE, Hugenholtz P, Tringe SG, Dangl JL (2012) 
Defi ning the core  Arabidopsis thaliana  root microbi-
ome. Nature 488(7409):86–90  

    Mark GL, Dow JM, Kiely PD, Higgings H, Haynes J, 
Baysse C et al (2005) Transcriptome profi ling of 
 bacterial responses to root exudates identifi es genes 
involved in microbe plant interactions. Proc Natl 
Acad Sci U S A 102:17454–17459. doi:  10.1073/pnas.
0506407102      

    Marshall BJ, McGechie DB, Rogers PA, Glancy RJ 
(1985a) Pyloric campylobacter infection and gastro-
duodenal disease. Med J Aust 142:439–444  

    Marshall BJ, Armstrong JA, McGechie DB, Glancy RJ 
(1985b) Attempt to fulfi l Koch’s postulates for pyloric 
 Campylobacter . Med J Aust 142:436–439  

    Martin FP, Wang Y, Sprenger N, Yap IK, Lundstedt T et al 
(2008) Probiotic modulation of symbiotic gut 
microbial- host metabolic interactions in a humanized 
microbiome mouse model. Mol Syst Biol 4:157. 
doi:  10.1038/msb4100190      

    Martins G, Lauga B, Miot-Sertier C, Mercier A, Lonvaud 
A, Soulas M-L, Soulas G, de Masneuf-Pomaré I 
(2013) Characterization of epiphytic bacterial com-
munities from grape, leaves, bark and soil of grapevine 
plants grown, and their relation. PLoS One 8(8):1–9  

    Mavrodi OV, Mavrodi DV, Parejko JA, Thomashow LS, 
Weller DM (2012) Irrigation differentially impacts 
populations of indigenous antibiotic producing 
Pseudomonas spp. in the rhizosphere of wheat. Appl 
Environ Microbiol 78:3214–3220. doi:  10.1128/AEM. 
07968-11      

    Mazumdar PMH (1995) Species and specifi city: an inter-
pretation of the history of immunology. Cambridge 
University Press, New York  

    Mazurier S, Corberand T, Lemanceau P, Raaijmakers JM 
(2009) Phenazine antibiotics produced by fl uorescent 
pseudomonads contribute to natural soil suppressive-

ness to  Fusarium  wilt. ISME J 3:977–991. doi:  10.1038/
ismej.2009.33      

    Mazzola M (2002) Mechanisms of natural soil suppres-
siveness to soil borne diseases. Antonie Van 
Leeuwenhoek 81:557–564. doi:  10.1023/A:10205575
23557      

   McLeod MP, Eltis LD (2008) Genomic insights into the 
aerobic pathways for degradation of organic pollut-
ants. In: Diaz E (ed) Microbial degradation, Genomics 
and molecular biology. Caister Academic Press, 
Norfolk, pp 1–24. ISBN 978-1-904455-17-2  

    Mendes R, Kruijt M, DeBruijn I, Dekkers E, VanderVoort 
M, Schneider JHM et al (2011) Deciphering the 
 rhizosphere microbiome for disease suppressive bac-
teria. Science 332:1097–1100. doi:  10.1126/science.
1203980      

    Micallef SA, Shiaris MP, Colon-Carmona A (2009) 
Infl uence of  Arabidopsis thaliana  accessions on rhizo-
bacterial communities and natural variation in root exu-
dates. J Exp Bot 60:1729–1742. doi:  10.1093/jxb/erp053      

    Morgan C, Huttenhowr C (2012) Chapter 12: human 
microbiome analysis. PLoS Comput Biol. doi:  10.1371/
journal.pcbi.1002808      

    Mosser JL, Bohlool BB, Brock TD (1974) Growth rates of 
Sulfolobus acidocaldarius in nature. J Bacteriol 
118:1075–1081  

    Munkvold GP, Marois JJ (1993) Effi cacy of natural epi-
phytes and colonizers of grapevine pruning wounds 
for biological control of Eutypa dieback. 
Phytopathology 83:624–629  

    Nasidze I, Li J, Quinque D, Tang K, Stoneking M (2009) 
Global diversity in the human salivary microbiome. 
Genome Res 19:636–643. doi:  10.1101/gr.084616.108      

    Nicholson JK, Holmes E, Wilson ID (2005) Gut microor-
ganisms, mammalian metabolism and personalized 
health care. Nat Rev Microbiol 3:431–438. 
doi:  10.1038/nrmicro1152      

    Okubara PA, Bonsall RF (2008) Accumulation of 
 Pseudomonas -derived 2,4-diacetylphloroglucinol on 
wheat seedling roots is infl uenced by hostcultivar. 
Biol Control 46:322–331. doi:  10.1016/j.biocontrol.
2008.03.013      

    Pearson RC, Goheen AC (eds) (2008) Compendium of 
grape diseases. APS Press, St. Paul  

    Pechy-Tarr M, Borel N, Kupfer-Schmied P, Turner V, 
Binggeli O, Radovanovic D et al (2013) Control and 
host-dependent activation of insect toxin expression 
in a root-associated biocontrol pseudomonad. Environ 
Microbiol 15:736–750. doi:  10.1111/1462-2920.
12050      

    Poretsky RS, Hewson I, Sun S, Allen AE, Zehr JP et al 
(2009) Comparative day/night metatranscriptomic 
analysis of microbial communities in the North Pacifi c 
subtropical gyre. Environ Microbiol 11:1358–1375. 
doi:  10.1111/j.1462-2920.2008.01863.x      

    Prakash O, Shouche Y, Jangid K, Kostka JE (2013) 
Microbial cultivation and the role of microbial 
resource centers in the omics era. Appl Microbiol 
Biotechnol 97:51–62  

Microbiomics: An Approach to Community Microbiology

http://dx.doi.org/10.1111/j.1462-2920.2008.01863.x
http://dx.doi.org/10.1111/1462-2920.12050
http://dx.doi.org/10.1111/1462-2920.12050
http://dx.doi.org/10.1016/j.biocontrol.2008.03.013
http://dx.doi.org/10.1016/j.biocontrol.2008.03.013
http://dx.doi.org/10.1038/nrmicro1152
http://dx.doi.org/10.1101/gr.084616.108
http://dx.doi.org/10.1371/journal.pcbi.1002808
http://dx.doi.org/10.1371/journal.pcbi.1002808
http://dx.doi.org/10.1093/jxb/erp053
http://dx.doi.org/10.1126/science.1203980
http://dx.doi.org/10.1126/science.1203980
http://dx.doi.org/10.1023/A:1020557523557
http://dx.doi.org/10.1023/A:1020557523557
http://dx.doi.org/10.1038/ismej.2009.33
http://dx.doi.org/10.1038/ismej.2009.33
http://dx.doi.org/10.1128/AEM. 07968-11
http://dx.doi.org/10.1128/AEM. 07968-11
http://dx.doi.org/10.1038/msb4100190
http://dx.doi.org/10.1073/pnas.0506407102
http://dx.doi.org/10.1073/pnas.0506407102
http://dx.doi.org/10.1146/annurev.micro.62.081307
http://dx.doi.org/10.1128/AEM. 71.12.8228-8235.2005
http://dx.doi.org/10.1128/AEM. 71.12.8228-8235.2005
http://dx.doi.org/10.1371/journal.pone.0026542
http://dx.doi.org/10.1371/journal.pone.0026542
http://dx.doi.org/10.1097/MOG.0b013e328333d751
http://dx.doi.org/10.1097/MOG.0b013e328333d751


652

    Raaijmakers JM, Weller DM (1998) Natural plant 
 protection by 2,4-diacetylphloroglucinol-producing 
 Pseudomonas  spp. in take-all decline soils. Mol Plant 
Microbe Interact 11:144–152. doi:  10.1094/MPMI.
1998.11.2.144      

    Rappe MS, Connon SA, Vergin KL, Giovannoni SJ (2002) 
Cultivation of the ubiquitous SAR11 marine bacterio-
plankton clade. Nature 418:630–633  

    Redford AJ, Bowers RM, Knight R, Linhart Y, Fierer N 
(2010) The ecology of the phyllosphere: geographic 
and phylogenetic variability in the distribution of bac-
teria on tree leaves. Environ Microbiol 12:2885–2893  

    Rosenzweig N, Tiedje JM, Quensen JF III, Meng Q, Hao 
JJ (2012) Microbial communities associated with 
potato common scab-suppressive soil determined by 
pyrosequencing analyses. Plant Dis 96:718–725. 
doi:  10.1094/PDIS-07-11-0571      

    Sait M, Hugenholtz P, Janssen PH (2002) Cultivation of 
globally distributed soil bacteria from phylogenetic 
lineages previously only detected in cultivation- 
independent surveys. Environ Microbiol 4:654–666  

    Schloss PD (2010) The effects of alignment quality, dis-
tance calculation method, sequence fi ltering, and 
region on the analysis of 16S rRNA gene-based stud-
ies. PLoS Comput Biol 6:e1000844. doi:  10.1371/jour-
nal.pcbi.1000844      

    Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M 
et al (2009) Introducing mothur: open-source, 
platform- independent, community-supported software 
for describing and comparing microbial communities. 
Appl Environ Microbiol 75:7537–7541. doi:  10.1128/
AEM.01541-09      

    Schreiner K, Hagn A, Kyselkova M, Moenne-Loccoz Y, 
Welzl G, Munch JC et al (2010) Comparison of barley 
succession and take-all disease as environmental fac-
tors shaping the rhizobacterial community during 
take-all decline. Appl Environ Microbiol 76:4703–
4712. doi:  10.1128/AEM.00481-10      

    Schwiertz A, Le Blay G, Blaut M (2000) Quantifi cation of 
different  Eubacterium  spp. in human fecal samples 
with species-specifi c 16S rRNA targeted oligonucle-
otide probes. Appl Environ Microbiol 66:375–382  

    Sessitsch A, Weilharter A, Gerzabek MH, Kirchmann H, 
Kandeler E (2001) Microbial population structures in 
soil particle size fractions of a long-term fertilizer fi eld 
experiment. Appl Environ Microbiol 67:4215–4224  

    Shi Y, Tyson GW, DeLong EF (2009) Metatranscriptomics 
reveals unique microbial small RNAs in the ocean’s 
water column. Nature 459:266–269. doi:  10.1038/
nature08055      

    Simu K, Hagstrom A (2004) Oligotrophic bacterioplank-
ton with a novel single-cell life strategy. Appl Environ 
Microbiol 70:2445–2451  

    Smit E, Leefl ang P, Gommans S, van den Broek J, van Mil 
S, Wernars K (2001) Diversity and seasonal fl uctua-
tions of the dominant members of the bacterial soil 
community in a wheat fi eld as determined by cultiva-
tion and molecular methods. Appl Environ Microbiol 
67:2284–2291  

    Sogin ML, Morrison HG, Huber JA et al (2006) Microbial 
diversity in the deep sea and the underexplored 
“rare biosphere”. Proc Natl Acad Sci USA 103(32):
12115–12120  

    Staley JT, Konopka A (1985) Measurement of in situ 
activities of nonphotosynthetic microorganisms in 
aquatic and terrestrial habitats. Annu Rev Microbiol 
39:321–346  

    Stein JL, Marsh TL, Wu KY, Shizuya H, DeLong EF 
(1996) Characterization of uncultivated prokaryotes: 
isolation and analysis of a 40-kilobase-pair genome 
fragment front a planktonic marine archaeon. J 
Bacteriol 178:591–599  

    Torsvik V, Ovreas L (2002) Microbial diversity and func-
tion in soil: from genes to ecosystems. Curr Opin 
Microbiol 5:240–245  

    Torsvik V, Goksoyr J, Daae FL (1990) High diversity in 
DNA of soil bacteria. Appl Environ Microbiol 
56:782–787  

     Turnbaugh PJ, Gordon JI (2008) An invitation to the mar-
riage of metagenomics and metabolomics. Cell 
134:708–713. doi:  10.1016/j.cell.2008.08.025      

    Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, 
Mardis ER et al (2006) An obesity-associated gut 
microbiome with increased capacity for energy har-
vest. Nature 444:1027–1031. doi:  10.1038/nature05414      

    Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, 
Duncan A et al (2009) A core gut microbiome in obese 
and lean twins. Nature 457:480–484. doi:  10.1038/
nature07540      

    Tyson GW, Chapman J, Hugenholtz P, Allen EE, Ram RJ, 
Richardson PM, Solovyev VV, Rubin EM, Rokhsar 
DS, Banfi eld JF (2004) Community structure and 
metabolism through reconstruction of microbial 
genomes from the environment. Nature 428:37–43  

    van der Meer JR (2008) A genomic view on the evolution 
of catabolic pathways and bacterial adaptation to 
xenobiotic compounds. In: Diaz E (ed) Genomics and 
molecular biology. Caister Academic Press, Madrid, 
pp 219–269  

    Van-Camp L, Bujarrabal B, Gentile AR, Jones RJA, 
Montanarella L, Olazabal C et al (2004) Reports of the 
technical working groups established under the the-
matic strategy for soil protection. Offi ce for Offi cial 
Publication of the European Communities, 
Luxembourg, p 872  

    Varela C, Siebert T, Cozzolino D, Rose L, McLean H, 
Henschke PA (2009) Discovering a chemical basis for 
differentiating wines made by fermentation with 
‘wild’ indigenous and inoculated yeasts: role of yeast 
volatile compounds. Aust J Grape Wine Res 
15:238–248  

    Vaughan EE, Schut F, Heilig GHJ, Zoetendal EG, de Vos 
WM, Akkermans ADL (2000) A molecular view of the 
intestinal ecosystem. Curr Issues Intest Microbiol 
1:1–12  

    Verberkmoes NC, Russell AL, Shah M, Godzik A, 
Rosenquist M et al (2009) Shotgun metaproteomics of 
the human distal gut microbiota. ISME J 3:179–189  

P. Sharma et al.

http://dx.doi.org/10.1038/nature07540
http://dx.doi.org/10.1038/nature07540
http://dx.doi.org/10.1038/nature05414
http://dx.doi.org/10.1016/j.cell.2008.08.025
http://dx.doi.org/10.1038/nature08055
http://dx.doi.org/10.1038/nature08055
http://dx.doi.org/10.1128/AEM.00481-10
http://dx.doi.org/10.1128/AEM.01541-09
http://dx.doi.org/10.1128/AEM.01541-09
http://dx.doi.org/10.1371/journal.pcbi.1000844
http://dx.doi.org/10.1371/journal.pcbi.1000844
http://dx.doi.org/10.1094/PDIS-07-11-0571
http://dx.doi.org/10.1094/MPMI.1998.11.2.144
http://dx.doi.org/10.1094/MPMI.1998.11.2.144


653

    Venter JC, Remington K, Heidelberg JF, Halpern AL, 
Rusch D et al (2004a) Environmental genome shotgun 
sequencing of the Sargasso Sea. Science 304:66–74. 
doi:  10.1126/science.1093857      

    Venter JC, Remington K, Heidelberg JF, Halpern AL, 
Rusch D, Eisen JA, Wu D, Paulsen I, Nelson KE, 
Nelson W, Fouts DE, Levy S, Knap AH, Lomas MW, 
Nealson K, White O, Peterson J, Hoffman J, Parsons 
R, Baden-Tillson H, Pfannkoch C, Rogers YH, Smith 
HO (2004b) Environmental genome shotgun sequenc-
ing of the Sargasso Sea. Science 304:66–74  

    Verginer M, Leitner E, Berg G (2010) Production of vola-
tile metabolites by grape associated microorganisms. J 
Agric Food Chem 58(14):8344–8350  

    Wallner G, Fuchs B, Spring S, Beisker W, Amann RI 
(1997) Flow sorting of micro organisms for molecular 
analysis. Appl Environ Microbiol 63:4223–4231  

    Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive 
Bayesian classifi er for rapid assignment of rRNA 
sequences into the new bacterial taxonomy. Appl 
Environ Microbiol 73:5261–5267. doi:  10.1128/AEM. 
00062-07      

    Weinert N, Piceno Y, Ding GC, Meincke R, Heuer H, Berg 
G et al (2011) PhyloChip hybridization uncovered an 
enormous bacterial diversity in the rhizosphere of dif-
ferent potato cultivars: many common and few cultivar 
dependent taxa. FEMS Microbiol Ecol 75:497–506. 
doi:  10.1111/j.1574-6941.2010.01025.x      

    Weller DM, Raaijmakers JM, McSpadden Gardener BB, 
Thomashow LS (2002) Microbial populations respon-
sible for specifi c soil suppressiveness to plant patho-

gens. Annu Rev Phytopathol 40:309–348. doi:  10.1146/ 
annurev.phyto.40.030402.110010      

    Whang K, Hattori T (1988) Oligotrophic bacteria from 
rendzina forest soil. Antonie Van Leeuwenhoek 
54:19–36  

    Widenfalk A, Bertilsson S, Sundh I, Goedkoop W (2008) 
Effects of pesticides on community composition and 
activity of sediment microbes–responses at various 
levels of microbial community organization. Environ 
Pollut 152(3):576–584  

    Yang JW, Yi HS, Kim H, Lee B, Lee S, Ghim SY, Ryu CM 
(2011) Whitefl y infestation of pepper plants elicits 
defence responses against bacterial pathogens in 
leaves and roots and changes the below-ground micro-
fl ora. J Ecol 99:46–56  

    Zijnge V, van Leeuwen MB, Degener JE, Abbas F, 
Thurnheer T et al (2010) Oral biofi lm architecture on 
natural teeth. PLoS One 5:e9321. doi:  10.1371/journal.
pone.0009321      

    Zoetendal EG, Ben-Amor K, Harmsen HJM, Schut F, 
Akkermans ADL, de Vos WM (2002) Quantifi cation 
of uncultured  Ruminococcus obeum -like bacteria in 
human fecal samples by fl uorescent in situ hybrid-
ization and fl ow cytometry using 16S rRNA- 
targeted probes. Appl Environ Microbiol 
68:4225–4232  

    Zysko A, Sanguin H, Hayes A, Wardleworth L, Zeef LAH, 
Sim A et al (2012) Transcriptional response of 
 Pseudomonas aeruginosa  to a phosphate-defi cient 
 Lolium perenne  rhizosphere. Plant Soil 359:25–44. 
doi:  10.1007/s11104-011-1060-z          

Microbiomics: An Approach to Community Microbiology

http://dx.doi.org/10.1007/s11104-011-1060-z
http://dx.doi.org/10.1371/journal.pone.0009321
http://dx.doi.org/10.1371/journal.pone.0009321
http://dx.doi.org/10.1146/ annurev.phyto.40.030402.110010
http://dx.doi.org/10.1146/ annurev.phyto.40.030402.110010
http://dx.doi.org/10.1111/j.1574-6941.2010.01025.x
http://dx.doi.org/10.1128/AEM. 00062-07
http://dx.doi.org/10.1128/AEM. 00062-07
http://dx.doi.org/10.1126/science.1093857


655D. Barh et al. (eds.), PlantOmics: The Omics of Plant Science,
DOI 10.1007/978-81-322-2172-2_23, © Springer India 2015

    Abstract  

  Cryopreservation at ultra-low temperatures is 
used for the long-term conservation of nonor-
thodox seeds and the germplasm of vegeta-
tively propagated species. Advances in 
biomolecular or ‘omics’ technologies are cre-
ating a new knowledge base that provides 
insights into how to solve some of the more 
diffi cult cryobiological and conservation chal-
lenges. Before routinely implementing cryos-
torage, it is important to verify that it does not 
have any genotypic and/or phenotypic desta-
bilising effects and that plants produced from 
cryopreserved germplasm are true-to-type. 
The evolving concept of ‘cryobionomics’ con-
siders two practical aspects: (1) the linkage 
between cryoinjury and stability in vitro and 
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(2) the behaviour and functionality of plants 
recovered from cryopreserved germplasm 
once they are reintroduced into natural envi-
ronments. Cryobionomics is a working 
hypothesis that explores the emerging research 
evidence that connects causal factors related 
to cryoinjury and loss of viability to the risks 
of genetic instability. This paper presents the 
principles of cryopreservation and reviews 
contemporary omics research literature within 
the conceptual framework of cryobionomics. 
The aim is to explore the connections between 
stability and cryogenic/non-cryogenic stress 
factors with a view to aiding protocol 
 improvement, optimisation and validation for 
plant genetic resources conservation.  

  Keywords  

  Cryoinjury   •   Vitrifi cation   •   Viability   •   Plant 
germplasm   •   Genetic stability   •   Cell 
signalling  

        Introduction 

 Cryopreservation is the long-term storage of via-
ble biological resources (Day et al.  2008 ) at ultra- 
low temperatures (−196 °C) usually in liquid 
nitrogen (LN). It is the method of choice for 
ensuring the long-term storage of nonorthodox 
seeds, the germplasm of vegetatively propagated 
species and biotechnologically important plant 
cell lines (Benson  2008a ; Engelmann  2004 , 
 2011 ; Tsai and Hubscher  2004 ). At cryogenic 
temperatures, it is generally understood that all 
cellular divisions and metabolic processes are 
stopped and that plant germplasm can be main-
tained indefi nitely without genetic alteration. 
Phytosanitary tested in vitro cultures may be 
stored in relatively small volumes in cryobanks 
that preserve genetic stability with limited rou-
tine maintenance (Kaczmarczyk et al.  2012 ; 
Kaviani  2011 ). For cryopreservation to be suc-
cessful, it is vital to prevent the formation of 
intracellular ice, and hence vitrifi cation is the 
preferred method for cryopreserving plant germ-
plasm in LN (Sakai  2000 ). Ideally, cryopreserva-
tion protocols should be easy to use and readily 

available (Kami  2012 ; Kaviani  2011 ); they 
include rapid and controlled rate cooling, colliga-
tive cryoprotection and vitrifi cation (chemical 
cryoprotectants, droplet freezing, droplet vitrifi -
cation, encapsulation-dehydration and desicca-
tion). These techniques have been successfully 
applied to some 200 amenable species (Dulloo 
et al.  2010 ) using diverse cell and tissue types: 
cell cultures and suspensions, calluses, apices 
and somatic and zygotic embryos (Benson et al. 
 2002 ; Reed  2008a ; Normah et al.  2012 ). The 
cryogenic process typically comprises multiple 
stages including non-cryogenic manipulations, 
ranging from tissue culture, pregrowth, acclima-
tion, cryoprotection (colligative or vitrifi cation), 
cooling, thawing or rewarming and recovery 
(Reed  2008a ,  b ). 

 In the case of vegetatively propagated species, 
cryopreservation is widely applied to many eco-
nomically important plants; protocols are estab-
lished for root and tuber crops, fruit trees, 
ornamentals, forestry species and plantation 
crops from temperate and tropical origin 
(Engelmann  2000 ; Kaczmarczyk et al.  2012 ). 
Problematic germplasm is either nonorthodox or 
produces dehydration-sensitive, recalcitrant 
seeds for which storage problems can be circum-
vented in some cases by cryopreserving embryos 
and/or embryonic axes (Engelmann  1991 ,  1997 ). 
Recalcitrance is a dynamic concept which has 
evolved with advances in seed biology and 
improvements in cryostorage (Engelmann  2011 ) 
that effectively expedite problematic germplasm 
conservation and utilisation (Normah et al.  2012 ; 
Harding et al.  2013 ). 

 Contemporary plant cryopreservation research 
is now underpinned by sophisticated biomolecu-
lar and omics technologies to advance the under-
standing of storage stability (Benson et al.  2013 ). 
Cryobionomics was fi rst presented at the Society 
for Low Temperature Biology (Harding  2002 ) 
and in a subsequent review concerning the 
genetic integrity of cryopreserved plant cells 
(Harding  2004 ). The concept was proposed to 
embrace the diverse research that describes 
genetic instability in plants derived from cryo-
preservation and was further developed within 
the EU projects COBRA and CRYMCEPT to 
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gain insights into the complex relationship 
between cryoinjury and stability (Harding  2010 ; 
Harding et al.  2005 ). Cryobionomics was later 
built into the working group activities of the 
European project CRYOPLANET-COST Action 
871 (Grapin et al.  2011 ; Lynch et al.  2011a ; 
Harding  2010 ), a South African networking ini-
tiative (Berjak et al.  2011a ), and has been pre-
sented at various scientifi c venues (Harding et al. 
 2008a ,  2009 ). The implications of cryobionomics 
have been considered in a range of applications, 
from tropical plant germplasm conservation 
(Benson  2008a ; Janardhan  2007 ; Harding  2010 ; 
Berjak et al.  2011a ; Harding and Benson  2012 ) to 
algal culture collections (Harding et al.  2008b ) 
and crop genebanks (Benson et al.  2011a ,  b ,  c ). 
Cryobionomics is an evolving hypothesis that 
deals with two practical aspects of cryopreserva-
tion: (1) the linkage between cryoinjury and 
genetic stability and (2) the behaviour and func-
tionality of plants following their reintroduction 
in natural habitats and environments (Harding 
 2004 ). 

 This chapter comprises two sections: the fi rst 
describes the general principles of cryopreserva-
tion and outlines the key stages for protocol 
development, mainly for vegetatively propagated 
species and using sugar cane as a case study 
(Martinez-Montero et al.  2012 ). The second con-
siders the developing framework of cryobionom-
ics and how plant-related omics technologies 
may be applied to assist storage protocol improve-
ment. The full spectrum of cryostorage opera-
tions is considered, from germplasm donor to the 
regeneration of cryopreserved plantlets, and 
assessing their genetic stability and confi rmation 
of trueness-to-type (Perazzo et al.  2000 ).  

    Conservation and Cryopreservation 

 Some of the world’s most important food crops 
are clonally propagated including (Benson et al. 
 2011b )  Dioscorea  spp. (yam),  Solanum  spp. 
(potato),  Musa  spp. (banana),  Manihot  spp. (cas-
sava),  Colocasia esculenta  (taro),  Saccharum  sp. 
hybrids (sugarcane) and  Ipomoea batatas  (sweet 
potato). Traditionally, in situ genetic conserva-

tion is achieved in clonal fi eld collections, but 
these are labour-intensive and can expose genetic 
resources to risks, particularly pests, pathogens 
and/or natural disasters (González-Benito et al. 
 2004 ; Engelmann  2011 ). Species-level conserva-
tion can involve several hundreds to thousands of 
accessions (Panis and Lambardi  2005 ) demand-
ing high running costs and large areas of land for 
their sustainable cultivation. Cryopreservation is 
usually applied to problematic species that pro-
duce dehydration-sensitive recalcitrant seeds or 
genetic resources that cannot be preserved by 
other means. Cryostorage is also used for clon-
ally propagated crop cultivars for which it is 
desirable to conserve a specifi c genetic combina-
tion that would be eroded by outbreeding 
(Halmagyi et al.  2004 ; Kaczmarczyk et al.  2012 ; 
Panis et al.  2005 ). 

 Cryopreservation of plant tissues involves 
storage in LN and/or in the vapour phase of LN 
(at ~ −135 °C) under conditions that maintain tis-
sue viability following thawing or rewarming 
(Day et al.  2008 ; Hamilton et al.  2009 ; 
Kaczmarczyk et al.  2012 ). Cryostorage requires 
minimal space and negates the need for contin-
ual, serial subculturing, thereby reducing the 
risks of somaclonal variation occurring 
(González-Benito et al.  2004 ; Panis and Lambardi 
 2005 ). However, cryopreservation has special 
risk management issues, and it is critical that 
facilities are managed appropriately to ensure 
that cryobanks are a realistic backup for the long- 
term conservation of plant genetic resources. 
Supply of LN needs to be maintained and levels 
adequately monitored to assure safe cryoconser-
vation of germplasm  in perpetuity . However, 
there are crucial considerations regarding the 
thermal stability of stored materials (Benson 
 2008a ,  b ; Benson et al.  2011c ,  2013 ) especially 
as some theoretical evidence suggests that bio-
chemical and molecular processes may not be 
completely arrested at ultra-low temperatures 
(Walters et al.  2004 ). Although cryopreservation 
has evident strategic advantages, the resulting 
freezing/thawing and cooling/rewarming injuries 
related to membrane structure, cellular functions 
and loss of totipotency can cause unacceptable 
reductions in viability and, most signifi cantly, 
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regrowth of whole plants, which still remains a 
major limiting factor as does storage recalci-
trance (Benson  2008a ). 

 Several reviews catalogue the species that 
have been successfully cryopreserved (Cyr  2000 ; 
Engelmann  1997 ; Engelmann and Takagi  2000 ; 
Sakai et al.  2002 ). There are general guidelines 
for cryopreservation (Benson et al.  2011c ,  2013 ; 
Panis  2009 ; Reed et al.  2004a ), but there is no 
one ‘universal protocol’ that can be used for all 
groups of plants, as each species has physiologi-
cal and biochemical uniqueness that requires pro-
tocols to be optimised for individual 
characteristics (Nadarajan et al.  2007 ). Moreover, 
different protocols on balance offer different 
advantages and disadvantages that need to be 
fully taken into account before they are routinely 
implemented (Benson  2008a ; Benson et al. 
 2011a ,  b ,  c ; Reed  2008a ). During the develop-
ment and/or improvement of a protocol, both 
cryogenic and non-cryogenic factors need to be 
carefully balanced to support acceptable levels of 
viability and recovery that satisfy fi tness-for- 
purpose criteria.  

      Cryopreservation: General 
Principles 

 The conservation of plant species requires a prag-
matic approach that empirically defi nes those 
critical factors that contribute to successful cryo-
preservation, described as follows. 

    Plant Factors, Donor Plants 
and Physiological Status 

 As a general rule, germplasm is chosen from 
either in vivo- or in vitro-grown juvenile plants 
(Engelmann  1991 ); meristematic cells are more 
likely to withstand freezing because they are rela-
tively small in size and contain fewer vacuoles 
compared to mature tissues, and their cytoplasm 
is dense indicating a lower water content. 
Pathogen-tested in vitro cultures are preferred 
sources of shoot apices and meristems because of 
their manageable size and reduced levels of con-

tamination as compared to fi eld-grown plants. In 
vitro cultures are maintained by aseptic subcul-
ture, making them more amenable to cryogenic 
manipulations and post-storage recovery; organ-
ised in vitro cultures are relatively less prone to 
genetic instability compared to callus cultures 
(Scowcroft  1984 ). 

 According to Kami et al. ( 2010 ), the size of 
the tissue is a critical factor; the dissection of 
meristematic shoot tips is an exacting manual 
process requiring the trimming of shoot tissue 
from ~3 × 3 mm to ≥1 × 1 mm. Viability and 
regrowth of larger shoot tips after exposure to LN 
appear to decline in comparison to smaller tis-
sues, which may also be infl uenced by in vitro 
growth conditions (Keller et al.  2006 ). Conversely, 
the lower (<1 mm) limits of dissection also affect 
viable recovery; generally shoot tissues are dis-
sected to size of 0.5–2 mm. For most cryogenic 
protocols, the state of the cells and tissues should 
be optimised to ensure tolerance to dehydration 
and recovery of vigorous growth after cryo-
preservation (Dereuddre et al.  1988 ; Withers 
 1979 ). Water status critically affects the ability of 
germplasm to be stored in LN (Stanwood  1985 ), 
and as cells are sensitive to freezing tempera-
tures, moisture content is determined and opti-
mised to support the survival, viability and 
regrowth of cryopreserved germplasm (Benson 
et al.  2013 ).  

    Preconditioning 

 Naturally cold hardy plants and some temperate 
species can withstand exposure to declining tem-
peratures, and their tolerance is exploited to 
enhance the ability of germplasm to survive 
LN. This is usually achieved by exposing donor 
plants and/or their tissue cultures to low (>0 °C) 
temperatures (Benson  2008a ). Cold acclimation 
is usually applied as a temperature diurnal cycle 
with a shorter day length (Gale et al.  2013 ; Reed 
and Uchendu  2008 ); the treatment induces an 
intrinsic tolerance to low temperature and 
 desiccation by triggering genes responsible for 
cold adaptation (Fowler and Thomashow  2002 ; 
Takagi  2000 ). For temperate herbaceous plants 
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which are minimally cold hardy, low-temperature 
treatments (0–5 °C) are applied either to donor 
plants or their dissected meristems; these regimes 
are effective in supporting post-storage recovery 
when protocols are optimised (Keller et al. 
 2008b ). Tropical species are temperature sensi-
tive, and one of the most challenging issues is 
devising preconditioning treatments that stimu-
late physiological responses to suffi ciently 
enhance tolerance to dehydration and cryogenic 
procedures.  

    Preculture 

 In the case of cold sensitive, tropical plant spe-
cies, cold hardening is replaced by preculturing 
the mother plants or excised tissues on sucrose- 
enriched medium to induce ‘dehydration toler-
ance’ and produce acceptable levels of recovery 
and growth after cryopreservation (Dumet et al. 
 1993 ; Engelmann  1991 ). This can involve cultur-
ing of excised embryos and embryonic axes on 
medium containing various sugars (glucose, fruc-
tose, sucrose) or sugar alcohols (mannitol, sorbi-
tol) followed by exposure to cryoprotectants such 
as dimethylsulphoxide (DMSO).  

    Osmoprotection 

 This comprises broad-ranging treatments that 
generally involve tissues being optimally condi-
tioned on a medium supplemented with sugars or 
other osmotically active substances. Medium 
composition, duration and temperature of expo-
sure to osmotic are key determinants, and they 
are critical factors for successful cryopreserva-
tion (Engelmann  1997 ; Walters et al.  2002 ).  

    Cryoprotection and Cryoprotectants 

 Avoidances of physical and chemical injury dur-
ing cryopreservation are core principles of cryo-
protection, and they are largely infl uenced by the 
stages that precede the fi nal immersion of germ-
plasm in LN. A comprehensive account of cryo-

protection can be found elsewhere (Fuller  2004 ; 
Benson  2008a ,  b ). There are two main types of 
cryoprotectant (Ciani et al.  2012 ): (1) those that 
penetrate the cell and are considered to have col-
ligative properties (DMSO, glycerol, ethylene 
glycol, propylene glycol) and (2) non-penetrating 
cryoprotectants which have osmotic activity 
(sucrose, dextrans, amino acids). However, a 
more precise term has been introduced to describe 
cryoprotectants as ‘colligative acting’; this is 
because both cell-penetrating and cell-non- 
penetrating additives can modulate solute con-
centration during cryopreservation (Benson et al. 
 2013 ). In the case of some types of plant germ-
plasm, a combination of both penetrating and 
non-penetrating cryoprotectants may be applied 
(Panis et al.  2005 ; Panis and Lambardi  2005 ).  

    Cryopreservation Techniques 

 A range of protocols have been widely applied to 
cryopreserve plant germplasm (Kaviani  2011 ), 
and some are based on a singular approach, 
whereas others use a combination of techniques 
as described below. 

    Controlled Rate Cooling 
 Slow cooling is applied in conjunction with 
chemical cryoprotection and involves stepwise 
cooling to a terminal transfer temperature before 
immersion of cryovials in LN (Reed and Uchendu 
 2008 ). By controlling the decreasing temperature 
at a comparatively slow rate, ice crystals are 
formed in the extracellular solution and water is 
removed from the intracellular compartments; 
this leads to cellular dehydration, and intracellu-
lar ice formation is circumvented when cells are 
exposed to LN (Meryman and Williams  1985 ; 
Benson et al.  2013 ; Morris and Acton  2013 ). 
Rapid thawing of samples is usually required to 
achieve viable recovery. Controlled rate cooling 
has been successful for moderately hydrated cal-
lus and cell cultures (Schrijnemakers and Van 
Iren  1995 ; Lynch  2000 ). The technique can have 
complex applications where several cooling steps 
are required. The computerised cooling appara-
tus is an initial expense, and the programmed run 
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can take several hours to complete for slow rates 
of cooling. Compared to other techniques, con-
trolled cooling is relatively costly to operate rou-
tinely (Ashmore  1997 ), but it has the advantage 
that many cryovials can be simultaneously bulk 
handled during a cooling run, making the opera-
tion more time effi cient compared to most vitrifi -
cation methods that require operators to manually 
handle cryovial on a one-by-one basis. Moreover, 
from a quality management-SOP perspective, 
controlled rate programmable cooling enables 
the programmed run to be systematically moni-
tored, creating an electronic record with critical 
point thermal data and ice nucleation tempera-
tures (Morris and Acton  2013 ).  

    Encapsulation/Dehydration 
 This is a vitrifi cation-based technique in which 
shoot meristems or somatic embryos are encap-
sulated in calcium alginate beads (Fabre and 
Dereuddre  1990 ). The protective encapsulation 
process enables dehydration and desiccation to 
proceed which would otherwise be highly dam-
aging or lethal to nonencapsulated samples 
(González-Arnao and Engelmann  2006 ). The 
basic protocol comprises encapsulation, precul-
ture of alginate-coated samples in liquid medium 
with high levels (0.5–0.75 M) of sucrose, evapo-
rative air or silica gel desiccation, placing beads 
into cryovials, rapid cooling of cryovials in LN 
and rewarming of the alginate encapsulated tis-
sue. Recovery is usually performed by placing 
the beads onto standard culture medium without 
having to extract the shoots or embryos from 
their alginate coating (Engelmann et al.  2008 ; 
Sherlock et al.  2005 ).  

    Desiccation 
 This involves the direct (rapid cooling) immer-
sion of tissues in LN. Desiccation is usually per-
formed in the sterile stream of air produced from 
a laminar airfl ow cabinet/workbench, but more 
precise and reproducible desiccation is achieved 
by dying material over activated silica gel or 
using a fl ow of sterile compressed air (Engelmann 
 2000 ; Sherlock et al.  2005 ). Germplasm is usu-
ally recovered by the rewarming of samples 
under ambient conditions.  

    Vitrifi cation 
 The process of vitrifi cation involves the exposure 
of plant germplasm to highly concentrated cryo-
protectant solutions for relatively short durations. 
To induce dehydration tolerance, tissues are 
 cultured on medium with high levels of sucrose 
(0.3 M) or sorbitol (1.4 M) and subsequently 
transferred to a glycerol-sucrose solution (2 M 
glycerol + 0.4 M sucrose), referred to as the load-
ing solution (Sakai  2000 ). The most widely used 
plant vitrifi cation solution was developed by 
Sakai et al. ( 1990 ) and named PVS2, which con-
sists of 30 % (w/v) glycerol, 15 % (w/v) ethylene 
glycol and 15 % (w/v) DMSO in liquid medium 
to a fi nal concentration of 0.4 M sucrose (Benson 
and Harding  2012 ). Dissected, pretreated shoot 
tips are placed into cryovials which are plunged 
into LN. After rewarming, samples are usually 
placed in unloading solution (1.2 M sucrose) for 
a short time and then cultured on standard recov-
ery medium.  

    DMSO Droplet Freezing 
 The droplet-freezing technique is based on the 
cryopreservation protocol established for cassava 
shoot tips by Kartha et al. ( 1982 ) and was later 
applied to conserve potato shoot tips (Schäfer- 
Menuhr et al.  1996 ). The technique consists of 
cryoprotecting dissected shoot tips derived from 
in vitro plantlets with a 10 % (v/v) DMSO solu-
tion for 1–3 h and then rapidly freezing the shoot 
tips in micro-droplets (2.5 μL) of DMSO solution 
on aluminium foils placed in cryovials in which 
the droplet foils are immersed directly into liquid 
LN. Rapid thawing of samples is necessary to 
recover viable shoots that are capable of regrowth.  

    Droplet Vitrifi cation 
 The technique combines the droplet-freezing 
method with the vitrifi cation procedure (Sakai 
et al.  1990 ), in which shoot meristems are cooled 
in a droplet of PVS2 cryoprotectant solution. The 
droplets enclosing the meristems are formed on 
aluminium foils that are then manually  transferred 
into cryovials fi lled with LN, after which they are 
directly immersed into LN (Panis et al.  2005 ). 
Droplet methods have the disadvantage that tis-
sues are directly exposed to LN (Benson et al. 
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 2013 ). Rapid rewarming of cryovials in a heated 
water bath is necessary to recover viable shoots 
that are capable of regrowth.  

    Encapsulation-Vitrifi cation 
 This is a combination of the encapsulation/dehy-
dration and vitrifi cation procedures as described 
above, in which samples are encapsulated in algi-
nate beads and then subjected to vitrifi cation by 
PVS2, after which the beads are placed in cryovi-
als which are immersed in LN. The beads are 
rewarmed and the vitrifi cation solution removed 
before transferring to culture medium (Martinez- 
Montero et al.  2012 ).   

    Thawing and Rewarming 

 The avoidance of ice recrystallisation is essential 
during rewarming as ice nucleation can occur 
when samples are slowly rewarmed above the 
Tg and homogeneous ice nucleation point 
(≥ −40 °C); therefore, rewarming should usually 
be performed by rapidly transferring cryovials to 
+40 °C water bath for several minutes until the 
visible signs of ice disappear. To avoid the desta-
bilisation of the noncrystalline vitrifi ed glassy 
state, rewarming of samples is usually carried out 
rapidly to limit devitrifi cation and promote post- 
storage recovery (Mazur  2004 ). This practice 
may cause stress fractures in the glass if rewarm-
ing is performed too rapidly (Benson  2008a ). To 
reduce this possibility, a two-phased approach 
may be required: (1) fi rst a short phase (e.g. 1–2 
s at ambient temperatures) to allow glass relax-
ation without stress fracturing and (2) second 
rapid warming (at +45 °C) to ensure the speedy 
transition from glass to liquid without an inter-
vening passage through an ice phase.   

    Sugarcane, Conservation 
and Cryopreservation 

 Commercial sugarcane, belonging to the genus 
 Saccharum  ( Poaceae ), is an important industrial 
crop in Latin America, accounting for nearly 
70 % of sugar produced worldwide (Lakshmanan 

et al.  2005 ). A substantial effort has been directed 
towards developing sugarcane as a biofactory for 
high-value products (Wang et al.  2005 ,  2013 ; 
Chen and Dixon  2007 ). This displays many fea-
tures of a natural biofactory: rapid, vigorous 
growth, an effi cient carbon fi xation pathway and 
large biomass production. Sugarcane has a well- 
developed stem-organ storage system with a 
large pool of hexose sugar and is cultivated 
throughout the world (Altpeter and Oraby  2010 ; 
Wang et al.  2013 ) particularly as it has the poten-
tial to decrease the dependency on the use of fos-
sil fuels (Rein  2007 ). 

 In vitro culture of sugarcane has a crucial role 
in the conservation, breeding and utilisation of 
genetic variability of the crop, and biotechnologi-
cal techniques also include cryopreservation, 
in vitro selection, genetic engineering and the 
commercial mass production of disease-free sug-
arcane (Lakshmanan et al.  2005 ; Altpeter and 
Oraby  2010 ). Tissue culture systems have a vital 
role to facilitate the international exchange of 
germplasm as the size of the samples is drasti-
cally reduced and genetic resources can be trans-
ported under sterile conditions. 

 Sugarcane is an excellent example for demon-
strating where a range of cryopreservation proto-
cols have been developed for various types of 
germplasm: apices of in vitro plantlets using the 
encapsulation/dehydration technique (González- 
Arnao et al.  1993 ; Paulet et al.  1993 ), cell suspen-
sions (Finkle and Ulrich  1979 ; Gnanapragasam 
and Vasil  1990 ) and embryogenic callus using 
classical freezing protocols (Eksomtramage et al. 
 1992 ; Gnanapragasam and Vasil  1992 ; Jian et al. 
 1987 ), simplifi ed cryopreservation protocols 
(Martinez-Montero et al.  1998 ) and vitrifi cation- 
based techniques for somatic embryos (Martinez- 
Montero et al.  2008 ,  2012 ).  

    The Genesis of Cryobionomics 

 The origin for creating cryobionomics as a new 
paradigm was largely derived from the synthesis 
of the various issues regarding genetic stability 
assessments, as a start to fi nding an acceptable 
basis for reaching international consensus for the 
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release and reintroduction of plants derived from 
cryopreserved germplasm into the environment 
and for their use in biotechnological applications 
and/or in plant breeding (Harding  2004 ). In the 
last few decades, the plant sciences have seen an 
immense advancement in analytical technology, 
providing a multiplicity of procedures that have 
diverse applications in biotechnology (Harding 
et al.  2013 ), as molecular markers and genomics, 
and many are increasingly being used for the 
characterisation of plant germplasm (Ayad et al. 
 1997 ; de Vicente  2004 ; de Vicente and Andersson 
 2006 ; de Vicente and Fulton  2003 ; Harding and 
Benson  2012 ; Karp et al.  1997 ; Spooner et al. 
 2005 ). Despite these technological advance-
ments, limited progress has been made in estab-
lishing precise scientifi c criteria that are 
internationally agreed and/or acceptable for 
assessing genetic stability in plants recovered 
from cryopreserved germplasm. 

 A wide range of reports indicate that the 
choice of technique or approach used in assess-
ments of genetic stability is largely determined 
by the type or nature of the conservation strategy, 
the needs and experience of the end user, local 
availability of expertise and resources appropri-
ate for a given species and in vitro/ex situ conser-
vation objectives. The monitoring of genetic 
stability has been advised as a technical guideline 
for the management of fi eld and in vitro germ-
plasm collections (Reed et al.  2004a ). However, 
it remains that there is no single technique or 
approach that can be described as the method of 
choice and/or guidance to adequately judge 
genetic stability or acceptable levels of genetic 
change. The importance of stability has been rec-
ognised in several guidelines and standards 
(Genebank Standards  1994 ; IPGRI/CIAT  1994 ; 
FAO  2012 ,  2013 ) for in vitro conservation best 
practices (Benson et al.  2011c ) and in bioreposi-
tories and biobanks (Benson et al.  2013 ). 

 It is a fundamental requirement of genebank 
management to monitor and determine sample 
quality, viability and genetic integrity of materi-
als during in vitro storage (Benson et al.  2011a ,  b , 
 c ). The use of robust standard operating proce-
dures (SOPs) and establishment of best practices 
are integral parts of a quality management system 

which can assist the operations of genebank man-
agement to achieve its conservation objectives 
(Benson and Harding  2012 ; Morris and Acton 
 2013 ). In the context of in vitro conservation, the 
use of cryopreservation for the long-term storage 
of plant germplasm is ultimately the process that 
enables the restoration and sustainable utilisation 
of a species (Berjak et al.  2011a ; Harding and 
Benson  2012 ). Cryobionomics was coined to sig-
nify the reintroduction of species into the envi-
ronment following cryostorage; accordingly, this 
term combines and integrates studies of genetic 
stability with cryopreservation as follows:
•    Nomic – a science or fi eld of knowledge or the 

discipline of the study  
•   Cryo – reference to the subject ‘cryobiology 

and cryopreservation’  
•   Bionomics – a branch of biology dealing with 

organisms’ habitats and modes of life in their 
natural environments (Oxford dict.)  

•   Cryobionomics – the biological science deal-
ing with cryopreserved organisms’ behaviour 
and habitats following their reintroduction 
into their natural environment   

Cryobionomics may be defi ned as an interdisci-
plinary subject that requires phenotypic, histo-
logical, cytological, biochemical and molecular 
biological knowledge of the organism to assess 
possible cellular/biochemical damage (cryoin-
jury), impairment of metabolism and loss of 
reproductive functions. It also proposes to exam-
ine the temporal shifts in gene expression that 
cause disruption of normal regulatory mecha-
nisms, growth and developmental sequences 
(Harding  2004 ). 

 Importantly, the concept provides a working 
hypothesis to explore the relationship between 
cryoinjury, viability and genetic stability as it 
draws attention to the potential impacts of cryo-
injury on the genome, transcriptome, proteome 
and metabolome as shown in Fig.  1 . Thus, 
 cryobionomics provides a conceptual framework 
to investigate the linkages between cryogenic and 
non-cryogenic stress factors (Berjak et al.  2011a ). 
This approach aims to understand the basis of 
success or failure following cryostorage by using 
molecular and physiological approaches to iden-
tify robust post-storage performance indicators 
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and assist evidence-based protocol optimisation 
and improvement (Benson et al.  2013 ; Harding 
and Benson  2012 ; Harding et al.  2009 ,  2013 ; 
Skyba et al.  2010 ). For example, epigenetic and/
or genetic alterations to the genome may affect 
the functionality of germplasm by disrupting nor-
mal patterns of growth and reproduction causing 
undesirable instability (Johnston et al.  2009 ; 
Kaity et al.  2008 ; Peredo et al.  2008 ). However, 
another perspective of cryobionomics is that 
molecular changes, particularly at the epigenetic 
level, may be indicative of a positive adaptive 
response to the stresses incurred during cryo-
preservation and which may be advantageous to 
post-storage survival (Johnston et al.  2007b , 
 2009 ). Genetic/epigenetic events may be mani-
fested as detectable changes in morphology, 
cytology, histology and biochemical characteris-
tics and molecular marker profi les that affect the 
true-to-type nature of plants recovered from 
cryostorage (Benson et al.  2011a ). The extent of 

these changes may infl uence the quality of con-
served germplasm and the performance of plants 
recovered from cryobanked materials (Benson 
et al.  2011c ) and reintroduced into natural envi-
ronments and, similarly, their commercial exploi-
tation and utilisation by biotechnologists and 
plant breeders (Harding et al.  2009 ).  

    Is There a Connection Between 
Cryoinjury and Viability? 

 The effi cacy of any cryopreservation protocol is 
largely determined by balancing the plant’s 
intrinsic tolerance and sensitivity to stress with 
the ability to withstand the severity of cryogenic 
treatments (Benson  2008a ). There are a wide 
range of techniques (see section 
“ Cryopreservation: General Principles ”) that are 
employed to achieve this objective (Reed  2008a ), 
and failure to endure exposure to the extreme 

  Fig. 1    A schematic illustrating the linkages between the 
various impacts of cryoinjury on a plant cell indicating the 
potential changes to the genome, transcriptome, pro-

teome, metabolome and genetic stability (Adapted from 
Harding et al.  2009 )       
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conditions imposed during cryopreservation is 
likely to incur a considerable degree of cellular 
damage, which is referred to as cryoinjury 
(Benson  1999 ; Benson et al.  2013 ; Fuller et al. 
 2004 ; Katkov  2012a ,  b ). Numerous stress-related 
factors are associated with cryoinjury, and fre-
quently these are a result of suboptimal protocols 
which can include any combination of the fol-
lowing damaging events:
•    Intracellular ice formation during controlled 

rate cooling and/or LN exposure (Benson 
et al.  2007 ; Reed and Uchendu  2008 )  

•   Osmotic injury during cryodehydration and/or 
thawing/rewarming (Benson et al.  2005 ,  2013 )  

•   Devitrifi cation and/or ice recrystallisation 
during rewarming/thawing (Benson  2008a ,  b )  

•   Toxicity of cryoprotective agents/mixtures 
(Sakai et al.  2008 ; Keller et al.  2008b )  

•   Oxidative damage by ROS activity (Berjak 
et al.  2011a ,  b ; Johnston et al.  2007b ,  2010 )  

•   Secondary lipid peroxidation products 
(Johnston et al.  2007a ; Martinez-Montero 
et al.  2012 )   

It is an operational imperative to optimise cryo-
protective conditions, as suboptimal regimes 
(Normah and Makeen  2008 ) drastically reduce 

the viability of recovering plant germplasm 
(Berjak et al.  2011a ), and effective cryoprotec-
tion that adequately reduces cryoinjury requires 
careful protocol optimisation (Nadarajan et al. 
 2007 ), often on a species and genotype basis 
(Benson  2008a ; Fuller et al.  2004 ). The princi-
ples of cryoprotection are central to maintaining 
cell integrity and survival following exposure to 
LN, and in practice, there are two effective strate-
gies to achieve this objective: (1) colligative 
cryoprotection coupled with controlled rate cool-
ing and (2) vitrifi cation-based protocols as 
described above and elsewhere (Benson  2008a ,  b ; 
Benson et al.  2005 ,  2011a ,  b ,  c ,  2013 ). 

 Briefl y, the 2-factor hypothesis described by 
Mazur ( 2004 ) requires that for a given protocol, it 
is vital to optimise the cooling rate with the per-
meability of the cryoprotective additive to obvi-
ate deleterious colligative cell damage (lethal cell 
volume changes, toxic concentration of solutes) 
and intracellular ice formation. The critical 
events during cryoprotection by controlled rate 
cooling are schematically shown in Fig.  2 . 
Additives typically include DMSO, glycerol or 
methanol in the case of protists (Harding et al. 
 2010 ). Ultra-rapid cooling rates are effective 

  Fig. 2    The 2-factor hypothesis (Mazur  2004 ) and the effects of cryoinjury on cell viability incurred through either col-
ligative dehydration injury or intracellular ice damage and the intervention of colligative-acting DMSO       
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because they prevent water molecules from form-
ing ice crystals of a size that would be injurious. 
In contrast slow, controlled rates of cooling ini-
tially cause the formation of extracellular ice, 
thus creating a differential water (vapour pres-
sure) gradient across the cell membrane. The 
osmolality of extracellular solutes increase caus-
ing a freezing point depression and osmotic pres-
sure differential. To reach equilibrium, 
intracellular water moves to the outside of the 
cell, thereby increasing internal osmolality 
(Elliott et al.  2008 ) and reducing the water avail-
able to form ice; this results in a cryoprotective 
effect and cryoprotectants expedite the process. 
A common, colligative-acting, cell-penetrating 
cryoprotectant that is applied to plant germplasm 
is DMSO (Benson et al.  2013 ), which is applied 
singularly or in combination with glycerol and 
other additives (Sakai et al.  2008 ). Extracellular 
ice formation may be harmful to the integrity of 
some complex, fi ne cellular structures, but intra-
cellular ice is lethal to multicellular plant tissues 
(Fig.  2 ). Continued slow cooling in extreme cases 
will increase the removal of water, thereby con-
centrating the intracellular solutes, causing cell 
shrinkage by colligative damage or injury to cel-
lular architecture (Fig.  2 ). Ideally, the residual 
water remaining may be so negligible that ice 
crystals do not form, or the viscosity of the cel-
lular solution is so high that the cryoprotected 
cells most likely vitrify on exposure to LN 
(Benson et al.  2013 ). In which case, cells may 
become preserved in a partial glassy (vitrifi ed) 
state, although the extracellular matrix may be 
frozen (Fig.  2 ). Cryoprotectant permeability and 
toxicity are species dependent; cryoinjury is 
incurred through either intracellular ice or 
 colligative damage which results from the failure 
to optimise nucleation, cooling rates and cryo-
protection regimes (Morris and Acton  2013 ).  

 Vitrifi cation-based cryoprotection or ice-free 
cryopreservation can be achieved by increasing 
cell viscosity to the critical point at which ice for-
mation is inhibited both inside and outside the 
cell, where the available residual water becomes 
vitrifi ed on exposure to LN. Vitrifi cation proto-
cols can be complex and the vitrifi ed state is 
metastable and vulnerable to devitrifi cation dur-
ing cooling and rewarming. The vitrifi ed state is 

characterised by the Tg, glass transition tempera-
ture, which is the temperature at which a liquid 
forms a glass (Zámečník et al.  2012 ). Optimised 
rewarming is essential to avoid glass relaxation 
and devitrifi cation; the risks of which are damag-
ing fractures and cracks from glass tension that 
break fragile structures, ice nucleation and 
recrystallisation can also occur. Glass stability is 
highly dependent on moisture content (MC) and 
the calibration of the drying (dehydration and/or 
desiccation) time for which MC values do vary 
but typically fall around 0.4 g water g −1  dry 
weight to achieve optimal survival (Benson et al. 
 2005 ). 

 Cryopreservation is a multistage process, and 
each step can be potentially injurious, and the 
cumulative effects of these stresses may well lead 
to loss of viability and ability to regrow as a 
whole plant (Berjak et al.  2011a ; Elliott et al. 
 2008 ). To achieve the complete and/or partial vit-
rifi ed state, plant tissue must be exposed to 
extreme biophysical and chemical stresses 
through the application of high concentrations of 
additives that can become toxic (Benson et al. 
 2005 ,  2013 ). Intolerance to drying by dehydra-
tion and/or desiccation can be lethal or cause sig-
nifi cant loss of viability. In the case of suboptimal 
protocols, osmotic stress, cell shrinkage and 
damage to cell membranes are inevitable and can 
lead to the production of secondary lipid peroxi-
dation products (Johnston et al.  2007a ; Skyba 
et al.  2010 ; Martinez-Montero et al.  2012 ; 
Kaczmarczyk et al.  2012 ) which cause cell death 
and necrosis in recovering plant germplasm 
(Kaczmarczyk et al.  2008b ). Undoubtedly, there 
are numerous physiological adaptations that 
affect the way plants are able to survive the dif-
ferent physical and chemical cryoprotective treat-
ments, which may well implicate various cellular 
protective responses.  

     Validity, Variability and Viability 
of Cryopreservation Recovery 
Responses 

 The motivation to conserve the vast diversity of 
plant species (RBG  2010 ) arises from under-
standing the value and nature of threats to plants 
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in their natural environment (Berjak et al.  2011a ; 
Harding et al.  2013 ; Kaczmarczyk et al.  2011a ; 
Paton  2009 ). This necessitates the pragmatic use 
of in vitro and cryostorage techniques (Reed 
 2008a ; Normah et al.  2012 ) for species that are 
not easily conserved using other approaches, par-
ticularly clonally propagated plants or those that 
produce nonorthodox seeds, of which tropical 
species are particularly storage recalcitrant 
(Harding and Benson  2012 ). The validity of any 
given cryopreservation protocol is the proof of its 
reproducibility to successfully return the maxi-
mal number of true-to-type plants from germ-
plasm that has been stored at ultra-low 
temperatures (Reed et al.  2001 ,  2004a ,  b ; Keller 
et al.  2008a ). This requirement is essential but 
highly dependent upon the optimisation of a mul-
tiplicity of storage parameters (see section 
“ Cryopreservation: General Principles ”, Benson 
and Harding  2012 ; Benson et al.  2002 ). The task 
of protocol optimisation can be an immense 
undertaking and can also require exacting techni-
cal skills (e.g. meristem excision), robust experi-
mental rigour and exhaustive empirical work 
during the trial and error process that eliminates 

the negative variables to achieve maximal viabil-
ity and plant regrowth (Benson  2008a ; 
Kaczmarczyk et al.  2008a ,  2011a ; Kim and Lee 
 2012 ; Martinez-Montero et al.  2012 ; Nadarajan 
et al.  2007 ). 

 It is generally recognised that the application 
of cryoprotectants rarely permits 100 % survival 
of in vitro plant germplasm after freezing and 
thawing (Kaczmarczyk et al.  2008b ; Sakai et al. 
 2008 ). The overall cryopreservation process can 
thus be described as obeying the law of diminish-
ing returns, in that fewer shoot tissues survive 
cryoprotective and/or cryogenic treatments com-
pared to the original number exposed to these 
conditions (Johnston et al.  2009 ; Kaczmarczyk 
et al.  2008a ; Mix-Wagner et al.  2003 ; Panis et al. 
 1996 ,  2005 ). Notably, there is a considerable 
level of variability amongst species and/or geno-
types where survival can vary greatly (Reed et al. 
 2004b ). Typical ‘diminishing returns’ in regrowth 
responses are shown in Fig.  3  for  Ribes  geno-
types with differential tolerances to cryostorage 
(Johnston et al.  2009 ). The fate and viability of 
surviving shoot tips (Reed and Uchendu  2008 ) 
may also be subject to further decline as they fail 

  Fig. 3    Viability of  Ribes  species and genotypes ( R. 
nigrum ,  R. nigrum  cv Ben More,  R. sanguineum  cv Ben 
Tron and  R. ciliatum  cv King Edward VI) defi ned as per-

centage (%) of shoot regrowth after 6 weeks following 
exposure to different stages of the encapsulation/dehydra-
tion protocol (Adapted from Johnston et al.  2009 )       
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to thrive and grow beyond their existing physical 
structure (Kaczmarczyk et al.  2008b ; Keller 
 2005 ). These survival profi les have been 
described as cryopreservation-induced delayed 
onset cell death in both animal (Baust  2007 ) and 
plant systems (Harding et al.  2008a ,  2009 ). 
Survivors that do continue to regrow might not 
develop fully as growth is restricted to unorgan-
ised callus that produces a few adventitious roots 
and sporadic green leaves or incidental shoots 
(Chang and Reed  1999 ; Kaczmarczyk et al. 
 2008b ). Ideally, when a protocol is successful, it 
is desirable that the greater number of the surviv-
ing shoot tips completely regenerate into fully 
organised and differentiated plantlets, having a 
primary shoot formation connecting to a signifi -
cant rootstock that displays vigorous growth and 
development (Mix-Wagner et al.  2003 ). It is a 
common observation that regrowth and regenera-
tion are often much lower compared to the initial 
values of surviving cryopreserved shoot tips 
(Lynch et al.  2012 ; Kaczmarczyk et al.  2008a ; 
Mix-Wagner et al.  2003 ; Panis et al.  1996 ,  2005 ), 
and this has implications for cryobank cost/ben-
efi ts and effi ciency (Keller et al.  2013 ).  

 The variability in responses is often unpredict-
able, which highlights the complexity of the tem-
poral (phased) nature of post-storage recovery. 
Often only a single point in time is used to evalu-
ate viability and recovery, and this has limited 
comparative value as it is not possible to identify 
at which stage of recovery the survivors succumb 
to stress and begin to decline. Evidence-based 
optimisation of post-storage recovery requires 
continual monitoring up to 6–8 weeks or longer 
(species dependent) following cryostorage to 
fully characterise the factors and interventions 
that affect sustainable recovery (Benson and 
Harding  2012 ; Johnston et al.  2009 ). Assessment 
of post-storage viability and recovery usually 
comprises three stages: (1) initial survival of the 
meristem, (2) regrowth or regeneration of a via-
ble shoot, and (3) full plant regeneration. There 
are well-established criteria (greening, swelling, 
regrowth of roots or one or more shoots) described 
by Keller ( 2005 ) for evaluating the survival of 
shoot meristems following cryopreservation.  

     Connecting In Vitro Culture, 
Cryoinjury, Viability and Genetic 
Stability 

 Since the recognition that plant tissue culture 
plays a key role in supporting in vitro conserva-
tion, the subject of genetic stability has been an 
important concern and is defi ned as somaclonal 
variation (SCV) by Scowcroft ( 1984 ). 
Cryopreservation has been used successfully for 
the long-term, ex situ conservation of germplasm 
from a diverse range of plant species (Benson 
 1999 ; Benson et al.  2002 ; Martinez-Montero 
et al.  2012 ; Harding et al.  2013 ), but it is impor-
tant to verify that a storage protocol does not 
have any destabilising effects and that the plants 
recovered and regenerated from cryopreserved 
germplasm are true-to-type (Castillo et al.  2010 ; 
Miguel and Marum  2011 ; Perazzo et al.  2000 ) 
and satisfy the fi tness-for-purpose performance 
indicators of end users. The concern regarding 
genetic stability of in vitro cultures has lead to 
decades of study resulting in a wide range of 
reported stability investigations, including differ-
ent levels of analyses: plant morphology, pheno-
types, biochemical characteristics, cytology and 
histology, genetics and molecular biology (Jaligot 
et al.  2002 ; Harding  2004 ; Harding et al.  2009 ; 
Benson et al.  2011a ). Although there are numer-
ous reports of SCV for specifi c cryopreserved 
species, the exact mechanism and elucidation of 
the actual causal nature of genetic instability and 
its relative high frequency in vitro have been 
mainly speculative and elusive. Overall, the 
causal factors have evaded precise determination 
due to the unpredictability, randomness and 
vagaries of SCV manifestations and symptoms 
(Harding et al.  2008a ; Oh et al.  2007 ; Miguel and 
Marum  2011 ; Rodriguez-Enriquez et al.  2011 ). 
These collective observations are perhaps not too 
surprising considering the multistages involved 
in cryopreservation. The accumulation of DNA 
polymorphisms may not only be induced by 
cryopreservation  per se  but are the result of the 
whole culture-cryoprotection-regeneration pro-
cess (Harding  2004 ). New candidates, for 
instance, microRNAs, siRNA and the role of the 
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relationship between SCV and DNA methyla-
tion, are beginning to emerge as potential mark-
ers for SCV. Although it can be rationalised that 
some level of reversible post-storage variability 
may be attributed to storage stress adaptations 
(Harding et al.  2009 ; Johnston et al.  2009 ) rather 
than to genetic instability  per se . Technological 
advancements are leading to a better understand-
ing of the mechanisms that regulate patterns of 
gene expression (Rodriguez-Enriquez et al.  2011 ; 
Mosher and Melnyk  2010 ; Miguel and Marum 
 2011 ), and these will have useful applications in 
the study of cryostorage stability. For example, 
changes in cellular/metabolism homeostasis fol-
lowing the stressful exposure of plant tissues to 
cryoprotective treatments may also trigger gene 
activation and/or deregulation events. The com-
plexity of signalling responses of tissues during 
cryoprotection may well be the initial factors that 
predetermine the events that ultimately fashion 
the outcome of cryoconserved germplasm 
stability. 

     Cell Signalling and Gene Expression 
 The scientifi c literature is replete with cellular, 
biochemical and molecular evidence that charac-
terise many in vitro cryopreservation transitory 
stages (Skyba et al.  2010 ; Kaczmarczyk et al. 
 2012 ). At the onset of the preparatory stages of 
cryopreservation, the initial processing of donor 
material for in vitro cultures is likely to invoke 
the activation of many signalling pathways and 
the concomitant changes associated with gene 
expression and metabolism (Harding et al. 
 2008a ). Transference of fi eld- or glasshouse- 
grown material into tissue culture is often accom-
panied by disruptive physiological conversions 
(Kevers et al.  2004 ) and genomic (Peredo et al. 
 2008 ) and epigenetic alterations (Johnston et al. 
 2005 ,  2009 ) that are associated with in vitro 
change (Cassells and Curry  2001 ; Joyce and 
Cassells  2002 ; Joyce et al.  2003 ). 

 Sensing cold (Benson  2008a ) and its percep-
tion during acclimation by exposing in vitro tis-
sue cultures to low temperatures before 
cryopreservation trigger crosstalk between sig-
nalling networks (Joyce et al.  2003 ; Chinnusamy 
et al.  2004 ; Knight and Knight  2001 ) and the acti-

vation of various gene-regulated mechanisms 
(Renaut et al.  2006 ). Cryopreservation-induced 
abiotic stress in germplasm tissues is likely to 
elicit a rise in cytosolic free calcium levels; the 
Ca 2+ -mediated response involves protein phos-
phatases and kinases which are mediated through 
mitogen-activated protein kinase (MAPK) cas-
cades (Knight and Knight  2001 ; Zhang and 
Klessig  2001 ; Pitzschke et al.  2009 ; Rodriguez 
et al.  2010 ). 

 The signal transduction process that occurs 
during cold acclimation and the secondary mes-
senger networks are beginning to unfold a com-
plex series of pathways revealed by mutant, 
functional genomics, proteomic and metabolo-
mic studies (Benson  2008a ). The perception of 
stress by cells and the associated cascades elic-
ited by signalling molecules activates the expres-
sion of transcription factors that affect hundreds 
of stress response genes (Volk  2010 ). Tissue cul-
tures exposed to conditions of osmotic stress that 
are caused by dehydration prior to cryopreserva-
tion may also elicit many of the phytohormone, 
abscisic acid (ABA)-mediated responses 
(Carpentier et al.  2007 ; Volk  2010 ). Cold accli-
mation, stimulated by the incorporation of ABA 
in culture medium (Reed and Uchendu  2008 ), 
could potentially activate inducible gene path-
ways (Seki et al.  2002 ) and a stress-responsive 
MAPK cascade to induce the biosynthesis of eth-
ylene (Kim et al.  2003 ) with the concomitant 
changes in reactive oxygen species (ROS) pro-
duction and membrane fl uidity (Zhu et al.  2006 ). 
The ROS gene network includes over 150 genes 
(Suzuki and Mittler  2006 ), where the ROS 
homeostasis is often a delicate balance between 
normal cellular signalling and, in the extreme, the 
destruction of aerobic life (Harding et al.  2008a , 
 2009 ). 

 Oxidative stress occurs when the redox 
homeostasis is disrupted and the steady state 
between prooxidants and antioxidants becomes 
unbalanced (Johnston et al.  2006 ; Skyba et al. 
 2010 ; Kaczmarczyk et al.  2012 ) consequently 
eliciting protective responses mediated by many 
gene regulatory mechanisms. A common plant 
abiotic stress response to wounding and osmotic 
shock is the accelerated generation and accumu-
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lation of ROS such as hydrogen peroxide (H 2 O 2 ), 
the superoxide anion and hydroxyl radicals 
(Benson and Roubelakis-Angelakis  1994 ; 
Kovtun et al.  2000 ; Martinez-Montero et al. 
 2012 ). As part of a transduction network, H 2 O 2  is 
an active signalling molecule, although its accu-
mulation can lead to oxidative stress and the acti-
vation of MAPKs (Kovtun et al.  2000 ). Oxidative 
stress may be induced as a result of the mechani-
cal damage incurred during shoot-tip meristem 
dissection (Keller  2005 ; Volk and Caspersen 
 2007 ) and the recovery of wounded, dissected 
meristems (Johnston et al.  2007b ,  2010 ) espe-
cially if they have been exposed to suboptimal 
osmotic treatments and cryopreservation proto-
cols (Normah and Makeen  2008 ). Free radical 
cell damage to plasma membranes can also gen-
erate ROS, toxic lipid peroxides and their aldehy-
dic products in cryopreserved tissues (Johnston 
et al.  2007a ; Lynch et al.  2011b ; Skyba et al. 
 2010 ). A knowledge of the plant’s intrinsic abil-
ity to regulate ROS and quench free radical activ-
ity by phenolics, terpenes, carotenoids and 
pigment interactions (Johnston et al.  2006 ; 
Carpentier et al.  2005 ) and scavenge free radicals 
by antioxidant mechanisms (Johnston et al. 
 2007b ) can help to improve post-storage viability 
(Martinez-Montero et al.  2012 ). Future research 
may aid understanding the poorly characterised 
process of recovery following cryopreservation 
(Häggman et al.  2008 ; Volk  2010 ), especially as 
Volk et al. ( 2011 ) have identifi ed hundreds of 
genes that are up-regulated and down-regulated 
following the recovery of shoot tips from LN.  

    Viability and Genetic Stability 
 There are numerous, unresolved issues regarding 
what constitutes in vitro storage recalcitrance and 
the many variable factors that can negatively 
impact on the viability of cryopreserved germ-
plasm. Viable regrowth to functional whole 
plantlets after cryostorage is typically the deci-
sive response (Reed  2008b ) as this is required for 
reintroductions, rehabilitation and long-term 
conservation of genetic resources (Berjak et al. 
 2011b ). As a quality control measure and risk 
management practice (Benson and Harding 
 2012 ), the assessment of genetic integrity, 

trueness- to-type and fi tness-for-purpose is rec-
ommended for plants recovered from cryogenic 
storage (Harding et al.  2009 ; Benson et al.  2011a , 
 c ). This is because there is always the risk of 
SCV occurring as a consequence of in vitro con-
servation, and by taking the appropriate precau-
tionary measures, the frequency of SCV can be 
reduced to a minimum (Scowcroft  1984 ). For 
example, it is a usual requirement for in vitro 
genetic resources conservation to avoid the dedif-
ferentiated callus phase where possible (Reed 
 2008b ). This risk may be by minimised by mod-
erating the application of plant growth regulators 
(PGRs) to reduce dedifferentiation and by using 
differentiated, organised tissues that comprise the 
original meristem (buds, shoot tips, meristems, 
embryos) as they are genetically programmed to 
develop into true-to-type plants (Benson et al. 
 2011a ). Although in practice, this can be diffi cult 
as PGRs are sometimes required to stimulate 
shoot regeneration and regrowth after cryopreser-
vation (Harding and Benson  1994 ; Faltus et al. 
 2007a ,  b ). The damaging effects of cryoprotec-
tion and LN exposure on tissue cultures can 
retard the patterns of organised shoot regenera-
tion in favour of callus formation which can often 
arise from wounded tissues as a result of cryoin-
jury (Chang and Reed  1999 ; Kaczmarczyk et al. 
 2008b ; Volk and Caspersen  2007 ). By diligently 
monitoring regrowth during the recovery time 
course (section “ Validity, Variability and Viability 
of Cryopreservation Recovery Responses ”), this 
problem can be eliminated, in part, through the 
early detection of callus and cutting the dediffer-
entiated tissues from the original meristem, 
reducing the risks of a shoot and/or plantlet aris-
ing via adventitious regeneration (Keller et al. 
 2008b ; Martinez-Montero et al.  2012 ). 

 An examination of the post-cryopreservation 
recovery responses reported in the published lit-
erature invites the question – is there a relation-
ship that links suboptimal protocols with 
cryoinjury, recovery, genetic stability? 
Undoubtedly, it is widely understood and 
accepted that suboptimal conditions and proto-
cols affect the recovery of cryopreserved plant 
material (Normah and Makeen  2008 ; Reed 
 2008b ), but given the intricate complexity of the 
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signalling networks and patterns of gene expres-
sion (section “ Connecting In Vitro Culture, 
Cryoinjury, Viability and Genetic Stability ”), it is 
not intuitively obvious to reason that the observed 
low levels of survival and regrowth may predis-
pose germplasm to genetic instability. There is a 
spectrum of responses that fall into the high 
(>80 %) and low (<20 %) ends of shoot and plant 
regrowth for many species (Dussert et al.  2003 ; 
Sakai et al.  2008 ; Kaczmarczyk et al.  2011a ,  b ) 
including  Actinidia ,  Fragaria  and  Ribes  spp. 
(Reed  2008c ); apple (Towill and Ellis  2008 ; 
Zámečník et al.  2012 );  Eucalyptus ,  Populus  spp. 
and silver birch (Häggman et al.  2008 ); garlic 
(Zanke et al.  2011 ; Zámečník et al.  2012 ); hop 
(Zámečník et al.  2012 ); and potato (Keller et al. 
 2008b ; Mix-Wagner et al.  2003 ; Zámečník et al. 
 2012 ). The precautionary measures described 
above, coupled with optimisation of the protocol 
and recovery medium that give high levels of 
regrowth, provide reasonable assurance of stabil-
ity, but it may not be true for those species/geno-
types that exhibit low levels of survival and/or 
regrowth, signifying that the cryobionomics 
hypothesis has yet to be fully tested.  

    Issues of Genetic Stability 
 The question of genetic stability may be addressed 
using numerous analytical and investigative 
approaches and techniques (Kaczmarczyk et al. 
 2011b ), but by its elusive nature, the detection of 
SCV is a challenge and subject to the issues and 
limitations of the methods employed for its detec-
tion (Harding  2004 ; Harding et al.  2005 ). 
Oxidative stress and the production of ROS 
(Harding et al.  2008a ; Skyba et al.  2010 ; Berjak 
et al.  2011b ; Kaczmarczyk et al.  2012 ) exacer-
bated by the presence of H 2 O 2  during cryostorage 
do raise concerns related to genetic instability, as 
evidenced by the detection of 8-hydroxy-2′-
deoxyguanosine, a marker for oxidative damage 
in DNA and detected in germplasm exposed to 
cryogenic treatments (Johnston et al.  2010 ). 
Despite these constraints and concerns, there is 
suffi cient cumulative evidence in the reported lit-
erature to indicate an overall positive outcome 
regarding stability following cryopreservation, 
based on biochemical, cytological, molecular and 

morphological criteria (Harding et al.  2009 ; Reed 
 2008b ; Johnston et al.  2010 ; Lambardi et al. 
 2008 ; Häggman et al.  2008 ). 

 Nonetheless, scrutinising the accumulating 
evidence that suggests a more rigorous form of 
genomic analysis would provide better assurance 
of stability. Numerous plant species have differ-
ent levels of ploidy, for instance, sugarcane is a 
hybrid of different species with a complex octo-
ploid genome and chromosome diploid number 
ranging from 2 n  = 70–140 (Asano et al.  2004 ). 
Sampling of the plant genome by the contempo-
rary molecular biological marker techniques 
(Kaczmarczyk et al.  2011b ), typically by RFLPs, 
RAPDs, SSRs and AFLPs, appears to be 
restricted to a small fraction of the genome. Some 
estimates indicate this fraction as 0.001 % for 
potato (Harding  2004 ), 0.00055 % in chrysanthe-
mum (Martín and González-Benito  2005 ), 
0.001–0.003 % for St. John’s wort (Skyba et al. 
 2010 ) and ~0.03 % of the genome for papaya 
(Kaity et al.  2008 ). These calculations assume 
that each marker detects DNA variation along its 
entire fragment length (Harding  2004 ), but any 
given variant fragment may only result from a 
single nucleotide polymorphism (SNP) at the 
primer binding; therefore, these values overesti-
mate the portion of genome analysed (Kaity et al. 
 2008 ). Thus, given the diminutive size of this 
fraction and the limited sampling of the plant 
genome (Harding  2004 ; Kaczmarczyk et al. 
 2010 ,  2012 ), it is quite probable that molecular 
analyses will not detect any DNA polymor-
phisms, thereby indicating stability as an experi-
mental false negative. Although this is a diffi cult 
issue to resolve (Häggman et al.  2008 ), advances 
in plant genomics (Lescot et al.  2008 ; PGSC 
 2011 ) and the rapid progress in next-generation 
sequencing (NGS) technology (Shendure and Ji 
 2008 ; Hawkins et al.  2010 ; Metzker  2010 ; 
Nordborg and Weigel  2008 ) have contributed to 
an expanding database of over 6,868 projects 
(July 2013) with completely sequenced genomes 
(  www.genomesonline.org    ). These technologies 
are rapidly evolving, and high-throughput DNA 
sequencing platforms are now routinely available 
and in so doing reducing the cost of DNA 
sequencing. NGS will accelerate progress for the 
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comparative analysis of plant genomes, tran-
scriptomes and proteomes, and on a not too far 
distant horizon, they will provide defi nite evi-
dence regarding the fi delity of the primary DNA 
sequence of plants recovered from 
cryopreservation.    

    Cryopreservation and Omics 
Technologies 

 Plant cryopreservation is a complex, multistage 
process which often involves numerous, empiri-
cally derived manual and technical manipula-
tions of in vitro materials that typically include 
the selection and quality of donor material, pre-
conditioning, preculture, cryoprotection, cryo-
preservation, thawing/rewarming, recovery and 
regrowth to achieve a successful outcome as 
shown in Fig.  4  (Reed  2008a ; Kaczmarczyk et al. 
 2012 ). Standardisation of this ‘overall process’ to 
achieve a high level of recovery is an immense 
undertaking that requires years of concerted 
investigation using amenable ‘model systems’ to 

understand the complexity of the species- and 
genotype-specifi c responses to cryopreservation 
(Johnston et al.  2007b ,  2009 ,  2010 ). Signifi cant 
advancements have been made in the last decade 
(Reed  2008a ; Normah et al.  2012 ), but there 
remain instances where cryopreservation is con-
strained by lack of process where its use is highly 
desirable for the preservation of valued material 
(Häggman et al.  2008 ). As developments in cryo-
preservation progress towards recalcitrant ‘non- 
model’ species, an increasing number of 
diffi culties have been encountered with low lev-
els of post-storage survival (Normah et al.  2012 ). 
Impediments to progress are complex scientifi c 
and technical issues that may not be solely 
resolved using empirical experimentation, which 
in itself can impose a limit to progress which is 
diffi cult to go beyond.  

 Contemporary plant cryopreservation research 
is now supported by advanced biomolecular or 
‘omics’ technologies that create a new knowl-
edge base which will aid progress to solve some 
of the more diffi cult cryobiological challenges 
(Basu  2008 ; Carpentier et al.  2007 ,  2008a ,  b ; 

  Fig. 4    The multistage 
process of cryopreserva-
tion signifying the possible 
events that leads to cellular 
damage and genetic 
instability (Harding  2004 )       
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Volk  2010 ). To obtain a more complete picture of 
the fundamental biological processes that com-
prise ‘cryopreservation overall’ systems, biolo-
gists are now able to run the same sample through 
the full range of omics technologies (Morrison 
et al.  2006 ). High-throughput omics technologies 
such as genomics, transcriptomics, proteomics, 
metabolomics and other omics platforms can 
readily be applied to the same sample, enabling a 
detailed investigation into biomolecular changes 
that accompany the cryopreservation of plant 
materials. The general ontological terms of omics 
describe the use of genomics, functional genom-
ics and bioinformatics approaches as generating 
a wealth of DNA sequence data and information 
that reveal the complexity of global changes in 
gene expression which is supported by profi ling 
using powerful transcriptomics techniques. The 
study of global changes in proteins by proteomics 
is an essential bridge between the transcriptome 
and the metabolome, with metabolomics provid-
ing a global profi le of a wide array of metabolites 
and cell signalling processes. Gene ontology and 
bioinformatics are important tools that unify 
omics platforms across biology (Ashburner et al. 
 2000 ; Morrison et al.  2006 ), and other contribu-
tors to this book provide more technical details of 
respective omics approaches. 

    Omics Application and Utilities 

 Benson ( 2008a ) has defi ned the key areas of the 
omics era and fundamental molecular genetics 
that have provided considerable insights to 
advance contemporary understanding of natural 
cold-tolerance mechanisms and the critical fac-
tors associated with storage recalcitrance and 
cryobanking of temperate, subtropical and 
 tropical plant species. Cryopreservation exposes 
plant material to severe stresses (Kaczmarczyk 
et al.  2012 ) including cellular perturbation in 
water fl ux resulting from osmotic dehydration 
(Carpentier et al.  2007 ), desiccation (Benson 
et al.  2005 ; Normah and Makeen  2008 ) and tem-
perature oscillations during freezing/cooling and 
thawing/rewarming (Benson  2008b ; Reed  2008b ; 

Reed and Uchendu  2008 ), each of which can 
potentially change gene expression and metabo-
lism (Volk  2010 ). The expanding areas of genom-
ics (Volk  2010 ), transcriptomics (Carpentier et al. 
 2008a ), proteomics (Carpentier et al.  2007 ; 
González-Arnao et al.  2011 ) and metabolomics 
(Ogawa et al.  2008 ) are increasingly providing 
evidence that will contribute signifi cantly to 
understanding plant responses to cold and cryo-
preservation treatments (Basu  2008 ; Volk  2010 ). 

 Whilst the application of single omics analy-
sis can generate a wealth of unique data, it is the 
integrative complementation of data sets from 
different omics platforms that can provide invalu-
able information of fundamental biological pro-
cesses (Renaut et al.  2006 ; Volk  2010 ; Carpentier 
et al.  2008a ). Undoubtedly, RNA and protein- 
based measurements are complementary where 
both transcriptomics and proteomics studies sup-
port functional genomics of banana, as a non- 
model crop species (Carpentier et al.  2008a ,  b ). 
Proteomic studies use mass spectrometric tech-
niques to obtain peptide maps that may be 
matched against theoretical spectra derived from 
primary sequence databases (Carpentier et al. 
 2005 ,  2007 ). Masses of intact tryptic peptides 
and/or derivatised fragment ions are then corre-
lated with corresponding masses calculated by in 
silico processing of genomic, expressed sequence 
tags (ESTs) or protein sequences from database 
entries (Samyn et al.  2007 ; Carpentier et al. 
 2007 ). The technique is dependent partly on 
genome sequencing projects which provide data 
on the specifi c amino acid sequence of proteins 
coded by genes of a reference species (Carpentier 
et al.  2008a ,  b ). This powerful comparative omics 
approach allows the identifi cation of protein iso-
forms from plant taxa that have poorly character-
ised or non-sequenced genomes (Carpentier et al. 
 2005 ,  2007 ). The identifi cation of proteins by 
sequence similarity searches depends on the con-
tent and availability of suffi cient sequence 
 information of homologous proteins in the refer-
ence database (Carpentier et al.  2008b ). The 
greater the number of recognised peptides from a 
digested protein, the higher the success of the 
identifi cation. When more peptides are analysed 
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and matched, there is a greater chance for pro-
teins of less similarity to database sequences to 
be identifi ed with a limit set at ~50 % identity. 
Samyn et al. ( 2007 ) reported that the 40 identi-
fi ed proteins derived from banana; the majority 
of cross-species hits were made to proteins from 
plants with completely sequenced genomes such 
as rice and  Arabidopsis . Advances in protein 
identifi cation are supported by a genomic 
sequence comparison of distantly related  Musa  
species with orthologous regions in the rice 
genome that provide insights into the  Musa  
genome and monocot evolution (Lescot et al. 
 2008 ). The abundance of database sequences of 
closely related organisms enables similarity com-
parisons of more homologous genes in silico to 
make cross-species identifi cations (Carpentier 
et al.  2007 ,  2008b ). However, the likelihood of 
protein identifi cation decreases when a plant is 
distantly related to the reference organism with a 
sequenced genome. The  pro et contra  of com-
parative sequence-based, unambiguous identifi -
cation between transcriptomics and proteomics 
are subjects of debate (Carpentier et al.  2008a ).  

    Omics and Biomarkers 

 The central dogma, describes one gene, gives rise 
to a single protein, for example, in viruses, 
archaea and prokaryotes; evolution appears to 
have shaped eukaryotic plants with more pro-
teins, as isoforms which are separated during the 
2-dimensional gel electrophoresis in proteomics 
(Carpentier et al.  2005 ,  2007 ). For eukaryotes, it 
has been estimated that the number of proteins is 
at least one order of magnitude greater than those 
of their corresponding genes (Service  2001 ). 
These entities exist by virtue of the mechanisms 
of differential gene loci, multiple alleles, differ-
ent subunit interactions, alternative splicing or 
mRNA editing and various post-translational 
modifi cations (Samyn et al.  2007 ). Most com-
mon modifi cations are phosphorylations, glyco-
sylations, cleavage and carboxylations which are 
involved in a variety of metabolic processes 
(Renaut et al.  2006 ). For example, Samyn et al. 
( 2007 ) report that the separation of a protein spot 

from  Musa  was identifi ed as two isoforms of a 
pectinesterase-3 precursor. The derivatised pep-
tides showed the observed mass difference 
between the two peptides corresponded to the 
mass difference between the amino acids Phe and 
Leu/Ile within an identical peptide sequence. The 
triplets coding for Phe (UUU, UUC) and Leu 
(UUG, UUA, CUU, CUC, CUG and CUA) are 
very closely related, suggesting that both iso-
forms are probably the result of a single nucleo-
tide mutation event in the primary DNA sequence 
that signify allelic variance. 

 The comparative aspect of omics and bio-
marker research is well illustrated by the charac-
terisation of the preconditioning phase, cold 
acclimation as an essential lead up to cryopreser-
vation (Reed and Uchendu  2008 ). Exposing 
in vitro plantlets to low, nonfreezing tempera-
tures causes genetically programmed changes to 
the physiology and biochemistry of tissues that 
are vital to survival at low temperature (section 
“ Cell Signalling and Gene Expression ”). Cold 
stress responses in plants are known to be associ-
ated with different families of proteins which 
include the dehydrins (Close  1996 ,  1997 ); the 
LEAs, late embryogenesis abundant proteins 
(NDong et al.  2002 ); the AFPs, antifreeze pro-
teins (Griffi th and Yaish  2004 ); the HSP, heat 
shock protein (Sung et al.  2003 ); and the CORs, 
cold-regulated proteins (Jaglo-Ottosen et al. 
 1998 ). It is recognised that genomic and tran-
script profi le studies (Basu  2008 ) provide a 
wealth of information about the process of cold 
acclimation (Fowler and Thomashow  2002 ), but 
the abundance of mRNA transcripts is not always 
representative of cognate protein levels (Renaut 
et al.  2006 ). Expression studies from a wide 
range of organisms reveal that there is a poor cor-
relation between mRNA transcript level and pro-
tein abundance (Carpentier et al.  2008a ). 

 As a prelude to cryopreservation, the genome 
is a relatively fi xed entity, but the proteome and 
transcriptome are dynamic; therefore, the picture 
of a proteome is at a single point in time relative 
to a specifi c environmental and/or experimental 
challenge (Renaut et al.  2006 ; Carpentier et al. 
 2008a ). By defi nition, the proteomic characteris-
tics of this type of biological sample will have a 
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temporal component which is subject to time- 
related change (Morrison et al.  2006 ) which has 
particular relevance for cryopreservation. 
Therefore, acquisition and collection of recalci-
trant plant donor material from remote fi eld loca-
tions and transportation to the laboratory prior to 
cryopreservation may cause germplasm charac-
teristics to change (Mansor  2012 ). Sample col-
lection is a recognised source of variability in 
transcriptomics and proteomics (Carpentier et al. 
 2008a ). The compilation of transport and process 
metadata through the use of the ‘SPREC tool’ 
was designed as a Standard PREanalytical Code 
to evaluate these effects on collection samples 
from remote locations of algal and tropical plant 
biodiversity where samples are collected for 
omics and systematic studies and for the pur-
poses of cryostorage (Benson et al.  2011d ; 
Harding and Benson  2012 ; Harding et al.  2013 ). 
There are numerous applications for biomarkers 
to assist the evaluation of collected samples for 
conservation research and facilitate the develop-
ment of protocols to improve cryostorage out-
comes (Harding and Benson  2012 ; Harding et al. 
 2013 ).  

    Omic Insights 

 Optimal provisions for collecting samples are 
essential as the quality of plant material (Benson 
et al.  2011c ; Keller et al.  2006 ) is of paramount 
importance for cryopreservation and in the prepa-
ration and extraction of protein from recalcitrant 
plant tissues for 2-dimensional gel electrophore-
sis and proteomic analysis (Carpentier et al. 
 2005 ,  2008a ). Prior to LN exposure, successful 
cryopreservation also requires the effective 
reduction of water in tissues by dehydration 
which can be achieved by the supplementation of 
media with sugars, in particular sucrose as a pre-
conditioning treatment (Panis  2008 ; Engelmann 
et al.  2008 ; Keller et al.  2008b ; Reed and Uchendu 
 2008 ), during preculture (Panis et al.  1996 ; 
Petijová et al.  2012 ), and as an osmotic cryopro-
tectant (Johnston et al.  2007b ). Sucrose-simulated 
acclimation is an alternative to cold acclimation 
for the cryoprotective conditioning phase of 

shoot-tip meristems (Harding et al.  2009 ). An 
analysis of the effects of sucrose-mediated 
osmotic stress on the banana meristem proteome 
revealed that proteins were signifi cantly up- or 
down-regulated by the high sucrose treatment 
(Carpentier et al.  2007 ). In this study, mainte-
nance of an osmoprotective level of intracellular 
sucrose and the enhanced expression of some 
energy-conserving glycolysis genes and the con-
servation of the cell wall integrity were essential 
for meristems to acclimate and to survive dehy-
dration. A comparison of dehydration-sensitive 
and dehydration-tolerant banana genotypes 
showed unique protein isoform differences asso-
ciated with energy metabolism for phosphoglyc-
erate kinase, phosphoglucomutase, UDP-glucose 
pyrophosphorylase and the OSR40 and abscisic 
stress ripening-like proteins related to stress 
adaptation. A further 2-dimensional DIGE pro-
teomic study of different osmoprotectants during 
the acclimation of banana meristems produced 
hundreds of proteins; 28 were correlated to 
osmotic stress and 59 proteins were exclusively 
correlated to the sucrose treatment (Carpentier 
et al.  2009 ). 

 Other proteomic analyses using 2- dimensional 
gel electrophoresis of  Vanilla planifolia -dissected 
apices revealed 206 proteins responded to PVS3 
cryoprotective treatments (González-Arnao et al. 
 2011 ). Of these, quantitative changes were 
observed in 15 proteins, with 13 showing 
increased levels of expression and 2 decreased; 
qualitative changes were detected in 2 other pro-
teins in the PVS-treated samples. A preliminary 
analysis of 2-dimensional DIGE proteomics gels 
showed differences in protein patterns in 15 up- 
or down-regulated proteins derived from potato 
plants grown on sorbitol precultured media indi-
cating an alteration of the primary metabolism 
associated with abiotic stress underlying potato 
cryopreservation (Criel et al.  2005 ,  2008 ). 
Although cold acclimation is a requirement for 
some species (Reed and Uchendu  2008 ),  different 
gene responses may operate in nonhardy species 
to enable them to survive the extreme stresses 
imposed by cryopreservation. This aspect was 
investigated in a transcriptomic study by Volk 
et al. ( 2011 ) that identifi ed 244 up-regulated and 
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167 down-regulated genes in shoot tips recovered 
from cryoprotective PVS3 and LN exposure. 
Several groups of genes were found to be an abi-
otic stimulus responsive to cold, water depriva-
tion and oxidative stress. In some gene sets, high 
levels of expression for transcription factors, 
LEA proteins and ABA proteins were associated 
with the recovery response to extreme tempera-
ture stress following exposure to LN.   

    Summary 

 Cryobionomics provides a conceptual framework 
to examine the signifi cance of cell signalling 
mechanisms on cellular functions, the impacts of 
cryoinjury and cryogenic/non-cryogenic stress 
factors on germplasm viability and the implica-
tions for genetic stability following cryostorage. 
The opportunities for omics research to explore 
the overall process of cryopreservation are limit-
less for resolving the outstanding issues of germ-
plasm recalcitrance (Carpentier et al.  2005 ; 
Vertommen et al.  2007 ) and to extend the current 
status of long-term preservation for economically 
signifi cant species that fall out of the ‘model sys-
tem’ experimental framework (Carpentier et al. 
 2008a ,  b ; Häggman et al.  2008 ; Volk  2010 ). 
Progress to date has been largely driven by 
empirical investigative enquiry, whereas current 
omics platforms are beginning to capture unique 
insights into the biomolecular events that under-
pin the numerous stages of cryopreservation. 
Further interrogative omics research is likely to 
unfold the ‘hidden’ mechanisms that invoke tis-
sue culture-specifi c responses. Armed with the 
investigative tools of omics and knowing the 
future challenges of cryopreservation invites 
researchers to explore this multistage process 
from beginning to end in hitherto poorly charac-
terised species (Häggman et al.  2008 ). The 
advancements of the ‘omics toolbox’ provide 
immense scope and multiple prospects for future 
gene discovery (Tsai and Hubscher  2004 ) that 
may be directed towards intelligently developing 
the rationale for evidence-based, generic deci-
sions that will improve the existing status of 
cryopreservation and ensure the adequate future 
proofi ng of plant cryobanks.     
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   Abstract  

  Nanobiotechnology is the fi eld of science that 
has recently emerged by conjugation of bio-
technology and nanoscience. An extensive 
range of applications of the fi eld of nanosci-
ence (nanoparticles) have been established in 
several fi elds of biosciences and biomedicine 
with wide applications in industry. Since the 
potential of this newly emerged fi eld of 
research and medicine is beyond the scope of 
this chapter, we will be focusing on their 
applications in agriculture solely. Since this is 
a hybrid technique, so it employs all the bio-
technological tools for its applications. Their 
key applications include use in treating plant 
diseases through site-specifi c targeting of dis-
eased organs, transforming plants through 
gold/tungsten nanoparticles coated with engi-
neered plasmid, targeted delivery and con-
trolled release of bioactive substances, etc. 
Their use in crop protection is just in its 
infancy. Recently, the concept of using 
nanoparticles in plant treatment has been 
established and their applications in the para-
sitic control in plants are practised success-
fully. The chapter will focus on the 
development and use of ‘nanodevices’ for for-
mulating agriculturally important chemicals 
(fertilizers) with more useful properties and 
their direct delivery as well as their applica-
tions in various agricultural sectors. Still the 
limitations are there which hinder their use on 
large scale (commercially).  
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        Introduction 

 Nanobiotechnology is a novel fi eld which is a 
conjugation of molecular biotechnology, nano-
technology and material research which are cross 
fi elds of physics, biology, chemistry, computer 
science and engineering. It is a technology of 
twenty-fi rst century and has a wide range of 
applications. 

 The word nano has been derived from Greek 
language meaning ‘dwarf’. Technically, nano 
means 10 −9 . Nanotechnology is defi ned as making 
and utilization of systems and devices at nano-
metric scale (0.1–100 nm) which are associated 
with physical and chemical properties. There are 
numerous ways in which nanotechnology has 
been defi ned. The Royal Society defi nes nano-
technology as ‘the design, characterization, pro-
duction and application of structures, devices and 
systems by controlling shape and size at nanome-
ter scale’ as shown in Fig.  1  (RSRAE  2004 ). 
Nanoscale can be best exemplifi ed by comparing 
the wavelength of visible light, the size of bacteria 

(1,000–10,000 nm), the size of viruses (75– 100 
nm), the size of proteins (5–50 nm), the size of 
DNA (2 nm) and the size of atoms (0.1 nm). 

 Nanobiotechnology is defi ned as ‘utilization 
of biological molecules for making technical 
devices at nanoscale for exploitation of biologi-
cal makeup’. Biological interests in this science 
are due to its ‘nano’ size that can provide new 
and useful tools for nanobiologists. The term 
‘nanobiotechnology’ was fi rst used by a bio-
physicist Lynn W. Jelinski at Cornell University 
USA.  

    Aspects of Biology in Nanotechnology 

 In 1968, an Indian American chemist named Har 
Gobind Khorana synthesized DNA nucleotides 
and received Nobel Prize for making synthetic 
DNA. In 1976, a Californian team constructed a 
full gene by automated processing of synthesized 
DNA. Nowadays, these syntheses are staple in 
medicinal and agriculture biotechnology. 

 Nanotechnology can exploit biology in 
extraordinary details that can never be accessed 
through other means. Biology provides an easy 
way for making nanostructures such as lipids that 
can form liquid crystals. In nanobiotechnology, 
DNA structures are used in making nanostruc-
tures because of the quality of DNA ladder that 
brings atoms together. It is expected that it can 
serve the computers by mounting into the biochip 

  Fig. 1    The nanoscale; biological aspect       
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having an extraordinary information storage 
capacity (Alivisatos et al.  1996 ). 

 Nanotechnology is a vast fi eld and has a wide 
range of applications in medicine and agriculture 
by providing basic tools and innovative devices for 
gathering genomic information of mammalian, 
microorganisms and plants. It has come out as an 
interdisciplinary science that has rapidly found its 
own place in scientifi c methodologies containing 
therapeutic, diagnostic, imaging, tissue engineer-
ing and drug delivery (Suh and Tanaka  2011 ). 

 There is a tremendous room of research inter-
est in this emerging fi eld. Vigorous research is 
being carried out in developing a reliable process 
for the synthesis of nanomaterials over a range 
of sizes and chemical composition. A wide range 
of methods is employed in the synthesis of 
nanoparticles for various applications; classifi ed 
as chemical and biological methods. Numerous 
variations of the basic essential methods make 
and manipulate these nanoparticles to accom-
plish needs of a specifi c research objective 
(Bhattacharyya and Srivastava  2003 ; Mandal 
et al.  2002 ).   

    Nanoagriculture 

 After successful application of nanobiotechnol-
ogy in medicines, it can also play a signifi cant 
role in improving agriculture in future. Total 

world inhabitants are around seven billion, and 
50 % of the population is residing in Asia. 
Owing to a large number of environmental fac-
tors such as storm, fl ood and many others, 
developing countries are mostly affected by 
shortage of food supply (Joseph and Morrison 
 2006 ). Yield of different crops is decreasing day 
by day due to a number of biotic factors affect-
ing wheat, rice and cotton up to 25 %, 5–10 % 
and 50 %. The worldwide damage of crops by 
pests is estimated as 14 %. Weed is also a major 
problem in reducing yield. There is a need of 
management through latest nanotechnology 
techniques (Pimentel  2009 ) as shown in Fig.  2 . 
Besides biotechnology, nanotechnology has 
also played an important role in gene transfer in 
order to protect crops from insects and pests 
(Torney  2009 ). 

    Nanomaterials and Agriculture 

    Composition of Nanomaterials 
 Nanomaterials play a signifi cant role in revolu-
tionizing new devices and materials. Some of the 
nanodevices and their role in agriculture are 
given below.  

   Carbon Nanotubes 
 Carbon nanotubes have potential applications 
like high-strength composites, energy storage 

  Fig. 2    Nanomaterials 
used in agricultural 
nanotechnology       
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and conductive energy conversion devices; sen-
sors; radiation sources and fi eld emission dis-
plays; nanometre-sized semiconductor devices; 
hydrogen storage media; interconnects; and 
probes. Polydispersity in nanotube type, nano-
tube cost and limitations in assembly and pro-
cessing methods are signifi cant barriers for some 
applications of single-walled nanotubes 
(Baughman et al.  2002 ). 

 Carbon nanotubes were discovered in 1991 
(Ijima  1991 ); it contributed the highest share 
due to their unique thermal, electrical and chem-
ical characteristics (Dresselhaus et al.  2004 ). 
However, less attention has been paid for their 
role in plant cell development and physiology 
rather than human study. Thus, more investiga-
tion is needed for CNT-plant interaction to 
understand its complexity. Nanoagriculture can 
play an important role in increasing biomass 
yield of crop plants (Srinivasan and Saraswathi 
 2010 ). 

 The role of CNTs at cellular level in tobacco 
has been studied by Liu et al., in  2009 . Carbon 
nanotubes work effi ciently in penetrating the 
chemicals as a smart delivery method to the cell 
especially to cell wall and cell membrane. The 
cup-stacked cellulase impregnated with carbon 
nanotubes is passed intracellularly through nano-
holes induced by cellulose (Serag et al.  2012 ). 
Multiwall carbon nanotubes have been found 
effective. Its effect is studied on tomato seeds by 
penetrating the seed coat. The germination and 
plant growth are found to be affected 
(Khodakovskaya et al.  2009 ; Mondal et al.  2011 ; 
Tripathi et al.  2011 ; Villagarcia et al.  2012 ). 
Harmful effects of CNTs have been reported in 
plants (Lin and Xing  2007 ; Begum et al.  2012 ). 
The reduction of fresh root weight has been 
reported in rice and cucumber seedlings by using 
multiwall carbon nanotubes (Begum et al.  2012 ). 
The rate of germination of rye and maize gets 
reduced, and increase in root length is reported in 
maize (Lin and Xing  2007 ).  

   Mesoporous Silica Nanoparticles (MSNs) 
 It has been demonstrated recently that the 
MSNs can be internalized effi ciently by plant 
and animal cells. Recent progress in morphologi-

cal control as well as surface functionalization of 
mesoporous silica nanoparticles (MSNs) has 
improved biocompatibility of these materials 
with pore volumes and high surface areas. The 
structure, morphology, size and surface proper-
ties of MSNs have been found to be easily 
tunable for the purposes of controlled drug 
release and delivery, drug loading and 
multifunctionalization. 

 Mesoporous silica nanoparticles played an 
important role in enhancing the genetic engineer-
ing. These particles coated with chemicals can 
effi ciently deliver gene into plant cells (Park 
et al.  2008 ). The ability of surface-functionalized 
mesoporous nanoparticles to penetrate into the 
cell wall can also amend the gene expression by 
delivering DNA and other chemicals in a con-
trolled manner (Torney et al.  2007 ). Honeycomb 
MSNs play an important role in transferring 
DNA into an isolated plant cell and leaves. MSNs 
with genes and chemical inducer are capped with 
gold nanoparticle. It results in triggering of gene 
expression. 

  Silicon Nanotubes 
 Mesoporous silica-based materials show a num-
ber of attractive features for biomedical applica-
tions (Patil et al.  2011 ) such as:
•    Stable mesoporous structures  
•   Large surface areas  
•   Tunable pore sizes and volumes  
•   Good biocompatibility    

 These MSNs have an average diameter less 
than 80 nm and exhibit well-ordered porous 
structure with aqueous stability.  

 The functionalization of MSNs with  organic 
moieties  or other nanostructures carries con-
trolled discharge as well as molecular detection 
potential to these mesoporous substances for 
gene/drug delivery along with sensing applica-
tions, correspondingly. Herein, the review of 
recent research advancement on the set-up of 
functional MSN materials amid various mecha-
nisms of controlled discharge to attain zero 
release in the absence of stimuli and facilitate the 
utilization of nonselective molecules as screens 
for the creation of selective sensor systems is pro-
vided (Douroumis  2011 ; Srilatha  2011 ).  
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   Silver Nanoparticles 
 Silver is extensively recognized as a catalyst of 
pro-oxidation of methanol to formaldehyde as 
well as ethylene to ethylene oxide (Nagy and 
Mestl  1999 ). Colloidal silver is of particular sig-
nifi cance because of special assets such as good 
conductivity, chemical stability and catalytic and 
antibacterial activity. An applied method for sil-
ver nanoparticles is chemical reductivity. The 
reduction of silver ions leads to oligomeric clus-
ters which then form colloidal silver nanoparti-
cles (Wiley et al.  2005 ). Reduction processes are 
based on two steps: strong reducing agent is used 
to produce small nanoparticles which are then 
enlarged by weak reducing agent; otherwise, 
small nanoparticles get dispersed and larger 
nanoparticles are diffi cult to control (Lee and 
Meisel  1982 ). 

 Green synthesis of AgNPs has three main 
steps (Sharma et al.  2009 ):
    1.    Selection of solvent medium   
   2.    Selection of environmentally benign reducing 

agent   
   3.    Selection of non-toxic substances for AgNP 

stability    
  Silver nanoparticle is effective as an antimi-

crobial agent. These nanoparticles are about 
25 nm in size but have a large surface area which 
is a characteristic of nanoparticle. It is, when 
contacted with microbes like fungus and bacte-
ria can affect the growth and cellular metabo-
lism. It suppresses basal metabolism of electron 
transport system, respiration and transport of 
substrate in microbial cell membrane. It also 
inhibits the growth of harmful bacteria, which 
cause itchiness and infection. It also causes 
inhibitory effect on powdery mildew in cucum-
ber and pumpkins (Kabir  2011 ). Different 
research groups have tested silver nanoparticles 
for the control of plant pathogens. It has been 
studied that several nanoparticles like silver, 
copper and gold are noxious to microorganisms 
(Slawson et al.  1992 ). It has a superior antimi-
crobial effi ciency against viruses, bacteria and 
other eukaryotic microorganisms (Gong et al. 
 2007 ). It shows biocidal effects on as many as 
16 species of bacteria including  E. coli  (Spadaro 
et al.  1974 ). Silver ions as an antibacterial com-

ponent are used in the formulation of dental 
resin composites (Herrera et al.  2001  and 
Yoshida et al.  1999 ), in ion exchange fi bres and 
in coating of medical devices (Schierholz et al. 
 1998 ; Bosetti et al.  2002 ; Hillyer and Albrecht 
 2001 ; Aymonier et al.  2002 ). Ionized silver is 
highly reactive and metallic silver is inert. It 
hinders replication of bacteria by binding to 
RNA or DNA. It denatures the cell wall of bac-
teria and leads to death (Lansdown  2002 ; 
Castellano et al.  2007 ).  

   Gold Nanoparticles 
 Gold nanoparticles are synthesized by a wide 
range of methods on the basis of plummeting 
chloroauric acid in the presence of stabilizing 
agents. The usual mean is the ‘citrate synthesis’ 
method which comprises of reduction of chloro-
auric acid using  trisodium citrate  resulting in the 
formation of GNPs (Connor et al.  2005 ; Tiwari 
et al.  2011 ). Gold nanoparticles are the colloidal 
suspension of gold nanoparticles that range in 
nanometre size (Tiwari et al.  2011 ). There are 
various methods to functionalize gold nanoparti-
cles for a wide variety of uses. Commonly used 
functionalization approaches rely on the employ-
ment of any one or a combination of the groups 
such as oligo- or polyethylene glycol (PEG), 
bovine serum albumin (BSA), oligo- or polypep-
tides, oligonucleotides, antisense or sense RNA 
molecules, antibodies, cell surface receptors and 
other similar molecules (Tiwari et al.  2011 ). 

 It has been shown that the particle farming of 
alfalfa plants can be done by mechanically sepa-
rating the gold nanoparticles stored in tissues 
passing through the roots when these are grown 
in soil rich in gold particles.   

    Structure of Nanoparticles 
   Nanocomposites 
 These are the combination of one nanoparticle 
with other or with a larger bulk material in order 
to improve barrier, mechanical, thermal and 
fl ame retardant properties. They can also be 
merged into more complex structures having spe-
cial characteristics. Clay polymer nanocomposite 
has been used for pretreatment of effl uents and 
removal of pollutants (Rytwo  2012 ).  
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   Nanosensors 
 Nanobiosensors were developed in twenty-fi rst 
century by combining computers, biology, elec-
tronics and nanoscience. It is the creation of bio-
sensors of extraordinary sensing capability and 
shows unrivalled spatial resolution. A nanobio-
sensor is a nanosensor that contains a biosensor 
that is immobilized and selects targeted analyte 
molecules. It is formed at nanoscale in order to 
analyse data at atomic level. It provides tools for 
bio-analytical applications (You et al.  2009 ; 
Velasco  2009 ; Fan et al.  2008 ; Khanna  2008 ). It 
plays a role in bioprocessing and food control, 
biodefence and agriculture. 

 It consists of three components: detector, 
transducer and sensitized elements (Shana and 
Rogers  1994 ). Nanobiosensors are of the follow-
ing types:
•     Mechanical nanobiosensor  
  An excited ground has been provided by 

applying mechanical forces between mole-
cules (Cheng et al.  2006 ).  

•    Optical nanobiosensor  
  Optics is arranged in such a way that a beam 

of light can pass through a closed path to make 
an optical nanobiosensor. When analyte binds 
to the resonator, change is recorded. Resonator 
is divided into ring resonator and linear reso-
nator (Vo-Dinh  2005 ).  

•    Nanowire biosensors  
  It is a hybrid of two molecules perceptive to 

outside signals. ssDNA serves as a detector 
and carbon nanotube serves as a transmitter. 
By using a chemical and biological molecular 
legend, surface properties of nanowires can 
easily be modifi ed (Cui et al.  2001 ).  

•    Ion channel switch biosensor technologies  
  It relies on synthetic personality assembling 

membrane work as a biological switch to 
notice signals and brings precise and quantita-
tive test consequences to decrease the time for 
emergency diagnosis (Cornell  2002 ).  

•    Electronic nanobiosensor  
  It is used for the detection of target DNA bind-

ing by electronic means using separated wires 
on a microchip, which includes multiple sen-
sors (Jain  2005 ).  

•    Viral nanobiosensors  
  These are essential nanoparticles; herpes sim-

plex virus (HSV) and adenovirus activate the 
assembly of magnetic nanobeads as a nano-
sensor for clinically relevant viruses (Perez 
et al.  2003 ).  

•    PEBBEL nanobiosensors  
  It comprises of sensor molecules ensnared in a 

chemically inert matrix by microemulsion 
polymerization process and provides spherical 
sensors in a large range of 20–200 nm. These 
include sensors for detecting optical change 
(Clark  1999a ,  b ), pH change and detection of 
fl uorescence (Sumner et al.  2002 ).  

•    Nanoshell biosensor  
  It is used for the detection of analytes sur-

rounded by multifaceted biological media 
devoid of any sample preparation (Hirsch 
et al.  2002 ). It also improves chemical sensing 
by as much as 10 billion times (Jain  2005 ).  

•    Detector of soil quality and disease analyses  
  Soil diseases in animals and environmentalin 

animals and environmental factors that are 
controlled by viruses, bacteria and fungi can 
be detected by nanobiosensors by taking mea-
surement of relative oxygen consumption of 
good and bad microbes. It also predicts the 
breakout of soil disease. It can also predict 
whether or not soil disease breaks out.  

•    Detection of contamination and other 
molecules  

  It is used for the detection of contamination, 
pests, nutrient content and stresses such as 
temperature, drought and pressure. This will 
help farmers to apply inputs only on the 
required time. Research has shown that 
organophosphorus pesticides such as para-
oxon and dichlorvos can be checked by 
liposome- based biosensors. A method has 
been developed to detect  E. coli , by using bis-
muth nanofi l on the basis of fl ow injection 
analysis (FIA) principle (Zhang et al.  2007 ). 
Construction of biochip sensor system was 
done by utilizing 150 nm Ti nanowell device 
and two Ti contact pads on LiNbO 3  substrate 
(Seo et al.  2008 ). By using a photosystem II, 
nanobiosensors have been developed, which 
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bind to several herbicides from photosynthetic 
organism-monitored chemicals to many others 
and are capable to reveal specifi c herbicides 
(Giardi and Piletska  2006 ).  

•    DNA and protein detection  
  Carbon nanotubes as discussed earlier act as a 

biosensor to detect DNA and protein (Cao 
et al.  2008 ). For effective discrimination of 
DNA sequences, MWNTs/ZnO/CHIT com-
posite fi lm-modifi ed GCE has been used for 
immobilization of ssDNA probes (Zhang et al. 
 2008a ,  b ). To detect deep DNA damage, bion-
anocomposite layer of multiwalled nanotube 
is deposited on SPCE in chitosan (Galandova 
et al.  2008 ). Nano-SiO 2  thiophenol/p-amino 
fi lm (PATP) is used to detect PAT gene 
sequences by a label-free EIS method (Ma 
et al.  2008 ). For the detection of electronic 
DNA methylation, transistor-based biosensors 
are developed to avoid complicated bisulphite 
treatment and PCR amplifi cation (Maki et al. 
 2008 ). The biosensors based on protein 
nanoparticles also play a role in protein-ligand 
interaction properties by identifying the inter-
action of special protein molecules. These 
protein- and DNA-based biosensors play an 
important role in detecting plant pathogens, 
biomarkers and abnormalities in plants linked 
to mineral defi ciencies and in discriminating 
one plant species from another.       

    Applied Nanoagriculture 

 Within a vast fi eld of agriculture, there are vari-
ous applications (as shown in Fig.  3 ) of nano-
technology in producing plant protection 
products. It not only covers the seed treatment 
but also improves the best utilization of water, 
improves fertilizer utilization and lowered dose 
of pesticide applications. The following are the 
applications of nanotechnology in agriculture.  

    Nanoagriculture and Plant Disease 
Control 
 Besides drought and other abiotic problems, 
overdose and unequal implication of agrochemi-
cals such as fungicides, plant hormones, pesti-
cides and herbicides are also a reason of 
decreasing yield of agricultural crops (Joseph 
and Morrison  2006 ). Nanobiotechnology plays 
an important role in improving crop plants and 
food industries by treating plant diseases. 
Overuse of pesticides and control of various 
disease- causing organisms in plants can be ruled 
out by successfully applying nanoparticles such 
as silver nanoparticles or the combination of two 
or more nanoparticles. Such nanotechnological 
interventions could have more effi cient results in 
sustainable food production by minimizing the 
chances of disease and pest incidence in plants 
(Nair and Kumar  2013 ). There are various stud-

  Fig. 3    Applications of 
Nanoagriculture       
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ies reporting the use of nanoparticles for manag-
ing various plant diseases more precisely utilizing 
the antimicrobial property of nanoparticles 
(Ocsoy et al.  2013 ). Advancement in nanomate-
rial synthesis, for example, metallic, polymeric 
and carbon based, has just come under research-
ers’ notice for their application in managing bac-
terial diseases of plants. In a study conducted in 
2013 by Ocsoy and colleagues, the antiseptic 
activity of Ag@dsDNA@GO complex in the 
direction of  X. perforans , a model plant patho-
genic bacterium, is improved by the synergistic 
outcome fl anked by AgNPs and GO, as revealed 
by transmission electron microscope (TEM), 
scanning electron microscope (SEM), cell viabil-
ity assay and cell membrane staining. Novel anti-
microbials for managing pathogenic bacteria 
have an effect on agricultural crops, animals and 
humans and could be formed in conjunction with 
nanoparticles. Recently, a wide study of the pho-
tocatalytic activity of TiO 2 /Ag, TiO 2  NPs and 
TiO 2 /Zn on  X. perforans  has been carried out sig-
nifying the potential by means of nanoparticles in 
managing bacterial spot in tomato (Ocsoy et al. 
 2013 ). The application of agricultural pesticides, 
nutrients, fertilizers and antibiotics is through 
spray application to soil or plants and through 
feed or injection in case of animals. Pesticides or 
medicines are delivered either as ‘preventative’ 
treatment or make available once the disease-
causing organism has multiplied and symptoms 
are obvious in the plant (Srilatha  2011 ). 
Nanostructure catalysts will be available in the 
future, which can increase the effectiveness but 
decrease the dose of commercial insecticides and 
pesticides (Joseph and Morrison  2006 ). 

 Previous studies showed that metal nanopar-
ticles can be utilized in making insect repellent, 
insecticides and pesticides (Gajbhiye et al.  2009 ; 
Barik et al.  2008 ; Owolade et al.  2008 ; Goswami 
et al.  2010 ). For controlled delivery of pesticides 
and prolonged release, porous hollow silica 
nanoparticles (PHSNs) are being used with pesti-
cide validamycin for effi cient delivery and con-
trolled release (Liu et al.  2006 ). Nanoemulsion is 
also useful for pesticide implications and effec-
tive against insect pests in agriculture (Wang 

et al.  2007 ). Similarly, solid lipid nanoparticles 
are essential for nanopesticides (Lu et al.  2006 ). 
Nanoencapsulation is the latest technology used 
to protect host plant against insects and pests. 
The basic principle of this term is the slow and 
effi cient release as well as proper absorption of 
chemicals such as insecticides to a particular host 
plant instead of a larger particle for insect pest 
control (Scrinis and Lyons  2007 ). 

 Another type of unique nanoparticle is nano-
silica which is formed from silica and has useful 
applications in drugs; it can also be used as 
nanopesticides. Pests and insects employ a vari-
ety of cuticular lipids as water barrier and avert 
death from desiccation. In case of nanosilica 
when applied onto leaves and stems, after con-
tacting with insects, get engrossed into cuticular 
lipids and cause physical demise of insects (Barik 
et al.  2008 ). Modifi ed surface-charged nanosilica 
of approximately 3–5 nm size can be effectively 
applied to control agricultural insects and pests. 
Polyethylene glycol nanoparticles are utilized 
with garlic essential oil coating against  Tribolium 
castaneum . A result of slow and persistent release 
of these components showed 80 % of control of 
insect (Yang et al.  2009 ). 

 Bioassay has been conducted for silver 
nanoparticles;  titanium oxide, zinc oxide  and  alu-
minium oxide  play a role to control insects. 
Liquid and solid formulations of these nanopar-
ticles have been applied on rice and held in 
reserve in a plastic box amid adults of  S. oryzae  
and was kept for 7 days. On day one, most hydro-
philic SNP was affected. On day 2, mortality rate 
of 90 % was obtained when treated with SNP and 
ANP, and 86 % and 95 % mortality rate was 
obtained with ANP and SNP on day 7. Another 
bioassay for silk worm grasserie disease was car-
ried out. A signifi cant decrease of virus occurred 
when the plant was treated with ethanolic sus-
pension of hydrophobic  aluminosilicate  nanopar-
ticles (Goswami et al.  2010 ). In near future, 
nanotechnology will modernize the pest manage-
ment. It is predicted that nanotechnology will 
accelerate the ‘green revolution’ (Bhattacharyya 
et al.  2010 ).  S. oryzae  and  Rhyzopertha dominica  
are the two insect pests found on stored food sup-
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plies. In order to control these insect pests, insec-
ticidal activity of nanostructured alumina was 
studied by Teodoro et al. ( 2010 ). After continu-
ous exposure of 3 days of alumina-treated water 
wheat, signifi cant mortality was observed. This 
nanostructured alumina is considered to be a 
cheap alternative of any other commercially 
available insecticides. Further studies possibly 
will also infl ate the nanoparticle-based pest 
management. 

 Polymer-based copper and silver nanoparti-
cles are reported as an antifungal against plant 
pathogenic fungus (Cioffi  et al.  2004 ). Silica sil-
ver nanoparticles have been effi ciently used 
against plant pathogenic fungus like  Rhizoctonia 
solani ,  Colletotrichum gloeosporioides ,  Botrytis 
cinerea ,  Pythium ultimum  and  Magnaporthe gri-
sea . These nanoparticles are also effective against 
powdery mildew (Park et al.  2006 ). Silver 
nanoparticles have been found as an antifungal 
against  Raffaelea spp.  which is highly pathogenic 
against oak trees (Kim et al.  2009 ). Silver 
nanoparticles not only affect the fungus hyphae 
but also the conidial germination. Effi cient anti-
microbial activity is shown by copper nanoparti-
cles with soda lime glass powder against 
gram-negative and gram-positive fungi and bac-
teria (Esteban-Tejeda et al.  2009 ). Silver nanopar-
ticles are effective against  M. grisea  and  B. 
sorokiniana  (Jo et al.  2009 ),  Fusarium  and 
 Phoma  (Gajbhiye et al.  2009 ). 

 Nanopesticides, nanofungicides and nano- 
herbicides are being utilized in agriculture. Some 
nanoparticles within 100–250 nm range size can 
easily be dissolved in water and some are oil 
based used in making uniform suspensions of 
herbicides and pesticides of 200–400 nm size and 
have various applications in harvested crops 
(Rickman et al.  1999 ; Goswami et al.  2010 ). In 
addition to these, nanotechnology also plays an 
important role in food packaging and crop 
improvement by transferring gene (Bhattacharyya 
et al.  2011 ).  

   Precision Farming and Crop 
Improvement via Nanotechnology 
 In order to get maximum yield, inputs such as 
fertilizers, herbicides and insecticides are not 

only important but the environmental factors 
also play an important role to get higher yield. 
Precise farming can be achieved by checking 
environmental conditions by using computers, 
remote sensing devices and global satellite posi-
tioning. These can be done in order to check 
maximum effi ciency of crops by fi nding out loca-
tion of problems as well as reducing agricultural 
wastes thus minimizing agricultural pollution. As 
a result of using sensor nanotechnology, accurate 
decisions will help farmer to take better decisions 
(Cioffi  et al.  2004 ). 

 Nanotechnology plays an important role in 
enhancing biotechnology; instead of using con-
ventional method for gene transfer; nanoparti-
cles, nanocapsule and nanofi bres are used as 
vectors, which transfer a number of genes and set 
off expression of gene (Miller and Senjen  2008 ; 
Nair et al.  2010 ). Chitosan is a nanocomplex non-
viral vector having low transfection effi ciencies 
(Zhao et al.  2011 ). It has been modifi ed into octa-
peptide having a condense DNA with high trans-
fection effi ciencies and lower toxicity compared 
with non-modifi ed chitosan. The integration of 
DNA through  Jatropha curcas  cells has been 
studied through this type of nanoparticles (Wang 
et al.  2011 ) (Table  1 ).

      Nanofertilizers and Nanoagrochemicals 
 Nanoparticles also fi nd their applications for 
use in conjugation with the fertilizers. Studies 
show that there is an increase in nutrient use 
effi ciency, reduction in soil toxicity, minimiza-
tion in the potential negative effects associated 
with overdosage and reduction in the frequency 
of the nanofertilizer application. Hence, nano-
technology has a high potential for achieving 
sustainable agriculture, especially in develop-
ing countries (Naderi and Danesh-Shahraki 
 2013 ). Nanofertilizers mainly delay the release 
of the nutrients and extend the fertilizer effect 
period. Nanofertilizers can be facilitated in 
three ways:
    (a)    Nutrient can be encapsulated inside nanopo-

rous materials.   
   (b)    It can be coated with thin polymer fi lm.   
   (c)    It can be delivered as particle or emulsion of 

nanoscale dimension (Rai and Ingle  2012 ).    
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  Nanostructure formulation through mecha-
nisms such as targeted delivery or slow, con-
trolled and conditional release mechanisms could 
discharge their active ingredients in response to 
environmental triggers and biological demands 
in the most precise manner. Studies show that the 
use of nanofertilizers has provided us with some 
great worthy advantages: augments nutrient use 
effi ciency, minimizes the potential negative 
effects associated with overdosage, reduces soil 
toxicity and most importantly decreases the fre-
quency of the application. 

 Nanotechnology can improve crop manage-
ment through careful usage of agrochemicals. 
Only a very small amount is required for treat-
ment. Currently, a very large amount of chemi-
cals are used which are ultimately lost into the 
environment. This method of managing chemi-
cals has negative effect on the environment like 
soil degradation, water pollution and side effects 
on other species. The nanotechnology will ensure 
the availability of effectual product in a pre-
scribed way and conditions. It has an ability to 
reach the active side and cause changes on plant 

   Table 1    Nanoparticles and their applications in agriculture   

 Applications  Nanoparticles  References 

 Effects against plant 
pathogenic fungi 

 WA-CV-WA13B, 
WA-ATWB13R silver 
nanoparticles 

 Kim SW, Jung JH, Lamsal K, Kim YS, Min JS, Lee YS 
(2012) Antifungal effects of silver nanoparticles 
(AgNPs) against various plant pathogenic fungi. 
Mycobiology 40(1):53–58 

 Nitrogen capture, storage 
and slow release of 
fertilizer 

 Nanoporous zeolites  Leggo PJ (2000) An investigation of plant growth in an 
organo–zeolitic substrate and its ecological signifi cance. 
Plant Soil 219:135–146 

 (a) Capability for the 
detection of progesterone 
concentration in cow milk 

 Immunosensors  Carralero V, González-Cortés A, Yañez-Sedeño P, 
Pingarrón JM (2007a) Development of progesterona 
immunosensor based on a colloidal gold-graphite-tefl on 
composite electrode. Electroanalysis 19:853–858  (b) Detecting ovulation 

 Used for controlling 
pathogens 

 Nano-hexaconazole  Gopal M, Roy SC, Roy I, Pradhan S, Srivastava C, 
Gogoi R, Kumar R, Goswami A (2011b) 
Nanoencapsulated hexaconazole: a novel fungicide and 
process for making the same. Indian Patent Application 
No. 205 

 Used for controlling 
mites 

 Nano-sulphur  Gopal M, Chaudary SR, Ghose M, Dasgupta R, 
Devakumar C, Subrahmanyam B, Shrivastava C, Gogoi 
R, Kumar R, Goswami A (2011a) Samfungin: a novel 
fungicide for making the same. Indian Patent 
Application No. 1599 

 Used as insecticides, 
drugs and dyes 

 2,4-dinitophenol (2,4- DNP), 
2,5-dinitrophenol (2,5-DNP), 
2,6-trinitrophenol (2,6-DNP), 
and 2,4,6-TNP (2,4,6-TNP) 

 Shimazu M, Mulchandani A, Chen W (2001) 
Simultaneous degradation of organophosphorus 
pesticides and p-nitrophenol by a genetically engineers 
Moraxella sp. with surface expressed organophosphorus 
hydrolase. Biotechnol Bioeng 76(4):318–324 

 Electrospinning of cotton 
fi bres 

 Cellulose electrospinner at 
nanoscale 

 Electrospinning Nanofi bres Can Turn Waste Into New 
Products. AZoNano – The A to Z of Nanotechnology. 10 
September 2003. New York State College of Human 
Ecology at Cornell. 25 March 2005   http://www.azonano.
com/details.asp?ArticleID     

 Gene is transferred by 
bombardment of 
DNA- absorbed gold 
particles 

 Gold nanoparticles  Christou P, McCabe DE, Swain WF (1988) Stable 
transformation of soybean callus by DNA coated gold 
particles. Plant Physiol 87(3):671–674 

 Effi cient delivery of DNA 
and chemicals through 
silica nanoparticles 
internalizes in plant cells 

 Silica nanoparticles  Torney F, Trewyn BG, Lin VSY, Wang K (2007) 
Mesoporous silica nanoparticles deliver DNA and 
chemicals into plants. Nat Nanotechnol 2:295–300 
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metabolism. Formulation of beta-cypermethrin 
nanoemulsion is more effective than commercial 
microemulsion of similar compound (Wang et al. 
 2007 ). Development of silica nanoparticles 
(SNP), which is surface functionalized, caused 
mortality of 90 % in  Sitophilus oryzae by  evaluat-
ing it with conventional silica (Debnath et al. 
 2011 ). Using nano-sized calcium carbonate 
results in sustainable release of validamycin after 
2 weeks (Qian et al.  2011 ). The use of imidaclo-
prid encapsulated with a coating of sodium algi-
nate and chitosan layer by layer increases the 
speed rate in soil applications (Guan et al.  2010 ). 
Agrochemicals tagged with nanoparticles help in 
smart delivery of chemicals to the targeted site of 
plant organs and tissues (Faheem et al.  2013 ).  

   Nanotechnology Improving Animal 
Production 
 Livestock put in 40 % of the total worth of agri-
culture output internationally. It secures the bil-
lion of people from scarcity. Urbanization along 
with rising income and increasing population 
growth highly demands meat and other products. 
The annual growth rate of animal production is 
0. 9 % in underdeveloped countries and 2–7 % in 
developed countries. By using  nanotechnology, a 
lot of problems such as diseases in animals and 
environmental factors can be solved. 
Nanotechnology has been classifi ed into fi ve cat-
egories which include veterinary medicines, 
pathogen detection, waste removal and remedia-
tion and weed improvement, animal breeding and 
genetics and can identify preservation and supply 
chain tracking (Kuzma  2010 ). 

 Triazophos within nanoemulsion stayed pro-
tected under neutral and acidic conditions but 
released easily under alkaline conditions. Some 
nanoparticles have the ability to reach the sap 
(Nair et al.  2010 ), while some nanoparticles can 
move through several sites of a pumpkin. These 
substances made in nanoform can affect the 
metabolism of cells. Magnetic nanoparticles 
cause inhibition of chlorophyll biosynthesis. 
Nanosensors are incorporated into livestock 
which may be helpful in animal tracking and 
detecting other substances such as hormones and 
drugs during marketing of animals (Nguyen et al. 
 2012 ).  

   Water and Soil Resources Conservation 
 Nanoparticles are synthesized with catalytic oxi-
dation and reduction objectives in order to accel-
erate active substances. It results in minimum 
time utilization as pesticides, plant growth regu-
lators and fertilizers. These nanoparticles can 
also be used as soil decontaminants (Knauer and 
Bucheli  2009 ). Shen et al. ( 2007 ) worked on 
magnetic Fe3aO4-C18 which is a synthetic com-
posite nanoparticle. It is more effective than con-
ventional C18 materials which are a part of 
organophosphorus pesticides. In crop fi eld, 
organophosphorus and carbamate degradation 
can be enhanced by TiO 2  nanoparticles. Some of 
the nanomaterials which are successfully used 
are multiwalled carbon nanotube coated elec-
trodes (Sundari and Manisankar  2011 ), nanopar-
ticle carbon electrodes with magnetic composite 
and nano-TiO 2  (Kumaravel and Chandrasekaran 
 2011 ). Nano-iron and nano-carbons are used for 
water and soil purifi cation and remediation (Karn 
et al.  2009 ).  

   Agricultural Waste Recycling by 
Nanotechnology 
 The agricultural waste is that part of agricultural 
product, which cannot be utilized for anything. 
Nanotechnology can help in making this waste 
useful. For example, some of the cotton has to be 
discarded as a waste or used for low-quality 
products. By using a technique known as electro-
spinning, 100 nm fi bres can be used as fertilizer 
or pesticide absorbant, which allows targeted 
application at a desired time and location (Susan 
 2003 ). Nanotechnology increases the perfor-
mance of enzymes to convert cellulose into etha-
nol. Nanoengineering allows cellulose from 
waste plant part to convert into ethanol. 
Nanosilica is produced by burning rice husk and 
is then utilized in making glass or concrete.  

   Plant Growth and Germination via 
Nanotechnology 
 It has been studied that nanomaterials also play 
an important role in plant growth and germina-
tion. An experiment showed that spinach was 
treated with TiO 2  and non-TiO 2 . Nano-TiO 2  
showed dry weight of more than 73 %, an 
increase of 45 % of chlorophyll a formation and 
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three times higher photosynthetic rate when com-
pared with non-TiO 2 -treated seeds over 30 days’ 
germination period. This is because of the 
increased rate of seed resistance and uptake of 
water and oxygen to increase the rate of germina-
tion (Zheng et al.  2005 ).  

   Nanotechnology Application in Food 
Sector 
 Nanotechnology has played an important role in 
food production, processing and packaging. Food 
production through applied nanoagriculture such 
as applications of nanoagrochemicals has been 
described earlier. Nanotechnology has played an 
important role in food processing. Food nano-
structures are used for the improvement of tastes 
and textures. If natural food materials are nano-
structured, tasty food with less fat can be pro-
duced. The examples include nanostructured 
mayonnaise and low fat but creamy ice cream 
and yogurt (Khan  2012 ). 

 Similarly, nanostructured food additives, for 
example, vitamins, fl avors, colors, preservatives 
and antioxidants improve the taste of food and 
reduce fat, sugar and salt preservatives, (Chaudhry 
et al.  2008 ). Bioactivation and nanoencapsulation 
are useful nanomaterials for the development of 
nutraceuticals to deliver drugs to specifi c sites 
(Kaufmann  2005 ). There is effi cient bioavailabil-
ity due to nanocrystals, e.g. fatty acids, omega 3, 
phytosterols, antimicrobial components and carot-
enoids are effectively absorbed (Graciela and Qin 
 2012 ). In Germany, Canola cooking oil is used 
with nano-phytosterols to reduce cholesterol 
absorption. Nano-green tea is produced for active 
availability of selenium to human body (Chaudhry 
et al.  2010 ; Coles and Fewer  2013 ). 

 Nanotechnology has a wide range of applica-
tions in food packaging. If nanomaterials are 
incorporated into plastic polymers, it leads to the 
development of novel food packaging with 
improvement in fl exibility, stability and durabil-
ity. Mostly, silver nanoparticles are used as 
microbicide for increasing food freshness and 
preventing contamination (Duncan  2011 ). 
Nanoparticles play an important role in the regu-
lation of gases and moisture passages to extend 
the shelf life and maintain the quality and fresh-

ness of packed food materials (Sozer and Kokini 
 2009 ). It has been estimated, that by 2015 
nanotechnology- based packaging will create 
19 % of the share in global consumer goods 
industry (Nanoposts Report  2008 ). Nanosensors 
are used in detection of pathogens and ripening 
of food products (Kuswandi et al.  2011 ).    

    Conclusion 

 The aim of this review is to explore the potential 
of the fi eld of nanotechnology with respect to 
agriculture. Our main focus is on the currently 
applied uses of nanoparticles for agriculture. 
Various compositions and structures of nanoma-
terials can be applied to overcome various prob-
lems related to agriculture like insect pest 
management by utilization of traditional meth-
ods, development of improved crop varieties and 
diluting adverse effects of chemical pesticides. 
Nanotechnology has a signifi cant infl uence on 
the economy and the environment by improving 
fertilizers and energy. Hence, it has a high poten-
tial for achieving sustainable agriculture, espe-
cially in developing countries.     
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    Abstract  

  Plants have been an integral part of ethnomed-
icine and are being exploited for their thera-
peutic benefi ts for centuries. They have not 
only contributed to the drug discovery and 
development process but also supported the 
conventional therapeutic strategies by provid-
ing effective curative alternatives. The genetic 
makeup of the botanical source tends to affect 
the qualitative and quantitative properties of a 
phytochemical. These plant products, like 
other medicinal agents, possess benefi cial and 
adverse drug reactions, which vary widely 
among individuals. This variation is mainly 
attributable to the difference in the genetic 
makeup of an individual. To investigate these 
differences, the study of plant pharmacoge-
nomics becomes inevitable. Plant pharma-
cogenomics deals with the study of the genetic 
processes involved in the differential pharma-
cological responses to a particular phyto-
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chemical and vice versa. Interindividual 
variation in drug transport, metabolism, and 
interaction at the receptor site are some of the 
representations of these genetic variants. 
Understanding of the interrelationship of the 
genetic diversity of individuals and the admin-
istered plant product can help develop ideal 
therapeutic strategy for the treatment of a dis-
ease. Recent advances in the fi elds of genom-
ics, transcriptomics, and proteomics have 
made the functional understanding of the 
genome effi cient and accurate. The scope of 
pharmacogenomics spreads from simple 
monogenic traits to complex pathways involv-
ing hundreds of alleles, infl uencing both phar-
macokinetic and pharmacodynamics 
parameters, thus helping in the effective trans-
lation of molecular data into clinical fi ndings. 
Once the correlation between the genetic 
makeup of an individual and the expected 
therapeutic response to a particular plant prod-
uct is established, targeted, personalized phar-
macotherapy can be developed. This review 
systemically analyzes the recent develop-
ments in plant pharmacogenomics and its con-
tributions in the fi eld of molecular and 
pharmaceutical sciences.  

  Keywords  

  Ethnomedicine   •   Drug development   • 
  Personalized medicine   •   Plant pharmacoge-
nomics   •   Plant pharmacology  

  Abbreviations 

   ACE    Angiotensin-converting enzyme   
  ADR    Adverse drug reactions   
  APO    Apoenzyme   
  BRCA    Breast cancer (susceptibility gene)   
  BSA    Body surface area   
  CAM    Complementary and alternate 

medicine   
  DDD    Drug design and discovery   
  HER 2    Human epidermal growth factor 

receptor-2   
  HIF    Hypoxia-inducible factor   

  HTS    High-throughput screening   
  IBD    Identity by descent   
  LOH    Loss of heterozygosity   
  PCR    Polymerase chain reaction   
  QSAR    Quantitative structure-activity 

relationship   
  RFLP    Restriction fragment length 

polymorphism   
  ROS    Reactive oxygen species   
  SNP    Single nucleotide polymorphism   
  TCTP    Translationally controlled tumor 

protein   

          Introduction 

 Genetic variations form the basis of morphologi-
cal and physiological diversity in human beings. 
This may, in part, be exhibited as differential 
response to exogenous agents and external stim-
uli. Employment of therapeutic remedies for the 
cure of diseased conditions has been an integral 
part of the human social system. The chief source 
of acquiring health benefi ts has been the plant- 
based therapy. Many medicinal systems rely on 
plants for the manufacture of drugs or for the 
extraction of chemical constituents used in the 
preparation of medicines. These phytochemicals 
can be used for the treatment of a wide variety of 
ailments affecting different organ systems of the 
body including the cardiovascular system, ner-
vous system, respiratory system, and reproduc-
tive system. Many individuals, however, respond 
to the administration of these drug molecules in a 
variety of ways. The degree of pharmacological 
response, therapeutic effectiveness, and the 
appearance of adverse effects of the drugs are the 
main representatives of the differential therapeu-
tic responses. These are mainly attributable to the 
genetic polymorphism in the drug-processing 
systems of the body and are covered under the 
scope of pharmacogenomics. 

 Pharmacogenomics may, hence, be referred to 
as the study of molecular pharmacology in rela-
tion to human genomics. Various cellular compo-
nents are involved in the processing of natural 
and synthetic drugs. In the genetic polymorphism 
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of a drug’s molecular targets, the proteins which 
are involved in the transport of the drug molecule 
and the enzymatic systems involved in the bio-
transformation process are the main players in 
presenting variation in the pharmacological 
responses. In addition to the genetic factors, the 
properties of the active moiety of a drug and 
other components of the dosage form also affect 
the therapeutic presentations. Plant pharmacoge-
nomics, as a branch, deals with the differential 
responses observed among individuals to phyto-
therapy. Moreover, being extracted from living 
sources, the genetic nature of the plant varieties 
tends to affect the chemoprofi le of the plant prod-
ucts. Additionally, the human genetic data per-
taining to the plant-based therapies, though 
limited, has proved that the drug disposition and 
metabolism processes can serve as potential reg-
ulators for altering the pharmacological profi le of 
the drug. Pharmacogenomics can, hence, be 
employed in the drug development by interacting 
at myriad levels in the process. Target identifi ca-
tion, validation, testing, and evaluation are some 
of the avenues which can employ the tools of 
pharmacogenomics. Additionally, the availability 
of genetic tests and predetermination of the ther-
apeutic effects of a drug have helped in bringing 
pharmacogenomics from the bench to the bed-
side. Personalized medicines can now be devel-
oped owing to the contribution of the knowledge 
of this fi eld. 

 This chapter summarizes the importance of 
plant-based products in various medicinal sys-
tems. The genetic basis of the differential 
response to the drug therapies and the fundamen-
tal concepts of pharmacogenomics are covered. 
Pharmaceutical considerations of the plant-based 
therapies in association with the genetic makeup 
of individuals and the employment of genetic 
data to study the varying responses of the indi-
viduals are brought under discussion. Finally, the 
pharmacogenomics tools employed in the drug 
and personalized medicine development process, 
with particular reference to ethnopharmacology, 
are reviewed.  

    Pharmacological Diversity in Plant 
Kingdom 

 Plant-based products have formed an integral 
part of man’s medicinal system. They provide 
rich sources of drugs that can be employed to 
cure many diseased conditions, from local infec-
tions to generalized systemic ailments. With the 
industrial development and increase in popula-
tion, the newer systems of medicine now rely on 
synthetic preparation of drugs as they yield 
greater output. However, many of the contempo-
rary systems of medicines of the world, like 
Ayurvedic, Chinese, African, homeopathy, and 
Unani systems are still dependent upon plants for 
the extraction of principal ingredients. Plants 
contain a diversity of secondary metabolites. 
These phytochemicals have proven antimicro-
bial, anti-infl ammatory, anticancer, analgesic, 
anxiolytic, and a wide array of other bioactivities. 
It is believed that more than a tenth of the discov-
ered plant species are used in drugs (McChesney 
et al.  2007 ). Moreover, around 50 % of the pre-
scribed drugs are either produced from plants or 
are derivatives of plant products (Kinghorn and 
Balandrin  1993 ). 

 Phytotherapy is not limited to the third-world 
countries. Today, many practitioners of comple-
mentary and alternate medicine (CAM) are con-
tributing to the health system of industrialized 
countries as well. Around one-third of the popu-
lation is dependent upon these systems in the 
United States of America and the United 
Kingdom (Ernst  1996 ; Wootton and Sparber 
 2001 ). Plants form the largest part of the drugs of 
natural origin. Greater therapeutic benefi ts, 
safety, availability, and cost-effectiveness make 
plant-based therapies the preferred choice of 
many individuals. Apart from their use in plant- 
based therapy, the allopathic system of medicine 
owes its origin to natural products. Ethnomedicine 
has served as the basis for the discovery of many 
of the lead compounds now used in the modern 
medicinal systems (Fig.  1 ).  
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  Fig. 1    Chemical structures of some therapeutically effective phytochemicals       
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 The development in the purifi cation, analyti-
cal, and bioactivity procedures has led to the 
characterization of many phytochemicals. The 
focus has, hence, shifted from the use of crude 
drug forms to the isolation and application of 
specifi c chemical compounds. Many products, 
either active or prodrugs, contain a variety of 
chemical groups. Flavonoids, carotenoids, gluco-
sinolates, catechins, phytoestrogens, and terpe-
noids are some of the phytochemical groups 
identifi ed. These functional moieties have been 
associated with the treatment of specifi c diseased 
conditions. Lignans, for instance, have proved 
their effi cacy as antineoplastic, anti- infl ammatory, 
and cardiovascular protectant agents (Qu et al. 
 2005 ; Pusztai et al.  2010 ; Peterson et al.  2010 ; 
Pan et al.  2009 ). Sharing these therapeutic prop-
erties with lignans, coumarins additionally pro-
vide analgesic, antiviral, and antiasthmatic 
effects (Daniel  2006 ; Keri et al.  2010 ; 
Gliszczyńska and Brodelius  2012 ; Deng et al. 
 2006 ). Another medically important class of 
plant-derived compounds is alkaloid. Alkaloidal 
salts have gained acceptance by nearly all the 
medicinal systems in practice today. They are 
responsible for providing antiarrhythmic, antihy-
pertensive, diuretic, and antimicrobial effects 
(Agrawal et al.  2010 ; Moyer et al.  2010 ; Mojab 
et al.  2010 ; Saleem et al.  2010 ). 

 Phytochemicals not only provide diversity in 
chemical groups they incorporate, but they target 
a wide variety of cell types and follow a number 
of mechanisms to present their therapeutic bene-
fi ts. They tend to be effective in both prokaryotic 
and eukaryotic cells. A number of chemicals, 
including essential oils, phenolics, fl avonoids, 
and alkaloids, target prokaryotic cells like bacte-
ria and cause bacterial death. They target various 
metabolic enzymes and structural units of bacte-
ria to show their antimicrobial effi cacy (Radulovic 
et al.  2013 ; Simões et al.  2009 ). Similarly, plant- 
derived antifungals have proved to be very effec-
tive against yeasts and molds. Within the complex 
animal body, these phytochemicals target various 
macromolecules to show their therapeutic effects. 
Human cardiovascular, respiratory, nervous, 
integumentary, and digestive systems, histologi-
cally, vary widely from one another. However, 

the plant products exploit many different types of 
cellular systems to manifest their therapeutic 
benefi ts. Prevention of oxidation by neutraliza-
tion of reactive oxygen species (ROS) helps in 
providing anticancer, anti-infl ammatory, and car-
dioprotectant effects (Hernández et al.  2009 ). A 
number of plant products help in releasing the 
endothelial-derived relaxing factor (EDRF) that 
acts as a vasodilator to help in the hypertensive 
conditions (Schmitt and Dirsch  2009 ). 
Additionally, the immune potentiation effect of 
many plant products by stimulation of various 
transcription factors has also been proved 
(Bremner and Heinrich  2010 ; Licciardi and 
Underwood  2010 ). An important consideration, 
however, is that the genotype of the plant species 
also affects the nature, type, and yield of a phyto-
chemical.  Withania somnifera , for example, is 
employed in antitumor and antitubercular reme-
dies. Different varieties of the plant contain 
 different grades of alkaloids (withanolides) 
depending upon the genetic, environmental, and 
demographic factors of a plant (Joshi et al.  2004 ) 
(Table  1 ).

   Phytotherapy essentially follows a similar 
pharmacological profi le as those of newer drug 
forms. Following the extraction of crude drug, a 
variety of formulations may be designed. 
Commonly employed dosage forms include 
decoctions, pills, balms, elixirs, and syrups. After 
the administration of the drug into the body, it is 
absorbed through a biological membrane. 
Gastrointestinal tract and skin are the main sites 
of absorption of a drug. This phase is followed by 
binding of the drug with the plasma proteins 
resulting in the distribution of the drug to various 
target tissues of the body. Concurrently, the drug 
is being exposed to various enzymes in the body 
to be metabolically converted into alternate 
forms. This conversion produces a more hydro-
philic drug, yielding either an active drug or aid-
ing the elimination of the drug from the body by 
the process of excretion in later steps. Once the 
drug has reached the target cell, it interacts with 
the cellular receptors and enters the cell. Within 
the cell, the phytochemical interacts with the 
molecular machinery to exhibit its therapeutic 
effects. However, a number of environmental and 
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inherent factors hamper the provision of pharma-
cological benefi ts in a predefi ned way. Keeping 
the external factors constant, same drug therapy 
yields varying therapeutic responses and adverse 
drug reactions (ADRs) in susceptible individuals. 
Genetic diversity is the major intrinsic factor that 
results in altered pharmacological effects to a 
drug. This interindividual genetic variation, 
hence, makes the study of human genome, role of 
drug-processing proteins, mutations in their 
genes, and epigenetic factors, in association with 
the therapeutic outcomes observed, all the more 
important.  

    Genetic Polymorphism 

 Phytochemicals are the chemical entities obtained 
from plants. The genetic background of the 
botanical source has profound effect on the over-
all chemical profi le of the plant. Both qualitative 
and quantitative phytomedicinal traits are 
affected as a result of these genetic differences. 
In addition, the concept of plant pharmacoge-
nomics extends further to understanding the vari-
ation in response to an administered 

phytochemical agent, once the drug has been 
administered into the human body. 

 The advent of modern molecular biology tech-
niques led to the discovery of a number of genetic 
factors that are, now, considered responsible for 
presenting variable therapeutic response. Drugs 
tend to exploit various mechanisms in the human 
body to show their therapeutic benefi ts. These 
targets may be located on the cellular surfaces, in 
the form of receptors, or within the cell, as mem-
bers of signaling cascade or other proteins. After 
the interaction of a phytochemical with its target, 
a cascade of events takes place to present the fi nal 
pharmacological effect. However, the overall 
therapeutic response is not only dependent upon 
the effect of the drug molecule on the body, but 
certain other factors are also involved. These 
players are responsible for changing the overall 
pharmacological profi le of a drug. In addition, 
they also contribute to the appearance of interin-
dividual variation in therapeutic responses. Of 
these, genetic polymorphism in drug-processing 
systems is the most important contributing factor. 
Genes encoding cellular receptors, hormones, 
plasma proteins, drug transporters, and metabo-
lism possess a high degree of variation, resulting 

    Table 1    Pharmacogenomics aspects of some phytochemicals   

 Phytochemicals  Botanical sources 
 Main therapeutic 
applications  Gene targeted 

 Glucosinolates, 
isothiocyanates 

 Cruciferous plants  Anticancer  IDO (Banerjee et al.  2007 ), NRF-2 
(Cho et al.  2006 ), CYP2E1 (Lampe  1999 ) 

 Polyphenols  Multiple families  Anti-infl ammatory, 
anticancer, antioxidant 

 NF-KB (Schauss  2012 ; Menaa et al.  2012 ), 
apoE (Milenkovic et al.  2012 ), COX (Diebolt 
et al.  2001 ), SIRT (Chung et al.  2010 ) 

 Alkaloids   Cinchona , henbane, 
strychnine 

 Antiarrhythmic, 
anticholinergic, analgesic, 
antihypertensive, neuronal 

 CGRP (Negro et al.  2012 ), CYP3A (Klein 
and Zanger  2013 ), PIG3, p53 (Lin et al.  2011 ; 
Tsai et al.  2008 ), NRF-2 (Cho et al.  2008 ), 
MYD88 (Tu et al.  2012 ) 

 Allicin  Alliaceae plants  Antibacterial, antiviral  MTb 85B (Hasan et al.  2007 ), WAF1 
(Aggarwal et al.  2004 ), INK4 
(Ha and Yuan  2004 ) 

 Ginsenosides 
(saponins 
and glycosides) 

 Araliaceae plants  Vasodilation, 
anticoagulation, 
cell proliferation 

 CAMs (Cho et al.  2013 ; Wahid et al.  2010 ), 
CDK (Lee et al.  2009 ), Rg-1 (Lü et al.  2004 ) 

  Abbreviations:  apoE  apolipoprotein E,  CAM  cell adhesion molecules,  CDK  cyclin-dependent kinase,  CGRP  calcitonin 
gene-related peptide,  COX  cyclooxygenase,  CYP  cytochrome,  IDO  indoleamine 2,3 dioxygenase,  INK  tumor suppres-
sor protein,  MTb  metallothionein,  MYD  myeloid differentiation,  NF-KB  nuclear factor kappa-light-chain-enhancer of 
activated B cells,  NRF-2  nuclear factor (erythroid-derived 2)-like 2,  p53  (tumor) protein 53,  PIG3  p53 inducible gene, 
 Rg  regeneration gene,  SIRT  sirtuin (silent mating-type information regulation 2 homologue) 1,  WAF  cyclin-dependent 
kinase inhibitor 1  
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in the difference of pharmacological action of a 
drug molecule. A difference in only 1 % of the 
gene sequences of these factors has been related 
with the appearance of altered response to a phar-
macotherapy (Meyer  2000 ). Underlying these 
differences are a number of racial, geographic, 
ethnic, and demographic features which have 
been discussed in the subsequent sections. 

 Genetic polymorphism tends to affect both the 
pharmacokinetic and pharmacodynamics proper-
ties of a drug. Pharmacokinetics involves all the 
steps carried out by the body to make the drug 
reach its fi nal target site and elimination of toxic 
components from the body. These include the 
absorption through the gastrointestinal tract, dis-
tribution via plasma proteins, metabolism of the 
drug, and the fi nal excretion from the body. 
Pharmacodynamics, on the other hand, covers the 
interaction of drug molecule with the receptor 
site and the pharmacological action of the drug at 
the cellular and subcellular levels. Genetic poly-
morphism yielding changes in structural or func-
tional properties of any of the pharmacokinetic or 
pharmacodynamics parameters results in the 
appearance of unexpected therapeutic responses. 
Among these processes, altered drug targets, 
drug transport mechanisms, and metabolic pro-
cesses have been mainly associated with differ-
ential response to plant-based drug therapies. 

    Drug Targets 

 Targeting specifi c molecular mechanisms helps 
in achieving better outcomes with minimal 
adverse effects. The massive content of the 
human genome along with the genetic polymor-
phism results in the need to identify and develop 
specifi c targets. Recent developments in the 
fi elds of genomics and proteomics have helped in 
identifying the genes and proteins responsible for 
many diseases. These targets serve as biomarkers 
that can be used for identifying a particular dis-
ease or a particular variant of diseased gene. 
Proteins, as surface receptors, enzymes, ion 
channels, or secreted proteins, are involved in 
drug binding and, hence, in the initiation of phar-
macological cycle of the drug molecule. 

Mutations at specifi c sites in these genes are 
responsible for presenting altered therapeutic 
responses to a phytotherapy. 

 Among the plant-derived anticancer agents, 
differential response has been documented in 
breast cancer patients owing to angiotensin- 
converting enzyme (ACE) genotype variations 
(Yuan et al.  2005 ). Ephedrine used as a broncho-
dilator for the treatment of asthma is an alkaloid 
derived from  Ephedra equisetina . The drug acts 
on the β2 adrenergic receptors. There are nine 
variants of the receptor responsible for differen-
tial binding and, hence, therapeutic effects of the 
drug (Sears and Lötvall  2005 ). Polyphenols are a 
group of phytochemicals comprising coumarins, 
fl avonoids, tannins, and stilbenes. These groups 
utilize dopamine, serotonin, and estrogen recep-
tors to exhibit their pharmacological action in 
neurological and cardiovascular conditions. 
Mutations in the genetic makeup of these recep-
tors yield altered targets for drug action. 
Consequently, there is a difference in therapeutic 
response to these drugs (Fig.  2 ).   

    Drug Transport 

 On reaching the desired target, a particular intra-
cellular drug concentration needs to be attained 
for optimum therapeutic effects. However, differ-
ent membrane transport systems may prevent the 
drug from achieving the effective levels within 
the cell. Moreover, in genetically predisposed 
individuals, effl ux mechanisms can cause the 
drug draining from the cell. This results in the 
development of resistance or tolerance in suscep-
tible individuals presenting, consequently, as 
therapeutic failure. 

 Among the many drugs that are made thera-
peutically ineffective by the effl ux mechanism 
are the anticancer drugs of natural origin, vincris-
tine and vinblastine. Resistance tends to develop 
against these drugs by the involvement of a cell 
membrane protein. The P-glycoprotein 1 or mul-
tidrug resistance protein 1 (MDR1) is a  transporter 
responsible for the exchange of various species 
across the cell membrane. Mutations in the gene 
result in altered permeability of this compound. 
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There are at least 13 different characterized vari-
ants of the gene among different ethnic groups 
(Drysdale et al.  2000 ). Similarly, MDR1 causes 
the decreased drug accumulation of digoxin in 
the target cells (Gottesman et al.  1996 ). Digoxin 
is a phytochemical obtained chiefl y from 
 Digitalis  spp. and therapeutically employed in 
various heart conditions. Decreased drug accu-
mulation leads to therapeutic failure of the drug. 
A number of other phytochemicals, including 
alkaloids, terpenoids, polyphenols, and quinones, 
have been observed to interact with this transport 
system as well (Yazaki  2006 ). Other membrane 
proteins involved in the drug transportation and 
resistance processes include multidrug resis-
tance-associated protein 2, drug exporter-2, and 
drug resistance ATPase-1/ATPase-2. They have 
been characterized to play a role in the egress of 
drugs of natural and synthetic origin from the cell 
(Schinkel and Jonker  2012 ; Van Bambeke et al. 
 2000 ; Saier  2002 ) (Fig.  3 ).   

    Drug Metabolism 

 Among drug disposition processes, an important 
contributor to the altered pharmacological 
response in view of genetic polymorphism is the 
drug metabolism. Metabolism refers to the enzy-
matic and chemical conversion of a drug mole-
cule, so as to change the chemical nature of the 
drug making it liable to be excreted from the 
body easily. Occurring chiefl y in the liver cells, 
drug metabolism comprises three steps: chemical 
modifi cation, conjugation, and supplementary 
alteration. The fi rst and the last phases bring 
about a chemical change in the chemical struc-
ture of the drug molecule, while conjugation 
involves the addition of an additional chemical 
moiety to the drug. The nature and rate of these 
biochemical steps determine the duration for 
which drug molecule will remain in the body 
and, hence, the extent of the pharmacological 
action of the drug. 

  Fig. 2    Pharmacological aspects of therapeutic action of phytochemicals       
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 One of the most important enzyme machiner-
ies involved in drug metabolism is the hepatic 
cytochrome P-450 (CYP-450) system. It oxidizes 
the drugs to yield a more polar species which 
results in the rapid excretion of the drug from the 
body. Many drugs exploit this metabolic process 
for their ultimate elimination from the body. 
CYP-450, however, shows a high rate of genetic 
variability among individuals. The molecular 
mechanisms affecting the enzymatic activity 
include the alteration in promoter sequences, 
presence of termination codons, amino acid sub-
stitutions, and formation of unstable proteins. 
These genetic alterations collectively are respon-
sible for making an individual a slow, normal, or 
fast metabolizer and, hence, altering the drug’s 
resident time in the body. Various isoforms of this 
enzyme system including CYP2D6, CY1A2, 
CYP2C9, and variants of CYP3A play a major 
role in phase I metabolic reactions. Additionally, 
enzymatic systems encoding glutathione 
S-transferases, N- acetyl transferases, and uridine 
5′-triphosphate glucuronosyltransferases play a 
major part in the conjugation steps. Therefore, 

underlying genetic polymorphisms in these enzy-
matic systems can be associated with altered 
drug metabolizing process (Table  2 ).

   Phytochemicals, like other xenobiotics, 
undergo similar mechanisms of metabolism. 
Secoisolariciresinol is a lignin extracted from 
fl axseed and used in traditional medicine for the 
treatment of atherosclerosis and diabetes. The 
drug tends to exhibit its effect only after being 
enzymatically converted into the active form. 
Owing to the genetic polymorphism in drug 
metabolizing enzymes, signifi cant interindivid-
ual therapeutic differences have been reported 
among patients using fl axseed (Clavel et al.  2006 ; 
Kuijsten et al.  2005 ). Similarly, remarkable dif-
ferences have been noted between patients using 
psoralen therapy for the treatment of skin condi-
tions (Shephard et al.  1999 ). Psoralen, a furocou-
marin, is obtained from the seeds of  Psoralea  
spp., fi gs, and parsley. The product is employed 
as a therapeutic agent in psoriasis, eczema, and 
vitiligo (Fig.  4 ).  

 Plant-derived products are, hence, subjected 
to similar drug-processing steps in the body as 

  Fig. 3    Genetic polymorphism in drug targets, transport-
ers, and metabolizing systems (Abbreviations:  ABC  ATP- 
binding cassette transporters,  COX2  cyclooxygenase-2, 
 D-2R  dopamine receptor 2,  FPGS  folylpolyglutamate 
synthase,  GST  glutathione S-transferase,  HTR 2A  sero-

tonin receptor,  MCP  membrane cofactor protein,  MDR/
MRP  multidrug resistance gene/protein,  MSH  melano-
cyte-stimulating hormone,  CP450  cytochrome P-450, 
 RFC  reduced folate carrier,  TPMT  thiopurine methyl-
transferase,  UGT  UDP glucuronosyltransferases)       
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   Table 2    Genetic polymorphism in drug targets, transporter, and biotransformation process leads to interindividual 
variations in drug responses   

 Drug targets  Drug transporters  Metabolic enzymes 

 Candidates  MCP-1, COX-2, B-adrenoceptor, 
5HT, HER 2 

 MDR-1, MRP 1, 
ABC transporters 

 CYP-450, pseudocholinesterase, 
acetyl transferase, COMT, ADH 

 Genetic 
modifi cations 

 Activating mutation, gene duplication, gene deletion, exon skipping, unstable protein, 
amino acid substitutions 

 Phenotypic 
presentation 

 Up-/downregulation, over-/underexpression, 
polymorphism 

 Fast/slow/poor metabolizers 

 Drugs  Vinblastine, paclitaxel, 
doxorubicin 

 Digoxin, glycosides, 
trastuzumab 

 Anticancer, antimicrobials, ethanol, 
and other drugs metabolized in the liver 

  Abbreviations:  5HT  serotonin,  ABC  ATP-binding cassette,  ADH  alcohol dehydrogenase,  COMT  catecholamine 
O-methyltransferase,  COX  cyclooxygenase,  CYP  cytochrome,  HER 2  human epidermal growth factor receptor-2,  MCP  
monocyte chemoattractant protein,  MDR/MRP  multidrug resistance gene/protein  

  Fig. 4    Genetic control of drug metabolism processes       
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the synthetic drugs undergo. Genetic variations 
in these active players result in the appearance of 
marked alterations in the drug bioavailability and 
therapeutic effects. Study of these factors with 
reference to the use of phytochemicals would 
help enhance the characterization and therapeutic 
outcomes of a plant-based drug therapy.   

    Phytochemicals, Pharmacogenetics, 
and Pharmacogenomics 

 Human beings respond differently to plant prod-
ucts administered for a particular ailment. This 
diversity in therapeutic response of drugs is stud-
ied under the scope of pharmacogenetics and 
pharmacogenomics. Pharmacogenetics deals 
with the evaluation of inherited traits in conjunc-
tion with the observed pharmacological 
responses. Pharmacogenomics, on the other 
hand, involves the study of genetic variation, the 
roles of genes, and their ultimate impact on the 
pharmacological properties of a drug. Both the 
fi elds, together, contribute to understanding the 
genetic factors responsible for exhibiting interin-
dividual difference in therapeutic responses. 
Polymorphism in genes encoding metabolism, 
drug-receptor interaction, transportation, and 
elimination are the major causes of altered phar-
macokinetic and pharmacodynamics profi les of 
drugs. 

 The advent of molecular biology and genetic 
engineering techniques aided the molecular dis-
section of various diseased conditions. The dis-
covery of new genes and associated genetic 
variations helped in establishing them as the etio-
logical agents for various diseases. Developments 
in transcriptomics, proteomics, and metabolo-
mics have led to the establishment of our under-
standing that most diseases are polygenic traits, 
i.e., they are controlled by more than one gene, 
and not monogenic. These genes can, hence, 
serve as potential targets for therapeutic strate-
gies. Variations in these genes can lead to altered 
therapeutic responses. Apart from the genetic 
manipulation by drug molecules, mutations in 
genes involved in drug-processing systems can 

present different therapeutic outcomes to a 
phytochemical. 

 Genetic mutations can cause variation in the 
morphological or physiological characteristics of 
an individual. With respect to drug response, phe-
notypic changes in metabolic rates, drug targets, 
and drug transporters may signifi cantly alter the 
therapeutic outcomes of a phytotherapy. 
Attributable mainly to altered allelic forms, vari-
ations in drug response do not require mutation in 
large genetic sequences. Single nucleotide poly-
morphisms (SNPs), i.e., the change of only one 
nucleotide in the genetic material can have pro-
found effects on drug processing. Drug targets, 
transporters, and metabolizing enzymes are more 
viable to the genetic variation resulting in the 
appearance of different therapeutic profi les in 
genetically diverse individuals. Carotenoids, for 
instance, are a group of phytochemicals possess-
ing effective antioxidant properties. They are 
metabolized by an enzyme, beta-carotene 
15,15′-monooxygenase 1, the activity of which 
ultimately affects the bioavailability and plasma 
levels of the drug. SNPs in this gene have been 
associated with differential response to the 
administered carotenes (Wang et al.  2013 ). 
Similarly, organic anion-transporting polypep-
tide (OATP) is involved in the elimination of phy-
tochemicals and other xenobiotics (Lee and Kim 
 2004 ). Genetic variation in OATP system results 
in altered drug disposition properties and, hence, 
therapeutic effi cacy (Riedmaier et al.  2012 ). 
Some other phytochemicals and their associated 
single nucleotide polymorphisms and therapeutic 
outcomes have been discussed in Table  3 . Exon 
skipping of drug metabolizing enzymes is also 
related to diverse pharmacological effects. The 
process involves inability to read the actual cod-
ing sequence of a gene resulting in the failure of 
translation into the correct protein. 
Dihydropyrimidine dehydrogenase (DPYD), for 
instance, is an enzyme involved in drug metabo-
lism and subjected to exon skipping phenomenon 
in genetically predisposed individuals (Ciccolini 
et al.  2009 ; Meinsma et al.  1995 ). Flavonoids and 
essential oils are metabolized by this enzymatic 
system, and genetic variation in DPYD may be 
associated with altered bioactivities of plant 
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products (Carnesecchi et al.  2004 ; Manosroi 
et al.  2006 ). Deletions, substitutions, or addition 
of nucleotides into the genetic region is another 
important factor. Once transcription into RNA 
has been done, the presence of SNPs in promoter 
sequence and appearance of early stop codons 
lead to genetic errors resulting in the formation of 
altered or dysfunctional proteins. Early termina-
tion codons in the genes encoding various mem-
bers of cytochrome P-450 enzyme system have 
been associated with altered biotransformation 
properties of plant-derived drugs including nico-
tine and other related compounds (Oscarson 
 2001 ; Ingelman-Sundberg  2002 ). While translat-
ing, amino acid substitutions or formation of 
unstable molecules yield altered proteins. These 
variations, hence, cause the development of dif-
ferent protein products, both structural and func-
tional. Repression of expression patterns of 
certain drug metabolizing enzymes like glutathi-
one S-transferases has been associated with 
decreased release of isothiocyanates (ICTs) from 
the body, resulting in increase in toxicity and 
appearance of ADRs in susceptible individuals 
(Seow et al.  2005 ). ICTs are the phytochemicals 
found in a variety of plant species and are 
employed as anticancer agents (Gamet-Payrastre 
et al.  2000 ). In addition, a group of ADRs referred 
to as idiosyncratic reactions are often associated 
with certain genetic basis, but no evidence has 
yet been found (Knowles et al.  2000 ). 
Consequently, whether kinetic or dynamic in 
nature, these variations lead to an appearance of 
considerable interindividual difference in 
response to a therapy (Severino and Zompo 
 2004 ).

   In addition to the genetic factors, environmen-
tal factors also affect an individual’s response to 
a drug. Certain individuals share some common 
living conditions and tend to react differently to a 
prescribed therapy (Kalow  2006 ). Activation of 
rapid drug metabolism in response to alcohol and 
cigarette smoking has been documented in smok-
ers. Additionally, exposure to certain mutagenic 
agents, including chemotherapeutic agents, tends 
to exhibit changes in the metabolic processes, 
resulting in the altered drug response to other 
drugs (Evans and Relling  1999 ). The ethnicity of 

an individual also causes variation in therapeutic 
responses, for instance, Caucasian population 
tends to show different drug metabolism patterns 
than Arabs (Baillie and Rettie  2011 ; Scott et al. 
 2011 ; Phan et al.  2009 ). Familial exposure to a 
certain agent, like high-intensity UV radiations 
or higher altitudes, makes the individuals prone 
to certain diseases. The drug responses are also 
altered in these patients. Additionally, the pres-
ence of certain nutrients in daily diets causes 
changes in in vivo drug-processing rates. Grape 
fruit, fruit juices, vitamins, dietary supplements, 
and fatty foods signifi cantly contribute to the 
altered pharmacological effects of a drug (Hanley 
et al.  2011 ; Dresser and Bailey  2003 ; Custodio 
et al.  2008 ). Moreover, the anatomical and physi-
ological processes of individuals, including gen-
der, lean body weight, body surface area (BSA), 
and age may cause differential therapeutic 
responses to the same phytochemical (Soldin 
et al.  2011 ; Hanley et al.  2010 ; Sawyer and Ratain 
 2001 ; Shi and Klotz  2011 ). Among the pathologi-
cal determinants, diseases affecting the absorp-
tion, distribution, metabolism, and excretion tend 
to affect the overall rate at which a drug is pro-
cessed and therapeutic effects are observed. 
Peptic ulcers, hypoproteinemia, cardiovascular 
disorders, and hepatic and renal diseases are the 
important conditions in this case. 
Coadministration of certain drugs, including 
phytochemicals, also tends to affect the effi cacy 
of other drugs (Wu et al.  2012 ; Efferth and Koch 
 2011 ). Though not inherited, these characteristics 
manipulate the genetic characteristics of an indi-
vidual and may be considered responsible for 
altering the pharmacological profi le of an admin-
istered plant-based drug component. 

 Once the genetic predisposition of an individ-
ual to a particular drug has been established, the 
occurrence of a disease in an individual and the 
degree to which the physiological or morphologi-
cal characteristics will be altered can be pre-
dicted. Moreover, pharmacogenetics can help 
evaluate the susceptibility and sensitivity of a 
patient to a particular drug therapy. Additionally, 
dose adjustment, dosage regimen design, and 
monitoring of therapeutic responses can be done. 
Hence, pharmacogenetics and pharmacogenom-
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ics involve the study of underlying genetic fac-
tors that affect the therapeutic responses to a 
plant-derived drug molecule and the application 
of tools for improving the outcomes.  

    Pharmacogenetic Markers 
in Phytochemical Bioavailability 

 The validation of pharmacological properties of a 
plant-based drug therapy emphasizes the need 
that the drugs may effectively be delivered to the 
target site. In order to ensure the achievement of 
therapeutic benefi ts, drug molecules need to be 
effectively made bioavailable at the target site. 
The physicochemical properties, potency, and 
strength of a phytochemical signifi cantly affect 
the drug absorption and binding capability. A 
drug’s partition coeffi cient and solubility also 
affect the overall bioavailability and, hence, the 
therapeutic response. These properties make the 
drug act differentially in various cellular and tis-
sue environments. A number of physiological 
and anatomical factors affect the drug process-
ing, utilizing the physicochemical properties of a 
drug. They do not directly interact with the 
genetic factors but play their role in pharmaco-
logical outcomes by varying the drug disposition. 
A highly lipophilic phytochemical, for instance, 
carotenoids, may show different drug distribution 
patterns in water and fat components of the body. 
Hence, an increased availability and accumula-
tion of the drug may take place at the preferred 
sites of distribution, causing the appearance of 
adverse effects and/or therapeutic failures. The 
physicochemical properties of the drug in rela-
tion with the genomic background of an individ-
ual gave rise to the birth of chemical genomics 
(Salemme  2003 ). The approach employs the use 
of in silico analysis for determining the target 
sites and designing of ideal drugs against these 
sites. Virtual screening and interactions are 
observed to determine the drug candidate. The 
identifi ed agent is then evaluated for its pharma-
cokinetic profi le, before being fi nally developed 
for use in susceptible individuals. 

 Apart from a relatively neutral nature of the 
drug, a number of parameters need to be met for 

ensuring the proper drug disposition characteris-
tics and ideal therapeutic responses. Effi cacy and 
safety are the underlying principles that an ideal 
drug molecule should be possessing. Targeting 
specifi c molecular mechanisms in a cell helps in 
providing the therapeutic benefi ts expected of a 
drug therapy. Alongside, adverse drug reactions 
are prevented. Pharmacogenomics helps in estab-
lishing the causative agents for a particular dis-
ease and determining the variants that may 
respond differently to a particular drug therapy. 
Providing individuals with these drugs can help 
in increasing the effectiveness and decreasing the 
adverse effects of the drug. Moreover, the provi-
sion of an individualized therapy to a patient can 
help prevent the misuse of drugs in unwanted 
cases. One basic advantage offered by pharma-
cogenomics technology is the identifi cation of 
biological markers to interpret the genetic predis-
position of an individual to a designed therapy. 
The presence or absence of these biomarkers can 
facilitate the categorization of individuals as 
responders or nonresponders of a pharmacother-
apy (Vernon et al.  2006 ). Polyphenols, a large 
group of phytochemicals, are effective protective 
agents against various cancers. Cyclooxygenase-2 
and prostate-specifi c antigen are two of the sig-
nifi cant markers used to evaluate the polyphenol- 
based phytotherapy (Thomasset et al.  2007 ). 
Therefore, individuals carrying a particular varia-
tion of a biomarker may be prescribed a particu-
lar therapy. Nonresponders may not be treated 
with a similar regimen paving the way for tar-
geted drug therapy. 

 Application of pharmacogenomics for the 
achievement of ideal pharmaceutical properties 
stresses the need to identify and characterize the 
genetic basis of altered therapeutic response. The 
implications of kinetic and dynamic processes of 
a drug have already been discussed in earlier sec-
tions. Additionally, metabolic profi ling of the 
drug substance needs to be performed. It involves 
the study of different metabolic products pro-
duced as a result of biotransformation processes 
in the body (van Duynhoven et al.  2012 ). The 
metabolites formed in different individuals may 
not only vary in their chemical composition, but 
signifi cant differences in the pharmacological 
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actions are also noted. These may be exhibited in 
the form of genetic, developmental, physiologi-
cal, or pathological modifi cations (Clarke and 
Haselden  2008 ). Hence, once the metabolic pro-
fi ling of a phytochemical has been done, only 
then can the exact response to a drug be deter-
mined and a therapeutic regiment be designed. 
Moreover, execution of standardized genetic tests 
is an integral part of any pharmacogenomics- 
based drug designing process. Genetic tests help 
in establishing certain biomarkers for a disease 
and the association of that marker with the thera-
peutic strategy employed. The expression of 
human epidermal growth factor receptor-2 (HER 
2/neu), for instance, has been used for guiding 
the development of a particular regimen of anti-
cancer agents in breast cancer patients (Phillips 
et al.  2004 ). Vinca alkaloids, vincristine and vin-
blastine, and taxanes, paclitaxel and docetaxel, 
are some of the plant-derived anticancer agents 
dependent upon HER 2 biomarker studies 
(Pritchard et al.  2008 ; de Hoon et al.  2012 ). On 
successful determination of the factors responsi-
ble for providing differential therapeutic response 
to a drug, clinical and genomic data is integrated 
(Fig.  5 ).  

 Implementation of pharmacogenomics tech-
nology would involve the incorporation of a 
number of ethical issues related to the therapy 
(Buchanan et al.  2002 ; Mordini  2004 ). The con-
ventional drug therapies do not depend upon the 
attainment of genetic data from every individual. 
Pharmacogenomics, however, requires genetic 
tests to be performed before a suitable candidate 
drug can be prescribed. This approach, therefore, 
requires the need of informed consent of the 
patient before beginning the drug therapy. 
Safeguard should be provided to the privacy and 
confi dentiality of the results obtained. Moreover, 

as the concept employs that a particular individ-
ual would respond to only a select few drugs, the 
availability of the drug and access to the 
diagnostic- cum-therapeutic facilities need to be 
ensured to every individual on a particular drug 
therapy. Certain genetic variations are observed 
only in particular races. In case the 
pharmacogenomics- based drug products are 
introduced in the market, it should be made nec-
essary to develop products for these diverse 
groups of patients, with unique ethnic back-
grounds (Lee  2005 ). Clinicians similarly need to 
be vigilant in assessing the genetic tests and eval-
uating the need of a pharmacogenomics-based 
product. 

 There are, however, certain limitations these 
products may suffer while getting regulatory 
approval (Rothstein and Epps  2001 ). The neces-
sity of genetic tests and data may further increase 
the time of drug development. Moreover, the cost 
of development and therapy may increase (Shah 
 2003 ). The rate of approvals may become even 
slower due to the need to provide additional data. 
Conversely, pharmacogenomics would help 
increase the overall value of a therapy as only the 
individuals who would respond to the therapy 
would be prescribed the particular drug. 
Moreover, this concept may facilitate the devel-
opment of specifi c drug therapies from a variety 
of sources, both natural and synthetic, and help in 
the achievement of ideal therapeutic targets.  

    Pharmacogenomics of Plant 
Products 

 Plant-based pharmaceutical products have made 
an integral part of the currently practiced medici-
nal systems. The practitioners of ethnomedicine 

  Fig. 5    Pharmaceutical considerations in product development       
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prescribe specifi c therapies to individuals based 
upon their age, gender, and physical characteris-
tics. However, advancements in the fi eld of 
genomics have provided the genetic basis of the 
therapeutic outcomes of these drugs. The genetic 
predisposition of an individual can help in the 
prediction of therapeutic outcomes even before 
the initiation of a particular therapeutic regimen. 
Research is underway to relate the ethnopharma-
cological aspects with the genomic data to pro-
vide effi cient models for disease prognosis. 

    Genetic Manipulation by 
Ethnomedicine 

 Drugs alter the genetic expression of their targets 
and present variable pharmacological effects in 
different individuals. Phytochemicals tend to fol-
low similar pharmacokinetic, pharmacodynam-
ics, and pharmaceutical profi les as other 
synthetically prepared formulations. Genetic 
variation in drug targets, transporters, and metab-
olism process cause signifi cant changes in the 
pharmacological response to any drug. The CYP- 
450 enzyme system, for example, is involved in 
the metabolism of a variety of plant products 
including alkaloids, terpenes, and essential oils. 
A number of different mutations have been iden-
tifi ed in this enzyme system resulting in altered 
therapeutic responses (Mann  2006 ; Cascorbi 
 2003 ). Administration of a crude drug affects the 
overall genotypic and phenotypic characteristics 
of an individual by the regulation of certain 
genes. The change in these properties is respon-
sible for exhibiting the pharmacological proper-
ties of a drug. Two of the commonly employed 
phytochemicals in both traditional and modern 
medicine are the vinca alkaloids, vincristine and 
vinblastine. They target the polymerization of 
microtubules by specifi cally targeting the 
β-tubulin subunit to specifi cally demonstrate 
their anticancer effects. Regulation of hypoxia- 
inducible factor-1 (HIF-1α) through various 
genetic routes is responsible for the induction of 
the therapeutic effects (Nagle and Zhou  2006 ). 
Manipulation of the responsible genes is, hence, 
the underlying basis of the mechanism of action 

of these drugs. Variation in the interindividual 
therapeutic responses is related to the genetic 
polymorphism in these genes. The study of phar-
macogenomics in association with the phyto-
chemicals, hence, becomes imperative.  

    Methods 

 The advent of modern analytical and molecular 
biology procedures have aided in the identifi ca-
tion of many phytochemicals and their applica-
tion in the fi eld of clinical sciences to achieve 
better therapeutic outcomes. Time-consuming, 
repetitive extract-and-test procedures have now 
been replaced by the high-throughput screening 
(HTS). The process involves the use of chemical, 
pharmacological, and computational methods for 
the discovery of active phytochemicals from a 
complex mixture of substances. Following the 
extraction, the product is subjected to both chem-
ical and pharmacological tests. These assays 
evaluate the physicochemical and biological 
properties of the substance. Molecular tests fol-
low these assays to identify the cellular and 
molecular mechanisms that would be involved in 
showing the respective pharmacological actions. 
Availability of cell and tissue culture techniques 
facilitates the in vitro study of mechanisms 
involved in the pharmacological response. 
Additionally, gene cloning and expression meth-
ods help yield the information related to the 
molecular machinery involved. 

 To further investigate the molecular mecha-
nisms and binding patterns of the drug with the 
target protein, computational biology and bioin-
formatics tools may be employed. The putative 
target biomolecules, involved in a particular dis-
ease, are designed and developed in silico. They 
are, then, characterized based upon their involve-
ment as a causative agent for an ailment. 
Translationally controlled tumor protein (TCTP), 
for instance, is a conserved, eukaryotic protein 
that is associated in a number of cellular mecha-
nisms including cell stabilization, microtubule 
formation, and apoptosis (Efferth  2006 ). It has 
been established as a major player in causing 
cancer (Koziol and Gurdon  2012 ). On establish-
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ing the genetic cause, the target-based drug 
design procedures can be employed to isolate and 
characterize these active agents by bioactivity- 
based screening processes. Polyphenols, a group 
of phytochemicals, have been observed to pre-
vent cancer by causing manipulations in the 
TCTP protein (Stagos et al.  2012 ). Among other 
tools, microarray-based techniques can help in 
identifying the particular targets in the genome 
that might be up- or downregulated in response to 
a particular phytotherapy. Hence, pharmacoge-
nomics can provide a number of routes for estab-
lishing the ligand-target interaction studies and in 
providing genetic basis for selecting an appropri-
ate therapeutic entity for an individual.  

    Pharmacology and Plant Products 

 Pharmacology provides the evidence-based study 
of molecular mechanisms involved in pharmaco-
therapy and their observation in terms of clinical 
outcomes. Owing to the high rate of use of plant- 
based products, the determination of their phar-
macological properties becomes inevitable. 
Phytochemicals target a variety of molecular and 
cellular mechanisms to exhibit their therapeutic 
effects. Table  1  shows the variety of mechanisms 
of actions a phytochemical utilizes to show its 
pharmacological response. Another important 
consideration while studying phytochemicals is 
the dosage form developed. Generally the use of 
decoctions and other extracts of plants is 
employed for therapeutic purposes. These 
extracts contain, in addition to the active pharma-
ceutical ingredient or the drug substance, other 
phytochemicals that might potentiate or inhibit 
the effect of the main drug product. Reports have 
suggested that isolated independent chemicals in 
comparison to extracts of substances show 
 different expression profi les and regulate differ-
ent molecular mechanisms (Yang et al.  2004 ). 
Along with demonstrating variable therapeutic 
response, these plant products have been observed 
to target different tissue types too, showing dif-
ferential expression in various tissues. These 
interindividual differences are affected by the 
genomic makeup of an individual. Plant chemi-

cals, in particular, as the sources of many phar-
maceutical products need to be evaluated for 
their effects on the genomic profi les of patients. 
Some of the commonly employed plant products 
including  Ginkgo biloba ,  Catharanthus roseus , 
 Rauwolfi a serpentina , and  Papaver somniferum , 
among many others, have been involved in the 
genetic manipulation of many physiological sys-
tems (Liu et al.  2007 ; Smith and Luo  2004 ; 
Comı́n- Anduix et al.  2001 ; Pathak  2011 ; Ferrari 
 2010 ; Dasgupta  2010 ). Genetic polymorphisms, 
hence, affect the overall clinical presentations in 
response to a therapy. Once the pharmacology of 
various plant products in association with 
genomic profi les of various individuals has been 
established, pharmacogenomics can be employed 
to achieve better scientifi c and therapeutic 
outcomes.     

  Box 1: Some Commonly Used Plants 

and Their Associated Pharmacogenomics 

Aspects 

  Nicotiana tobaccum:  It is the principal 
source of nicotine, a CNS stimulant. 
Nicotine is processed by a number of 
hepatic enzymes of the cytochrome P-450 
A2 subclass. They convert the nicotine into 
cotinine using these enzymatic players 
(Murphy et al.  2013 ). Allelic variations in 
CYPA2 members lead to altered drug 
metabolism and, hence, bioavailability in 
the body (Swan et al.  2005 ). 

  Ginkgo biloba:  Ginseng is an important 
source of a pharmacologically active group 
known as ginsenosides. It acts as an effec-
tive CVS, CNS, immunomodulatory, and 
antineoplastic agent. They act on a number 
of membrane proteins to show their phar-
macological properties. TNF-α, NF-κB, 
and IL-6 are the major targets of ginsen-
osides for their therapeutic benefi ts (Zhou 
et al.  2006 ). Polymorphism in these targets 
can yield to altered pharmacological profi le 
of the drug. 

(continued)
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     Pharmacogenomics and Drug 
Discovery and Development 

 Pharmacogenomics helps in the discovery and 
development of new drug molecules. They facili-
tate the identifi cation of potential targets by 
establishing the biomarkers in a genome. 
Bioinformatics tools may be employed to pro-
pose the mechanisms involved in the drug- protein 
interactions, in silico. Rapid molecular methods 
can then be utilized to verify the target in wet lab. 
Pharmacological responses can be evaluated 
based upon the principles of differential binding 
capacities and expression profi les in different 
genetic variants. 

    Systems Biology 
and Pharmacogenomics 

 The conventional drug design and discovery 
(DDD) process involved the targeting of struc-

tural and functional proteins. Pharmacogenomics- 
based development aims at acquiring specifi c 
targets at the genetic level, the products of which 
can potentially behave as the regulators of thera-
peutic response. Hence, various targets may be 
acquired from the human genome and interven-
tional strategies may be designed against them, 
aiding the drug identifi cation and validation 
process. 

 Pharmacogenomics has helped in improving 
both forward and backward drug design process. 
Forward drug design focuses on the development 
of drug based on the known structure of the target 
molecule. The structure of the target molecule 
can be determined by various crystallography 
techniques (Murray and Blundell  2010 ). Once 
known, the spatial arrangement of the molecule 
can be established, and the design of a drug can-
didate can be proposed. The chemical structure 
of the candidate, in association with the structure 
activity relationship, can be optimized (Schneider 
and Fechner  2005 ). Conversely, the reverse drug 
design process involves designing the chemical 
structure of the ligand molecule, based upon the 
structure homology of the established drug mol-
ecules (An et al.  2005 ). This is followed by the 
confi rmation of the biological properties of the 
candidate drug. These approaches are now com-
monly referred to as the target- and ligand-based 
drug deigning processes, respectively. Based 
upon the differences in the genetic makeup, 
reverse pharmacology-based designing can help 
in the development of novel and specifi c drug 
molecules against different variants of the candi-
date molecule. Plant-derived antimalarial and 
CNS drugs have been developed using similar 
approaches (Willcox et al.  2011 ; Guerrini et al. 
 2010 ). 

 Genetic information may be utilized to study 
the drug affi nity for a receptor site. Genetic algo-
rithms facilitate the generation of homologies to 
identify the putative sites for drug targeting 
(Kitano  2007 ). The spatial arrangement of the 
protein molecules can then be determined to 
evaluate the drug binding capacity of the pro-
posed drug molecule (Vuignier et al.  2010 ). 
Various fi tness modules are employed for the 
selection of the most appropriate target. In silico 

  Centella asiatica:  It is an Indian plant 
known by the vernacular name of gotu 
kola. The extract contains four active ingre-
dients including asiaticosides, asiatic acid, 
asiaticoside 6, and SM2, which can prevent 
the death of the beta-amyloid cells (Rao 
et al.  2012 ). Hence, they can be used as 
neuroprotective agent. However, genetic 
modifi cation in these target cells may lead 
to altered therapeutic responses to these 
phytochemicals. 

  Rauwolfi a serpentina : Reserpine, the 
principal alkaloid, obtained from the plant 
has been associated with hypotensive and 
antipsychotic effects. Catecholamines and 
serotonin (5-HT) are the major targets of 
the phytochemical (Konno et al.  2010 ). 
Polymorphism in the drug-processing 
enzymes can lead to altered effects of the 
drug in genetically predisposed 
individuals. 

Box 1: (continued)
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techniques, hence, provide an effective alterna-
tive to the expensive, time-consuming, and labo-
rious methods based upon the trial-and-error-based 
selection of both the drug targets and the ligands. 
Once the ideal interaction profi les are obtained, 
molecular and biochemical techniques may be 
employed to mimic the proposed plan in wet lab.  

    Genetic Associations and Drug 
Processing 

 Based on the determination of actual genetic 
makeup of an individual, specifi c molecules can 
be developed for use in various diseased condi-
tions. These entities exploit the physiological and 
biochemical pathways for targeting an ailment. 
Microarray technology has been considered to be 
one of the most important contributors to the 
employment of genomic data to clinical sciences. 
Microarrays can provide highly effective means 
to determine the differential replication and 
expression patterns among individuals (Dubey 
and Kumar  2013 ). These arrays consist of genetic 
material embedded on a substrate. 
Complementarity in the genetic sequences can 
help in the identifi cation of a particular variant of 
the gene. Similarly, protein–drug interactions can 
be identifi ed in vitro. In case a drug molecule 
binds to a target protein on these artifi cial plates, 
a characteristic signal is noted representing the 
affi nity of the potential drug molecule with the 
target protein (Bouzyk et al.  2012 ). Using this 

technology, phytochemicals can be evaluated at a 
faster pace (Ovesná et al.  2008 ). The use of DNA 
microarrays is particularly helpful in studying 
gene expression patterns among various individ-
uals. Concentration-based signaling while read-
ing out the microarrays helps in evaluation of 
particular gene expression levels obtained from 
different tissues or organisms. They may, addi-
tionally, be employed for the detection of physi-
ological and pathological variants of a particular 
disease (Sepulveda  2012 ). An isolated drug from 
a natural or synthetic source can be administered 
to an individual, and the changes in the genomic 
patterns of an individual can be noted (Naoghare 
and Myong Song  2010 ) (Table  4 ).

   Combinatorial chemistry employs the use of 
molecular and biological data to manipulate and 
optimize the chemistry of the candidate drug 
molecules (Moulin et al.  2012 ; Yuen  2013 ). 
Chemical derivatization is an important method-
ology available to drug developers for fi nding 
alternate therapeutic agents for a particular con-
dition. Drugs isolated from the natural origin 
after being subjected to the structure elucidation 
process can be forwarded for developing drugs 
with improved pharmacokinetic and pharmaco-
dynamics properties. As a result, changes in par-
tition coeffi cient, drug disposition parameters, 
and pharmacological effects may be noted. 
Derivatives of penicillin and morphine are some 
of the established applications of this process 
(Brown  1987 ; Rice  1985 ). Earlier chemical 
derivatization relied totally upon the laborious 

   Table 4    Genetics and informatics tools employed in pharmacogenomics   

 Method  Tools employed 

 Genotyping techniques  Polymerase chain reaction, restriction fragment length polymorphism, 
random amplifi ed polymorphic detection, allele-specifi c 
oligonucleotides, hybridization studies in microarrays, denaturing 
high-performance liquid chromatography, pyrosequencing 

 Functional analysis of genetic variation  Transfection assays, allele-specifi c variation, in vivo analysis 
 Informatics  Genome sequencing, alignment, 3D structure modeling, docking 

studies, genome comparison, reconstruction of metabolic/regulatory 
pathway construction/fi ngerprinting, evolutionary biology 

 Data management (Innocenti  2005 )  Clinical outcome, pharmacokinetic, pharmacodynamics, molecular and 
cellular functions data 

 Miscellaneous techniques  Nanotechnology, subunit/conjugate/combo vaccine, liposomes, 
biosensor technology 
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synthesis and testing procedures. Bioinformatics 
has, today, provided an alternate to this method-
ology. Identifying and isolating a particular gene 
responsible for a disease followed by the deter-
mination of the chemical structure of the candi-
date drug and employment of molecular docking 
techniques can help in the determination of ideal 
binding sites and interactions of the drug with the 
target protein (Taylor  2012 ). The drug develop-
ment process can now be specifi ed for the devel-
opment of drugs for the individuals with certain 
genetic, ethnic, and racial background 
(Seenivasagam et al.  2013 ).  

    Identifying Drug Targets Through 
Pharmacogenomics 

 The modern face of drug discovery and develop-
ment process employs the identifi cation of cer-
tain genes that may be responsible for a particular 
disease. The currently licensed approaches gen-
erally target enzymes, hormones, cell receptors, 
or genetic material of a cell. Target identifi cation 
is one of the major advantages offered by phar-
macogenomics. Structure elucidation of the phy-
tochemical followed by in silico protein modeling 
techniques help in enhancing the overall output 
of the plant-based DDD process (Barreiro et al. 
 2012 ). 

 The underlying principles that govern the 
pharmacogenomics DDD approach are that there 
may be interindividual differences in the thera-
peutic responses to the same drug. This forms the 
basis of in silico rational drug designing process. 
The phenomenon involves the identifi cation of a 
pharmacophore or a pharmacologically active 
moiety based upon either the sites with which a 
drug would react on the target or through struc-
tural mimicry of therapeutic agents (Sacan et al. 
 2012 ). Concurrently, chemical databases are 
searched and compounds with similar functional 
groups and spatial arrangements are identifi ed. 
The isolated compound is then subjected to vir-
tual high-throughput screening process to study 
the drug receptor interactions (Cooper  2012 ; 
Zoete et al.  2009 ). Based upon their physical and 
chemical profi les, the compounds are scored and 

ranked. The pharmacokinetic properties, absorp-
tion, distribution, metabolism, and excretion are 
then predicted (Rowland et al.  2011 ). For the pur-
pose, quantitative structure–activity relationship 
(QSAR) approach is followed which is based 
upon the fact that changes in the pharmacological 
properties of the drugs would be observed as the 
functional groups are modifi ed or their positions 
are changed within the same compound (Kramer 
and Lewis  2012 ). QSAR has been employed for a 
number of plant-based products to analyze, 
design, and derive appropriate alternative chemi-
cal entities. Phytochemicals including fl avonoids, 
phenolics, and stilbenes have been subjected to 
QSAR studies to analyze their structure-activity 
relationships (De-Eknamkul et al.  2011 ; Roy and 
Popelier  2008 ; Tripathi and Saxena  2008 ). These 
tools can, therefore, help in optimizing the geom-
etry of the candidate drugs and selecting the con-
fi rmation of the drug that would best fi t the target 
protein. In case the structure of the target protein 
is known by various experimental procedures, 
like crystallography or spectroscopy, the drug 
development process is simplifi ed and easily val-
idated. However, if the structure is not known, 
then pharmacophore mapping or perception 
approach is followed, which follows the use of 
the candidate drug for investigating the particular 
site at which the drug would act (Yang  2010 ; 
Deora et al.  2012 ). The identifi ed molecule can 
then be optimized according to the pharmaco-
logical needs.  

    Pharmacogenomics in Preclinical 
Evaluation Studies 

 The difference between the modeled and the 
actual drug–protein interactions necessitates the 
physical development of the drug candidate and 
the isolation of the target protein responsible for 
a particular diseased condition. Molecular clon-
ing and expression techniques can help identify 
the genetic basis of the disease and, after expres-
sion, help in the isolation of the target in vitro. 
Analytical techniques including x-ray crystallog-
raphy and nuclear magnetic resonance (NMR) 
can help in the characterization of the proteins 
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(Wyss et al.  2012 ; Murray and Rees  2009 ). Once 
confi rmed, in vitro drug binding assays are per-
formed. These assays, classifi ed on the basis of 
the physical nature of the substrate into solid or 
liquid phase, encompass a wide variety of ana-
lytical procedures. Sandwich hybridization 
ligand binding assay, for instance, is employed 
mainly for the nucleic acid therapeutics and 
makes use of the complementarity of the genetic 
codes for studying the binding of the target and 
the ligand (Wang and Findlay  2009 ). Plasma pro-
tein binding assays involve the incubation of the 
developed biopharmaceutical with the plasma 
protein followed by its centrifugation and fi ltra-
tion (Walter et al.  2002 ). The drug-protein com-
plexes are, therefore, separated based upon the 
differences in their molecular weights and pas-
sage through the fi lter membrane. Other target 
validation assays, including nucleic acid aptam-
ers, antibody detection assays, proximity ligation 
assays, and immune PCR ligand binding assays, 
rely on the hybridization of the nucleic acids or 
the proteins based upon the sequence comple-

mentarity (Blank and Blind  2005 ; Kellar and 
Iannone  2002 ; Zhang et al.  2009 ; Finan and Zhao 
 2007 ). These sensitive techniques can evaluate 
the differences in the binding capacities even in 
case there is a difference of less than 10 nucleo-
tides in the genetic sequences. Hence, these ana-
lytical and binding assays can facilitate the 
development of targeted therapeutics against 
many diseases. Once in vitro confi rmation has 
been made regarding the drug–protein bindings, 
animal testing has to be performed. Diseased 
models of various animals can be developed 
using the genetic manipulation techniques like 
mutation breeding, nuclear transfer, mutagenesis, 
transgenesis, and cisgenesis (Strachan and Read 
 1999 ). Drug molecules can then be tested in vivo, 
and pharmacokinetic and pharmacodynamics 
parameters can be established, both qualitatively 
and quantitatively. Functional assays and 
 competition binding assays can be of particular 
relevance to evaluate the drug response in living 
systems (Glubb and Innocenti  2013 ; Croston 
 2002 ) (Fig.  6 ).   

  Fig. 6    The interdisciplinary nature of pharmacogenomics       

 

M.M. Babar et al.



721

    Pharmacogenomics in Clinical 
Studies 

 The last phase of the drug development process 
involves the testing of the candidate drug in 
human subjects. Various phases of the clinical tri-
als are performed as per the rules of the regula-
tory authorities (Liou et al.  2012 ). Phase I of the 
clinical trials involves the study of the safety of 
the drug. Once the safety has been established, 
the drug is transferred to Phase II, which involves 
the study of effi cacy in addition to the safety pro-
fi le. Phase III involves the establishment of the 
appropriate dose and the margin of safety for the 
candidate drug. The number of individuals 
enrolled in each phase increases as the drug is 
forwarded from one stage to the next. The drug is 
then marketed and evaluated for the therapeutic 
and cost-effectiveness. Based upon the fact that 
many diseased conditions have polygenic basis, 
pharmacogenomics studies can help in the evalu-
ation of the differential response to a drug. 
Genetic polymorphism in the targeted gene can 
help in the classifi cation of individuals into 
responders and nonresponders to a particular 
drug therapy. The drug developed can, hence, be 
associated and specifi ed for use in individuals or 
subgroups belonging to a specifi c genetic pool. 
Adverse drug reactions and therapeutic failures 
can be prevented in individuals who would not 
respond to the therapy. 

 Pharmacogenomics can help in designing and 
developing drugs. Moreover, the tests employed 
for the characterization of drug responses can 
help in evaluating the effi cacy and safety of the 
drugs making the drug discovery process faster 
and more effective. However, the goal of devel-
oping patient-specifi c medicines lies in the 
understanding of the genetic basis of differential 
response to a drug, investigation of these 
 differences, and the development of such meth-
odologies that ensure that the right drug has been 
provided to the right individual.   

    Pharmacogenomics 
for Personalized Medicine 

 Personalized medicine or the concept of provid-
ing the most appropriate medicine in an accurate 
formulation and dose to an individual, based 
upon his/her genetic makeup, offers a solution to 
the problems of therapeutic failures and adverse 
drug reactions. Genetic polymorphism has been 
associated with a number of disease presenta-
tions in susceptible individuals. The pharma-
cogenomics approach can benefi t the patients by 
detecting the candidate genes responsible, identi-
fying the correct drug and dose for the individual, 
and monitoring of the pharmacological responses 
as a result of the drug (Tremblay and Hamet 
 2012 ). Personalized medicine, hence, incorpo-
rates the knowledge of a patient’s genetic and 
ethnic variables in the drug selection process by a 
health care provider. 

    Pharmacological Profi les and Genetic 
Diversity 

 Health care practitioners have been very well 
aware of the differences in the therapeutic 
responses in various individuals. The discovery 
of the genes as the basis of disease leads to the 
understanding that pharmacological responses 
vary among different individuals based upon the 
genetic variation among these individuals. These 
genes encode for various target proteins includ-
ing the cell surface receptors, signal mediators, 
hormones, and cellular proteins. Genetic poly-
morphism in these targets confers differences in 
the interindividual therapeutic responses. 
Nucleoside analogues employed in cancer, for 
instance, show a signifi cant difference in indi-
viduals possessing different allelic variants of the 
target molecules (Yee et al.  2013 ; Elnaggar et al. 
 2012 ). Histaminergic receptors, H3, are involved 
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in the release of neurotransmitters in the central 
and peripheral nervous systems (Gbahou et al. 
 2012 ). The underlying genetic variation can 
cause altered response to drugs, if these receptors 
are targeted. Therefore, the genetic differences 
are to be kept under consideration while making 
a drug selection decision (Hancock et al.  2003 ). 
Apart from these pharmacodynamics aspects, the 
ADME profi le of the drug molecule may also 
vary among individuals resulting in changes in 
drug disposition and elimination processes.  

    Molecular Markers in Diseases 

 Molecular assays may be performed to classify 
the individuals into different genetic groups. 
Modern biotechnology and molecular biology 
techniques have led to the discovery of specifi c 
sequences, on the genome, which code for a par-
ticular disease. Minute differences in these 
regions can render a human being susceptible to 
an ailment. Using the molecular techniques like 
restriction fragment length polymorphism 
(RFLP), loss of heterozygosity (LOH), identity 
by descent (IBD), and high-throughput sequenc-
ing can be employed for detecting very minute 
differences in the genetic makeup (Shi et al. 
 1999 ; Heil et al.  2012 ; Wheeler et al.  2012 ; Ji 
et al.  2012 ; Hardiman  2012 ). Mutations observed 
in these genes can be employed as the basis of 
detection of genetic variant and susceptibility 
evaluation of an individual to a particular drug 
therapy. Similarly, microarray technique can be 
employed for the detection of the level of gene 
expression in various cells, tissues, or individuals 
(Sepulveda  2012 ). 

 Accurate diagnostic tests form the basis of 
personalized medicine as they could prevent the 
nonresponders from taking a particular drug. 
Companion diagnostics with certain anticancer 
drugs, like trastuzumab, to identify the subpopu-
lation of individuals bearing a specifi c kind of 
genetic variant of the receptor is now very com-
mon (Cho and Roukos  2013 ). Similarly, muta-
tions in BRCA 1 and BRCA 2 are associated with 
an increased incidence of breast cancer (Liu et al. 

 2012 ). Establishing these molecular markers can 
prevent the adverse drug reactions and promote 
effective use of therapeutic agents.  

    Pharmacogenomics in Diagnostic, 
Prophylactic, and Therapeutic 
Products 

 On identifying a molecular marker, the next step 
is their employment as targets of pharmacologi-
cal interventions. They can be used as diagnostic 
agents to evaluate an individual’s susceptibility 
to a disease. Genotyping can be performed for 
the determination of a particular genetic varia-
tion. Moreover, tailor-made vaccines can be syn-
thesized to generate immunity against various 
pathogenic organisms. The difference in the 
genetic makeup can serve as an effi cient tool for 
disease and risk profi ling. Moreover, evaluation 
can be performed about a patient’s response to a 
particular drug therapy, resulting in the decrease 
in the use of unwanted drugs, decrease in the 
adverse drug reactions, and increased 
cost-effectiveness. 

 Signifi cant developments have been made in 
the employment of pharmacogenomics to prac-
tice. Nearly 10 % of the registered drugs now 
contain information related to the gene-based dif-
ferential therapeutic responses (Frueh et al. 
 2008 ). Similarly, testing for molecular markers 
has now become common as compared to a 
decade ago (Bouzyk et al.  2012 ; Stanek et al. 
 2012 ). Currently, the main progress has been 
achieved in the cancer chemotherapies. 
Oncologists now rely highly upon the testing of 
individuals for the presence of certain genetic 
traits before making any decision (McLeod 
 2013 ). Prescription decisions are made once the 
desired information has been obtained. The 
researchers are focusing on the development of 
similar strategies to investigate other diseases. 
Therapeutic responses in Alzheimer’s disease, 
for instance, are generally related to the genetic 
variation in apolipoprotein E (APOE) (Aslibekyan 
et al.  2013 ; Cacabelos  2012 ). Differential 
responses are observed in individuals with differ-
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ent social and ethnic backgrounds, which may 
contribute to the treatment choices. Hence, phar-
macogenomics approach can help in developing 
highly sensitive diagnostic tests, identifying 
drug-responder populations, and developing the 
basis for rationalizing the prescription process.  

    Disease Association in Plant 
Pharmacogenomics 

 Genetic polymorphism contributes to the differ-
ence in the pharmacological responses among 
individuals. Traditional healers, though not 
knowing the genetic basis, prescribe alternate 
drugs, dosage forms, and dose regimen to patients 
with distinctive physical characteristics and indi-
vidual needs. Hence, the concept of personalized 
medicine owes its basis to the alternate medicine 
practitioners (Patwardhan and Mashelkar  2009 ). 
The Human Genome Project provided the scien-
tifi c basis to strengthen this idea. 

 Differences in therapeutic responses are attrib-
utable to the proteins regulating various pharma-
cokinetic and pharmacodynamics players of the 
drug-processing system. Artemisinin-based com-
pounds are potent antimalarial and anticancer 
agents (Chaturvedi et al.  2010 ). They are thought 
to act by interacting with a number of different 
genes including those responsible for antiprolif-
erative effects, apoptotic signals, oxidative stress, 
proto-oncogenes, and tumor suppressor genes 
(Tin et al.  2012 ; Sertel et al.  2013 ; Percário et al. 
 2012 ; Firestone and Sundar  2009 ). Variation in 
any of these genes can cause a differential 
response to the artemisinin-based antitumor 
properties. Similarly, varying degrees of pharma-
cological responses are observed to herbs 
employed in Chinese, Korean, Ayurvedic, and 
African medicine, in individuals bearing genetic 
differences in the drug-processing enzymes. 
Plant-based remedies are, hence, subjected to 
similar pharmacological activities as the newer 
synthetic drugs are. However, lack of appropriate 
scientifi c data to establish correlation with the 
information from the health care practitioners 
hinders the incorporation of ethnomedicine in the 
mainstream of clinical practice.   

    Future Perspective and Conclusion 

 Apart from providing hope to treat the rare and 
neglected cases, pharmacogenomics does raise a 
number of concerns. Ethical issues are worth 
mentioning among these constraints. A patient’s 
genetic information, including disease suscepti-
bility and genetic background, has to be extracted 
and used in the decision-making process, which 
renders the additional need to safeguard this data. 
Additionally, as new and specifi c drugs would be 
targeted to a particular subpopulation of patients, 
the industry’s economic concerns and profi t mar-
gins would need to be addressed. Regulatory 
authorities would have to devise newer protocols 
for drug analysis and testing. Pharmacogenomics 
focuses on the transfer from the current protein- 
based therapeutic targets to the gene-based strate-
gies. Hence, health care professionals need to be 
trained to make decisions accordingly. 
Additionally, all the genetic contributors of a dis-
ease must be known, before targeting a particular 
system. 

 Nevertheless, pharmacogenomics holds the 
promise of development and provision of rational 
therapeutic strategies. It helps in isolating new 
druggable targets in individuals of different eth-
nical, racial, and genetic backgrounds. The scar-
city of health resources in the third world 
countries and dependence of individuals on the 
complementary and alternate systems of medi-
cine urge the need to exploit the pharmacoge-
nomics basis of phytochemicals. The main 
elements of the biomedical and clinical sciences, 
including practitioners, researchers, public 
health, and funding agencies, need to focus on 
the development of schemes to employ the 
genetic data to clinical practice.     
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Abstract

There is an increasing amount of various 

genome-sequencing projects and advance-

ment in generation of plant ESTs has resulted 

in generation of large quantities of data from 

different fields of plant biology in the public 

domain. Therefore, a need arises in the analy-

sis of the available data and integrating them 

with several information of plant biology like 

crop improvement, nutrigenomics, biochemi-

cal engineering, etc. The biological data are 

mostly complex and vague, analysis of these 

data is difficult, and interpretation of interac-

tion in different elements cannot be done by 

simple mathematical functions. Complex 

computing approaches like artificial intelli-

gence are being applied to understand and 

interpret these data. The definition of intelli-

gence is debatable for a long period of time; 

however, intelligence can be vaguely defined 

as the ability to learn from previous experi-

ences and to adapt accordingly in relatively 
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new situations. Artificial intelligence uses 

machine learning algorithm in which the sys-

tem generates some adaptive learning 

approaches in order to achieve some goal of 

environment. Several machine learning 

approaches have been applied in plant biology 

till date. In this chapter we will discuss few 

machine learning approaches and their appli-

cations in plant biology.

Keywords

Artificial neural network • Support vector 

machine • Artificial intelligence • Hidden 

Markov model • Genetic algorithm

 Introduction

One of the most distinctive qualities of human 

beings that distinguishes them from other ani-

mals is their desire to understand and control the 

process of nature. This basic nature of humans 

gives birth to the field of science. Over the years 

of learning and understanding, humans have 

developed a majestic structure of knowledge that 

helps us to understand and predict to varying 

extent various natural phenomena. Though, there 

is a limit in our abilities to predict and hence sev-

eral complex resources have been developed by 

us to understand and control many aspects of life. 

Over the course of time and our repeated interac-

tions with great uncontrollable natural forces, we 

have learned the extent in which we can control 

some aspects of life and extent to which many 

aspects are uncontrollable. The aim of creating 

artificial intelligence and artificial life can be 

traced back to the very beginnings of the 

Computer Age. Although the study of intelli-

gence is a more than 2000-year-old discipline, 

artificial intelligence is one of the newest disci-

plines formally started in 1956. Artificial intelli-

gence is a vast field comprising large areas like 

logical reasoning, computation, and probability. 

Different scientists have defined artificial intelli-

gence in different ways; however, these defini-

tions can be broadly categorized in four classes 

(Russell et al. 1995) as:

 1. Systems that think rationally

 2. Systems that act rationally

 3. Systems that think like human beings

 4. Systems that act like human beings

The machine learning field is a part of the broad 

field of artificial intelligence and a direct succes-

sor of statistical model fitting with useful infor-

mation from pile of data. The only staggering 

difference between statistical approach and 

machine learning is that the former regards 

description of data to be handled in mathematical 

terms of probability measure and not in terms of 

deterministic function such as cluster assign-

ments, prediction functions, etc. The tasks to be 

solved are practically equivalent. In this area, 

learning methods are also known as estimation 

methods. Many researchers have long time ago 

found the basic philosophy and idea of machine 

learning to be very closely related to nonparamet-

ric forms of estimation. Estimation, unlike the 

statistical approach, does not require learning 

frameworks or other related things to statistical 

approach as the former does not have to do with 

probabilistic model of any data. As an alterna-

tive, it only assumes interest in prediction of new 

instances, which is a far less ambitious work and 

requires lesser examples to help the point in order 

to achieve a required performance.

Human beings learn through their life experi-

ence and human brain can solve very complex 

problems based on that learning. On the contrary, 

machines follow a set of rules or algorithm to 

solve a problem. The difference in the workings 

of a human brain and machine can be explained 

by a simple example of a 5-year-old child who 

can easily differentiate between a cow, goat, and 

sheep but will not be able to solve a mathematical 

equation. However, a computer can solve the 

equation quite easily, while differentiating 

between animals would be much difficult (Fig. 1). 

In the past few years, various studies have shown 

that machine learning and statistical approach are 

unlike approaches but converge at some point of 

time. It is often possible to express the methods 

of machine learning in probabilistic framework, 

and vice versa performance of these methods in 

view of theoretical study is immensely based 

on the similar assumption or postulation and 

has been followed as probability theory. It is 

inspired by the biological brain; the word “fitting” 

is exchanged with “learning.” The “learning” 
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process in machine learning can be classified into 

three categories.

 (a) Supervised Learning: In this type of learn-

ing, a sample of input–output pair is provided 

to the machine for learning (training data 

set). Each input set in the training data set is 

associated with the output set. The task of the 

machine is to find a deterministic function 

that maps each input with its associated tar-

get values in order to minimize the error in 

future prediction. While solving a given 

problem using supervised learning, some of 

the steps are to be considered (Fig. 2). First, 

we need to determine the number of vari-

ables involved in defining the problem; sec-

ond, we need to select a training data set that 

describes the problem completely. In the 

third step, the training data is presented to the 

system in a form understandable to it. The 

“machine” or the model is then trained with 

the data. The learning takes place by adjust-

ing weights of connections according to 

training error calculated by comparing model 

output and the actual output in training data 

set. The trained model is then validated for 

its robustness and accuracy with the valida-

tion data set which contains data that were 

not present in the training data set. Based 

upon the nature of the target values’ type of 

deterministic function, changes and different 

types of learning can be performed like clas-

sification learning (the aim is to find whether 

the two elements in output space are the 

same or not); preference learning (where the 

aim is to find whether two elements in output 

space are equal or not and if not, which one 

is preferred over the other), an example of 

such learning are search results of queries on 

web search engines; and function learning 

(where the aim is to optimize a function for a 

given process).

 (b) Unsupervised Learning: Unsupervised learn-

ing is a machine learning technique in which 

the data set used for training the system does 

not contain target vectors. Instead of which 

training data set contains input vectors and a 

cost function which is to be minimized 

 during the process of learning. The aim of 

machine in unsupervised learning is to 

develop representations of input data that can 

be used for solving problems like decision 

making, predicting future inputs, etc. 

Unsupervised learning is mostly used in the 

field of estimation problem like dimensional-

ity reduction, clustering, statistical modeling, 

etc. One simple example of unsupervised 

learning is clustering where we try to cluster 

different types of data based upon the input 

data. The inputs in training data set are used 

by machine to learn pattern, and any new 

data which lies beyond the limit of those pat-

terns is considered noise.

Fig. 1 Illustration of difference in the workings of the human brain and machines
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 (c) Reinforced Learning: In reinforced learning, 

the data is not provided to the machine. 

Instead, the machine interacts with the envi-

ronment by taking some actions and is 

rewarded or punished by the reactions from 

the environment. The machine uses these 

rewards, corresponding to its actions to learn 

to act in a way to maximize its future rewards 

(and minimize punishments). The reinforced 

learning is concerned about how the machine 

learns to live with the environment for long 

term while maximizing its rewards. It defines 

a function that needs to be maximized during 

the learning process, and then it finds a strat-

egy to get maximum reward. The reinforced 

learning uses several algorithms to find this 

strategy like native brute-force algorithm, 

value function approaches, direct policy esti-

mation, etc. Reinforced learning is being 

successfully used in robotics, games, tele-

communications, etc.

Machine learning is called black box model as 

compared to mathematical modeling which is con-

sidered to be white box model (Fig. 3). Machine 

learning is considered black box because in these 

models are based upon the information or data 

available from the process but very little theory is 

known, while in mathematical modeling, models 

are based upon theoretical knowledge of the pro-

cess. It will classify or optimize test set according 

to training set, but it will not provide information 

of which variables are involved (Mozer and 

Smolensky 1989; Andrews et al. 1995; Tickle et al. 

1998; Alexander and Mozer 1999).

Ideally, machine learning approaches are best 

suited where abundant amount of data are avail-

able, but very less is known about the process. 

Thus, machine learning is used in fields which 

are rich in information. These fields are rich in 

data but the theoretical knowledge is not suffi-

cient for building a model. Thus, these fields 

solve the problems by principle of induction in 

inference. However, building a model with the 

available data and no theoretical knowledge is a 

difficult task because often these data are incom-

plete and noisy (Baldi and Brunak 2001). 

Biological science is essentially an information- 

rich field and since biological processes are too 

complex, so very little has been discovered about 

them; thus, biological science in general or com-

putational biology in particular is an ideal field 

for application of machine learning.

Fig. 2 Steps taken in supervised learning
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 Problems in Modeling Biological 
Process

Biological processes vary with time, are nonlin-

ear in nature, and are complex due to composi-

tion of many different and interacting elements 

governed by nondeterministic rules and influ-

enced by external factors (Coruzzi et al. 2009; 

Gallego et al. 2011). Commonly, most of biologi-

cal interactions cannot be elucidated by simple 

stepwise algorithm or a precise formula, particu-

larly when the data set is complex, noisy, vague, 

uncompleted, or formed by different kinds of 

data (Prasad and Gupta 2006; Gallego et al. 

2011). Many times, behavior of a biological sys-

tem over a time period is difficult to understand 

and interpret; additionally, genetic and environ-

mental factors also show biological responses 

(Karim et al. 1997).

The modeling of these systems is challenging 

and of extreme importance for scientists and 

engineers for purposes such as prediction and 

simulation. Typically, researchers look to create 

models with two main goals in mind. First, the 

model should accurately map the input variables 

to the output variables as observed in real-life 

situations. Secondly, the model should be a fitting 

representation of the system’s underlying physi-

cal characteristics (Resop 2006).

Deterministic mathematical models also 

known as white box models have been tradition-

ally developed from either physical principles or 

by statistical regression (Salas et al. 2000). 

Physical models consist of systems of ordinary or 

partial differential equations. These models try to 

represent the underlying physical relationship 

between variables involved. The benefit of physi-

cal models is that they are based on a deep and 

thorough understanding of the system. However, 

limitations of these models include the difficulty 

of setting up and solving complex differential 

equations analytically, as well as determining 

equation coefficients and initial and boundary 

conditions (Coppola et al. 2005). Usually, these 

equations must be solved using numerical meth-

ods, such as the finite element method.

Statistical models on the other hand are 

designed by finding the equation that best fits a 

set of experimental data. These models are useful 

and are generally simple to solve. Statistical 

regression equations limit the user by requiring a 

large amount of sample data to estimate parame-

ters of equation and to find the data trend. Also, 

there are difficulties that arise when manually 

determining the optimal structure of the statisti-

cal equation (Hill et al. 1994).

Artificial intelligence technologies have same 

or even better potential than traditional statistics 

in modeling nonlinear relationships in biological 

data and also have superior prediction powers 

(Gago et al. 2010a). Recent studies have demon-

strated that AI technologies show the same or 

even better performance than traditional statistics 

for modeling complex nonlinear relationships 

hidden in the data and offer superior prediction 

powers (Landín et al. 2009; Gago et al. 2010a).

MODELS

WHITE BOX

Mathematical modelling

GREY BOX
Statistical 
modelling

BLACK BOX
Neural Network 
modelling

Fig. 3 Classification of models
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 Algorithms of Machine Learning

In this section we will briefly discuss some of the 

highly used algorithms of machine learning.

 Dynamic Programming

Dynamic programming is used for problems 

which can be divided into smaller subproblems 

and the solution of the bigger problem is found 

by combining the solutions of smaller problems. 

Dynamic programming is used almost every-

where in sequence analysis. Sequence alignment 

analysis algorithms like Needleman–Wunsch and 

Smith–Waterman are some examples of dynamic 

programming. Dynamic programming is very 

well known and the origin of many predictable 

algorithms for series analysis. Reinforcement or 

fortification learning algorithms are another very 

important class of algorithms which can be ana-

lyzed as simplification of ideas for dynamic 

programming.

 Gradient Descent

Gradient descent also known as steepest descent 

is one of the most important breakthroughs in 

machine learning. It is used for building a best 

model that minimizes the error. It is simple and 

easy to use and guarantees to find a minimum of 

a function if present. Gradient descent is often 

used with back propagation of information like in 

back-propagation neural networks. In complex 

functions where a number of local minima are 

present, gradient descent mostly ends up finding 

the local minima rather than global. Therefore, 

gradient descent algorithm is generally run in 

multiple iterations with different starting points 

and learning rates.

Gradient descent is slow and often less effec-

tive at small step size, and while convergence 

speed could be increased with increasing step 

size, larger step size results in large error. Speed 

of convergence and efficiency of gradient descent 

are improved using various variations like conju-

gate gradient descent (in which the weights are 

adjusted in directions conjugate to the gradient in 

order to get fast convergence) and gradient 

descent with adaptive (in which the learning rate 

is adjusted during the training in order to produce 

an optimum convergence rate and error) line 

search algorithms (Stanimirovic and Miladinovic 

2010).

 Expectation–Maximization 
Algorithms

In computational biology, the data available for 

training probabilistic are often incomplete. 

Expectation–maximization algorithm is used for 

parameter estimation in such models. It is a gen-

eralization of maximum likelihood estimation in 

incomplete data case, but expectation–maximiza-

tion addresses more difficult problems than max-

imum likelihood.

In the expectation–maximization algorithm, 

hidden or missing variables are estimated using 

known or present parameters (the E step), and 

then these completions are used to reestimate 

hidden parameters. This step is called the M step 

because this can be thought as maximization of 

expected log-likelihood of data. In the complete 

data case, there is only one global optimum, but 

in the incomplete data case, there are multiple 

local optima. Expectation–maximization algo-

rithm cuts the problem into simple subproblems 

which have single global optima (Chuong and 

Serafim 2008).

Many models in computational biology have 

hidden variables. These hidden variables are due 

to missing or non-recordable or corrupted data. 

Expectation–maximization algorithms are used 

in many applications like hidden Markov models, 

neural networks, etc. and sequence analysis like 

gene expression clustering (D’haeseleer 2005), 

motif finding (Lawrence and Reilly 1990), haplo-

type inference problem (Excoffier and Slatkin 

1995), etc.
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 Markov Chain Monte Carlo Methods

Markov Chain Monte Carlo methods belong to 

an important class of stochastic methods, which 

are strongly related to statistical physics and are 

highly sought methods for machine learning and 

Bayesian inference. These methods use probabil-

ity distribution to solve problems. Markov Chain 

Monte Carlo (MCMC) method aims to find the 

solution of two basic problems: first, to use a 

probability distribution to generate random 

inputs in a defined domain and second, to esti-

mate the expectations of a deterministic function 

over the distribution. This takes several steps, and 

after number of steps, the quality of the given 

sample improves as function for a number of 

steps to be taken at some point of time. If the dis-

tribution of inputs is not uniform, the approxima-

tion will not be accurate; also, size of input affects 

the accuracy of approximation; if a number of 

input samples are low, approximation will be 

poor. Typically, it is really not hard to create a 

Markov Chain with the preferred properties. In 

addition, the more difficult thing is to determine 

the steps, which are needed to converge to static 

distribution within a suitable error. A good form 

of chain will also have rapid mixing in which the 

immobile distribution is reached very quickly 

starting from any arbitrary position. The most 

common application of algorithm used in Markov 

Chain Monte Carlo methods is numerically cal-

culating multidimensional integrals.

 Simulated Annealing

Optimization of problem is a difficult task often 

practically impossible. As the problem gets large, 

area required to search for optimum also becomes 

large and a huge number of possible solutions 

were searched to find the optimum one. These are 

a large number of solutions still for modern com-

puting. Often, while finding the global optima for 

a given problem, optimization algorithm gets 

stuck in local optima. Simulated annealing is a 

random search method for global optimization 

problem. This method is inspired by the anneal-

ing process of metals. Annealing involves heat-

ing and cooling of metals to change their physical 

properties. When the metal is heated, molecules 

in metal have high energy and they vibrate highly, 

but when it cools slowly, the vibration of metal 

molecules also slows down and metals’ new 

structure gets fixed. In simulated annealing, the 

search of optimum is started at high energy and 

then it is lowered slowly. At high energy, the 

algorithm will accept solutions with greater fre-

quency, accepting more solutions worse than the 

current solution. This provides algorithm the 

ability to jump local minimums. As the algorithm 

progresses, energy is slowly lowered, reducing 

the algorithm’s frequency of finding solutions 

worse than the current one. Thus, the algorithm 

focuses on a search space to find global minima. 

Simulated annealing may become more efficient 

than other algorithms such as exhaustive enumer-

ation, if the aim is merely to find an acceptably 

good solution in a fixed amount of time, or rather 

the best of all the possible solutions.

 Evolutionary and Genetic Algorithms

Evolutionary algorithms are computer programs, 

which can solve complex and complicated math-

ematical and statistical problems using Darwin’s 

theory of evolution. Several fixed-length vectors 

also known as individuals compete with each 

other to search for an optimal area. These crea-

tures evolve with time to find the optimal solu-

tion. Evolutionary algorithms have been started 

with an initial population of individuals of finite 

size. Each individual is then associated with a fit-

ness score. A fitness function is used to calculate 

the fitness score of each individual. The individu-

als with high fitness score represent the healthier 

solutions of the problems than that with individu-

als having low fitness score. After this initial 

phase, the main cycle of evolution begins. Each 

individual in the initial population generates one 

offspring using mutations. These offspring are 

then given a fitness value. Now, this first- 

generation children form a population which is 

considered as present population, and this cycle 

is repeated many times. These individuals evolve 

from generation to generation and compete with 
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each other in the same generation to be fittest 

scorer. The individual with the fittest score is 

considered to be the fittest individual and is 

selected to solve the problem.

 Artificial Neural Networks

Artificial neural networks are complex mathe-

matical models, which mimic biological neural 

networks. An artificial neural network like any 

biological neural network is built by connecting 

several neurons. An artificial neuron (Fig. 4) is a 

simple mathematical model that does three func-

tions: multiplication, addition, and activation 

(Krenker et al. 2011). The neuron first multiplies 

every input given by its corresponding weights. 

The network to memorize a given process uses 

weights corresponding to inputs and inter-node 

connections; these weights determine the con-

ductivity of inputs through the network. The 

weighted inputs given to an artificial neuron are 

then added and passed through an activation 

function, also called a transfer to the next neuron. 

This function can be sigmoidal, linear, hyper-

bolic, tangent, or radial basis, and the type of 

activation can be selected according to specific 

problem. The most common neuronal nonlinear 

activation function used in biological systems is 

sigmoid in nature.

A single neuron is a simple mathematical 

function which is not useful in solving big prob-

lems. When these neurons are connected to each 

other to form an artificial neural network, the real 

potential of these models is visible. Unlike bio-

logical neural networks, artificial neurons are 

connected in a defined architecture. This arrange-

ment of artificial neurons is called topology of 

network. Several standard network topologies 

have been defined by scientists in the past for dif-

ferent problems. For a particular problem, appro-

priate topology has to be decided and we need to 

fine-tune the topology itself and its parameters. 

The fine-tuning of network topology includes 

teaching the network in solving a given problem. 

Artificial neural networks like biological neural 

network can learn their behavior on the basis of 

inputs that they get from their environment (Kos 

et al. 2011).

This teaching or fine-tuning of neural network 

is called training of artificial neural network. 

Many different training mechanisms have been 

used in neural networks. These affect the accu-

racy of models and also influence speed at which 

the networks converge. The training of artificial 

neural networks can be classified as supervised 

learning and unsupervised learning. In super-

vised method, the desired output or target values 

are provided by an external source, and then the 

network output is matched with target values for 

optimizing the network weights and correcting 

network functioning. Artificial neural network 

uses a delta rule for training (Widrow and Hoff 

1960). To train a network with a given set of 

training samples containing input data set xp and 

target data set dp, network calculates output yp for 

every input values and subtract it from target val-

ues to calculate error (dp − yp):

 

y w x
j

j j
p = +∑ θ

 

(1)

where θ is the bias of the network.

Delta rule uses a cost function based on these 

errors to modify weights. The final error is then 

calculated using a cost or error function which 

can be mean square, root mean square, least mean 

Fig. 4 Working principle 

of an artificial neuron
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square, etc. The total error using least mean 

square error can be defined by

 

E d y
p p

= = −( )∑ ∑Ep p p1
2

2

 

(2)

P represents the range of input data set, and Ep 

represents the error on the whole range of input 

data set. Weights are then adjusted to reduce error 

by gradient descent method and delta rule finds 

the value of new weights. The weights are 

changed proportionally to the negative of deriva-

tive of error measured for the current iteration 

with respect to each weight:
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where γ is a constant of proportionality and ∆pwj 

represents the change in target for pattern p. The 

derivative is
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For a linear activation function,
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and

 

∂
∂

= − −( )E
y

d
p

p
p yp

 

(6)

Thus,

 
Δ p j

pW = ∂γ x j  (7)

where xj is the input vector and ∂p = (dp − yp) is 

the difference between the network output and 

the actual output or target for pattern p.

The delta rule modifies weights according to a 

proportionally negative derivative of error, i.e., if 

on increasing weight error decreases, then delta 

rule keeps on increasing weight till error reaches 

minimum or starts increasing, and if on increas-

ing weight error decreases, delta rule decreases 

weights till error reaches minimum or starts 

decreasing.

In supervised learning technique, input vari-

ables and a cost function are provided to network, 

but no output variables are provided. In this tech-

nique, network parameters are set on the basis of 

input data and cost function. In pattern classifica-

tion using unsupervised learning, a self- 

organizing network identifies the silent features 

of input data set; however, unlike supervised 

learning, In supervised learning there is no 

defined set of categories into which the patterns 

can be classified (Prasad and Gupta 2006).

A trained network is then validated for accu-

racy and robustness by simulating for a valida-

tion data set. Validation data set contains some 

input variables present in training data set and 

some new input variables. If network accurately 

simulates validation data set, then it is considered 

a trained or learned network.

Sometimes after learning if the network per-

formance for training data is best but for test data 

set its performance is poor, it is called overlearn-

ing or over-fitting of network. Network size plays 

an important role in overlearning of a network; a 

large network over-fits small problem. So, an 

optimum size of network (number of nodes) has 

to be decided for a given problem. After training 

of network, it can be used for solving problems. 

Artificial neural networks are used for problems 

like function approximation, regression analysis, 

time series prediction, classification, pattern rec-

ognition, decision making, data processing, fil-

tering, clustering, etc.

 Structure of Artificial Neural Network

Artificial neural networks are inspired from bio-

logical nervous system and consist of a network 

of artificial neurons. An artificial neuron is a sim-

ple mathematical model which is not capable of 

solving complex real-life problems. The ability 

of artificial neural network in solving complex 

problems is due to arrangement of these neurons 

in the form of a network. The information in a 

neural network is processed through its building 

blocks in a nonlinear and parallel manner.
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Arrangement of neurons in a network is called 

its topology or architecture of artificial neural 

network. An artificial neuron is called a node in a 

network; these nodes are arranged in the form of 

layers. Typically, the most commonly used artifi-

cial neural network is a three-layered network. 

The first layer is an input layer, the second layer 

is a hidden layer, and the third layer is an output 

layer. Generally, the three-layered neural net-

work is shown as typical example because it is 

capable of solving practically all types of prob-

lems. Three-layered networks are capable of 

solving all problems but larger networks can 

solve these problems more efficiently.

The connections between nodes and number 

of nodes per layer are defined by the approach, 

which is adopted to solve or interpret a given 

problem. Internodal connections direct direction 

of information flow through a neural network. On 

the basis of direction, the flow of information 

neural networks can be classified as: feed- forward 

neural network and cascade forward for unidirec-

tional flow of information and recurrent or feed-

back for bidirectional flow of information. In 

feed-forward neural network, information flows 

from one layer to another in one direction, i.e., 

from input to hidden to output layer (Fig. 5). In 

cascade forward neural network, the flow of 

information is unidirectional except that there is 

an extra weight connection from input to each 

layer (Fig. 6). However, in networks having bidi-

rectional flow of information (recurrent neural 

network), information flows both in forward and 

backward directions (Fig. 7). In a complete recur-

rent neural network, each node is connected to 

every node including itself. Recurrent neural net-

works are bulky and complex compared to feed- 

forward neural networks due to massive parallel 

processing of information. These networks 

require large computational space and are not 

easy to understand, unstable, and noise sensitive 

(Mandic and Chambers 2001). However, recur-

rent neural networks are closer to biological neu-

ral networks. Due to recurrent connections in 

these networks, output of a network can be used 

as input of the same network. This property pro-

vides the ability of prediction of future outcomes 

to recurrent neural networks. Several other net-

works are being designed using fuzzy logic and 

other techniques; some of these networks are 

self-organizing neural network, regression neural 

networks, fuzzy neural networks, etc. (Hayashi 

et al. 1993; Yao 1999; Yang 2006).

In 1980s back-propagation algorithm devel-

oped and helped in increasing popularity of arti-

ficial neural networks as function optimizers. 

Back-propagation algorithm is used to train net-

works using experimental data. Learning and 

updating of weights became easy with back- 

propagation algorithm. In this algorithm, net-

work errors are back propagated to the network 

in order to train it. Back propagation can also be 

considered as a generalization of delta rule for 

nonlinear activation functions and multilayer net-

works (Kruschke and Movellan 1991).

Fig. 5 Architecture of feed-forward neural network
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 Key Steps in Applying Artificial 
Neural Networks

 Data Preprocessing
Transformation and normalization are two widely 

used preprocessing methods. Transformation 

involves manipulating raw input data to reduce 

its dimensionality, while normalization is a trans-

formation performed on input data to distribute 

the data evenly and scale it (mostly in range of −1 

to 1 or 0 to 1) into an acceptable range for the 

network.

 Network Selection
It involves selection of network model, number 

and size of hidden layers, initial weight matrix, 

etc.

 Training Selection
It needs to start with network topology and initial 

weight, and train the network on your training 

data set. When the network reaches the satisfac-

tory minimum error, it saves the weights.

Fig. 6 Architecture of cascade forward neural network

Fig. 7 Architecture of recurrent neural network
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 Testing and Interpretation of Results
The trained network is applied on test data set to 

find the error. If it is not satisfactory, the training 

process and/or network architecture needs to be 

modified.

 Applications of Artificial Neural 
Networks in Plant Biology

Artificial neural networks have been researched 

and used for applications in many different fields. 

Many of these areas are using artificial neural 

networks to solve problems, previously thought 

to be impossible or very difficult with traditional 

methods. Some of the reasons for the great inter-

est shown in neural networks are their property of 

being a universal function approximator, i.e., 

their applicability on different types of problems 

(White 1992), and their flexibility, robustness, 

and no need of prior knowledge. A neural net-

work can be applied to practically any problem 

unlike statistical methods where a mathematical 

relation between input and output variables is 

necessary and responses have to be determined 

for each problem (Zealand et al. 1999). Artificial 

neural networks prove to be a better choice than 

regression models for noisy data (Denton 1995). 

Thus, neural networks are powerful tools for 

modeling complex processes. They can model 

highly nonlinear complex systems like biological 

processes and other real-life problems (Gevrey 

et al. 2003) (Table 1).

Less applications of artificial neural network 

to plant biology are present in literature as com-

pared to other fields, viz., pharmaceutical science 

(Colbourn 2003; Shao et al. 2006; York et al. 

2009), ecology (Hilbert and Ostendorf 2001; 

Adriaenssens et al. 2004), agriculture (Huang 

2009), etc. Initial applications of artificial neural 

networks in plant science include optimization 

studies. Earlier studies used neural networks with 

image analysis to identify live or dead plant cells 

(Fukuda et al. 1991), analyze developmental 

stages of somatic embryos (Uozumi et al. 1993), 

etc. Some researchers (Honda et al. 1997) used 

hybrid fuzzy neural model to predict the length of 

shoots regenerated from rice callus to be trans-

ferred from the growth medium to sugar-free 

medium for acclimatization. Radius, length, 

width, roundness, area, and perimeter of the digi-

tal images of somatic embryo taken from CCD 

camera were used as input data for the network. 

The results of neural network analysis were com-

pared to that of multiple regression analysis. 

Neural network predicted shoot lengths with 95 % 

accuracy with an average error of 1.3 mm. In 

another work, fuzzy neural network was used for 

modeling the production of Ginjo sake by fer-

mentation in bioreactor (Hanai et al. 1997).

The use of neural network technology in plant 

and agriculture biology has increased in the last 

20 years (Huang 2009). Neural networks have 

been used for predicting crop yield and modeling 

pest control treatments according to environmen-

tal conditions. Optimization of pesticide concen-

tration and periods of treatment improves the 

economy of production and minimizes toxic 

residual levels of agricultural products (Jiménez 

et al. 2008). Other authors developed neural net-

work models to predict crop yield for crops like 

corn (Kaul et al. 2005), sugar beet (Kehagias 

et al. 1998), soybean (Kaul et al. 2005) and win-

ter wheat for different cultivation conditions and 

distribution of crops in different climate distribu-

tions. These works provide important informa-

tion about the effect of climate change on 

vegetation of different areas and thus help in con-

servation of these areas (Hilbert and Ostendorf 

2001).

Neural networks have been used in combina-

tion with a bioelectric recognition assay to detect 

plant viruses (Frossyniotis et al. 2008). The 

authors used biosensors to detect electric signals 

from plant cells suspended in a gel matrix. The 

responses of plant cells on interaction with 

viruses were recorded and used for training of a 

neural network, and a classification model of cul-

tured cell was prepared. In another study, a mul-

tilayer neural network was used with genetic 

algorithm for the detection of plant virus 

(Glezakos et al. 2010).

Neural networks have been used in tissue cul-

ture on determining the effect of different param-

eters like carbon source, pH, etc. on plant growth 

(Prasad and Gupta 2006). A growth model was 
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Table 1 Some applications of artificial neural network in plant biology

S. No. Application

Network 

architecture Plant species Database References

1. Growth modeling of 

alfalfa shoots

Feed-forward 

neural network 

with Kalman filter

Medicago sativa Dry weight, leaf 

number, and root 

initiation stage

Tani et al. (1992)

2. Classification of 

embryo types from 

non-embryos and 

predicting embryo- 

derived plantlet 

formation

Feed-forward Apium graveolens Area, length to width 

ratio, circularity, and 

distance dispersion of 

plant cell cultures

Uozumi et al. 

(1993)

3. Biomass estimation of 

cell cultures

Feed-forward 

neural network 

with gradient 

descent training 

method

Daucus carota Sucrose, glucose, and 

fructose level of 

medium

Albiol et al. 

(1995)

4. Simulation of 

temperature 

distribution in culture 

vessel

Fuzzy neural 

network with 

back-propagation 

algorithm

Spatial temperature 

distribution of culture 

vessel

Suroso et al. 

(1996)

5. Identification of live 

and dead plant cells

Three-layered 

neural network

Size and color of 

cells

Fukuda et al. 

(1991)

6. Clustering of 

regenerated plantlets 

into groups

Adaptive resonance 

theory

Mean brightness 

values, maximum 

pixel count, and gray 

level of maximum 

pixel count in RBG 

regions

Zhang et al. 

(1999)

7. Predicting shoot 

length of regenerated 

callus

Three-layered 

fuzzy neural 

network with 

Kalman filter

Oryza sativa Radius, length, width, 

roundness, area, and 

perimeter of the 

somatic embryo 

images

Honda et al. 

(1997)

8. Detection of plant 

viruses

Feed-forward 

back-propagation 

network with 

BFGS quasi- 

Newton 

optimization 

algorithm

Electric response 

from plant cells

Frossyniotis et al. 

(2008)

9. Model in vitro 

rhizogenesis and 

subsequent 

acclimatization

Feed-forward 

neural network

Vitis vinifera Gago et al. 

(2010c)

10. Classification of sweet 

potato embryos

Back-propagation 

neural network

Ipomoea batatas Embryo area, length, 

and symmetry; polar 

coordinates of an 

embryo’s perimeter 

with respect to its 

centroid

Molto and Harrell 

(1993)

11. Classification of 

somatic embryos into 

normal and abnormal

Feed-forward 

neural network

Daucus carota Morphological 

features

Ruan et al. (1997)

(continued)
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developed for the study in effect for CO2 and 

sucrose content on in vitro shoots of alfalfa (Tani 

et al. 1992). Gago et al. (2010c) developed a 

neural network model for in vitro rhizogenesis 

and acclimatization of micropropogated Vitis 
vinifera L. plants. Effect of cultivars, IBA con-

centration, and exposure time of plant to IBA on 

acclimated plant were studied. It was found that 

they have significant effect on root numbers, 

number of nodes, and height of the acclimatized 

plantlets, with exposure time being a more 

prominent factor. Study was done in different 

cultivars and the model did good predictions for 

all cultivars.

Albiol et al. (1995) compared a deterministic 

mathematical model with a neural network model 

and found that neural network modeling was cost 

effective and time efficient and required smaller 

data set. Neural networks have been used in clas-

sification and pattern recognition in plant tissue 

culture (Prasad and Gupta 2006). Zhang et al. 

(1999) used neural networks with image analysis 

for selection of embryos in embryonic tissue cul-

ture of Douglas fir. In another study, machine 

vision was used for distinguishing between white 

and bright-yellow callus formed in sugarcane cal-

lus culture. The technique was successfully used 

to obtain regeneration frequency of callus culture 

(Honda et al. 1999). ANNs have been used for 

sorting regenerated plantlets according to tricho-

metric features of leaves. The sorting of plantlets 

was done using adaptive resonance theory (ART) 

having unsupervised architecture (Mahendra 

et al. 2004). This approach provided a means of 

selecting plants suitable for ex vitro transfer and 

helps in quality control of commercial 

micropropagation.

Hairy roots are a good source of plant second-

ary metabolites. These roots show genetic and 

biosynthetic stability and require no exogenous 

growth hormone. However, culture of these hairy 

roots for high secondary metabolite associated 

with better biomass production requires optimi-

zation of several physical and chemical parame-

ters that affect the growth and productivity of 

these roots. A feed-forward back-propagation 

neural network model was developed (Mehrotra 

et al. 2008) for prediction of in vitro culture con-

ditions for hairy root growth. The model used 

inoculum size, fresh weight, density, culture tem-

perature, pH, and time of inoculation as input 

parameters and final fresh weight of roots as final 

parameters. The trained neural network model 

was able to predict the final biomass for a partic-

Table 1 (continued)

S. No. Application

Network 

architecture Plant species Database References

12. Prediction of culture 

condition for optimal 

productivity

Feed-forward 

back-propagation 

neural network

Glycyrrhiza 
glabra

Inoculum size, fresh 

wt, density, culture 

temperature, pH, and 

time of inoculation

Mehrotra et al. 

(2008)

13. Growth modeling of 

hairy roots in nutrient 

mist reactor

Feed-forward and 

cascade forward 

and recurrent 

neural networks

Artemisia annua Mist On/Off cycle 

time, initial packing 

density, media 

volume, initial 

sucrose concentration 

in media, and culture 

time

Osama et al. 

(2013)

14. Sorting of regenerated 

plants on the basis of 

their photometrical 

behavior

Adaptive resonance 

theory

Gladiolus Photometrical 

behavior of their 

leaves in red, blue, 

and green color 

regimes

Mahendra et al. 

(2004)

15. Prediction of culture 

conditions for 

maximum biomass 

growth

Generalized 

regression network 

with radial basis 

function

Glycyrrhiza 
glabra

Inoculum density, 

medium pH, sucrose 

conc., media volume

Prakash et al. 

(2010)
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ular culture condition efficiently. Later, Prakash 

et al. (2010) developed a regression and feed- 

forward neural network model for prediction of 

optimal culture conditions for prediction of hairy 

root maximum biomass yield. It was found that 

both networks predicted culture conditions effi-

ciently; however, regression neural network was 

more accurate.

Scale-up of hairy roots in bioreactors is a very 

difficult task. During their growth hairy roots 

form clumps which causes heat and mass transfer 

restrictions. In order to solve these problems, agi-

tators and aerators have to be used in bioreactors, 

but these equipment cause shear stress on roots, 

which results in injury and callus formation. 

Neural networks have also been used for model-

ing of bioreactors for hairy root growth. Neural 

network model (Osama et al. 2013) was devel-

oped for modeling of hairy root growth in a nutri-

ent mist reactor. The significant features for 

culture parameters, viz., inoculum size, mist ON 

time, mist OFF time, initial packing density, 

media volume, initial sucrose concentration in 

media, and time of culture, were considered as 

input of the network. The final biomass of hairy 

roots on dry weight basis was taken as network 

output. Three network architectures, viz., feed- 

forward, cascade forward, and recurrent, were 

tested and all these networks were found efficient 

with recurrent neural network being the most 

accurate.

The knowledge derived through ANNs can be 

easily increased by training the model by adding 

to database new inputs (salt concentration, type 

of medium, other plant hormone, etc.) and/or out-

puts (plantlet weight, chlorophyll and carotene 

content, stomata analysis, etc.).

 Support Vector Machine

A support vector machine is an abstract machine 

that uses supervised learning to solve classifica-

tion problems. These are relatively new, general 

formulation for learning machines. These tech-

niques learn to assign labels to objects. To control 

the generalization ability of a learning machine, 

one has to control two different factors: error rate 

on the training data and capacity of learning 

machine as measured by its Vapnik–Chervonenkis 

dimension, which is a non-negative integer that 

measures the expressive power for the family of 

classification functions realized by the learning 

machine (Haykin 2003). A special property of 

SVMs is that they simultaneously minimize the 

empirical classification error and maximize the 

geometric margin. Hence, they are also known as 

maximum margin classifiers. A classification 

task usually involves with training and testing 

data, which consists of some data instances. Each 

instance in the training set contains one target 

value called class labels and several “attributes” 

called features. The goal of SVM is to produce 

the model that predicts the target value of data 

instances in the testing set, which are given only 

the attributes.

The training data provided for training con-

tains n (i = 1, 2, 3…n) input vectors denoted by xi, 

with each of vectors paired with corresponding 

labels and are denoted by yi. The labels in the 

training data lie in two classes, and for classifica-

tion of these data in different classes, support 

vector machine uses an oriented hyperplane. This 

hyperplane separates the two classes of data 

points on either side of it. The data points on one 

side of the hyperplane are labeled positive and on 

the other side negative. The directed hyperplane 

is defined by the maximally distant hyperplane 

from the data points on both of its sides. Thus, the 

points closest to the hyperplane on each side are 

the most influential for defining its position, and 

therefore, these points are called support vectors. 

The perpendicular distance from support vectors 

and hyperplane is called margin.

A nonlinear transformation function Φ(.) is 

defined to map the input space to a higher dimen-

sional feature space. The oriented separating 

hyperplane is given as w. Φ(x) + b = 0 where 

w. Φ(x) is the product of data points and weights 

that determine their orientation and b is the bias 

or offset of hyperplane from the origin. If for a 

point xi, w. Φ(xi) + b = 1, it lies on one side of the 

hyperplane, and if w. Φ(xi) + b = − 1, the point 

lies on the other side. The support vector machine 

uses the optimization theory to minimize an 

objective function which is half the distance 
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between two canonical hyperplanes (hyperplanes 

passing through support vectors) (Fig. 8).

As mentioned above, most of the traditional 

neural network models seek to minimize the 

training error by implementing the empirical risk 

minimization principle, whereas the support vec-

tor machines implement the structural risk mini-

mization principle which attempts to minimize 

an upper bound on the generalization error by 

striking a right balance between training error 

and capacity of machine. Support vector machine 

also provides guaranteed global optimal solution 

(Haykin 2003).

 Applications of Support Vector 
Machine in Plant Biology

Biological applications of support vector 

machines involve classifying objects such as pro-

tein and DNA sequences and microarray expres-

sion profiles. Performance of support vector 

machine is mostly similar to or better than tradi-

tional machine learning approaches (Hua and Sun 

2001). At present there is no algorithm for finding 

the optimum network architecture, i.e., ideal num-

ber of hidden layers, best activation function, etc. 

This is usually done by trial and error method and 

is time consuming and often less effective (Shigidi 

and Garcia 2003). Generally, neural network 

structures are developed according to past experi-

ences; this requires considerable skills, and effi-

ciency of these networks depends largely on their 

training (Gonzalez 2000). Another common 

approach is simply selecting an arbitrarily large 

number of neurons as models (Xiang et al. 2005). 

However, a large number of nodes may lead to 

poor generalization and large computational 

requirement (Archer and Wang 1993). Support 

vector machines can thus be an alternative for 

more accurate classifications.

Protein interactions play a very significant 

role in any of the biological operation. Prediction 

of these interactions is a point of key focus for 

researchers. However, very little has been 

achieved in this area due to expensive and time- 

consuming experimental approaches. A support 

vector machine-based model was developed (Lin 

et al. 2009) to predict potential Arabidopsis 

(A. thaliana) protein interactions based on a vari-

ety of indirect evidences. The potential interac-

tions were predicted based on 14 features derived 

from four types of indirect evidence (coexpres-

sion, domain interaction, colocalization and 

shared annotations). The confidence of predicted 

interaction was estimated to be 46.87 % and these 

interactions were expected to cover 29.02 % of 

the entire interactome. The model successfully 

recognized 28.91 % of new interactions, similar 

to its expected sensitivity (29.02 %).

Margin

Separating
hyperplane

Canonical
hyperplane

Fig. 8 Classification using 

support vector machine
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Knowledge of locations in protein expression 

is important for better understanding of defined 

cellular processes at organellar and cellular lev-

els. A complete map of a plant proteome is 

clearly a major goal for plant research commu-

nity in terms of determining the function and 

regulation of each encoded protein. An integra-

tive support vector machine-based localization 

predictor called AtSubP was developed (Kaundal 

et al. 2010) which was based on the combinato-

rial presence of diverse protein features, viz., 

amino acid composition, sequence-order effects, 

terminal information, position-specific scoring 

matrix, and similarity search-based, position- 

specific, iterated Basic Local Alignment Search 

Tool information. The model predicted seven 

subcellular compartments through fivefold cross- 

validation test and achieved an overall sensitivity 

of 91 % with high-confidence precision and 

Matthew’s correlation coefficient values of 90.9 % 

and 0.89, respectively.

Eichner et al. (2011) used a support vector- 

based model for identification of alternate splic-

ing in A. thaliana by detecting intron retention 

and exon skip from tiling arrays. The model used 

existing EST and cDNA sequences for super-

vised training. The method developed in this 

work expands the scarce repertoire of analysis 

tools for identification of alternative mRNA 

splicing from whole-genome tiling arrays.

Other authors used image analysis with sup-

port vector machine for detection and tracking of 

plant cell division by in vivo imaging. Cell divi-

sion in plants takes place mostly in meristems 

which contain stem cells that give rise to all cell 

types by regular cell division. However, the con-

trol mechanism of cell division is not understood 

properly and is the center of interest of develop-

mental biologists doing in vivo research in plant 

cell division (Marcuzzo et al. 2008b). However, 

for automated machine, vision images have to be 

partitioned into multiple segments. The goal of 

segmentation is to simplify and/or change the 

representation of an image into something that is 

more meaningful and easier to analyze. Some 

authors developed support vector machine-based 

model for classification of plant root cells of A. 
thaliana (Marcuzzo et al. 2008a, 2009). The 

images were segmented using watershed algo-

rithm and result was improved by merging adja-

cent regions. The selection of individual cells 

was obtained using a support vector machine 

(SVM) classifier, based on a cell descriptor con-

structed from the shape and edge strength of the 

cells’ contour.

Recently, support vector machines have been 

used in agricultural research. Support vector 

machine-based models have been used for clas-

sification of crop types, seed pollen grains, etc. 

Crop type classification is an important applica-

tion of remote sensing technology, and since the 

advent of remote sensing technologies, several 

studies on crop type classification have been pub-

lished. A support vector machine-based model 

was developed (Karimi et al. 2006) for detection 

of weed and nitrogen stress in corn. The results of 

support vector machine-based classification were 

compared to that of neural network, and SVM- 

based classifier was found more accurate. These 

models use imaging spectroscopy for studying 

hyperspectral images. Extraction of end- members 

from these remote-sensed images is a difficult 

task. A number of algorithms based on notion of 

spectral mixture modeling have been proposed to 

accomplish the complex task of finding appropri-

ate end-members for spectral unmixing in hyper-

spectral data (Martinez et al. 2006). A support 

vector machine-based end-member extraction 

(SVM-BEE) model was developed (Filippi and 

Archibald 2009) for hyperspectral agricultural 

mapping. This model accurately and rapidly 

yields a computed representation of hyperspec-

tral data that can accommodate multiple distribu-

tions. The efficacies of SVM-BEE, N-FINDR 

and SMACC algorithms in extracting end- 

members from real, predominantly agricultural 

scene were compared. SVM-BEE estimated veg-

etation and other end-members for all classes in 

the image, which N-FINDR and SMACC failed 

to do. Shi et al. (2012) used SVM for classifying 

agricultural data from public agricultural data set 

and concluded that SVM outperformed other 

popular algorithms, like naive Bayes and artifi-

cial neural network, in terms of the F1 measure. 

Different machine learning algorithms and tradi-

tional maximum likelihood algorithm were com-
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pared for classification of crops (Nitze et al. 

2012). Researchers compared support vector 

machine, artificial neural network, random forest 

and maximum likelihood algorithms for classifi-

cation of ten different crop types. Support vector 

machine was found to exhibit better results than 

the other algorithms.

 Hidden Markov Model

Andrey Markov gave a concept of a mathemati-

cal system that undergoes change from one state 

to another, between finite numbers of possible 

states. In this process, next state depends upon 

the current state and not on sequence of events 

that preceded it. This phenomenon is called 

Markov property. Markov model is a probabilis-

tic graphical model considering Markov prop-

erty. The simplest Markov model is a Markov 

chain which is like any random process with 

Markov property. In Markov chain model, the 

system is assumed to be autonomous and the 

transition states are fully observable. However, in 

a hidden Markov model (HMM), the states of 

transition are not fully observable but output 

depending upon those states is observable. These 

models are named because of their two proper-

ties. First, it assumes that states Yt are not observ-

able or hidden from the observer, and second, it 

assumes that the states of transition and output 

follow the Markov property, i.e., state Yt at time t 

does not depend upon the previous states and also 

the output At does not depend upon the state Yt 

(Fig. 9).

These models are used to analyze different 

types of time series problems in different areas 

like speech recognition (Juang and Rabiner 

1991), ion channel recording (Venkataramanan 

and Sigworth 2002), optical character recogni-

tion (Agazzi and Kuo 1993), computational biol-

ogy (Krogh et al. 1994), etc.

Hidden Markov model is a tool for estimating 

probability distributions of a sequence of obser-

vations over a time series, finite time series t. The 

observations can be represented as discrete 

alphabets, integers, real-valued numbers, etc. In 

biological applications, the HMM observations 

are generally discrete alphabets (the 20-letter 

amino acid, 4-letter nucleotide, 64-letter codon 

triplet, etc.). A HMM used for solving real-life 

problems contains many transition states and hid-

den variables connected to each other. Generally, 

in biological problems, a unidirectional HMM is 

used which is also called left–right model. In this 

type of model, the direction of transition of state 

is from left to right, and it prevents any transition 

to a state if transition from that state to another 

state has taken place (machine learning bioinfor-

matics). There are three basic questions one can 

ask immediately for a HMM: the likelihood ques-

tion (how likely is the output for HMM), decod-

ing question (probable sequence of transition 

states followed by the model to reach the output), 

and the learning question (how to revise values of 

transitions and emissions from the given infor-

mation given that they are not known with com-

plete certainty).

 Applications of Hidden Markov 
Model in Plant Biology

HMM is widely used in speech recognition, natu-

ral language modeling, and on-line handwriting 

recognition. HMM is widely being used in a vari-

ety of biological problems like gene finding, sec-

ondary structure prediction, gene annotation, etc.

With development in automated whole- 

genome sequencing, complete genome sequences 

are becoming more and more abundant. The first 

and most important task after getting a new 

genome is to find a protein coding sequence. One 

of the most successful gene finders was GeneMark 

(Borodovsky and McIninch 1993; Borodovsky 

et al. 1994, 1995), which in its first version was 

based on frame-dependent nonhomogeneous 

Y(t-1)

A(t-1)

Y(t)

A(t)

Y(t+1)

A(t+1)

Fig. 9 Simple hidden Markov model
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Markov models. The accuracy of gene finder 

depends on various factors, the most important 

being training. A HMM-based gene finder named 

SNAP was developed and is easily adaptable to a 

number of organisms (Korf 2004). This gene 

finder was used to evaluate genomes of A. thali-
ana and Oryza sativa. Earlier, three HMM-based 

gene finders—Exonomy, Unveil and 

GlimmerM—were presented (Majoros et al. 

2003). These gene finders were trained with 

Oryza sativa and A. thaliana along with other 

organisms. Later, a HMM profile was developed 

(Feng and Xue 2006) to search the proteome of 

O. sativa L. ssp. japonica for serine carboxypep-

tidase (SCP) and serine carboxypeptidase-like 

(SCPL) protein. A total of 71 SCPs and SCPLs 

were found in rice.

Alternative splicing contributes to genome 

complexity and proteome diversity. Thus, study 

of alternative splicing sites in a genome is a topic 

of great interest. Experimental research in this 

field is both costly and time consuming. A hidden 

Markov model was used for genome-wide detec-

tion and analysis of alternative splicing for nucle-

otide binding site/leucine-rich repeat sequences 

in rice (Gu and Guo 2007). HMM-based searches 

were performed for nucleotide binding site and 

leucine-rich repeat (NBS-LRR) domain. Out of 

875 NBS-LRR sequences obtained from The 

Institute for Genomic Research (TIGR), 119 

(13.6 %) sequences had alternative splicing. 

Conversely, 71 intron retention events, 20 exon 

skipping events, 16 alternative termination 

events, 25 alternative initiation events, 12 alter-

native 5′ splicing events and 16 alternative 3′ 
splicing events were identified.

In another study, HMM was used in a neural 

network-based combinatorial model for predic-

tion of optimal culture condition for maximum 

biomass yields in Rauwolfia serpentina hairy 

root cultures. Neural network approaches can be 

evaluated through spatial variations; there is no 

proper resolution for temporal variations. 

Nonlinear biological responses are affected by 

both spatial as well as temporal differences. 

Therefore, a stochastic approach where time- 

based differences are taken as random variables 

to evaluate the whole bioprocess should be con-

sidered (Mehrotra et al. 2013). In this study, five 

HMMs were derived for five test culture condi-

tions and connected to the input layer of three- 

layered feed-forward neural network. The results 

of combinatorial ANN-HMM model simulation 

was compared with ANN model and it was 

observed that only 2.99 % deviation from experi-

mental result was recorded from combinatorial 

model against 44 % recorded from ANN model.

 Genetic Algorithms

Genetic algorithms were invented in the late 

1960s by John Holland and colleagues and stu-

dents at the University of Michigan in between 

1960s and 1970s. Furthermore, John Holland 

was the first researcher who not only challenged 

but succeeded to put computational evolution and 

development on a firm hypothetical footing. Until 

this, theoretical foundation, based on the ideas of 

schemas, was the basis of almost all succeeding 

theoretical works on genetic algorithms. In the 

past few years, there have been extensive interac-

tions among various researchers studying differ-

ent computational methods, and existing 

boundaries between genetic algorithms, evolu-

tionary programming, evolution strategies,, and 

related approaches have broken down to some 

extent. At present, the interpretations of genetic 

algorithm have changed to a very far meaning 

from John Holland’s original conception. Genetic 

algorithms are an adaptive search heuristic algo-

rithm based on the evolutionary ideas of genetic 

and natural selection. The basic idea of genetic 

algorithms is designed to simulate various pro-

cesses in natural system, which is essential for 

evolution, specifically those processes which fol-

low the doctrines laid down by Charles Darwin of 

fittest survival. They represent a sharp exploita-

tion of random search space to solve any particu-

lar problem. This search heuristic is consistently 

used to generate useful solutions to search prob-

lems and optimization. GAs are the higher class 

of evolutionary algorithms, which is used to gen-

erate the solutions to optimization problems 

using the techniques evolved by natural evolution 

such as mutation, inheritance, crossover, and 
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selection. Genetic algorithms not only provide 

alternate method for problem solving but also 

outperforms consistently other traditional meth-

ods. Many problems of real world involve opti-

mal parameters which might become cumbersome 

for traditional methods but ideally suited to 

genetic algorithms. Because of its outstanding 

performance in optimization, genetic algorithms 

have been wrongly regarded as a function opti-

mizer. There are many ways of viewing the 

genetic algorithms and perhaps the idea that most 

users come to make use of genetic algorithms for 

a problem solver is a restrictive view.

In contrast with evolutionary programming 

and evolution strategies, John Holland’s original 

aim was to establish and design algorithms for 

solving specific problems, but to study the phe-

nomenon of adaptation occurring in nature and to 

develop some ways to import the mechanism of 

natural adaptation into computer systems to run 

simulation and study the effect. John Holland’s 

1975 book Adaptation in Natural and Artificial 
Systems presented the genetic algorithm as a gen-

eralization of natural evolution and also gave 

theoretical structure for adaptation under the 

genetic algorithm. Genetic algorithm is a popular 

method for moving one inhabitant of chromo-

somes or individual of population (which is a 

computer program or algorithm capable of pro-

viding a potential solution of the problem) to a 

new inhabitant using a kind of natural selection 

with the influx of genetics and stimulated opera-

tors of crossover, inversion, and mutation. The 

individuals or the computer programs used in 

genetic algorithms are basically a set of rules 

arranged in the form of trees. These tree-like 

structures also called parse tree can be mutated 

and recombined with new variants. Thus, the 

machine evolves to find a solution of a complex 

problem using simple equations. These equations 

give different outputs from different inputs char-

acteristic for different classes (Kell et al. 2001). 

The individuals or rules (algorithm/programs) 

from the population which are chosen by selec-

tion operator are allowed to reproduce, and a fit-

ter individual is more likely to produce further 

offspring than the less fit one. For any defined 

problem to be solved, the simplest of genetic 

algorithm works as follows:

 (a) Start with a randomly generated population 

of computer programs/algorithms.

 (b) Evaluate the fitness f(x) of each individual in 

the population.

 (c) Select individuals from the present popula-

tion, the probability of selection being an 

increasing function of fitness. Selection of 

individuals is done with replacement, which 

means any particular chromosome can be 

selected more than once for it to become a 

parent one.

 (d) Modify the individuals by mutation, recom-

bination, or crossover.

 1. With the crossover rate or its probability, 

cross over the pair at an assorted selected 

pair to form two offspring. If no crossover 

takes place, form two offspring that are 

exact copies of respective parents. The 

thing, which is here to be noted, is that 

crossover rate is simply the probability of 

two-parent crossing over in a single point. 

There is some multi-point crossover of 

the genetic algorithm in which the cross-

over rate is the number of valid points for 

crossover to take place.

 2. Mutate the resulted offspring at locus 

with probability Pm, mutation rate or 

probability, and set the individual in new 

population.

 (e) After this, replace the present population 

with new population.

 (f) Go back to step b.

Each resultant of this process is called “genera-

tion”; genetic algorithm (GA) is typically iterated 

for anything in between 50 and 500 or could be 

even more generations. The entire set of required 

generation is called as “run.” At the end of run, 

there is likelihood to get one or more fit chromo-

somes from the population. Randomness plays a 

vital role in run; that’s why different runs with 

different number seeds are more likely to pro-

duce different behaviors of generations. 

Researchers on genetic algorithm often scale 

down observation based on various simulations 

averaged over many different runs on the same 

problem.
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 Applications of Genetic Algorithms 
in Plant Biology

Major application of genetic algorithms in fer-

mentation technology and plant science has been 

for optimization of bioprocess. In a study a 

mobile robot was developed for harvesting fruit 

automatically (Noguchi and Terao 1997). Genetic 

algorithms were used to optimize methods for 

finding small paths in a given space. Neural net-

works have been for long used for optimization 

of bioprocess in fermentation technology. In 

plant biology, hybrid models of neural networks 

and genetic algorithms have been used for opti-

mization of conditions for storage of fruits 

(Morimoto et al. 1997; Morimoto and Hashimoto 

2000) and for detection of plant virus using bio-

sensors to observe virus reactions (Glezakos 

et al. 2010). More complex in vitro culture pro-

cesses such as shoot proliferation, root formation 

(rhizogenesis), and plantlet acclimatization have 

been modeled by ANNs and successfully opti-

mized by genetic algorithms in woody fruit 

plants, such as kiwifruit (Gago et al. 2010a) and 

grapevine (Gago et al. 2010b).

 Future Prospects

Biological systems are complex and nondeter-

ministic and depend upon genetic and environ-

mental factors. Due to the advent of modern 

technologies, we can generate a large amount of 

biological data. These large data have to be ana-

lyzed and interpreted to understand important 

relations between different factors. Machine 

learning techniques provide a very good scope to 

analyze these large biological data, interpret the 

obtained information, and give deep insight into 

the biological processes. These technologies can 

be used to develop models that can explain the 

relationship between different factors and bio-

logical responses, which can further be used to 

predict future responses in specific situations.

Machine learning techniques are good for 

determining nonlinear relationships followed in 

biological systems; thus, these techniques make 

better models than statistical techniques. 

Techniques like neural network require less prior 

data and are more accurate compared to statisti-

cal techniques (Gago et al. 2010b). Combinations 

of these techniques could be used for developing 

more accurate models which can predict outcome 

of tissue culture experiments, optimize and con-

trol bioprocess operations at large-scale, predict 

crop yields according to climate changes, etc.. 

These techniques are easy to understand and a 

plant biologist can very easily use these tech-

niques by having a very good understanding of 

mathematical and statistical modeling.
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Abstract

The high-throughput technologies generating 

large-scale biological data, as well as the 

development of related computational tools, 

have united global efforts and brought revolu-

tionary changes to the research of biology dur-

ing the last decade. Today, biologists work in 

association with scientists from a broad spec-

trum of disciplines to unravel how complex 

biological systems work. Bioinformatics is a 

multidisciplinary field that makes use of com-

puters to store and analyse molecular biology 

information with integration of statistical 

algorithms. The genome sequencing of a num-

ber of organisms has led to the discovery of 

many fascinating things. Today, the world 

feels the need of this discipline to save 

resources and time. This chapter emphasises 

on a number of applications of bioinformatics 

in agriculture in view of functional genomics, 

data mining techniques, genome-wide associ-

ation studies, high- performance computing 

facilities in agriculture and various bioinfor-

matics tools/databases important for breeders, 

biotechnologists and pathologists. Agricultural 

genomics leads to the global understanding of 

 plant/animal and pathogen biology, and its 
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application would be beneficial for 

agriculture.

Keywords

Machine learning

The great challenge in biological research today is 

how to turn data into knowledge. I have met people 

then striving for a means of turning knowledge into 

 Introduction

Demand for agricultural products is increasing 

with the rapid increase of population to provide 

food and daily needs. The world has the produc-

tion potential to cope with population demand. 

The projections of feeding a world population of 

9.1 billion people in 2050 would require raising 

overall food production by around 70 % by 2050. 

Production in the developing countries needs to 

almost double, which implies significant increase 

in the production of many key commodities. For 

example, annual cereal production would have to 

grow by almost one billion tonnes and meat pro-

duction by over 200 million tonnes to a total of 

Development Economics Section, Rome, 2009). 

dependent on agricultural imports. To improve 

the conditions, food security in many unprivi-

leged areas requires substantial increases in local 

production. As evident, the area used for crop 

cultivation is limited, and there is hardly any 

scope of increasing cultivated area for agricul-

ture to make up the demand. The only way out is 

the use of modern technologies in agricultural 

research and their application in the field level to 

increase production of agricultural commodities. 

The advent of the genomic era with massive 

amount of biological information with the aid of 

advances in the fields of molecular biology and 

genomics will certainly pave the way to such 

problems. Figure 1 shows the growth of biologi-

cal data from its first release in 1987 to its 93rd 
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http://www.ddbj.nig.ac.jp/

breakdown_stats/dbgrowth-e.html#dbgrowth-

graph). It is obvious from Fig. 2 that the bases 

and sequences have increased 2.2 million fold 

and 2.5 million fold, respectively, from the year 

http://www.ncbi.nlm.nih.gov/

genbank/statistics -

matics in biology, i.e. bioinformatics, handling 

of the information along with extraction of bio-

logical meaning from it can be met. This new 

knowledge will have profound impacts on vari-

ous fields, viz. agriculture, human health, envi-

ronment, energy and biotechnology. The 

increasing data volume requires computational 

methodologies to manage the data deluge. 

this genomics era is to store and handle the 

staggering volume of information through com-

puter databases giving birth to the discipline of 

bioinformatics. In other words, bioinformatics 

leads to quantitative analysis of information 

related to biological data with the aid of 

computers.

The history of the discipline of bioinformatics 

is interesting and dates back chronologically 

from the 1960s, when even the term bioinformat-
ics was not even coined. The first breakthrough in 

this area can be traced under the project under-

taken by Margaret Dayhoff in 1965, for the 

development of the first protein sequence data-

base called Atlas of Protein Sequence and 
Structure. Later on, in the 1970s, the Protein Data 

Bank was established by Brookhaven National 

Laboratory which archived three-dimensional 

protein structures starting with hardly less than a 

dozen protein structures, compared to more than 

1972). The next mega contribution was by 

1970) with the sequence alignment algo-

rithm, which was the fundamental step in paving 

the way to routine sequence comparisons and 

database searching practice by modern biolo-

gists. Further, the first protein structure predic-

tion algorithm which later pioneered a series of 

developments in protein structure prediction was 
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and Fasman 1974). The era of the 1980s saw the 

establishment of GenBank and the development 

of fast database searching algorithms, viz. 

Stephen Altschul et al. 1990

1990). Then came the real breakthrough in this 

widespread Internet in the 1990s, exchange and 

dissemination of biological data was made instant 

and easily accessible. Besides these, there are 

many more major boosts in the field of bioinfor-
matics. The basic reason behind this subject gain-

ing prominence is the advancement of genome 

studies that produced unprecedented amount of 

biological data. This data explosion generated a 

sudden demand for efficient computational tools 

to manage and analyse the data. The criteria 

which are looked upon by researchers to easily 

access these data stored in databases are

are required to answer a specific biological 

question

dependent on knowledge generated from a wide 

range of disciplines, viz. mathematics, statistics, 

computer science, information technology and 

molecular biology, gave birth to bioinformatics.

A biological database is a well-organised cata-

logue which stores and organises data so that 

information retrieval is made easy with various 

entry) contains a 

number of fields that hold the actual data items. 

To retrieve a particular record from the database, 

the user can specify the desirable information 

value) to be found in a particular field and 

expect the computer to retrieve the whole data 

record. This process is called query. The knowl-

edge discovery is very much required in biologi-

cal databases which refer to the identification of 

connections between pieces of information that 

were not known when information was first 

entered. To quote the example, databases con-

taining information of the raw sequence can per-

form extra computational tasks to identify 

sequence homology or conserved motifs which 

facilitate the discovery of new biological insights 

from raw data. The extraction of valid informa-

tion from wealthy data from various genome 

sequencing projects is the major challenge before 

the scientific community. The traditional 

approach of molecular biology research was 

restricted to the experimental laboratory bench, 

but the exponential growth of molecular data in 

this genomic era has realised the need to intro-

duce computational and statistical approaches 

into the research process. Various new tools and 

databases in molecular biology help to carry out 

research at genomic, proteomic, transcriptomic 

and metabolomic levels.

It is possible to study the genomic and molec-

ular level of agricultural crops with the help of 

modern technologies. The yields are reduced due 

to attack of insect pests, diseases caused by 

pathogens and other environmental factors in 

field situations. Different technologies can be 

used to make the crop resistant to diseases and 

pests and biotic and abiotic factors. All these 

technologies are dependent on the study of 

genomic, proteomic and metabolic pathways of 

different agricultural crops as well as the insect 

pests and pathogens and will not only help to 

know the cellular organisation of plant and insect 

pathogens but also the mode of attack of insect 

pathogens and the plant variety resistant to the 

disease/pest.

 Tools for Bioinformatics 
and Applications

The pre-genome era has significantly contributed 

the field of molecular biology exploded and the 

increasing amount of information needed to be 

carefully managed and organised. The advent of 

Coulson 1975; Maxam and Gilbert 1977) and ini-

tiation of the genome sequencing programs in the 

late 1980s led to massive flow of biological data 

which needed data management efforts.

Biological databases are broadly classified 

into sequence and structure databases. Sequence 

M.A. Iquebal et al.
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databases are applicable to both nucleic acid 

sequences and protein sequences, while structure 

database is applicable to only proteins. The era of 

molecular databases actually started in the 1960s 

with the online version of the Atlas of Protein 

Sequence and Structure by Margaret Dayhoff 

known popularly as the Protein Identification 

http://pir.georgetown.edu/). Numerous 

molecular biology databases are reported under 

the major categories like nucleotide sequence 

databases, RNA sequence databases, protein 

sequence databases, structure databases, genom-

vertebrates), metabolic and signalling pathways, 

animal genes and diseases, microarray data and 

other gene expression databases, proteomics 

resources, organelle databases, immunological 

databases and so on. Table 1 describes the devel-

opment of various biological databases in chron-

ological order. Many biological databases 

bloomed and flourished, being very informative 

to researchers, and by the late 1990s, all of them 

operated primarily autonomously.

There are many reports of whole genome 

sequencing of agriculturally important crops and 

animals like rice, tomato, pigeon pea, chicken, 

2004; International 

Rice Genome Sequencing Project 2005; 

Sonstegard and Connor 2004; Barbazuk et al. 

2005; Gill et al. 2004; Varshney et al. 2011; The 

Tomato Genome Consortium 2012) for their eco-

nomic importance as well as being biomedical 

2003; Anthony et al. 2003). 

After genome sequencing, one aims at identifica-

tion and demarcation of the functional elements 

in the genome, i.e., structural annotation and 

linking these genomic elements to biological 

function known as functional annotation. For 

many of the genomes, their assemblies have lacu-

nae leading to poor gene model predictions. 

Livestock genomes are known to have low build 

numbers compared with model organisms like 

humans and mice. Moreover, with lesser genomic 

data as compared to model organisms, the 

genome structural annotation is less likely to be 

2005). Table 2 represents the whole genome 

sequencing projects in plants.

numerous other biological ontology projects 

that aim similarly to achieve structured, stan-

dardised vocabularies for describing various 

biological systems. It is a structured network 

consisting of defined terms and relationships 

between them that describe the molecular func-

tion, biological process and cellular component 

http://www.geneontology.org/

GO.doc.html). GO is the de facto standard for 

functional annotation and most popularly used 

for modelling microarray and other functional 

genomics data, but its use is still restricted in 

2005) due to quite 

poor GO annotation. Further annotations for 

grasses and microbes are provided by Gramene 

2002 2003), 

respectively, but the European Bioinformatics 

project provides most GO annotations for other 

agriculturally important species as well. Also, 

most GO annotations that do exist for agricul-

tural proteins are reported as inferred from elec-
tronic annotation
applied to broad GO terms and results in very 

general superficial GO functional information. 

To override the limitations, AgBase
et al. 2006) was developed to enable genome-

wide structural and functional annotation and 

modelling of microarray and other functional 

genomics data in agricultural species. It inte-

grates structural and functional annotations and 

provides tools in a simplified pipeline, allowing 

researchers to rapidly and effectively model and 

derive biological significance from microarray 

and other functional genomics data sets. AgBase 

is a functional genomics resource for agricul-

tural species including Gene Ontology annota-

tions, aided with various tools for analysis of 

large scale datasets. Both experimentally 

derived structural annotation and functional 

data in a unified resource are provided here. It is 

unique since the structural data provided is 

experimentally derived, the structural and func-

tional data is provided from a unified resource, 

and tools for analysis of this data are freely 

available via AgBase.

Applications of Bioinformatics in Plant and Agriculture
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Table 1 Biological databases

Sites URL Description

Protein Identification http://iubio.bio.indiana.edu/

soft/help/old/pir-server.help

It provides very rapid access to the database information 

and, with the addition of several sequence manipulation 

routines, serves as extremely powerful research tools

PDB Current http://www.rcsb.org/pdb/

holdings.html

The number of deposited structures includes structures that 

structures that have been obsolete since they were released 

and theoretical models. The number of released structures 

shown does not include obsolete structures

http://www.jax.org/about/

milestones.html

It is the first mammalian genetics database

GenBank http://www.ncbi.nlm.nih.gov/

Genbank/index.html

It is a vast repository and a public database of nucleic acid 

sequences, literature and genome- specific resources. 

Besides, it provides several biocomputational tools for 

sequence analysis and FTPs for sequence retrieval

NCBI-dbVar http://www.ncbi.nlm.nih.gov/

dbvar/

It is a database maintained by NCBI for genomic structural 

variations

Genome Browser

http://www.ncbi.nlm.nih.gov/

mapview/map_search.

cgi?chr=hum_chr.inf&query

The NCBI Map Viewer provides graphical displays of 

features on the human reference genome sequence assembly 

assembly, as well as cytogenetic, genetic, physical and 

radiation hybrid maps. Map features seen along the sequence 

mapped clones, ESTs and transcripts from several different 

organisms, Gnomon predicted gene models, etc.

http://www.ebi.ac.uk/

swissprot

It is a manually annotated reviewed section of the 

protein sequence database, which brings together 

experimental results, computed features and scientific 

conclusions

Caenorhabditis 
elegans

http://www.acedb.org/ This database provides tools to give flexibility for the 

manipulation, display and annotation of the genomic data

The Institute for 

Genomic Research 

http://www.tigr.org/about/

history.shtml

The main focus is on improved molecular understanding of 

human health and disease

FlyBase http://www.flybase.org 1993, primary repository of genetic and molecular data for 

the insect family Drosophilidae. These data types include 

mutant phenotypes, molecular characterisation of mutant 

alleles and other deviations, cytological maps and wild-type 

expression patterns

Ted Codd http://www.nap.edu/

readingroom/books/far/ch6.

html

It marks the rise of relational databases

National Centre for 

Biotechnology 

http://www.ncbi.nlm.nih.gov/ It is a database of primary genomic data repository and 

provides tools for genomic data analysis

Microbiome Project

http://www.hmpdacc.org/

resources/data_browser.php/

identifying and characterising the microorganisms which are 

found in association with both healthy and diseased humans

PubMed http://www.ncbi.nlm.nih.gov/

sites/entrez?db=PubMed

PubMed comprises more than 22 million citations for 

biomedical literature from MEDLINE, life science journals 

and online books. Citations may include links to full-text 

content from PubMed Central and publisher websites

M.A. Iquebal et al.
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Sites URL Description

NCBI GenBank 

Taxonomy Database

http://www.ncbi.nlm.nih.gov/

Taxonomy/taxonomyhome.

html/

It provides taxonomical information of an organism

European 

Bioinformatics 

http://www.ebi.ac.uk The EBI, a part of EMBL, is an academic research institute 

molecular data. It also provides free online bioinformatics 

software and tools

European Molecular 

Biology Laboratory 

http://www.ebi.ac.uk/embl/

sequence resource. Main sources for DNA and RNA 

sequences are direct submissions from individual 

researchers, genome sequencing projects and patent 

applications

DNA Databank of http://www.ddbj.nig.ac.jp/

EMBL/GenBank International Nucleotide Sequence 

database through close collaboration of EBI in Europe and 

NCBI in the USA

Protein Data Bank http://www.rcsb.org/pdb/

home/home.do

The PDB archive contains information about experimentally 

determined structures of proteins, nucleic acids and complex 

assemblies. As a member of the wwPDB, the RCSB PDB 

curates and annotates PDB data according to agreed-upon 

standards

Pfam http://pfam.sanger.ac.uk/ The Pfam database is a large collection of protein families, 

each represented by multiple sequence alignments and 

hidden Markov models

PRINTS http://www.bioinf.man.ac.uk/

dbbrowser/PRINTS/index.php

PRINTS is a compendium of protein fingerprints. A 

fingerprint is a group of conserved motifs used to 

characterise a protein family; its diagnostic power is refined 

http://bioinformatics.

weizmann.ac.il/blocks/ corresponding to the most highly conserved regions of 

proteins. Block Searcher, Get Blocks and Block Maker are 

aids to detection and verification of protein sequence 

homology

Protein Information http://pir.georgetown.edu/ It is the integrated protein informatics resource for 

genomics, proteomics and system biology research

PROSITE http://www.expasy.ch/prosite/ PROSITE consists of documentation entries describing 

protein domains, families and functional sites as well as 

associated patterns and profiles to identify them. PROSITE 

is complemented by ProRule, a collection of rules based on 

profiles and patterns, which increases the discriminatory 

power of profiles and patterns by providing additional 

information about functionally and/or structurally critical 

amino acids

ProDom http://prodom.prabi.fr/

prodom/current/html/home.

php

ProDom is a comprehensive set of protein domain families 

Database

InterPro http://www.ebi.ac.uk/interpro/ InterPro provides functional analysis of proteins by 

classifying them into families and predicting domains and 

important sites

Multiple EM for 

Motif Elicitation 

http://meme.nbcr.net/meme/ MEME is a tool for discovering motifs in a group of related 

DNA or protein sequences

Table 1
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Sites URL Description

Motif Alignment and 

Search Tool

http://tools.genouest.org/tools/

meme/doc/examples/

mastexample_output_files/

mast.html#version

It is the program developed by Bailey and Gribskov in 1997 

to find the most probable order and spacing of the patterns

SMART http://smart.embl-heidelberg.

de/

SMART is a classification scheme for identifying and 

analysing protein domains. The database is maintained by 

the EMBL

TrEMBL http://www.expasy.ch/sprot/ It is a curated protein sequence database which strives to 

the function of a protein, its domain structure, post-

translational modifications, variants, etc.), a minimal level of 

redundancy and a high level of integration with other 

databases

Research 

Collaboratory for 

Structural 

Bioinformatics 

http://home.rcsb.org/ The Research Collaboratory for Structural Bioinformatics 

understanding the function of biological systems through the 

study of the 3-D structure of biological macromolecules

RNAdb http://research.imb.uq.edu.au/

rnadb/

This database is a comprehensive mammalian noncoding 

annotations for tens of thousands of noncoding RNAs. These 

include a wide range of microRNAs, small nucleolar RNAs 

and larger mRNA-like ncRNAs

Comparative RNA 

database

http://www.rna.ccbb.utexas.

edu/ information about RNA structure and evolution that has been 

determined using comparative sequence analysis

Genomic tRNA 

database

http://gtrnadb.ucsc.edu/ This genomic tRNA database contains tRNA gene 

predictions made by the program tRNAscan-SE on complete 

or nearly complete genomes

European rRNA 

database

http://www.psb.ugent.be/

rRNA

This database compiles all complete or nearly complete SSU 

sequences, in aligned format. The alignment takes into 

account the secondary structure information derived by 

comparative sequence analysis

miRNA database http://www.mirbase.org/ The miRBase database is a searchable database of published 

miRNA sequences and annotation. Each entry in the 

miRBase sequence database represents a predicted hairpin 

portion of a miRNA transcript with information on the 

location and sequence of the mature miRNA sequence 

Genomes OnLine http://www.genomesonline.

org/cgi-bin/GOLD/index.cgi

GOLD is a worldwide web resource for comprehensive 

access to information regarding genome and metagenome 

sequencing projects and their associated metadata, around 

the world

Animal Genome Size 

Database

http://www.genomesize.com/ Animal Genome Size Database, Release 2.0, is a 

comprehensive catalogue of animal genome size data. 

on 6,518 records from 669 published sources
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Table 1

Sites URL Description

ArkDB http://www.thearkdb.org/

arkdb/

The ArkDB database system aims to provide a 

comprehensive public repository for genome mapping data 

chicken, cow, duck, horse, pig, quail, etc.). It thus targets to 

provide a route into genomic and other sequences from the 

mapping or QTL mapping data

Database of Genomic 

Variants archive 

http://www.ebi.ac.uk/dgva/

repository that provides archiving, accessioning and 

distribution of publicly available genomic structural variants, 

in all species

of Genes and 

http://www.genome.jp/kegg/ It is a database resource for understanding high-level 

functions and utilities of the biological system, such as the 

cell, the organism and the ecosystem, from molecular-level 

information, especially large-scale molecular data sets 

generated by genome sequencing and other high-throughput 

experimental technologies

BovMap Link http://locus.jouy.inra.fr/

cgi-bin/bovmap/intro.pl

The site contains links to BovMap database and other 

genomic resources

EcoCyc http://ecocyc.org/ It is a scientific database for the bacterium Escherichia coli 

based curation of the entire genome and of transcriptional 

regulation, transporters and metabolic pathways

Comprehensive 

Microbial Resource 

http://cmr.jcvi.org/tigr-scripts/ It is a free website used to display information on all of the 

publicly available, complete prokaryotic genomes

Mouse Genome 

Informatics

http://www.informatics.jax.

org

A very useful site that contains information, data and tools 

orthology, phenotype and disease model, expression, tumour, 

function, pathways, etc.)

NAGRP Pig http://www.animalgenome.

org/pig/maps/index.html

This is the website of NAGRP Pig Genome Coordination 

Vector Database http://www.addgene.org/

vector-database/

Vector Database is a digital collection of vector backbones 

assembled from publications and commercially available 

sources. This is a free resource for the scientific community 

that is compiled by Addgene. Only the plasmids deposited at 

Addgene are available for purchase through this website

Saccharomyces 

Genome Database 

http://www.yeastgenome.org/ SGD provides comprehensive integrated biological 

information for the budding yeast Saccharomyces cerevisiae 

along with search and analysis tools to explore these data, 

enabling the discovery of functional relationships between 

sequence and gene products in fungi and higher organisms

Intronless Gene 

Database

http://www.bioinfo-cbs.org/

igd/description1.php

A highly curated database of eukaryotic intronless genes

Database resource of 

livestock

http://www.animalgenome.

org/community/other.html and Database Resources for almost all domestic animals and 

pets

Integrated Taxonomic 

Information System

http://www.itis.gov/ To find authoritative taxonomic information on plants, 

animals, fungi and microbes of North America and the world

Applications of Bioinformatics in Plant and Agriculture
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Numerous other bioinformatics software and 

tools are being used to maintain, analyse and 

retrieve the astronomical amount of molecular 

data. Following are some of the very useful soft-

ware and tools applied in the research related to 

agricultural genomics:

 Electrophoresis Image Analysis 
Software

A number of software is available to quantify, 

analyse and format the one- or two-dimensional 

electrophoresis gel images. DNA or RNA from 

viz. genomic DNA, PCR prod-

ucts, RE digested DNA, vectors, etc.) can be sub-

jected to analysis. This software is used to provide 

mass and molecular weight analysis. It compara-

tively studies different bands, processes the 

bands, removes smiling effects, straightens lanes, 

alters lane settings, fits the bands within lanes to 

Gaussian curve and is used for data compilation  

The software used are. 

 1. GelQuant software: for one-dimensional gel 

http://www.amplcom.au/gq_frames.

htm)

 2. MCID Elite: image analysis software for auto-

radiography, densitometry, fluorescence, etc. 
http://www.imagingresearch.com/products/

MCID.asp)

 Primer Designing

Primer designing is the first stage to step into the 

field of molecular genetics and PCR-based 

attention. The specificity takes care of misprim-

ing which may occur when primers are poorly 

-

the length and sequence of the oligo, vis-à-vis by 

part of a multi-gene family or not, etc.) of the 

template used in the PCR reaction. The efficiency 

of a primer pair is determined by the fold increase 

of amplicon in each cycle. An efficient primer 

pair implies almost a twofold increase in PCR 

product for each cycle of the PCR. The specific-

ity and efficiency of a primer depend on several 

factors which must be taken into account while 

primer constitute the rules adumbrated below:

Optimal primer length: General PCR primers 

multiplexing purpose the length may be as 

long as 30–35 bp, while primers used for ran-

priming.

Sites URL Description

BuffSatDb http://cabindb.iasri.res.in/

buffsatdb/

By in silico microsatellite mining of whole genome, it is the 

first whole genome STR relational database of water buffalo 

and MySQL database. Being the first buffalo STR database 

in the world, this would not only pave the way in resolving 

current assembly problem but shall be of immense use for 

global community in QTL/gene mapping critically required 

to increase knowledge in the endeavour to increase buffalo 

productivity, especially for third-world countries where the 

rural economy is significantly dependent on buffalo 

productivity

PIPEMicroDB http://cabindb.iasri.res.in/

pigeonpea/ automated primer designing tool for pigeon pea genome, 

based on chromosome-wise as well as location-wise search 

of primers, housing 123387 STRs

Table 1
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Table 2

Crops URL Feature

Arabidopsis 
thaliana

http://www.arabidopsis.org/ It includes the complete genome sequence along with 

gene structure, gene product information, metabolism, 

gene expression, DNA and seed stocks, genome maps, 

genetic and physical markers

Populus 
trichocarpa

http://genome.jgi-psf.org/Poptr1_1/

Poptr1_1.home.html code, Populus trichocarpa was sequenced eight over 

to attain the highest quality standards

Arabidopsis lyrata http://genome.jgi-psf.org/Araly1/

Araly1.home.html

A. lyrata and A. thaliana are so close that ancestral 

states of polymorphisms in A. thaliana can be directly 

inferred from comparisons with A. lyrata, which will 

lead to better understanding of mutation and selection 

in plants

Capsella rubella http://www.jgi.doe.gov/sequencing/

why/3066.html

Sequencing Arabidopsis lyrata and Capsella rubella, 

close relatives of Arabidopsis thaliana

Brassica database http://brassicadb.org/brad/ It is a web-based database of genetic data at the whole 

genome scale for important Brassica crops

Solanum 
lycopersicum

http://solgenomics.net/ It provides genome and sequence with detailed 

information of genome map, markers, phenotypes and 

breeder tool box

Solanum tuberosum http://www.potatogenome.net/

index.php/Main_Page is an international group for sequencing of complete 

potato genome

Medicago 
truncatula

http://www.medicago.org/genome/ 384 inbred lines spanning the range of Medicago 

diversity are being resequenced using Illumina 

next-generation technology

Lotus japonicus http://www.kazusa.or.jp/lotus/ Lotus japonicus genome browser

Mimulus guttatus http://www.jgi.doe.gov/sequencing/

why/3062.html

Mimulus guttatus, a leading model system for 

studying ecological and evolutionary genetics in 

nature, is sequenced

Glycine max http://www.phytozome.net/

soybean.php

Large-scale shotgun sequencing of soybean

Manihot esculenta http://www.phytozome.org/cassava.

php

The goals of this project is to generate a draft 

sequence of the Cassava genome

Vitis vinifera http://www.genoscope.cns.fr/

externe/GenomeBrowser/Vitis/

Grape genome browser

Aquilegia formosa http://www.jgi.doe.gov/sequencing/

why/51280.html

Sequencing of Aquilegia formosa helps in ecological 

and evolutionary studies

Eucalyptus grandis http://bioinformatics.psb.ugent.be/

genomes/view/Eucalyptus-grandis

Carica papaya http://asgpb.mhpcc.hawaii.edu/

papaya/ the resources necessary to map and clone papaya 

genes in an effort to improve the economic value and 

efficiency of agricultural cultivation

Ricinus communis http://castorbean.jcvi.org/ Castor genome has been sequenced and assembled at 

4X draft of the ~400 Mbp using a whole genome 

shotgun strategy
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Melting temperature Tm): It is the tempera-

ture at which 50 % of the DNA duplex dis-

sociates become single stranded. In the case 

of primers, it can be defined as the tempera-

ture at which 50 % of the primer and its com-

plementary nucleotides of the template are 

hybridised. A primer should anneal to the 

template before the template strands rena-

ture. Ideally it ranges between 52 and 62 °C; 

however, the G/C content of the primer is 

critical in determining the melting 

temperature.

Primer pair Tmmismatch: Permissible Tm dif-

ference between the primers is less than 5 °C, 

preferably within 2 °C.

Non-specific amplification/cross-homology: 

Primer pairs may amplify non-specifically 

factor or due to similarity of the sequence of 

some genes belonging to the same gene fam-

ily or due to the presence of repeat sequence 

in the designed primers. The designed prim-

ers should be checked through Primer- 

http://

www.ncbi.nlm.nih.gov/) against nonredun-

later).

Primer G/C content: In general, the optimal 

G/C content is between 45 and 55 %, with an 

acceptable range of 40–60 %. The G/C con-

tent ultimately determines the annealing 

temperature.

G/C clamp: The 3′-terminus of the primer is 

very important, since the DNA amplification 

Crops URL Feature

Oryza sativa 
japonica

http://rgp.dna.affrc.go.jp/E/IRGSP/

index.html

International Rice Genome Sequencing Project 

sequence of the rice genome using the cultivar 

Oryza sativa ssp. japonica

Oryza sativa indica http://rice.genomics.org.cn/rice/

index2.jsp rice genome. The comprehensive data of Oryza sativa 

L. spp. indica are also carefully curated

Zea mays http://www.maizegdb.org/ MaizeGDB is a community- oriented, long-term, 

federally funded informatics service to researchers 

focused on the crop plant and model organism Zea 
mays

Sorghum bicolour http://genome.jgi-psf.org/Sorbi1/

Sorbi1.home.html

It contains transcript and protein sequences from the 

fully sequenced plant genome of Sorghum bicolour

Brachypodium 
distachyon

http://www.brachypodium.org/ First International Brachypodium Conference aims to 

bring together the global Brachypodium community 

to provide reports and discuss recent achievements in 

Brachypodium

Triticum aestivum http://www.wheatgenome.org/

advance in structural and functional genome analysis

Hordeum vulgare http://www.public.iastate.

IBSC%20Template-home.html

aims to physically map and sequence the barley gene 

space

Physcomitrella 
patens

http://genome.jgi-psf.org/

Phypa1_1/Phypa1_1.home.html

Physcomitrella genome sequence is a 

great asset for reconstructing the evolution of plant 

genomes and for informing the community in the 

functional genomics of plants

Selaginella 
moellendorffii

http://genome.jgi-psf.org/Selmo1/

Selmo1.home.html

The sequence of the Selaginella
provides scientists an important reference genome 

necessary for deciphering the evolution of 

biochemical

Cyanidioschyzon 
merolae

http://merolae.biol.s.u-tokyo.ac.jp/ It is Cyanidioschyzon merolae Genome Project
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occurs in 5′- to 3′-direction. The G/C bond is 

more stable than A/T due to three hydrogen 

in A/T).

Max 3′-end stability: It is rendered by the 

maximum ΔG of the 5 bases from the 3′-end 

′-end stability improves 

priming efficiency; however, too high stabil-

ity could negatively affect specificity because 

of 3′-terminal partial hybridisation induced 

ΔG value less 

than −9 should be avoided.

Analysing Gibbs free energy delta G): It 

measures the amount of work that can be 

extracted from a process operating at a con-

stant pressure. Thus, it indicates the sponta-

neity of the reaction. In case of oligos, the 

ΔG represents the stability of secondary 

structure. It is the amount of energy required 

to break the secondary structure. More nega-

for ΔG indicates stable, undesirable hairpins 

Secondary structures in primers: Secondary 

structures are the various combinations of 

and heterologous) vis-à-vis loop-like struc-

ture production by the same primer. ΔG is 

the energy required to break the secondary 

structure, and larger negative values indicate 

a higher propensity for false priming as the 

3′-end can initiate polymerisation even if the 

remainder of the primer does not bind well.

ΔG for 3′-end 

hairpin should be higher than −2 kcal/

better), while the ΔG should be more than 

−3 kcal/mole for internal hairpin.

ΔG is more than −5 kcal/mole for 3′-end 

self-dimer and more than −6 kcal/mole 

for internal self-dimers. ΔG is a measure 

of the spontaneity of formation of a 

dimer between the internal regions of 

two same- sense primers. Therefore, ΔG 

is the energy required to break the sec-

ondary structure. Larger negative values 

side) indicate a higher inclination for 

identical primers to hybridise to each 

http://

www.sigmaaldrich.com/).

-

able ΔG is more than −5 kcal/mole for 

3′-end cross-dimer and −6 kcal/mole for 

internal cross-dimer.

Stretches of nucleotides: Primers with long 

mispriming. Runs of same bases, such as 

polynucleotides, increase the probability of 

primer–dimer and hairpin loop formation. 

PolyA and polyT opens the primer–template 

complex and makes it looser. The maximum 

acceptable number of runs of di- or mono-

nucleotide is 4.

Table 3 shows the list of freely available online 

programs/applications and software related to 

primer designing.

 Promoter Prediction

Promoter analysis helps to envisage certain fun-

damental questions regarding gene expression 

like determining the actual transcription start site 

another promoter, alternative splicing of a given 

gene, effect of mutation in promoter sequence on 

expression profile and the trait of interest, etc. 

Besides, promoter prediction has got direct bear-

ing on expression studies and other relevant 

experiments like methylation study, sodium 

bisulphite sequencing, etc. Table 4 lists the vari-

ous bioinformatics tools for this purpose.

 Restriction Enzymes Analysis

The restriction enzymes have been widely used 

in genetic engineering, cloning experiments, 

polymorphism detection and for SNP detection. 

A number of software are in vogue to search for 

Types I and II REs as listed in Table 5.

Applications of Bioinformatics in Plant and Agriculture
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Table 3 Tools and software for primer designing

Site name URL Description

FastPCR http://primerdigital.com/fastpcr.html It is an integrated tool for PCR primers or 

probe design, in silico PCR, oligonucleotide 

assembly and analyses, alignment and repeat 

searching. This program can be downloaded 

and run in personal computers

AutoPrime It is a very useful software for designing 

Reverse Transcription Real-Time PCR 

exon–intron boundaries

Primer3 http://frodo.wi.mit.edu/ It is a freely available online software for 

designing primers and probe from a DNA 

sequence. It is popular due to availability of 

several parameters to design primers with 

high specificity and accuracy

The PCR Suite http://pcrsuite.cse.ucsc.edu/ It is an online primer designing software, 

hosted by UCSC, that allows users to design 

primers specific to various types of templates, 

viz. overlapping amplicons on a template, 

flanking exons and cDNA

Uniprime2 http://habanero.ucd.ie/uniprime2/ It is a website for universal primer designing

Primo Pro 3.2 http://www.changbioscience.com/primo/primo.

html

It is an online primer designing software with 

a notable feature to reduce background noise 

by exercising check on mispriming on 

nontarget DNA sequence. It also introduces a 

batch mode option for high-throughput PCR 

primer design

MethPrimer http://www.urogene.org/methprimer/index1.html It is very useful site for designing primers for 

bisulphite followed by PCR amplification 

using two pairs of primers, with one pair 

specific for methylated DNA, the other 

unmethylated DNA)

Oligo Analyzer 

Version 3.1

http://eu.idtdna.com/analyzer/applications/

oligoanalyzer/

This online tool is provided by IDT for 

analysing the properties of the oligos as well 

as for predicting the likelihood of self- and 

heterodimer formation by oligos

IDT Antisense 

Design

http://www.idtdna.com/Scitools/Applications/

AntiSense/Antisense.aspx

It is a tool to synthesise antisense oligos for a 

specific target sequence of interest

Primer-BLAST http://www.ncbi.nlm.nih.gov/tools/primerblast/ It is extensively used for designing primer 

and checking the specificity of a given primer

Oligo Properties 

Calculator

http://www.promega.com/biomath/calc11.htm This tool calculates base count, 

ΔS & ΔH), Tm, 

GC% values of a given oligo

Oligonucleotide 

Properties 

Calculator

http://www.basic.northwestern.edu/biotools/

oligocalc.html

This tool displays the reverse complementary 

molecular weight, GC%), Tm, thermodynamic 

constants and hairpin and self-dimer 

production by a given primer/sequence

UNAFold http://www.idtdna.com/Scitools/Applications/

unafold/

The likelihood of secondary structure 

formation by the single-stranded target is 

checked by UNAFold software of IDT

M.A. Iquebal et al.
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 Phylogenetic Studies

Phylogenetic analysis is of immense importance 

in evolutionary studies as well as determining 

closeness of molecular sequences. A large num-

ber of packages are available for this purpose as 

enlisted in Table 6.

 Statistical Genetics

Data generated in molecular genetics are sub-

jected to statistical analysis to draw logical infer-

ence on the population parameters. Table 7 shows 

several such software packages used for different 

types of data and various purposes.

 Genome Annotation and Gene 
Prediction

It is a very important tool in bioinformatics that 

enables us to understand several features and 

domains and sites, secondary and quaternary 

structures, similarities to other proteins, 

-

Table 4 Tools for promoter prediction and analysis

Site name URL Description

Transcriptional 

Regulatory 

Element Database

http://rulai.cshl.edu/cgi-bin/TRED/

tred.cgi?process=home

This database is a good resource to obtain training 

data sets for genome-wide cis-regulatory element 

prediction, gene functional studies and exploring gene 

regulatory networks

Promoter Analysis http://bioinformatics.wustl.edu/

webTools/PromoterAnalysis.do

It is used for analysing set of co-expressed genes 

vis-à-vis predicting the transcriptional regulatory 

mechanisms

Promoter 2.0 

Prediction Server

http://www.cbs.dtu.dk/services/

Promoter/

It predicts transcription start sites of vertebrate PolII 

promoters in DNA sequences. It has been developed 

as an evolution of simulated transcription factors that 

interact with sequences in promoter regions and is 

built on principles that are common to neural networks 

and genetic algorithms

Promoters and 

Terminators

http://molbiol-tools.ca/Promoters.

html

This site maintains links for different software and 

and transcription terminators in eukaryotes and 

prokaryotes

Table 5 Tools for restriction enzymes analysis

Site name URL Description

RestrictionMapper http://www.restrictionmapper.org/ This is an online, freely available tool for mapping 

restriction endonuclease sites on a DNA sequence

http://rna.lundberg.gu.se/cutter2/ This is an online RE site detection software for 

linear and circular DNA

Mapper http://arbl.cvmbs.colostate.edu/molkit/

mapper/index.html the RE sites on a target sequence

NEBcutter http://tools.neb.com/NEBcutter2/index This software is an RE site mapper, hosted by 

New England Biolabs

http://pga.mgh.harvard.edu/web_apps/

web_map/start

This software maps RE sites for a given sequence 

complementary of input sequence, which can be 

assigned for mapping of RE sites
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Table 6 Tools for phylogenetic analysis

Tool Link Description

Phylogeny Inference http://cmgm.stanford.edu/phylip/ This is for inferring phylogenies and carrying out 

certain related tasks. At present it contains 31 

programs, which carry out different algorithms on 

different kinds of data

Molecular 

Evolutionary Genetic 

http://www.megasoftware.net/ A package for analysing sequence data for pairwise 

and multiple sequence alignment, phylogenetic tree 

UPGMA, maximum likelihood and minimum 

evolution-based) construction and estimation of 

evolutionary parameters

APE http://www.ird.fr/ R-Project package for analysis of phylogenetics and 

evolution

Platform

http://adn.bioinfo.uqam.ca/

armadillo/ general bioinformatics analysis using distance, 

maximum likelihood, maximum parsimony and 

Bayesian methods

BAli-Phy http://www.biomath.ucla.edu/

msuchard/bali-phy/

Simultaneous Bayesian inference of alignment and 

phylogeny

http://www.mas.ncl.ac.uk/~nijw/

Generation using Bayesian inference, demographic 

history and population splits

BayesPhylogenies http://www.evolution.rdg.ac.uk/

BayesPhy.html

Bayesian inference of trees using Markov Chain 

Monte Carlo methods

BayesTraits http://www.evolution.rdg.ac.uk/

BayesTraits.html

Analyses of trait evolution among groups of species 

for which a phylogeny or sample of phylogenies is 

available

Bayesian Evolutionary 

Analysis Sampling 

http://beast.bio.ed.ac.uk/

Main_Page

Bayesian inference, relaxed molecular clock and 

demographic history

Bosque http://bosque.udec.cl/ Integrated graphical software to perform phylogenetic 

analyses, from the importing of sequences to the 

plotting and graphical edition of trees and alignments 

using distance and maximum likelihood methods

http://www.stat.wisc.edu/~ane/

bucky/index.html/

Bayesian concordance using modified greedy 

consensus of unrooted quartets

http://www.ch.embnet.org/ Progressive multiple sequence alignment based on 

distance matrix/nearest neighbour

fastDNAml ftp://ftp.bio.indiana.edu/molbio/

evolve/fastdnaml/fastDNAml.

html

maximum likelihood approach

Geneious Geneious provides genome and proteome research 

tools based on neighbour-joining, UPGMA, MrBayes 

http://www.hyphy.org/

likelihood, neighbour-joining, clustering techniques 

and distance matrices

IQPNNI http://www.cibiv.at/software/

iqpnni/

Iterative ML tree search with stopping rule by 

maximum likelihood and neighbour-joining

jModelTest 2 https://code.google.com/p/

jmodeltest2/

A high-performance computing program to carry out 

statistical selection of best-fit models of nucleotide 

substitution

LisBeth http://lis-upmc.snv.jussieu.fr/

lis/?q=en/resources/software/

lisbeth

Three-item analysis for phylogenetics and 

biogeography

M.A. Iquebal et al.
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Tool Link Description

Molecular 

Evolutionary Genetics 

http://www.megasoftware.net/ This tool is based on distance, parsimony and 

maximum composite likelihood methods

Mesquite http://www.mesquiteproject.org/

mesquite/mesquite.html

Mesquite is a software for evolutionary biology, 

designed to help biologists analyse comparative data 

about organisms. Its emphasis is on phylogenetic 

analysis, but some of its modules concern population 

genetics, while others do non-phylogenetic 

multivariate analysis

MetaPIGA2 http://www.metapiga.org/ Maximum likelihood phylogeny inference multicore 

program for DNA and protein sequences and 

morphological data. Analyses can be performed using 

an extensive and user-friendly graphical interface or 

by using batch files. It also implements tree 

visualisation tools, ancestral sequences and automated 

selection of best substitution model and parameters

ModelGenerator http://bioinf.nuim.ie/

modelgenerator/ maximum likelihood approach

MrBayes http://mrbayes.sourceforge.net/

index.php

This is for posterior probability estimation with the 

concept of Bayesian inference

Network http://www.fluxus-engineering.

com/sharenet.htm

Free phylogenetic network software

Phylogenetic Analysis 

by Maximum 

http://abacus.gene.ucl.ac.uk/

software/paml.html

This tool is based on maximum likelihood and 

Bayesian inference

PartitionFinder http://robertlanfear.com/

partitionfinder/

Combined selection of models of molecular evolution 

and partitioning schemes for DNA and protein 

alignments

Phylogenetic Analysis 

Using Parsimony 

http://paup.csit.fsu.edu/ This is the phylogenetic analysis based on maximum 

parsimony, distance matrix and maximum likelihood

http://evolution.genetics.

washington.edu/phylip.html

This is the phylogenetic analysis based on maximum 

parsimony, distance matrix and maximum likelihood

PhyloQuart http://www.lirmm.fr/~vberry/

using quartet method

ProtTest 3 https://bitbucket.org/diegodl/ A high-performance computing program for selecting 

the model of protein evolution that best fits a given set 

of aligned sequences

PyCogent http://pycogent.org/ Software library for genomic biology

QuickTree Tree construction optimised for efficiency

http://www.exelixis-lab.org/ Randomized Axelerated Maximum Likelihood for 

acids)

TreeGen http://www.cbrg.ethz.ch/

services/TreeGen

Tree construction given precomputed distance data

TreeAlign http://mobyle.pasteur.fr/cgi-bin/

portal.py?#forms

Efficient hybrid method based on distance matrix and 

approximate parsimony

Treefinder http://www.treefinder.de/ Fast ML tree reconstruction, bootstrap analysis, 

model selection, hypothesis testing, tree calibration, 

tree manipulation and visualisation, computation of 

sitewise rates, sequence simulation, many models of 

user-definable), GUI and scripting language

TREE-PUZZLE http://www.tree-puzzle.de/ This tool is based on maximum likelihood and other 

statistical analyses
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Table 7 Tools for statistical genetics

Site name URL Description

QTL mapping software http://www.rqtl.org/

in R environment

http://www.broadinstitute.org/

scientific-community/science/

programs/medical-and- 

populationgenetics/haploview/

haploview

This is designed to simplify and expedite the process 

of haplotype analysis by providing a common 

interface to several tasks relating to such analyses, 

like haplotype population frequency estimation, 

single SNP and haplotype association tests, 

permutation testing for association significance, 

selection algorithm, etc.

Python for Population http://www.pypop.org/ This aids in large-scale population genetic analyses 

distributions) and measures and tests of significance 

http://www.bios.unc.edu/~dlin/

hapstat/

It is a user-friendly software interface for the 

statistical analysis of haplotype–disease association 

which allows users to estimate or test haplotype 

effects and haplotype–environment interactions by 

properly accounts for phase uncertainty and study 

design

PopGene http://www.ualberta.ca/~fyeh/

popgene_download.html

A user-friendly computer freeware for the analysis of 

genetic variation among and within populations using 

codominant and dominant markers, developed by 

Micro-Checker http://www.microchecker.hull.

ac.uk/ microsatellite null alleles and scoring errors. It also 

provides null allele estimates and adjusts allele and 

genotypes frequencies

Microsatellite Analyzer http://i122server.vuwien.ac.at/

MSA/MSA_download.html

MSA is a universal, platform- independent, data 

analysis tool designed to handle large microsatellite 

data sets. It calculates the standard suit of descriptive 

statistics and provides input files for other software 

packages

Bayesian QTL mapping 

software for inbred lines

http://www.rni.helsinki.fi/~mjs/ This contains link to Bayesian QTL mapping 

software

Quantitative Trait Loci 

Mapping Software

http://www.stat.wisc.

edu/~yandell/statgen/software/

biosci/qtl.html

This provides discussion and provision of links to 

some important QTL mapping software

Taxonomy System, 

Version 2.2

http://www.exetersoftware.com/

cat/ntsyspc/ntsyspc.html

It is commercially available and is used to discover 

pattern and structure in multivariate data. Thus it is 

helpful for clustering of data and dendogram 

construction

GenAlEX 6.5 software http://biology.anu.edu.au/ This offers a wide range of population genetic 

analysis options for the full spectrum of genetic 

markers within the Microsoft Excel environment on 

both PC and Macintosh computers

M.A. Iquebal et al.
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tein, sequence conflicts, variants and several 

means to combine comments, notations, refer-

ences and citations in a given format that collec-

tively designates the features about a gene or a 

2009). Genome 

annotation is thus a pragmatic approach of ascrib-

ing pertinent biological information to sequences. 

The purpose of genome annotation is to predict 

the novel genes and characterise these sequences 

bio-computationally.

Nucleotide sequences belonging to coding 

region can be predicted either by homology- 
based approach or ab initio approaches. The 

homology-based approach has got some limita-

tions due to requirement of wider coverage of 

transcriptomic and proteomic data vis-à-vis gen-

eration of false-positive results. The alternative 

approach, especially for the organisms devoid of 

initio gene finding. Complex probabilistic mod-

els are used for gene finding in both prokaryotes 

and eukaryotes. Some of the popular software 

http://

cbcb.umd.edu/software/glimmer/) and GeneMark 

http://opal.biology.gatech.edu/GeneMark/) in 

http://

genome.crg.es/software/geneid/) in eukaryotes. 

A few recent approaches like mSplicer, 

CONTRAST or mGene also use machine learn-

ing techniques like support vector machines for 

successful gene prediction. A list of gene predic-

tion software is tabulated in Table 8.

 Biological Data Mining Techniques

Data mining is the science of extracting useful 

information from large data sets or databases 

using computational techniques from statistics, 

machine learning and pattern recognition. The 

complexity of biological data varies from simple 

-

Considering the amount and complexity of the 

data, it is becoming tough for an expert to com-

pute and compare the entries within the current 

databases. Classification techniques are increas-

ingly being used to address problems in compu-

tational biology and bioinformatics. Novel 

computational techniques to analyse high- 

throughput data in the form of sequences, gene 

and protein expressions, pathways and images 

are becoming vital for understanding diseases 

and future drug discovery. Machine learning 

techniques such as Markov models, support vec-

tor machines, neural networks and graphical 

models have been successful in analysing life sci-

ence data because of their capabilities in handling 

randomness and uncertainty of data noise and in 

generalisation. Classification techniques in bioin-

formatics are an indispensable resource for com-

puter scientists, engineers, biologists, 

mathematicians, researchers, clinicians and 

physicians.

 Machine Learning Algorithms

Machine learning is supposed to be the descen-

dant of statistical model fitting dealing with com-

puters for optimization of performance using 

example data or past experience. This falls under 

the category of supervised learning. Machine 

learning utilizes statistical theory while building 

computational models since it has to make infer-

ence from a sample. Training set comprises of 

finite observations labelled with class knowledge. 

The observations are represented in terms of fea-

ture and each observation is a set of measure-

ments, one for each such feature. This constitutes 

a feature vector. Each observation can be viewed 

in multidimensional space spanned by the fea-

tures known as feature space. In the field of bio-

informatics, machine learning is gaining much 

applicability due to ability of learning algorithms 

to construct classifiers to explain the complexity 

of biological data.

In two-class supervised classification, there is 

a feature vector X ∈ Rn whose components are 

called predictor variables and a label or class 

variable C ∈
classifiers from training data, which consists  

of a set of N independent observations  
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Table 8 Gene prediction tools

Site name URL Description

Promoter 2.0 

Prediction Server

http://www.cbs.dtu.dk/services/

Promoter/

Promoter 2.0 predicts transcription start sites of 

vertebrate PolII promoters in DNA sequences. It 

has been developed as an evolution of simulated 

transcription factors that interact with sequences in 

promoter regions. It builds on principles that are 

common to neural networks and genetic 

algorithms

Splice predictors http://deepc2.psi.iastate.edu/cgibin/

sp.cgi pre-mRNA by sequence inspection using Bayesian 

statistical models

http://linux1.softberry.com/berry.

phtml?topic=fgenesh&group=help

&subgroup=gfind

This tool is for predicting multiple genes in 

genomic DNA sequences

GeneMark http://exon.gatech.edu/ It is a family of gene prediction programs 

developed at Georgia Institute of Technology, 

Atlanta, Georgia, USA

server

http://www.cbs.dtu.dk/services/

anonymous DNA. The program predicts whole 

genes, so the predicted exons always splice 

correctly. It can predict several whole or partial 

genes in one sequence, so it can be used on whole 

cosmids or even longer sequences

GAS http://users.ox.ac.uk/~ayoung/gas.

html

GAS is a UNIX- or DOS-based downloadable, 

command-line oriented integrated computer 

program designed to automate and accelerate the 

acquisition and analysis of genomic data

GENSCAN http://genes.mit.edu/GENSCAN.

html

GENSCAN is a freely available software used for 

identification of complete gene structures in 

genomic DNA and can be used for predicting the 

locations and exon–intron structures of genes in 

genomic sequences from a variety of organisms

Gene Locator and 

Interpolated 

Markov ModelER 

http://www.cbcb.umd.edu/software/

glimmer/

It is a system for finding genes in microbial DNA, 

especially the genomes of bacteria, archaea and 

viruses. This tool uses interpolated Markov models 

distinguish them from noncoding DNA

Genome 

Bioinformatics 

Research Lab

http://genome.imim.es/geneid.html The site harbours the geneid program which is 

used to predict genes, exons, splice sites and other 

signals along a DNA sequence. This site is also 

hyperlinked with gene prediction on whole 

genome which is a precomputed whole genome 

prediction data set

geneid http://genome.crg.es/software/

geneid/

It predicts genes in anonymous genomic sequences 

designed with a hierarchical structure

mGene http://www.mgene.org/ It is a computational tool for the genome-wide 

prediction of protein-coding genes from eukaryotic 

DNA sequences

Ensembl Genome 

Browser

http://asia.ensembl.org/index.

html?redirect=mirror;source=www.

ensembl.org

The Ensembl project produces genome databases 

for vertebrates and other eukaryotic species and 

makes this information freely available online

Ensemble http://www.ensemble.org/ Ensemble, a genome browser like NCBI and 

Genome Sequence of human and other species 

M.A. Iquebal et al.

http://www.ensemble.org/
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DN x , c x N), c N))} drawn from the 

joint probability distribution p x, c). The classifi-

cation model will be used to assign labels to new 

instances according to the value of its predictor 

variables.

To simplify, supervised classification is a tech-

nique based on the principles of machine learn-

ing in which parameters of inferring a function is 

estimated based on training data such that a set of 

input vector, which consists of realised values of 

explanatory factors, is being used to get desired 

output values of dependent factors with desired 

accuracy. This function is also called as classi-
fier. This inferred function is expected to predict 

correct output value for any valid input vector. 

This means it requires the learning algorithm to 

generalise from the training data to unseen situa-

tions with desired accuracy. In order to develop 

reliable inferred function, the following steps 

need to be followed:

 1. Selection of an appropriate training data set as 

a representative of the real world problem 

under consideration along with representative 

sets of output values

predicting the output with desired accuracy 

but preferably not too large in number

 3. Determination of structure of the function and 

corresponding learning algorithms based on 

optimised performance through cross- 

validation techniques on subset of training 

data set which is also known as validation set

 4. Evaluation of the accuracy of the learned 

function after parameter adjustments on a test 

data set which is different from the training set

Although large numbers of supervised learn-

ing algorithms are available in literature with 

their advantages and disadvantages, there is no 

single algorithm which can be used on all types 

of data sets.

 Clustering
Clustering falls under the category of unsuper-

vised learning and is the method of identifying 

natural, underlying classes from a set of observa-

tions. This is used where there is no knowledge 

of class. Clustering methods may be either itera-

tive or hierarchical. The k-means algorithm falls 

under the iterative approach. The methodology 

begins with a set of k randomly chosen clusters of 

observations and iteratively calculating the center 

of each cluster which is also known as centroid. 

Further, each observation is assigned to the clus-

ter defined by the closest centroid. This proce-

dure repeats until no more observations change 

clusters. This algorithm requires less memory 

and hence is fast. But it depends on initial num-

ber and configuration of clusters.

The other popular hierarchical clustering 

method is agglomerative hierarchical clustering. 

This algorithm starts with the observations as one 

cluster and consecutively merges the two most 

similar clusters till all come within a large cluster. 

The distance between two clusters is calculated 

Site name URL Description

Genome Browser

http://genome.cse.ucsc.edu/cgibin/

hgGateway/

It is an interactive genome browser dedicated to 

human genome sequence

UCSC Genome 

Browser

http://genome.ucsc.edu/ This is an online genome browser hosted by the 

an interactive website offering access to genome 

sequence data from a variety of vertebrate and 

invertebrate species and major model organisms, 

integrated with a large collection of aligned 

annotations

Source: http://en.wikipedia.org/wiki/List_of_gene_prediction_software
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either as the average distance between all pairs of 

or longest/shortest distance between two obser-

-

age). This results into a dendrogram. As compared 

to the k-means algorithm, this method is slower 

and uses more memory.

 Bayes Classification
Bayes classification rule is based on probability. 

It states that an observation is to be assigned to 

the class with highest probability, provided the 

probability distribution of feature vectors in each 

class. This rule often results in optimal error rate 

for classification, that is, fraction of training 

observations classified to the wrong class. The 

true probability distribution is generally unknown 

and its estimation is required. This problem of 

estimating distributions from training data makes 

it unpopular. For estimation of probability distri-

butions, parametric and non-parametric methods 

exist. Parametric method considers the assump-

tion of distribution structure and calculates its 

parameters from the data while non-parametric 

method is based on constructing histograms from 

the data using k-nearest neighbour density esti-

mation or simulation methods like Monte Carlo 

simulation or bootstrapping.

 Artificial Neural Networks
-

lar method for nonlinear problems, based on net-

works of perceptron. A perceptron is a simple 

computational unit that multiplies each input 

value with a weight and sums up the products. In 

principle, the output from the perceptron is zero 

if the sum is less than a particular threshold. A 

simple ANN model consists of three layers of 

nodes, viz. input, hidden and output layers, and 

allows connection of each node in one layer with 

every other node in the next layer. Training of 

network is done by back-propagation algorithm 

for estimating the functional relationship between 

inputs and outputs using supervised learning and 

by means of adjusting/estimating the weights 

associated between the nodes at all iterations in 

order to minimise the sum of squared errors. The 

net input into a node is given by

 
Net input outputi ij j iw u= ∗( ) +∑  

where wij are weights connecting neuron j to 

neuron i, outputj is the output from the unit j and 

ui is a threshold for neuron i. Each unit takes its 

net input and applies an activation function to it. 

For example, suppose the output of the jth unit 

g ∑wijxi), where g
where xi is output of the ith unit connected to unit 

j. The important activation functions generally 

used are identity, tanh, logistic, exponential and 

1991). The schema of this pro-

cess can be represented as in Fig. 3.

The most popular form of ANN architecture is 

consists of a set of source nodes that constitute 

the input layer, one or more hidden layers of 

computation nodes and an output layer of com-

putation nodes. The input signal propagates 

through the network in a forward direction on a 

layer by layer basis. Another quite popular ANN 

has a very strong mathematical foundation rooted 

in regularisation theory for solving ill- conditioned 

problems. An RBF, almost invariably, consists of 

three layers: a transparent input layer, a hidden 

layer with sufficiently large number of nodes and 

an output layer. As its name implies, radially 

symmetric basis function is used as activation 

Fig. 3

M.A. Iquebal et al.
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function of hidden nodes. Learning or training is 

used to describe the process of finding values of 

these weights. A learning algorithm adjusts con-

nection weights until the system converges to 

approximately reproduce the output. The optimal 

weights may be obtained by using gradient 

Broyden–Fletcher–
Goldfarb–Shanno

-

mising the sum of the squared error function of 

the network output.

 Support Vector Machines
Another popular method for nonlinear problems 

support vector 
machines
observations in the feature space into another 

space using a kernel function. A maximally sepa-

rating hyperplane is then constructed based on 

the observations closest to the region that sepa-

support vectors). The 

performance of SVMs greatly relies on the choice 

of kernel function and to what degree the kernel 

function is able to map the original classification 

problem into a linearly separable one.

This technique was introduced by Vapnik in 

1995). This technique is based on 

finding linear hyperplanes in input space and ker-

nel space for avoiding overfitting. Let training 

x1, y1 x2, y2), …, 

xn, yn xi ∈ Rp) and yi ∈ {−1, 1}, and then 

P0) bisect-

ing the closest points of the data which is linearly 

4). P0 is defined as

 
{ : ( ) } .x f x xb b b= + = =0 0 1and

 

Classifier creates a parallel hyperplane P1 

defined as

 
( ){ : ( ) }P x f x xb b1 0 1= + = − .

 

P0) and sec-

P2) the expression is as follows

 
( ){ : ( ) } ( )P x f x xb b P2 0 01= + = ona point in classclosest to .

Fig. 4 Schematic diagram representing SVM classifier. Mapping is determined by a kernel function K xi, xj)

Applications of Bioinformatics in Plant and Agriculture
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The optimum hyperplane for separating the 

data can be formed by maximising the perpen-

dicular distance between two parallel supporting 

planes P1 and P2, i.e. M. The resulting classifier 

can be given by

 
y g xb b= +sin ( )0 .

 

Since the classes are separable, m = 2/‖β‖ 

where maximisation of M leads to minimisation 

of ‖β‖ /2. Therefore, this problem can be reduced 

to minimisation of ϕ β) = ‖β‖/2, subject to 

yi xiβ + β0) ≥ xi, yi) ; i = 1, 2,.., n }.

In case the data set is not separable, then this 

technique maps the data into higher-dimensional 

space where training set is separable via some 

transformation:

 
K x x: ( )→ .

 

A kernel function K xi, xj) = < ϕ xi), ϕ xj) > 

computes the inner product in some expanded 

feature space. Linear or Gaussian kernels are 

widely used. Different mappings construct differ-

ent SVMs. The mapping φ
kernel function K xi, xj) which defines an inner 

2000):

K xi, xj) = xiTxj
K xi, xj γxiTxj + r)d
degree d)

K xi, xj) = exp{−γ||xi − xj||2

function kernel)

K xi, xj γxiTxj + r) sigmoid

where r, d and γ > 0 are the kernel parameters.

SVM can handle large feature spaces; can 

effectively avoid overfitting by controlling the 

margin; can automatically identify a small subset 

made up of informative points, i.e. support vec-

tors; etc. The choice of proper kernel function is 

an important issue for SVM training because the 

power of SVM comes from the kernel representa-

tion that allows the nonlinear mapping of input 

space to a higher-dimensional feature space. The 

use of appropriate decision function can give bet-

ter classification.

 Methods of Error Estimation

Cross-validation is primarily a way of measur-

ing the predictive performance of a statistical 

model. Every statistician knows that the model 

fit statistics are not a good guide to how well a 

model will predict; high R2 does not necessarily 

mean a good model. One way to measure the 

predictive ability of a model is to test it on a set 

of data not used in estimation. Data miners call 

this a test set and the data used for estimation is 

the training set.

 k-Fold Cross-validation
Create a k-fold partition of the data set. For each 

of the k experiments, use k-1 folds for training 

Experiment 1

Experiment 2

Experiment 3

Experiment 4

Total number of examples

Test
examples

 

The advantage of k-fold cross-validation is 

that all the examples in the data set are eventually 

used for both training and testing. The true error 

is estimated as the average error rate.

 Leave-One-Out Cross-Validation
Leave-one-out is the degenerate case of k-fold 

cross-validation, where k is chosen as the total 

number of examples. For a data set with N exam-

ples, perform N experiments. For each experi-

ment use N−1 examples for training and the 

remaining example for testing. As usual, the true 

error is estimated as the average error rate on test 

examples.

Experiment 1

Experiment 2

Experiment 3
.
.
.

Experiment N

Total number of examples

Single 
test example

 

M.A. Iquebal et al.
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 Bootstrapping, Bagging and Boosting
Bootstrapping is a general resampling method 

that allows statistical inference about a summary 

-

out knowing the sample distribution. The idea is 

to randomly draw with replacement a large num-

ber of new data sets from the original data set and 

to calculate the summary statistic from each such 

bootstrap sample. This provides several values 

for the summary statistic which may be used to 

infer, for example, its variance or confidence 

interval. Bagging and boosting are general meth-

ods for improving the classification performance 

aggregation) uses bootstrapping to sample a large 

number of training sets from the original set of 

examples. A model is induced from each such 

during classification to obtain what is often a bet-

ter classification performance. Boosting is a simi-

lar method in which a weight is associated with 

each training example. Models are iteratively 

induced from the training set according to these 

weights and used to reclassify the examples. The 

weights are subsequently updated to put more 

emphasis on incorrectly classified examples. If 

the applied learning method cannot utilise the 

weights directly, bootstrap training sets may be 

example is drawn with a probability correspond-

ing to the weight).

 Measures of Performance

Several measures are available for the statistical 

estimation of the accuracy of prediction models. 

Sensitivity, specificity, precision or positive pre-

-

-

monly associated with a classification test, and 

these statistically measure the performance of the 

test. In a binary classification, a given data set is 

divided into two categories on the basis of 

whether they have common properties or not by 

are based on the confusion matrix as follows):

Actual

Predicted Positive Negative

Positive TP FP PPV

Negative FN TN NPV

Sensitivity Specificity

-

dictions, i.e. the proportion of real positives cor-

rectly predicted. The specificity indicates the 

negatives correctly predicted. The PPV indicates 

the proportion of true positives in predicted posi-

-

tion of true negatives in predicted negatives. 

These measures are defined as follows:

 

Sensitivity
TP

TP FN
=

+( )
* .100

 

 

Specificity
TN

TN FP
=

+( )
* .100

 

 

PPV
TP

TP FP
=

+( )
* .100

 

 

NPV
TN

TP FN
=

+( )
* .100

 

 

Accuracy
TP TN

TP FP TN FN
= +

+ + +( )
* .100

 

  

MCC
TP TN FP FN

TP FP TP FN TN FP TN FN
= −

+ + + +
( * * )

( )( )( )( )
* .100

 

A good binary classification test always results 

with high values for the above factors, whereas a 

poor binary classification test results with low 

values for these. If sensitivity is high and speci-

ficity is low, then there is no need to bother about 

the positive candidates, but the negative candi-

Applications of Bioinformatics in Plant and Agriculture
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dates must be re-examined to eliminate false posi-

But if sensitivity is low and specificity is high, 

then there is no need to bother about the negative 

candidates, but the positive candidates must be re-

candidates mistakenly rejected). An average 

binary classification test always results with aver-

age values which are almost similar for all the 

three factors.

 Application of Next-Generation 
Sequencing in Agriculture and Its 
Challenges

Food security of the growing population is a great 

challenge before the world, where agricultural 

lands are decreasing. Traditional plant and ani-

mal breeding leads to increase in yield with pre-

cision of selection very limited to certain traits. 

Precision of selection and rate of genetic gain 

have been a great challenge rendering limited 

advancement of genomics, the predictive 

 breeding is preferred as it accelerates the rate of 

genetic gain with very high precision and the 

time needed is short and it is economical as well. 

Researchers and breeders use genetic markers to 

construct linkage maps, which help to identify 

useful genes. They are also vital to marker-

assisted selection which is now genome-wide 

based on >50 thousand SNPs present on each and 

every sample of the organism to be used in 

selection.

The human genome project in the 1990s paved 

the way for many genome sequencing projects, 

surely also revolutionising the DNA sequencing 

technologies over the last two decades. New 

technologies generate billions of relatively short 

increasing sequencing efficiency by approxi-

mately 100,000-fold. Now, next-generation 

entire human genome in a few days, inspiring a 

flood of new sequencing projects. But these high- 

speed technologies are synonymous to many 

technical challenges for sequence alignment and 

assembly programs in response to their product. 

are similar or identical to sequences elsewhere in 

the genome) are abundant in a broad range of 

of repetitiveness are found across all kingdoms of 

life. Plant genomes are reported to contain high 

-

ments cover >80 % of the maize genome). The 

short-lived fish Nothobranchius furzeri has 21 % 

of its genome occupied by tandem repeats, and 

Orientia tsutsugamushi) 
can exhibit repeat content up to 40 %.

The sequence alignment and assembly chal-

lenges are tough to handle for short reads and 

high data volumes from next-generation sequenc-

ing projects. Irregularities and ambiguity in 

sequence alignment and assembly are encoun-

tered due to such short repeats when we look into 

it with computational perspective, leading to 

biases and errors while interpreting results. Mere 

ignorance of repeats does not lead to solution and 

may indicate that important biological phenom-

ena are missed. In response to this influx of new 

laboratory methods, many novel computational 

tools have been developed to map NGS reads to 

genomes and to reconstruct genomes and tran-

scriptomes. Current NGS platforms produce 

sequencing but with vastly greater numbers of 

and rise in the development of the NGS technolo-

gies, its application in various disciplines such as 

comparative genomics and evolution, forensics, 

epidemiology and applied medicine for diagnos-

tics and therapeutics has increased dramatically. 

Table 9 compares the various next-generation 

2010) used next- 

generation sequencing technology alone, to suc-

cessfully generate and assemble a draft sequence 

Ailuropoda melanoleuca) 

genome.

There are challenges in de novo genome 

assembly and RNA-seq analysis posed by repeats 

for genome resequencing projects. Genome rese-

quencing allows researchers to study genetic 

variation by analysing many genomes from the 

M.A. Iquebal et al.
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same or from closely related species. The pri-

mary requirement is for a high-quality reference 

genome onto which all of the short NGS reads 

can be mapped. After sequencing a sample to 

deep coverage, it is possible to detect SNPs, copy 

sequence variation without the need for de novo 

assembly. The computational task involves align-

ing millions or billions of reads back to the refer-

ence genome using one of several short-read 

10). Bowtie and the 

efficient aligners, achieve throughputs of 10–40 

million reads per hour on a single computer pro-

cessor. In spite of this recent progress, a major 

challenge remains when trying to decide what to 

do with multi-reads, i.e. reads that map to multi-

ple locations. Three choices of an algorithm exist 

for dealing with multi-reads. First is to ignore 

them, i.e. discarding all multi-reads. The second 

option is the best match approach, where the 

alignment with the fewest mismatches is reported. 

If there are multiple, equally good best match 

alignments, then an aligner will either choose 

one at random or report all of them. Thirdly is to 

report all alignments up to a maximum number, 

d, regardless of the total number of alignments 

found. A variant on this strategy is to ignore 

multi-reads that align to >d locations. For sim-

analysis to unique regions in the genome, dis-

carding many multi-gene families as well as all 

repeats, which might result in biologically impor-

tant variants being missed.

After following the mapping strategies of the 

reads, the next step is SNP detection using a pro-

10 and 11). Further, the align-

ment probability for each multi-read is computed 

using a Bayesian genotyping model that decom-

poses the likelihood of a read mapping to a given 

locus into its component likelihoods. 

Computational tools can discover multiple types 

of variants in NGS data, including deletions, 

insertions, inversions, translocations and duplica-

-

rithms to incorporate both read-depth and 

2011) described a new method that was 

designed to find CNVs even in repeat-rich 

regions.

 De Novo Genome Assembly

read lengths lead to difficult assembly, as men-

tioned earlier. NGS technology generates higher 

depth of coverage at far lower cost than Sanger 

sequencing, and, as a result, current strategies for 

assembly attempt to use deeper coverage to com-

sequences create substantial difficulties that cov-

erage depth cannot always overcome. For de 

novo assembly, repeats that are longer than the 

read length create gaps in the assembly, which is 

the major problem caused by repeats coupled 

with the short length of NGS sequences. Genome 

assembly algorithms begin with a set of reads 

and attempt to reconstruct a genome as com-

pletely as possible without introducing errors. In 

addition to creating gaps, repeats can be errone-

ously collapsed on top of one another and can 

cause complex, misassembled rearrangements. 

Many new de novo assemblers have emerged to 

tackle this problem. These assemblers fall into 

one of two classes, i.e. overlap-based assemblers 

and de Bruijn graph assemblers, both of which 

data.

2011) reported the develop-

ment of an algorithm for genome assembly, 

parallel DNA sequence data from the human and 

mouse genomes, generated on the Illumina plat-

-

key innovations on concepts of handling repeti-

tive sequences, error corrections, use of jumping 

data, efficient memory usage and low-coverage 

regions. For massively parallel sequencing data, 

they specified provisional sequencing model for 

12).

M.A. Iquebal et al.
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Table 12 2011)

Libraries, insert typesa Fragment size, bp Read length, bases Sequence coverage, × Required fragment

Fragment 180b ≥100 45

Short jump 3,000 ≥100 preferable 45

Long jump 6,000 ≥100 preferable 5 Noc

Fosmid jump 40,000 ≥26 1 Noc

aInserts are sequenced from both ends, to provide the specified coverage
bMore generally, the inserts for the fragment libraries should be equal to ~1.8 the sequencing read length

In this way, the reads from the two ends overlap by ~20 % and can be merged to create a single longer read. The current 

sequencing read length is ~100 bases
cLong and Fosmid jumps are a recommended option to create greater continuity

 Genome-Wide Association Studies

Genetic markers have always been a cornerstone 

in the areas identifying the disease-carrier alleles 

and selection of plants and animals for improved 

production, reproduction, disease resistance and 

growth performances. Marker data analysis expe-

rienced a humble start from single-locus marker- 

aided selection process and then traversed 

towards the much coveted genome-wide associa-

together) are used for screening the individuals 

alleles in order to select the best individuals to 

propagate their genome to the next generation. 

The advent of high-throughput sequencing tech-

nologies has revolutionised the marker-assisted 

selection process. Now, the whole genome of the 

individual is screened for the loci contributing to 

the trait of interest. In contrast to methods which 

specifically test one or a few genomic regions, 

approach is therefore said to be genome-wide 

and non-candidate-specific in contrast to the 

inspection and screening of detectable common 

-

compares the DNA profiles of individuals having 

reproduction or growth parameters) with the con-

average parameters). The DNA specimen from 

each of the individuals is subjected to microarray 

analysis for detection of specific SNPs that are 

more prevalent in any one group. The associated 

-

tifies SNPs and other variants in DNA which are 

associated with a trait; however, it cannot specify 

been able to identify the quantitative trait loci 

-

eases, demonstrating the utility of this approach 

for dissecting the genetic basis of polygenic traits 

2008).

Agricultural production and food security in 

the developing world face numerous threats, 

depending upon the regions, which are relatively 

-

ing the dominant paradigm for investigating the 

has got several basic applications in molecular 

animal breeding like association between the 

variations in genotypes and phenotypes to iden-

tify the causal genetic mechanism, identification 

of QTL underlying many common, complex dis-

eases and association of a trait with a region in 

the genome, in order to map the clinically and/or 

economically important QTLs.

human diseases but still has been successful in 

mapping causal variants in organisms like 

Arabidopsis thaliana, the model organism for 

such studies. Genomic analysis of diverse popu-

lations is increasingly being used to expose the 

Applications of Bioinformatics in Plant and Agriculture
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genetic basis of complex traits, including agrocli-

matic traits of crop species. Genome-wide single- 

population genetic parameters in agricultural 

crops have been used to identify loci under selec-

2012 2012

has also been used to elucidate the genetic basis 

2010) 

2012). Nucleotide diversity 

2006; Bouchet et al. 2012) and 

2010

tool enables researchers working with 

Arabidopsis thaliana
http://gwas.gmi.oeaw.ac.at/index.

html#!homePage).

 High-Performance Computing 
in Agricultural Research

Advancement in computer science enabled the 

development of high-performance computing 

supercomputing functionalities across different 

domains of science. The biological data in the 

field of agriculture science across the globe is 

increasing at an exponential rate with the advent 

of relatively less expensive data generation tech-

for knowledge extraction and pattern detection 

from this high-dimensional biological data set is 

the need of the hour. Apart from this, applications 

of structural biology, metabolic pathway analysis 

and ultimately the system biology approaches 

require advanced computing and visualisation 

tools for understanding the biological systems.

-

with a master–slave configuration. The data pro-

cessing on this system needs development of par-

allel computing algorithms and tools for 

maximum utilisation of its computing power. In 

-

tem, these algorithms need to be optimised in a 

systematic way. In this system, a meta-job is 

divided into smaller modular components which 

are distributed and synchronised across different 

servers as per the requirement by master node. 

The intermediate calculations are stored on a 

common memory space, and after completion of 

the job, the results are sent to the user.

The analysis of biological data has many com-

putational challenges such as:

 1. Multiple comparison, which leads to the non- 

polynomial problems as it is not possible to 

search all possible targets through finite/poly-

nomial computational algorithms

being generated with many targets with space 

data points

 3. Small n and large p problem, as the number of 

factors is large as compared to sample size

 4. Noisy high throughput, as biotechnological 

data has a number of unavoidable noises

 5. Integration of multiple heterogeneous data 

sets

Biological problems involve well-behaved 

polynomial time algorithms but imbibe massive 

computational requirements for analysis of the 

large data sets, for example, the assembly of the 

human genome in 2001 from numerous short 

segments of sequence data required approxi-

2001). 

Apart from this, the biological problems such as 

protein structure prediction, evolutionary studies, 

etc. based on molecular data need very complex 

and computer-intensive algorithms. These prob-

lems of biological data analysis can only be 

addressed through implementation of appropriate 

capability for evaluating biomolecular hypothe-

ses. Algorithms for protein folding are sophisti-

cated with good computational cost for 

biomolecular modelling of the physical 

processes.

Three innovative parallel computing 

approaches are applied to run these algorithms: 

first, the massive computational system known as 

Blue Gene/L developed by IBM; second, special-

ised hardware, especially for molecular dynam-

GRAvity PipE) or PetaFLOPS developed by 

thirdly, cycle-scavenging approaches such as the 

Folding@home project at Stanford University.

M.A. Iquebal et al.

http://gwas.gmi.oeaw.ac.at/index.html#!homePage
http://gwas.gmi.oeaw.ac.at/index.html#!homePage
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In case of phylogenetic analysis, Genome 

Rearrangement Analysis through Parsimony and 

prime example of the potential of high- 

performance algorithm development and imple-

environment. The billion-fold speed-up with 

GRAPPA allowed expansion of data sets from 10 

taxa to 18 taxa. Due to easy accessibility of the 

earlier considered impossible due to computa-

tional challenges, have now become feasible in 

biological and biomedical research.

-

covery of different populations to construct 

dependent on bulk genomic data generation and 

processing which can only be handled using 

agriculture for enhancing production and produc-

tivity and ensuring nutritional security of the 

society. The major challenges of agriculture such 

as biotic and abiotic stresses, water conservation, 

low productivity and deficient nutritional quality 

can be easily addressed following omics 

the development of superior varieties/products in 

agriculture to feed the growing population of the 

world on sustainable basis.

In order to accelerate the agriculture research 

and development in this field, the Indian Council 

Government of India, initiated a research project 

at the Centre for Agricultural Bioinformatics 

high-end configuration of 70 teraFLOPS, 256 

nodes with 2 masters Linux cluster, 16 nodes 

with one master GPU cluster, 500 gigaFLOPS 

SMP-based computing, 200 terabytes NFS 

server, 100 terabytes high-performance parallel 

file system-based storage and 200 terabytes 

5). Out of these four sys-

tems, two have been registered among the top 

Fig. 5

Applications of Bioinformatics in Plant and Agriculture
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http://topsupercomput-

ers- india.iisc.ernet.in/jsps/june2013/index.html). 

This will provide a platform for the interdisci-

plinary research in cross- species genomics in 

agriculture in the country.
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Abstract

In order to study the complex biology of 

plants, systems biology focuses on every 

aspect of the highly interacting components 

(adjustment of metabolism in response to 

stresses, different physiological properties due 

to mutation and epigenetic effects, etc.) by the 

development of high-throughput data genera-

tion technologies, i.e. ‘omics’, massive data-

bases, employment of specialised 

bioinformatics tools and algorithms. 

Mathematical models are also used to study 

the structure and dynamics of interacting net-

works. This approach is essential for under-

standing how a plant system works which is 

advantageous for further research.
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 Introduction

Plants dwelling at the base of biological food 

chain are of fundamental significance in provid-

ing solutions to some of the most daunting eco-

logical and environmental problems faced by our 

planet. The reductionist views of molecular biol-

ogy provide only a partial understanding to the 

phenotypic knowledge of plants. Systems biol-

ogy offers a comprehensive view of plant sys-

tems by employing a holistic approach integrating 

the molecular data at various hierarchical levels. 

In this chapter, we discuss the basics of systems 

biology including the various ‘omics’ approaches 

and their integration, the modelling aspects and 

tools needed for plant systems research. A 

 particular emphasis is given to the recent analyti-

cal advances, updated published examples of 

plant systems biology studies and the future 

trends.

 Biological Systems and Systems 
Biology in Plants

The understanding of systems had an enormous 

impact on what are loosely regarded as human 

sciences, including economics, sociology, psy-

chology and medicine. A system can be generally 

defined as a network of interacting elements, 

receiving certain inputs and producing certain 

outputs (Hammer et al. 2004). It is a network of 

mutually dependent and thus interconnected 

components comprising a unified whole. Every 

system exhibits emergent behaviour, a unique 

property possessed only by the whole system and 

not shared to any great degree by the individual 

components. The properties of systems are the 

result of two important characteristics:

Systems have a hierarchical structure.

The structure is held together by numerous 

linkages to construct very complex networks 

(Trewavas 2006).

Figure 1 illustrates a familiar but oversimpli-

fied biological hierarchy. Each level in the hierar-

chy above that of molecules is an emergent 

property resulting from the very complex interac-

tions between the constituents of the lower level. 

Each level in turn contains numerous  recognisable 

subsystems: some simple, some complex, but 

each presenting emergent properties that can also 

be arranged in a hierarchy of organisation.

In cells the aggregation of subunits of multien-

zyme complexes or calcium/calmodulin with 

dependent enzymes creates the simple emergent 

property of novel enzyme activity. For example, 

tubulin or actin polymerisation in the test tube 

creates the emergent behaviour of isolated micro-

tubules or filaments, while the organised cellular 

behaviour of cyclins and other numerous regula-

tory proteins describes the emergent property of 

the cell cycle (Kohn 1999; Strogatz 2001). This 

process, like circadian phenomena or growth, 

results from an integrated, organised collective of 

complex feedback controls, protein phosphoryla-

tion regulation, second messenger distribution, 

structural interactions, organelle interactions and 

SPECIES

DEME

INDIVIDUAL PLANT

PLANT TISSUES

PLANT CELLS

CELLULAR MOLECULES

Fig. 1 Biological systems 

arranged in a hierarchy of 

increasing organisational 

complexity (Trewavas 

2006)

T. Bhardwaj and P. Somvanshi



793

other as yet uncovered control mechanisms. This 

level of organisation is much more complex than 

that of individual enzymes (Davidson et al. 

2002).

Weiss define the critical characteristics of bio-

logical systems using the recent recognition of 

their hierarchical structure (Weiss 1973). Two 

interconnected points were made.

 1. All systems express much greater variation at 

lower levels than at higher levels of 

organisation.

 2. The output of individual pathways is more 

ordered within a system than would be 

expected from random operation of those 

pathways outside the system (Williams 1956).

Biological communities are the living compo-

nents of ecosystems. A profound understanding 

of these biological communities is essential to 

make predictions about the effects of develop-

mental programmes, natural perturbations or 

directed human-induced changes on the compo-

sition and functioning of biological systems 

(Wardle et al. 2004; Van der Putten 2009; Van der 

Putten et al. 2001; Kefi et al. 2007; de Ruiter 

et al. 2005; Keurentjes et al. 2012). The practice 

of integrating physiological, morphological, 

molecular, biochemical and genetic information 

has long been applied to biological research and 

in diverse fields such as plant breeding and ecol-

ogy (Trewavas 2006; Yuan et al. 2008). The 

development of modern systems biology was 

driven by the need to assimilate the large amounts 

of data generated by genome-scale studies into 

biologically meaningful interpretations.

Systems biology has generated revolutions in 

ecology, population biology and evolutionary 

studies and is slowly moving towards biochemis-

try, development, genetics and whole-plant biol-

ogy. It is currently undergoing enormous 

expansion, but there seems little awareness of 

either the history of systems biology or the 

behaviour of systems that makes them exciting to 

study. Understanding the dynamics of plant com-

munities requires knowledge on how individual 

plants perceive, interpret and integrate environ-

mental signals, how they organise a coherent 

response and how they sense the presence of 

competitors, natural enemies, antagonists or 

mutualistic symbionts (Wardle et al. 2004; Van 

der Putten 2009; Van der Putten et al. 2001; Kefi 

et al. 2007; de Ruiter et al. 2005; Keurentjes et al. 

2012).

In systems biology approach, plants are stud-

ied at different levels of biological organisation 

in a hierarchical way with special attention to the 

interdependence between the various levels of 

biological organisation. These levels include (1) 

molecular signalling pathways at the subcellular 

level; (2) networks of physiological processes at 

the cellular level, (3) plant growth and develop-

ment at the individual level; (4) genetic variation 

among individuals within a species at the popula-

tion level; (5) plant performance, competition 

and trophic interactions at the community level 

and (6) trade-off dynamics that ultimately influ-

ence properties and processes at the ecosystem 

level (Simpson et al. 2010; Keurentjes et al. 

2012).

 Definition of Plant Systems Biology

Plant systems biology is defined as ‘the study of 

interactions among biological components using 

models and/or networks to integrate genes, 

metabolites, proteins, regulatory elements and 

other biological components’.

It is also defined as ‘the study of structure, 

dynamics and control of plant components’ 

(Williams 1956).

 Omics and Data Integration

‘Omics’ research approaches have produced 

enormous amount of data for living systems 

which are necessary for the development of sys-

tems biology to integrate multidimensional bio-

logical information into networks and models. It 

is not synonymous to the postgenomics omics 

technologies such as microarrays for high- 

throughput generation of large-scale data. 

Genome sequencing enables functional or com-

parative studies of plant genomes. Genome infor-

mation also leads to the study of the mRNA 

transcripts and proteins of an organism as a 
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whole, which are referred to as transcriptomics 

and proteomics, respectively. Research of all or 

most of the metabolites in an organism is referred 

to as metabolomics. The study of genome-scale 

interactions among proteins is referred to as 

interactomics. The advances in RNA interference 

and other mutagenesis technologies have 

enabled high-throughput phenotype screens for 

genes; this is referred to as phenomics (Yuan 

et al. 2008).

Apart from the chief omics approaches, some 

recent approaches include lipidomics (compre-

hensive study of the lipid entities of the organ-

ism) (Welti et al. 2007) and hormonomics (the 

entire set of endogenous hormones in a plant). 

The low molecular weight plant hormones 

include auxin, ABA, cytokinin, gibberellins, eth-

ylene, brassinosteroids, jasmonates, salicylic 

acid (Davies 2010) and a newly identified one 

strigolactone, acting as a shoot-branching inhibi-

tor (Gomez-Roldan et al. 2008; Umehara et al. 

2008), lectinomics (bioinformatics studies of car-

bohydrate binding proteins, lectins) and various 

others. Also, a new concept which has gained 

much attention in this era is that of phenomics, 

the high-throughput systemic analysis of pheno-

types, which has probably the biggest application 

in plant biotechnology (Edwards and Batley 

2004).

The biggest problems when constructing 

genome-scale models of biological systems is 

that the data produced by employing above tech-

nologies is noisy. This is an inherent property of 

the high-throughput techniques used for the 

acquisition of massive data, interactions between 

proteins, etc. The main reason behind this is the 

false-positive interactions in data sets due to dif-

ferent experimental or in silico approaches. Data 

integration is also important as we try to build 

comprehensive models of a system. The sheer 

amount of information published daily for any of 

the model organisms makes it almost impossible 

to manually store, classify and integrate the data 

for systems modelling (Coruzzi and Gutierrez 

2009) (Fig. 2).

There are generally four methods that are used 

as a solution for data integration:

 1. Hypertext navigation allows the user to query 

only one database, but the results often con-

tain hyperlinks to the equivalent entry in 

another database. This method is more 

 common for websites that are based on infor-

mation retrieval.

 2. Data warehouse retrieves data from multiple 

resources, translates the formats and puts 

them in one database. This allows for much 

faster and more complex queries taking 

advantage of all the data loaded in one data-

base and translates from one format to another. 

Data
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And
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Fig. 2 Integration of heterogeneous multiple ‘omics’ data (Choi and Pavelka 2011)
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The major drawback of this method is that it 

would be very difficult to keep up with all the 

new resources becoming available and keep-

ing it all updated. The examples of data ware-

houses include: Atlas, BioMart, 

BioWarehouse, Columba, SYSTOMONAS, 

BioDWH, VINEdb, Booly and GNCPro 

(Turenne 2011).

 3. Unmediated multiDB queries allow the data-

bases to remain separate but the query itself 

extends across all of the databases.

 4. Federated database is a combination of data 

warehouse and unmediated multiDB queries. 

It allows the databases to be separate, but it 

contains a federated schema, which dynami-

cally translates to queries in the individual 

schemas (Karp 1996; Coruzzi and Gutierrez 

2009).

 Protein–Protein Interactions 
and Interactomics

The regulation and execution of biological pro-

cesses requires specific interactions of numerous 

proteins. Tightly regulated protein interaction 

networks mediate cellular responses to environ-

mental cues and direct the implementation of 

developmental programmes. The selectivity of 

protein–protein interactions and their appropriate 

temporal and spatial regulation determine the 

developmental potential of the cell and its 

response to endogenous and exogenous signals. 

On the molecular level, differential protein–pro-

tein interactions are thought to determine the 

operation of complex regulatory circuits and sig-

nal transduction systems (Walter et al. 2004; 

Terentiev et al. 2009). Several methods have been 

developed to identify, examine and visualise pro-

tein interactions and protein complexes in living 

cells like yeast two-hybrid system, tandem affin-

ity purification-mass spectrometry, mass spec-

trometry and the phage display method. Some 

microscopy- and computer-based methods are 

also used (Field and Song 1989; Stephens and 

Banting 2000; Terentiev et al. 2009).

The use of mathematical and computer mod-

elling methods allows investigation of processes 

and events that are difficult to study even using 

highly efficient experimental methods (You 

2004; Yuan et al. 2008). If mathematical methods 

are based on description and analysis of intra- 

and intercellular processes and events using a 

system of mathematical equations, computer 

methods mainly serve for creation of algorithms 

to simulate biological processes, to construct and 

visualise them. Different variants of molecular 

dynamics (MD) technique allow dynamic model-

ling of detailed mechanisms of intracellular bio-

chemical processes and intermolecular 

interactions (Shaitan et al. 2006; Terentiev et al. 

2009). Molecular dynamics methods are based 

on calculations of trajectories of atoms in mole-

cules via solution of a system of classical equa-

tions of motion using Newton’s laws.

All molecular networks including gene–pro-

tein interaction, metabolic and signalling ones, 

are used for studying cell functioning. Analysis 

of these networks reveals in them functional 

modules and elucidates the role of each network 

component in cell functioning. Groups of physi-

cally interacting proteins that function in the cell 

in cooperation and coordination, controlling 

interrelated processes taking place in the organ-

ism, form protein interaction networks. 

Disruption of protein–protein interactions can 

result in the emergence of various diseases 

including tumour, neurodegenerative, cardiovas-

cular, autoimmune, etc. Therefore, investigation 

of interacting partners and analysis of protein 

networks formed by protein–protein interactions 

comprise an important instrument in the diagno-

sis of diseases and in revealing the mechanism of 

their emergence and development, as well as the 

efficiency of different therapeutic approaches 

(Mayer 1999; Houtman et al. 2005; Terentiev 

et al. 2009).

The whole set of protein–protein interactions 

of a given organism are referred to as the interac-

tome. Structural organisation of interactomes and 

total number of interactions in them are among 

important factors that determine complexity of 

biological systems. The number of copies of a 

certain protein per cell can vary from several tens 

to millions (Ghaemmaghami et al. 2003; 

Terentiev et al. 2009). The size of the human 
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interactome is approximately tenfold larger than 

that in D. melanogaster and can be three times 

higher than that of C. elegans (Stumpf et al. 2008; 

Terentiev et al. 2009). Determination of physi-

cally interacting protein pairs makes it possible to 

design interactome maps as graphs consisting of 

nodes and of links between them that indicate 

paired interactions. The interactome maps are 

considered as keys to obtain knowledge on pro-

tein functioning (Cusick et al. 2005; Terentiev 

et al. 2009). Data obtained in vitro are used to 

construct static interactome maps and their fur-

ther analysis which makes it possible to describe 

dynamic protein–protein interactions existing 

in vivo. Construction of interactome maps is also 

useful for the determination of the role of indi-

vidual proteins and their interactions in the emer-

gence and development of diseases and their 

diagnosis, as well as for identification of possible 

drug targets and monitoring of treatment effi-

ciency. Biochemical methods like chemical 

cross-linking, combined fractionation during 

chromatography and co-immunoprecipitation 

were used for investigation of protein–protein 

interactions which were later replaced by highly 

efficient and high-throughput experimental meth-

ods like yeast two-hybrid assay (Y2H), phage 

display and tandem affinity purification-mass 

spectrometry (TAPMS) and were elaborated for 

interactome determination in various organisms 

(Causier 2004; Puig et al. 2001; Rigaut et al. 

1999; Ho et al. 2002; Terentiev et al. 2009). 

Different microscopy techniques and different 

mathematical and computer methods also open 

broad possibilities for dynamic proteomics.

The cascade mechanism of signalling medi-

ated by mitogen-activated protein kinase (MAPK) 

was analysed by computer-based approaches. On 

the other hand complicated intra- and intercellu-

lar processes were studied by mathematical mod-

elling (Ivanov and Ivanova 2006; Terentiev et al. 

2009). It becomes widely used for the description 

of events and processes taking place in a living 

cell and serves as a universal language for inter-

preting experimental data and predicting proper-

ties and behaviour of biomacromolecules under 

various conditions. Application of special com-

puter programs such as Cytoscape can be used to 

comparatively visualise experimental data and to 

use them together with information contained in 

annotated databases on molecular networks 

(Shannon et al. 2003; Terentiev et al. 2009)

 Transcriptomics

Transcriptomes as assessed by either microarrays 

or next-generation sequencing have produced an 

unprecedented data flood regarding transcript 

identity and levels in plant systems (Usadel and 

Fernie 2013). The transcriptome is the set of all 

the parts of the genome that are expressed as 

RNA transcripts in one or several populations of 

cells in a given time and a given environmental 

condition. Earlier northern blotting was the only 

choice for molecular biologists to measure the 

expression of thousands of genes in one experi-

ment, but then microarray technology was intro-

duced, but its high-cost input precluded this 

technology from scientific community (Schena 

et al. 1995). Arabidopsis was chosen to demon-

strate microarray technology because of its small 

genome and rich EST collection in 1995. But the 

major drawback is the analysis of the data, there 

are several public databases containing microar-

ray data: Genevestigator (https://www.genevesti-

gator.ethz.ch/), NASCArrays, ArrayExpress 

(http://www.ebi.ac.uk/arrayexpress), The Gene 

Expression Omnibus (http://www.ncbi.nlm.nih.

gov/geo/) and Stanford Microarray Database 

(http://genome-www5.stanford.edu) are the most 

popular. But much information and potential 

knowledge is untapped by adopting this approach. 

To overcome these problems, a computational 

solution where in recent extension of the princi-

pal component analysis variants STATIS and 

dual-STATIS (Lavit et al. 1994; Abdi et al. 2012; 

Klie et al. 2012) is applied to study the time- 

resolved response of Arabidopsis thaliana to per-

turbations in the prevailing light and temperature 

conditions (Urano et al. 2009).

In addition to mRNAs, ribosomal RNAs 

(rRNAs) and tRNAs (transfer RNAs) are of great 

interest in studying the expression of the large 

and heterogeneous population of small RNAs in 

plants. These small RNAs have important roles 
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for regulation of gene expression as well as other 

roles. Unfortunately, EST libraries and microar-

ray gene chips were not designed to detect small 

RNAs such as microRNAs (miRNAs). However, 

with the advancement of sequencing technolo-

gies, we are now able to measure miRNAs and 

other small RNAs (sRNAs), quantify their 

expression in different cell types and treatments 

and begin to understand their functional roles in 

plants (Lu et al. 2005).

 Gene-to-Metabolite Networks

The study to analyse gene profiling and metabo-

lite profiling data and its mining under different 

conditions to study the interaction among them 

are gene-to-metabolite networks. Their outputs 

are mainly visualised after the statistical and 

computer-based analysis by considering a factor 

at a single moment such as distance between the 

gene and metabolite. The study of gene-to- 

metabolite networks is more complex in plants 

because of their greater diversity and larger num-

bers of metabolites produced by plants (Lee et al. 

2002). Early research used gene-to-metabolite 

networks to dissect the dynamic responses during 

sulphur and nitrogen starvation in Arabidopsis 

(Hirai et al. 2004; Yuan et al. 2008). The gene-to 

metabolite networks have also been constructed 

for plant species with limited available genome 

information, such as Madagascar periwinkle 

(Catharanthus roseus) (Rischer et al. 2006; Yuan 

et al. 2008). The network analysis in this case led 

to the discovery of novel candidate genes for ter-

penoid indole alkaloid biosynthesis.

The work integrated microarray-based gene 

profiling with liquid chromatography–mass spec-

trometry (MS) and Fourier transform–ion cyclo-

tron MS-based metabolite profiling using 

multivariate analysis methods including self- 

organising map and principal components analy-

sis to derive gene-to-metabolite associations 

(Nikiforova et al. 2005; Hirai et al. 2004; Yuan 

et al. 2008). Several unknown desulfoglucosino-

late sulfotransferases and candidate transcrip-

tional factors regulating anthocyanin biosynthesis 

(Langebartels et al. 2005) were identified using 

gene-to-metabolite profiling studies which were 

previously unknown (Hirai et al. 2005; Yuan 

et al. 2008). In order to study for stress responses, 

plant defence and hormone-induced responses, 

gene-to-metabolite networks have been charac-

terised by employing systems biology approaches 

(Goossens et al. 2003; Zulak et al. 2007; Carrari 

et al. 2006; Yuan et al. 2008). In silico analysis 

such as meta-analysis of microarray data identi-

fies coregulated genes with higher correlation 

efficiency, and metabolic pathways were linked 

to these groups in order to make a relation among 

different groups. MapMan is a software which 

enables statistical treatment of multiple microar-

ray datasets to display the significantly changed 

genes in the corresponding metabolic pathway 

(Usadel et al. 2005; Yuan et al. 2008). This 

approach was successfully applied to identify the 

genes and metabolic pathways involved in the 

response to nitrogen deficiency and during diur-

nal cycles (Blasing et al. 2005; Scheible et al. 

2004; Yuan et al. 2008).

The association of genes with metabolites 

enables the discovery of new genes involved in 

metabolite biosynthesis, transport, regulation and 

modification, in addition to their regulation (Hirai 

et al. 2005; Yuan et al. 2008). Improvement in the 

gene function annotation becomes possible with 

the discovery of key regulatory components in 

the biological process by employing systems 

biology approaches (Tohge et al. 2005; Yuan 

et al. 2008). The gene-to-metabolite network 

clarified how biological processes are interre-

lated, enabling substantial improvements in 

omics data interpretation, better prediction of 

outcomes for system perturbations and concep-

tual reconstruction of interactive biological sys-

tems with multiple components, including 

enzyme activities, gene expression and metabo-

lite levels (Hesse and Hoefgen 2006; Yuan et al. 

2008).

But there are some technological and compu-

tational limitations always associated to these 

analyses such as calculation of the dynamics and 

mainly the structure visualisation. These chal-

lenges can be met either employing statistical 

parameters, for example, correlation analysis or 

graphs. Technological problems can be solved by 

using highly improved mass spectroscopy tech-

niques or the next-generation sequencing (NGS) 
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facilities. But the employment of advanced NGS 

methods requires efficient and high-memory 

supercomputer and knowledge about algorithms 

and tools.

 Plant Metabolomics

In the postgenomic era, metabolomics is expected 

to be the newest useful omics science for func-

tional genomics. Metabolomics represents the 

exhaustive profiling of metabolites contained in 

the organisms. Proteomics and transcriptomics 

are both considered to be a flow of media con-

cerning genetic information. Recently, it has 

been proved that slight changes in the metabo-

lome can be explained by perturbations (environ-

mental changes, physical stress, abiotic stress, 

nutritional stress, mutation and transgenic events) 

imposed on plants. Despite being an immature 

technology, it has also been used as a powerful 

tool for precise phenotyping, analysis of large 

mutants and transgenic libraries of model experi-

mental plants such as Arabidopsis, etc. Nowadays, 

venture business companies for plant biotechnol-

ogy are using plant metabolomics technology to 

drive the large-scale exhaustive screening of 

T-DNA tagging transgenic libraries of 

Arabidopsis to determine the functionality of 

genes. The main goal of these companies is to 

establish the relationship between the useful fea-

tures and their corresponding genes (Fukusaki 

and Kobayashi 2005).

The complete set of small-molecule metabo-

lites (such as metabolic intermediates, hormones 

and other signalling molecules and secondary 

metabolites) within a biological system refers as 

the metabolome. One of the main problems when 

studying the metabolome is the extreme hetero-

geneous chemical nature of the constituents of 

the metabolome especially in plants. They are 

known to have a tremendous enzymatic capacity 

needed for the production of an estimated 

∼200,000 different small molecules (Fiehn 

2002). Finding the equilibrium between coverage 

and accuracy of measurement is necessary in the 

metabolomics field.

For most of the commercial plants such as 

wheat, barley, maize, soya bean and potato, 

genomic information is not necessary for metab-

olomics. This is one of the most important advan-

tages of metabolomics compared with 

transcriptomics and proteomics (Kuhn et al. 

1997). However, metabolomics is a complicated 

interdisciplinary research field that requires bio-

sciences, analytical chemistry, organic chemistry, 

chemometrics and informatics knowledge. Its 

analysis requires the following steps: plant culti-

vation, sampling, derivatisation and pretreatment, 

separation and quantification, data conversion 

and data mining by multivariate analysis (princi-

pal component analysis, hierarchical cluster anal-

ysis, self-organising map).

Among them several other methods are also 

available like soft independent modelling of class 

analogy (SIMCA). It is a method for classifica-

tion and prediction of unknown samples by 

means of principal component models that are 

prepared in each category of training sets. 

K-nearest neighbour and K-mean cluster analysis 

are also available for sample classification. In 

addition to this, a de facto protocol for data min-

ing in metabolomics was also established 

(Fukusaki and Kobayashi 2005).

 Model Plant Systems Biology

Systems approaches enable plant scientists to 

understand the structural stability of plants, their 

control and design structure and how these lead 

to robust and resilient behaviour. These capabili-

ties are the result of a complex biological system 

in which control operates at many different levels 

(Alistair et al. 2012). These complexities were 

resolved by the incorporation of models. 

Modelling studies of networks at different levels 

of biological organisation share similar 

approaches, and integrative studies need to iden-

tify the links between the different levels. 

Information about these links enables predictions 

to understand and interconnect the consecutive 

levels (Goymer 2008; Keurentjes et al. 2012), 

and new experimental data can be used to improve 

and validate connections and interrelationships. 

Models can be constructed from different per-

spectives such as incorporating network theories, 

transcriptional networks, gene regulatory net-

T. Bhardwaj and P. Somvanshi



799

works, etc. (Harel and Pnueli 1985). The choice 

of selection depends on the requirement of the 

experiment and research. Attempts to capture 

plant performance over multiple levels of com-

plexity were solved by models in the greed to 

cope with different regulatory mechanisms. In 

top–down models statistical modelling is often 

the most favoured approach, whereas in bottom–

up models dynamic or constraint-based model-

ling might be more appropriate (Keurentjes et al. 

2012). Models incorporating the individual level 

in plant ecophysiological dynamic modelling 

trace back almost 50 years from now and can be 

very complex (Keurentjes et al. 2012). Geometric 

simulation models were used to visualise and 

predict the effect of parameter settings at a higher 

level of aggregation in order to analyse the plant 

growth. Three-dimensional (3D) architecture of 

the plant was used to study the structural–func-

tional relationship in the plant modelling by rep-

resenting all the organs of a plant spatially (De 

Las Rivas et al. 2004; Evers et al. 2010). The 

most widely used method to create functional–

structural plant models is the Lindenmayer sys-

tem method (Jones et al. 2003) facilitating the 

communication with the environment and allows 

the several necessary inclusion including light 

interception and penetration, photosynthesis, 

assimilate distribution throughout the plant struc-

ture, transport of compounds from and to organs 

and production and release of volatiles in a 3D 

environment (van Der Putten et al. 2009; 

Keurentjes et al. 2012).

 Modelling and Simulation in Plant 
System Dynamics

The systems interest to biological sciences dates 

back to the days of Wiener (1948) and Forrester 

(1958). In the context of biology, biochemical 

systems theory (Voit 2000) and metabolic control 

theory (Heinrich and Schuster 1996) proposed 

general mathematical models of biological sys-

tems at and around a steady state (equilibrium). 

Systems biology aims to elucidate how complex 

behaviours of biological systems emerge from 

the properties of the components and interactions 

in the systems. It uses a combination of experi-

mental techniques and computational approaches 

to gain global insights into complex biological 

systems. The experimental techniques employed 

in systems biology tend to have high-throughput 

capabilities by the employment of techniques, 

such as protein–protein interactions (Yuan et al. 

2008; Wang et al. 2012), transcriptional regula-

tions (protein–DNA interactions) (Wang et al. 

2012; Le et al. 2006; Hallikas and Taipale 2006) 

and genetic interactions (Wang et al. 2012; Tong 

et al. 2004), which enable the researchers to 

determine the abundance or activity of numerous 

components at the same time. Experimental data 

from high- throughput technologies and small-

scale studies provide a rich source for under-

standing the system- level mechanisms of 

biological processes (Wang et al. 2012; Papin 

et al. 2005).

Depending on the available information and 

the complexity of biological systems, several 

approaches can be followed to reconstruct the 

system in a mathematical model:

Top–down approaches start by reconstructing 

a possible topology of the network under con-

sideration at a low level of complexity and 

providing a broad overview of the system. For 

example, statistical analyses and static net-

work models are applied to high-throughput 

omics data (Wang et al. 2012; Sobie et al. 

2011; Kahlem and Birney 2006; Albert 2007).

Bottom–up approaches start with a highly 

detailed model of a single module of the net-

work and address the question of how varia-

tion in the output of this module affects 

processes described by other modules at a 

higher level of organisation (Keurentjes et al. 

2012). Internal node within the network is 

broadly considered. This class of methods 

usually starts with hypotheses of biological 

mechanisms generated from individual small- 

scale experiments. Continuous dynamic mod-

elling is the most widely used bottom–up 

method (Wang et al. 2012; Sobie et al. 2011; 

Aldridge et al. 2006; Karlebach and Shamir 

2008).

Both approaches follow the central paradigm 

of linearity between cause and consequence, 

which has proven to be very effective in physical 

sciences. Discrete dynamic modelling such as 
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Boolean network models (Wang et al. 2012; 

Thakar and Albert 2010; Assmann and Albert 

2009; Albert and Wang 2009), multi-valued logi-

cal models (Aldridge et al. 2009; Morris et al. 

2011; Wang et al. 2012) and Petri nets (Chaouiya 

2007; Ruths et al. 2008; Wang et al. 2012) does 

not require kinetic parameters and is able to pro-

vide qualitative dynamic descriptions of system 

behaviours.

 Graphical Methods

A network/graph, in systems biology, has two 

basic parts: the elements of the system are repre-

sented as graph nodes (also called vertices), and 

the interactions are represented as edges, that is, 

lines connecting pairs of nodes. Edges may be 

directed (originating from a source (starting 

node) to a sink (ending node) and represent uni-

directional flow of material or information) or 

nondirected (representing mutual interactions 

where the directional flow of information is not 

known). In biological networks, nodes (or verti-

ces) represent the molecules present inside a cell 

(e.g. proteins, RNAs and/or metabolites), and 

links (or edges) between nodes represent their 

biological relationships (e.g. physical interaction, 

regulatory connections, metabolic reactions) 

(Blais and Dynlacht 2005). The nodes of the 

interaction network represent population of bio-

molecules, whose abundance varies in time and 

in response to the internal and environmental 

perturbations.

In order to create models, variables such as 

concentration, expression and activity which 

indicate the state of each node and set of equa-

tions indicating how the state change reacts to 

stimuli are considered. Models may be static or 

dynamic depending on their behaviour in the sys-

tem with time. The four common types of net-

works in plant systems biology include (a) 

gene-to-metabolite networks, (b) protein–protein 

interaction networks, (c) transcriptional regula-

tory networks and (d) gene regulatory networks, 

wherein the first three types are often static, while 

the gene regulatory network frequently is 

dynamic (Yuan et al. 2008) (Fig. 3).

 Mathematical Dynamic Methods

The complexity of biological systems is com-

pounded by the fact that they are open and react 

to time-varying input received from their envi-

ronment. A reactive system must respond to each 

stimulus as it occurs, often needing to respond to 

many stimuli concurrently (Harel 2003; Harel 

and Pnueli 1985; Sadot et al. 2013). The structure 

of the system is also typically dynamic, with its 

components being repeatedly created and 

destroyed during the system’s lifespan, adding 

yet another level of complexity (Sadot et al. 

2013).

To facilitate further analysis and systems-level 

understanding, this information is often inte-

grated into large-scale models using a variety of 

mathematical and computational approaches. A 

general class of models is so-called executable 

models. Such a model defines how, given certain 

events, the system transitions from one state to 

another. State-based formalisms can be used to 

construct computational models that describe the 

complex dynamics of reactive systems, including 

biological systems. Such models are typically 

highly nonlinear and nondeterministic and can 

simulate very large systems (Fisher and 

Henzinger 2007; Sadot et al. 2013).

Dynamic computational models are powerful 

tools for developing and testing hypotheses about 

complex biological systems (Gutenkunst et al. 

2004; Kitano 2002; Locke et al. (2005); Voit et al. 

2006). It has even been suggested that such mod-

els will soon replace databases as the primary 

means for exchanging biological knowledge 

(Gutenkunst et al. 2004; Aldridge et al. 2006).

The main advantage of building a mathemati-

cal model is that molecular mechanisms that are 

supposed to govern the respective process need to 

be formulated explicitly (Gutenkunst et al. 2004). 

A major challenge with such models, however, is 

that they often possess tens or even hundreds of 

free parameters whose values can significantly 

affect model behaviour (Ingram et al. 2006; 

Mayo et al. 2006; Gutenkunst et al. 2004). While 

high-throughput methods for discovering interac-

tions are well-developed (Sachs et al. 2005; 

Gutenkunst et al. 2004), high-throughput meth-
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ods for measuring biochemical parameters 

remain limited (Maerkl and Quake 2007; 

Gutenkunst et al. 2004). Furthermore, using val-

ues measured in vitro and in vivo application may 

introduce substantial inaccuracies (Teusink et al. 

2000; Minton 2001; Gutenkunst et al. 2004). In 

approaches typically more focused on steady- 

state distributions of fluxes in metabolic net-

works, metabolic control analysis has been used 

to quantify the sensitivity of model behaviour 

with respect to parameter variation (Fell 1997; 

Gutenkunst et al. 2004), and flux balance analy-

sis and related techniques have probed the robust-

ness of metabolic networks (Wiback et al. 2004; 

Famili et al. 2005; Gutenkunst et al. 2004).

Modelling and simulation offer the possibility 

of integrating information, performing in silico 

experiments and generating predictions and 

novel hypotheses so as to better understand com-

plex biological systems. However, the quality of 

the results will highly depend on the predictive 

capabilities of the model at hand. In this regard, 

the selection of an adequate modelling frame-

work for the system under consideration and for 

the questions to be addressed is crucial 

(Wolkenhauer et al. 2004; Chis et al. 2011) 

together with the capacity to anchor model 

sophistication with experimental data (Janes and 

Lauffenburger 2006; Chis et al. 2011). In this 

respect, parameter estimation by means of data 

fitting has become a critical step in the model- 

building process (Banga and Balsa-Canto 2008; 

Chis et al. 2011).

In the context of systems biology, dynamical 

models consisting of ordinary differential equa-

tions (ODE) are a frequently used approach that 

facilitates to analyse the mechanism of action in 

a systematic manner.

For each observable y(t,θ), the corresponding 

experimental data is y(t). For concentration mea-

surements by biochemical assays, it is reasonable 

to assume that the measurement noise is multipli-

cative log-normally distributed.

Fig. 3 Types of network in plant system biology. (a) Gene- to- metabolite network. (b) Protein-protein interaction 

network. (c) Transcriptional regulatory networks. (d) Gene regulatory networks (Yuan et al. 2008)

Plant Systems Biology: Insights and Advancements



802

 Mathematical Frameworks to Build 
Dynamical Models
The mathematical frameworks to build dynamic 

models follow steady-state equation. The state S 

of the model at time t is just the set of all the vari-

ables “x1, x2, …., xN” at time t:

 
S( ) { ( ), ( ) ( ) ( )}t x t x t x t x t= … …1 2 7

 
(1)

which can be considered as a point in the 

(N-dimensional) state space of the system. In 

principle, the variables are measurable quantities, 

such as mRNA, protein or hormone concentra-

tions. If the state is changing with time t, then the 

model is dynamical, and the time-varying com-

ponents of the state are the variables x1(t), 
x2(t), … , xN(t). The form of model we shall study 

is: 

 
S S( ) ( ( )); ,t f t p p pM2 2 1 2= …

 
(2)

A function f is assigned to a state of variable and 

p1, p2, …, pM are model parameters. The parame-

ters are numerical values that encode information 

about the system and do not vary in time. A par-

ticular choice of parameter values can be thought 

of as a point in parameter space. The components 

[xi(t)] and interactions can be inferred from a 

wide range of data sources, such as genetic and 

RNA interference screens, mRNA profiling, pro-

tein–protein interaction screens and analysis of 

transcription factor binding. Each has strengths 

and limitations, and integration of multiple data 

sources is important for reliably inferring the 

interactions in a network (Middleton et al. 2012).

 Modelling the Dynamics of Cellular 
Processes
The majority of cellular processes can be 

described by networks of biochemical reactions. 

The dynamics of these processes, i.e. the time 

evolution of the concentrations of the involved 

molecular compounds, can often be modelled by 

systems of ODEs (Wolkenhauer 2008; Raue et al. 

2013):

d

d
, , ,

t
x t fx x t u t N v x t u t( ) ( ( ), ( ), ) . ( ( ), ( ), )θ θ θ θ θ= =  (3)

The variables x correspond to the dynamics of the 

concentration of n molecular compounds such as 

hormones, proteins in different phosphorylation 

states, mRNA or complexes of the former. The 

right-hand side of Eq. (3) can usually be decom-

posed into a stoichiometry matrix N and reaction 

rate equations v of the molecular interactions 

(Heinrich and Schuster 1996). A time-dependent 

experimental treatment that alters the dynamical 

behaviour of the system can be incorporated by 

the function u(t). The initial state of the system is 

described by x(0, θ) = fx(θ). Often, these initial 

conditions represent a steady-state solution to Eq. 

(3) that indicates that the system is in equilibrium 

(Raue et al. 2013).

 Quantitative Measurements for Model 
Calibration
All desired molecular compounds can be mea-

sured directly or individually. In order to com-

pare the model dynamics simulated for candidate 

parameter values θ, the dynamic variables x are 

mapped to m observables

 
y t fy t x t x( ) ( , ( ), ), ,=

 
(4)

via a function fy. The observables y are the quan-

tities that can be measured in experiments at time 

points t. They may depend on additional param-

eters that are included in θ such as scaling or off-

set parameters in case of relative data or 

measurement background (Raue et al. 2013).

 Boolean Method

This method is also known as discrete dynamic 
modelling or method to model complex species in 
absence of quantitative information. A Boolean 

network consists of a set of nodes whose state is 

binary and is determined by other nodes in the 

network through Boolean functions. In terms of 

complexity, these networks lie between static 

network models and continuous dynamic models 

(Kahlem and Birney 2006; Wang et al. 2012). 

They are mainly considered for large biological 

systems, for example, genetic regulatory net-
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works (Kauffman 1969; Thomas 1973; Wang 

et al. 2012). Boolean networks have been used as 

models in reverse engineering of biological net-

works, e.g. to infer regulatory interactions and 

signalling pathways from gene expression or pro-

teomics data (Saez-Rodriguez et al. 2009, 2011; 

Lee and Tzou 2009; Wang et al. 2012).

In the case of Boolean networks, variables 

represent the state of a gene by the means of 

Boolean operators either be 0 or 1. The change of 

the state and the interconnection between two 

nodes are represented by the equations developed 

with the means of Boolean functions (AND, OR 

and NOT). The present state of the operator must 

be checked and regular update procedures were 

carried to solve the process (Thomas and D’Ari 

1990; Middleton et al. 2012). The majority of 

the procedures are initiated by considering the 

initial state of the node as the steady one as it is 

applicable to both synchronous and asynchro-

nous system.

Simpler synchronous update schemes are 

often used if one wishes to study only the steady 

states of the system, whereas asynchronous is 

better suited to study the dynamics of the system. 

For an asynchronous update, the choice of which 

gene is updated at each time step can be made in 

several ways, which may be defined as follows: 

(1) by specifying an order in which genes are 

updated; (2) based on a specific delay for each 

gene, which is compared with a global clock and 

reset after a change of state or (3) as a stochastic 

event. At each time step, one gene is chosen ran-

domly and updated (Li et al. 2006; Middleton 

et al. 2012). In fact, more general random update 

functions can be used (Shmulevich et al. 2002; 

Middleton et al. 2012).

 Advantages
Boolean models may:

Require no quantitative parameters at all, all 

regulatory functions being specified using 

logical gates (e.g. AND, NOT, OR)

Require time delay parameters for asynchro-

nous updates

Require weights for each input of regulatory 

function

 Examples of Model 
and Translational Studies

 Metabolic Engineering

The science that combines systematic analysis of 

metabolic pathways with molecular biological 

techniques to improve cellular properties by 

designing and implementing rational genetic 

modifications is known as metabolic engineer-
ing. It deals with the measurement of metabolic 

fluxes and elucidation of their control as determi-

nants of metabolic function and cell physiology. 

Departing away from the traditional reductionist 

paradigm of cellular metabolism, it takes a holis-

tic view. It is used as a framework for the analysis 

of genome-wide differential gene expression data 

along with data on protein content and in vivo 

metabolic fluxes (Stephanopoulos 1999). The 

insights of the integrated view of metabolism 

generated by metabolic engineering will have 

profound implications in biotechnological appli-

cations, as well as in devising rational strategies 

for target selection for screening candidate drugs 

or designing gene therapies. In addition to this, 

metabolic engineering provides examples of 

applications in the production of primary and 

secondary metabolites, improving cellular prop-

erties and biomedical engineering (Vemuri and 

Aristidou 2005).

The production of a certain substance from the 

cell is increased with the application of metabolic 

engineering by optimising cell’s genetic and reg-

ulatory processes. These processes are system-

atic analysis of biological and chemical reactions 

controlled by enzymes that allow cells to convert 

raw materials into molecules necessary for the 

cell’s survival. Metabolic engineering specifi-

cally allows to mathematically model these net-

works, calculate a yield of useful products and 

highlight the parts of the network that constrain 

the production of these products (Yang et al. 

1998). The ultimate goal of metabolic engineer-

ing is to be able to employ microorganisms to 

produce economically valuable substances on an 

industrial scale in a cost-effective manner. 

Current examples include producing beer, wine, 
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cheese, recombinant proteins (Srivastava et al. 

2013), pharmaceuticals and other biotechnology 

products.

At the industrial scale, metabolic engineering 

is becoming more convenient and cost effective. 

According to the Biotechnology Industry 

Organization, more than 50 biorefinery facilities 

are being built across North America, employing 

metabolic engineering to produce biofuels and 

chemicals from renewable biomass which can 

help in reducing greenhouse gas emissions 

(Keasling 2010). The significant contribution of 

the metabolic engineering is the emphasis it 

places on the metabolic fluxes and their control 

under in vivo conditions. It is initially conceived 

as the ad hoc pathway manipulation and quickly 

became the natural outlet for the analytical skills 

of engineers who saw the opportunity for intro-

ducing rigour in this process by utilising the 

available platform of metabolic control analysis. 

The combination of analytical methods to quan-

tify fluxes and their control with molecular bio-

logical techniques to implement suggested 

genetic modification is the essence of metabolic 

engineering.

The flux is a fundamental determinant of cell 

physiology and the most critical parameter of a 

metabolic pathway. While a metabolic pathway 

is defined as the study of feasible and observable 

biochemical reaction steps connecting a specific 

set of input and output metabolites in a sequential 

manner. The pathway flux is then defined as the 

rate at which the input metabolites are processed 

to form output metabolites. And the determina-

tion of metabolic fluxes in vivo has been termed 

as metabolic flux analysis (MFA). Metabolic flux 

analysis reveals the degree of pathway engage-

ment in the overall metabolic process. There are 

three steps in the process for the systematic 

investigation of the metabolic flux and their 

control:

The first is to develop the means to observe as 

many pathways as possible and to measure 

their fluxes.

The second step is to introduce well-defined 

perturbations to the bioreaction network and 

to determine the pathway fluxes after the sys-

tem relaxes to its new steady state.

The third step is the flux control determination 

and analysis of flux perturbation results.

Metabolic engineering offers one of the best 

ways for meaningfully engaging chemical engi-

neers in biological research, for it allows the 

direct application of the core subjects of kinetics, 

transport and their thermodynamics to the analy-

sis of the reactions of metabolic networks (Koffas 

et al. 1999). Increased attention to the need to 

provide comprehensive cellular descriptions by 

integrating the plethora of individual pieces of 

information anticipated explosion of information 

from genomics research. In this context, meta-

bolic engineering provides a valuable forum for 

upgrading the quality of biological information 

and synthesising it for the purpose of developing 

useful products and processes (Stephanopoulos 

1999).

Specific areas of industrial production where 

metabolic engineering make significant contribu-

tions are the production of presently petroleum- 

derived thermoplastics by fermentation as well as 

by expression in whole plants, the production of 

new materials and the production of new biologi-

cally active agents such as polyketides. The pro-

duction of gums, solvents, proteins, diverse 

antibiotics, foods, alcohols, biogas, oligopep-

tides, lipids, oils, pigments, vitamins, amino 

acids and bacterial cellulases is the partial list of 

product classes that have been produced biologi-

cally and presently are the target of metabolic 

manipulations mainly in microorganisms. The 

major driving forces behind manufacturing appli-

cations are the continuing increase in the produc-

tion volume of carbohydrate raw material 

worldwide, continuing decline in the manufac-

turing cost of biotechnologically produced prod-

ucts and the power of technologies developed by 

modern molecular biology (Stephanopoulos 

1999).

In industrial context, the practical ultimate 

goal of the metabolic engineering is the design 

and creation of optimal biocatalyst, optimising in 

terms of maximising the yield and productivity of 

desired product. In addition to this, it will have a 

significant effect on medical field by focusing on 

the design of new therapies by identifying spe-

cific targets for drug development and by contrib-
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uting to the design of gene therapies 

(Stephanopoulos 1999).

 Plants Response to Abiotic Stress

The plant molecular responses to abiotic stresses 

involve interactions and crosstalk with many 

molecular pathways (Takahashi et al. 2004; 

Cramer et al. 2011). One of the earliest signals in 

many abiotic stresses involves ROS and reactive 

nitrogen species (RNS), which modify enzyme 

activity and gene regulation (Molassiotis and 

Fotopoulos 2011; Wilkinson and Davies 2009; 

Cramer et al. 2011). There are a large number of 

studies on the oxidative effects of ROS on plant 

responses to abiotic stress, but only a few studies 

documenting the nitrosative effects of RNS 

(Mittler et al. 2011; Cramer et al. 2011). 

Hormones are also important regulators of plant 

responses to abiotic stress (Morgan and Drew 

1997). Among them the two most important are 

abscisic acid (ABA), a central regulator of many 

plant responses to environmental osmotic 

stresses, and ethylene, involved in many stress 

responses (Stepanova and Alonso 2009) includ-

ing drought, ozone, flooding (hypoxia and 

anoxia), heat, chilling, wounding and UV-B light 

(Molassiotis and Fotopoulos 2011; Mittler et al. 

2011; Morgan and Drew 1997; Cramer et al. 

2011).

In the postgenomic era, comprehensive analy-

ses using three systematic approaches or omics 

have increased our understanding of the complex 

molecular regulatory networks associated with 

stress adaptation and tolerance (Grant et al. 

2011). The first one is ‘transcriptomics’ for the 

analysis of coding and noncoding RNAs and 

their expression profiles. The second one is 

‘metabolomics’ that is a powerful tool to analyse 

a large number of metabolites. The third one is 

‘proteomics’ in which protein and protein modi-

fication profiles offer an unprecedented under-

standing of regulatory networks (Cramer et al. 

2011). Integration of the different omics analyses 

facilitates abiotic stress signalling studies allow-

ing for more robust identifications of molecular 

targets for future biotechnological applications in 

plants. Transcriptome analysis technologies have 

revealed the global transcriptomes of plants 

exposed to abiotic stresses such as dehydration, 

cold, heat, high salinity, osmotic stress and 

ABA. These analyses indicate that these stresses 

increase or decrease transcript abundance from 

not only previously identified stress-responsive 

genes but also from thousands of unannotated 

non-protein-coding regions.

An important application of transcriptomics 

data is co-expression analysis of target genes 

using online analytical tools, such as ATTED-II 

(Usadel et al. 2009; Cramer et al. 2011). This 

approach is very promising for understanding 

gene–gene correlations and finding master genes 

in target conditions. Datasets from 1,486 micro-

array experiments were used for the construction 

of regulatory model of Arabidopsis using 

InferGene application (Carrera et al. 2009; 

Cramer et al. 2011). Ten genes were predicted to 

be the most central regulatory hubs influencing 

the largest number of genes. Included in this set 

were transcription factor genes involved in auxin 

(KAN3), gibberellins (MYB29), abscisic acid 

(MYB121), ethylene (ERF1) and stress responses 

(ANAC036). The top 12 gene subnetworks were 

computed out of which four of these were related 

to biotic and abiotic stresses (Sakurai et al. 2007).

The drought response of loblolly pine roots 

was investigated and results in a number of hubs 

in the transcriptional network (Lorenz et al. 2011; 

Cramer et al. 2011). These genes are involved in 

phospholipid metabolism, ABA biosynthesis and 

signalling and cytokinin metabolism; they appear 

to be important in stress mediation.

To define six modules for Arabidopsis 

responses to abiotic stress, weighted co- 

expression analysis was used. Two hubs in the 

common response module were an ankyrin- 

repeat protein and genes involved in Ca signal-

ling. They created a compendium of genomic 

signatures and linked them to their co-expression 

analysis (Weston et al. 2008; Cramer et al. 2011). 

The effects of hydrogen peroxide (H2O2) signal-

ling during high light stress using microarray 

analyses were analysed. They found that H2O2 

was not only heavily involved in signalling in 

high light stress along with salinity, water deficit, 

heat and cold stress (Vanderauwera et al. 2005; 

Cramer et al. 2011).
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A time-series experiment was conducted to 

study the effects of UVB light on Arabidopsis 

using both metabolomics and transcriptomics 

analyses. They found that plants responded in 

two phases with an upregulation of primary 

metabolites in the first phase and the induction of 

protective secondary metabolites, especially phe-

nolics, in the second phase (Kusano et al. 2011; 

Cramer et al. 2011).

The effect of cold temperatures over time 

were studied using transcriptomics, metabolo-

mics and enzyme activity. The early changes 

approximately 6 h in enzyme activities were 

poorly correlated with transcript abundance, but 

after 78 h these correlations were greatly 

improved. Much of the long-term changes in 

metabolism could be ascribed to the CBF regulon 

(Usadel et al. 2009; Cramer et al. 2011).

Integrated analyses of the transcriptome and 

the metabolome successfully demonstrate con-

nections between genes and metabolites, eluci-

dating a wide range of signal output from ABA 

under dehydration (Urano et al. 2009; Cramer 

et al. 2011; Urano et al. 2009) and the DREB1/

CBF transcription factors in response to low tem-

perature (Cook et al. 2004; Maruyama et al. 

2009; Cramer et al. 2011). Metabolite profiling 

reveals that ABA accumulates during dehydra-

tion, regulating the accumulation of various 

amino acids and sugars such as glucose and fruc-

tose. In particular, the dehydration-inducible 

accumulation of BCAAs (branched-chain amino 

acids), saccharopine, proline and agmatine is cor-

related with the dehydration-inducible expres-

sion of their key biosynthetic genes (BCAT2, 

LKR/SDH, P5CS1 and ADC2, respectively), 

which are regulated by endogenous ABA (Urano 

et al. 2009; Cramer et al. 2011).

The above explained are some of the good 

examples of systems biology and omics 

approaches that have been used to identify key 

genes regulating stress tolerance. Some of the 

experiments related to the integration of systems 

biology results in advantage to the crop fields 

also.

An SNAC1 gene was identified from microar-

ray experiments of stress treatments on rice (Hu 

et al. 2006; Cramer et al. 2011). SNAC1 is an 

NAC transcription factor that induces the expres-

sion of a number of stress-tolerance genes and 

improves the drought and salt tolerance of rice in 

the field. The transgenic plants exhibited 

increased sensitivity to ABA and reduced water 

loss. The linkage of key regulatory hubs to phe-

notypic traits will allow for more rapid progress 

in the genetic manipulation and production of 

crop plants. Due to the importance of salinity 

stress in agriculture, there are many metabolomic 

studies to assess the metabolic effect of salinity 

in a variety of crop and related plant species; 

including tomato (Lenz et al. 2011; Cramer et al. 

2011), grapevine (Kaufmann et al. 2011; Cramer 

et al. 2011), poplar (Usadel et al. 2009; Cramer 

et al. 2011), sea lavender (Limonium latifolium) 

(Hirai et al. 2004; Cramer et al. 2011) and rice 

(Hirai et al. 2004; Cramer et al. 2011).

 Defence System

Plants respond to herbivory through various mor-

phological, biochemical and molecular mecha-

nisms to counter the effects of herbivore attack. 

There is a wide range of biochemical mecha-

nisms of defence (direct or indirect) against the 

herbivores (Abdul et al. 2012). The defensive 

compounds are either produced constitutively or 

in response to plant damage that can affect feed-

ing, growth and survival of herbivores (Howe and 

Jander 2008). In addition, plants also release vol-

atile organic compounds that attract the natural 

enemies of the herbivores (War et al. 2012). 

Direct defences are mediated by plant character-

istics affecting herbivore’s biology, for example, 

mechanical protection on the surface of the plants 

(in the form of hairs, trichomes, thorns, spines 

and thicker leaves) and by the production of toxic 

chemicals (such as terpenoids, alkaloids, antho-

cyanins, phenols and quinones) that decrease the 

development of the herbivores and even death 

(Hanley et al. 2007). Indirect defences against 

insects are characterised by the release of a blend 

of volatiles that specifically attract natural ene-

mies of the herbivores by providing food (e.g. 
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extra floral nectar) and housing to optimise the 

effectiveness of the natural enemies (Arimura 

et al. 2009) (Fig. 4).

The first physical barrier is provided by the 

means of some structural traits such as leaf sur-

face wax, thorns or trichomes and cell wall thick-

ness and lignifications, and the subsequent 

production of the secondary metabolites forms 

the next barriers by acting as a toxin and reducing 

the growth, development and digestibility 

(Agrawal et al. 2009). In Nicotiana attenuata, 

trypsin proteinase inhibitors and nicotine expres-

sion contributed synergistically to the defensive 

response against Spodoptera exigua (Steppuhn 

and Baldwin 2007). Structural defences include 

morphological and anatomical traits that confer a 

fitness advantage to the plant by directly deter-

ring the herbivores from feeding (Agrawal et al. 

2009) and range from prominent protuberances 

on a plant to microscopic changes in cell wall 

thickness as a result of lignification and suberisa-

tion (Hanley et al. 2007; He et al. 2011).

Structural traits such as spines and thorns, tri-

chomes, toughened or hardened leaves, incorpo-

ration of granular minerals into plant tissues and 

divaricated branching play a leading role in plant 

protection against herbivory (Hanley et al. 2007; 

He et al. 2011; Chamarthi et al. 2010). Sclerophyll 

referred to as hardened leaves reduces the palat-

ability and digestibility of the tissues and results 

in the decreasing herbivore damage (Hanley et al. 

2007; Handley et al. 2005).

Trichomes play an imperative role in plant 

defence against many insect pests and involve 

both toxic and deterrent effects (Chamarthi et al. 

2010; Handley et al. 2005); they do not affect the 

normal growth and development of a plant but 

reduce the palatability of the plant tissues in 

which they are produced (Howe and Jander 

2008). The defensive (secondary) metabolites 

can be either constitutive stored as inactive forms 

such as phytoanticipins or induced in response to 

the insect or microbe attack phytoalexins 

(Takahashi et al. 2004). Insect attack leads to 

Fig. 4 Mechanism of induced resistance in plants. POD 

peroxidase, PPO polyphenol oxidase, PAL phenylalanine 

ammonia lyase, TAL tyrosine alanine ammonia lyase, 

LOX lipoxygenase, SOD superoxide dismutase, APX 

ascorbate peroxidase, HIPVs herbivore induced plant 

volatiles
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qualitative and quantitative changes in proteins 

due to alteration of gene expression under stress 

including which in turn play an important role in 

signal transduction and oxidative defence (Usha 

Rani and Jyothsna 2010; Gulsen et al. 2010).

Many plant proteins ingested by insects 

remain intact in the midgut and move across the 

gut wall into the haemolymph. The function of a 

particular protein is affected by any alteration in 

its amino acid’s sequence or content. One of the 

most abundant defensive classes of proteins in 

plants are proteinase inhibitors (PIs) with their 

higher concentration in storage organs such as 

seeds and tubers, and 1–10 % of their total pro-

teins comprise of PIs inhibiting different types of 

enzymes. Rapid and transient generation of ROS 

is a common phenomenon in plants on account of 

oxidative stress due to biotic and abiotic factors 

(War et al. 2012).

 Modelling Multigenic Traits

Their is a need to use plant systems biology to 

model multigenic traits. Phenotypes were used to 

model QTLs under different environmental con-

ditions to derive genotype to environmental inter-

actions, in which one or more portion of the 

genome is associated with phenotypes. The intro-

duction of several systems biology approaches 

helps in the prediction of multigenic traits such as 

modelling of QTLs; using the systems biology 

approach has helped to predict multigenic traits 

such as leaf growth and nitrogen accumulation in 

maize grain. This approach come over the limita-

tion factors related to gene, protein and metabo-

lite information. Comprehensive models using 

mathematical models and computer-based appli-

cations integrating information about QTLs, 

gene, protein, metabolite and phenotyping infor-

mation enable more efficient breeding pro-

gramme to improve traits in crop species such as 

maize, soya bean and tomato. The so-called 

expression QTL and metabolite QTL can be used 

to integrate QTL information with gene expres-

sion and metabolite profiling, respectively, and 

the exploration of the genetic basis for metabolite 

diversity across different Arabidopsis lines 

(Kamlage et al. 2008). Systems biology is ideally 

suited to resolve complex interactions that are 

defined by multigenic traits (Yuan et al. 2008).

 Virtual Cell

The ‘Virtual Cell’ developed at the University of 

Connecticut Health Centre is a unique 

 computational tool that allows the biologists, 

physicist and mathematicians to engage in com-

putational cell biology. A biologically oriented 

graphical user interface is provided for the assem-

bly of models by specifying the molecules, reac-

tions and structures involved. It enables the 

construction of complex spatial models of bio-

logical interest. From these models simulations 

are then produced by the software, and predic-

tions of these simulations can be directly com-

pared with the experimental results. In case, if the 

simulation does not match, the model must be an 

incomplete or faulty description of experimental 

data and must be modified. And if the simula-

tions are consistent with the experimental results, 

new simulations with the different conditions can 

be used to predict the results of new experiments 

that can further test the limits of the applicability 

of model.

It is also designed to be useful for experienced 

modellers such as bioengineers and mathematical 

biologists. It allows the direct entry of the math-

ematical equations that describes a model using a 

declarative language (Virtual Cell Mathematics 

Description Language). The conversion of math-

ematics into C++ coding language was done 

which can further be sent to numeric solvers. 

Thus this dual interface makes the virtual cell 

highly effective for promoting and supporting 

interactions between experimental biologists and 

experimental modellers in order to bridge the cul-

tural gap between these two separate communi-

ties (Loew and Schaff 2011).

The Virtual Cell software is decomposed into 

three main components:

 1. Modelling framework

 2. Mathematics framework

 3. WWW interface–biologically oriented 

interface
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The biologically oriented user interface allows 

experimentalists to create models, define cellular 

geometry, specify simulations and analyse simu-

lation results. There is a Math Editor component 

that has been integrated within the biological 

interface. The design of the biological to mathe-

matical mapping allows for separate use of biol-

ogy and math components and includes 

mathematical simplifications using pseudo-state 

approximation and mass conservation relation-

ships. This allows for direct specification of 

mathematical problems, performing simulations 

and analysis on those systems. The stand-alone 

mathematics user interface is also a powerful tool 

for modelling reaction–diffusion systems 

(Rastogi et al. 2012). The Virtual Cell modelling 

and simulation software framework are exten-

sively used for the following:

Calcium dynamics in neuroblastoma cells

Published mathematical descriptions using 

Virtual Cell

Calcium wave in fertilised eggs

Nuclear envelope breakdown

Mitochondrial diffusion

RNA trafficking

 Molecular Pharming

The production of proteins or other metabolites 

valuable to medicine or industry in plants is 

defined as molecular pharming. The use of termi-

nologies such as ‘pharming’, ‘biopharming’ or 

‘molecular pharming’ has same meaning in bio-

technology sector. Both short and long peptide 

chains can be synthesised either chemically or by 

living cells. Plants can synthesise a wide variety 

of proteins that are free of mammalian toxins and 

pathogens (Abumhadi et al. 2005). It represents a 

novel source of molecular medicines (plasma 

proteins), enzymes, growth factors, vaccines and 

recombinant antibodies. For the production of 

antibodies directed against dental caries, rheuma-

toid arthritis, cholera, E. coli diarrhoea, malaria, 

certain cancers, Norwalk virus, HIV, rhinovirus, 

influenza, hepatitis B virus and herpes simplex 

virus, transgenic plants have been used (Thomas 

et al. 2002).

Plants are an alternative expression system to 

animals for the molecular farming of antibodies 

(Schillberg et al. 2003). Plant-derived vaccines 

have been produced against Vibrio cholerae, 

enterotoxigenic E. coli, hepatitis B virus, 

Norwalk virus, rabies virus, human cytomegalo-

virus, rotavirus and respiratory syncytial virus F 

(Thomas et al. 2002). Many of these plant- 

derived antigens were purified and used as 

 injectable vaccines (Miller 2003). But protection 

has actually been better with the edible vaccine 

than with the commercially available vaccine 

(Lamphear et al. 2004). Milk proteins which 

could be used to improve child health like 

ß-casein, lactoferrin and lysozyme and protein 

polymers that could be used in surgery and tissue 

replacement (Ma et al. 2003) were produced by 

the application of recombinant DNA technology.

Expression of thioredoxin in foods such as 

cereal grains would increase the digestibility of 

proteins and decrease its allergic capability 

(Thomas et al. 2002). Human collagen can also 

be produced in transgenic tobacco plants and that 

the protein is spontaneously processed and 

assembled into its typical triple-helical confor-

mation. The production of chicken egg white avi-

din in transgenic corn using an avidin gene whose 

sequence had been optimised for expression in 

corn (Hood et al. 1997). The resultant avidin had 

properties almost identical to those of avidin 

from chicken egg white (Horn et al. 2004).

A wide range of pharmaceutical drugs, includ-

ing vaccines for infectious diseases and therapeu-

tic proteins for treatment of such things as cancer 

and heart disease, are produced by the applica-

tion of biopharming (Chapple 2000). Lettuce is 

also being investigated as a production host for 

edible recombinant vaccines and has been used in 

one series of clinical trials for a vaccine against 

HBV (Ma et al. 2003). Tomatoes were used to 

produce the first plant-derived rabies vaccine 

(Ma et al. 2003). Structurally authentic and bio-

logically active human growth hormone, serum 

albumin, a tetanus toxin fragment and the cholera 
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toxin B subunit have been produced at high levels 

in tobacco chloroplasts (Ma et al. 2003). 

Recombinant antibody of a single-chain Fv 

against carcinoembryonic antigen was produced 

in rice and wheat (Stöger et al. 2000).

But there are certain environmental concerns 

while using food and nonfood crops. All field 

crops are subject to ingestion by wildlife. It 

would even be difficult to guarantee that all wild-

life could be kept away from greenhouse crops. 

The products that accumulate in these plants 

could be toxic to an animal or could lead to more 

subtle physiological or behavioural effects. 

Biodiversity can also be affected as there must be 

some alterations in the exudates from the root 

system due to the change in the surrounding soil 

composition because of the production of geneti-

cally modified plants. The practice of molecular 

farming could also lead to a change in the propor-

tion of crops grown in certain regions.

 Plant Secondary Metabolite 
Production

Plant secondary metabolites are a diverse group 

of molecules that are involved in the adaptation 

of plants to their environment but are not part of 

the primary biochemical pathways of cell growth 

and reproduction. Protease inhibitors, lectins, 

alkaloids, nonprotein amino acids, cyanogenic 

glycosides, saponins and tannins are the major 

plant secondary metabolites or phytochemicals 

that occur in plants. They play a significant role 

in defence against herbivores and pathogens, reg-

ulation of symbiosis and control of seed germina-

tion. Plant secondary metabolites are unique 

sources for food additives, flavours, pharmaceuti-

cals and industrially important pharmaceuticals 

(Ravishankar and Venkataraman 1990; 

Ravishankar and Rao 2000). Secondary metabo-

lites are involved in regulating the chemical inhi-

bition of competing plant species, an integral part 

of the interactions of species in plant and animal 

communities and the adaptation of plants to their 

environment (Makkar et al. 2007). In higher 

plants a wide variety of secondary metabolites 

are synthesised from primary metabolites (e.g. 

carbohydrates, lipids and amino acids). They are 

needed in plant defence against herbivores and 

even environmental stress (Bennett and 

Wallsgrove 1994) (Fig. 5).

Even abiotic and environmental stresses 

(pathogen attack, UV irradiation, high light, 

wounding, nutrient deficiencies, temperature and 

herbicide treatment) influence growth and sec-

ondary metabolite production in higher plants 

(Dixon and Paiva 1995). Ozone exposure has 

been shown to increase conifer phenolic concen-

trations (Rosemann et al. 1991), but low ozone 

exposure had no effect on monoterpenes and 

resin acid concentrations (Kainulainen et al. 

1998). Deficiencies in nitrogen and phosphate 

lead to the accumulation of phenyl propanoids 

and lignifications (Dixon and Paiva 1995). 

Calcium is a ubiquitous molecule involved in 

various signal transduction pathways in plants. 

Calcium has been found to increase in response 

to stress such as light, salinity, cold and drought 

(Tuteja and Mahajan 2007). Metabolic activity 

and plant ontology are highly influenced by vary-

ing temperature, for example, high temperatures 

can induce premature leaf senescence, carot-

enoids and β-carotene. Brassicaceae were found 

to be slightly decreased after thermal treatments 

(Morison and Lawlor 1999).

The antioxidant, antiviral, antibacterial and 

anticancer effects of plant secondary metabolites 

influence the plant molecular biologists and plant 

breeders globally to carry out their research. For 

example:

Molecular biologists have made genetic modi-

fications in proanthocyanidin biosynthesis in 

forage plants with the aim of eliminating 

bloat.

Improving the efficiency of conversion of 

plant protein into animal protein.

Reduce greenhouse gases.

Reduce gastrointestinal parasites.

Rapeseeds (canola) with low levels of gluco-

sinolates and erucic acid and cottonseed with 

low gossypol have been developed and com-

mercialised by plant breeders.

Genetically modified rice-expressing insecti-

cidal cowpea trypsin inhibitor has also been 

produced.
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The emerging molecular genetic approaches 

have tremendous potential to unravel the regula-

tory genes that control plant secondary metabo-

lite biosynthesis and production. But an increased 

knowledge of the enzymes specific for the path-

way is needed for further research in the produc-

tion of secondary metabolites.

 Algorithms for System Analysis

 1. Stochastic optimization algorithms apply 

sophisticated heuristics that randomly sample 

parameter space to evaluate the objective 

function. Due to the stochastic approach, the 

methods are less likely to get stuck in local 

minima. This is particularly advantageous for 

applications that are characterised by many 

local optima. Hence, they increase the proba-

bility of locating the global optimum despite 

local optima.

 2. Deterministic optimization algorithms take 

steps that successively decrease the value of 

the objective function beginning from an ini-

tial guess for the parameter values (Press et al. 

1990). They evaluate derivatives of the objec-

tive function. This leads to more rapid conver-

gence to the optimum compared to stochastic 

algorithms. However, depending on the ini-

tially assumed parameter values, a determinis-

tic optimization algorithm may converge to a 

local rather than global optimum. This limita-

tion of deterministic optimization algorithms 

can be overcome by performing many inde-

pendent optimization runs from randomly 

selected initial parameter guesses. This 

‘multi-start’ approach facilitates a broad cov-

erage of the parameter search space in order to 

find the global optimum.

 3. Hybrid optimization algorithms use a combi-

nation of both strategies. First, promising can-

didate sets of parameter values are generated 
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using a stochastic strategy. The candidate sets 

are then further improved by a deterministic 

strategy (Raue et al. 2013).

 Tools for System Analysis

In order to estimate the plant performance over 

multiple levels of complexity, models are needed 

that can cope with different regulatory mecha-

nisms. In top–down models, statistical modelling 

is often the most favoured approach, whereas in 

bottom–up models dynamic or constraint-based 

modelling might be more appropriate. Techniques 

such as multivariate statistics and machine learn-

ing methods might be used to reconstruct a net-

work topology at the initiation of modelling 

cycle, and dynamic models might be used to pre-

dict the dynamic behaviour of the network in fur-

ther steps (Puchalka et al. 2008; Williams et al. 

2010; Yuan et al. 2008).

Methods can be based on a hierarchical 

approach, which takes into account the structure 

of the model and the model’s sensitivity to the 

parameter settings, which might be combined 

with a Monte Carlo or global sensitivity analysis 

approach of homology modelling (Vrugt et al. 

2009). Once the network topologies have been 

estimated, (semi-)predictive dynamic models can 

be built in a bottom–up approach using, for 

instance, hybrid Petri nets, Boolean networks or 

differential equations (Mattheij and Molenaar 

2002; Neutel et al. 2002; Polynikis et al. 2009; 

Davidich and Bornholdt 2008). Statistical net-

work models can relatively easily be derived with 

regression techniques (Ter Braak and Prentice 

2004; Bonneau et al. 2006; Keurentjes et al. 

2007; Marbach et al. 2010), relevance networks 

based on association scores, Gaussian graphical 

models allowing identification of conditional 

independence or Bayesian networks used to rep-

resent probabilistic relationships (Neapolitan 

2004; Jordan 1999; Keurentjes et al. 2007).

Bioinformatics leads towards the discovery of 

tools for network visualisation, modelling envi-

ronments, pathway construction and visualisa-

tion tools, systems biology platforms and 

repositories of the models (Joyce and Palsson 

2006; Turenne 2011). The core systems biology 

networks include SynBioWave (Staab et al. 

2010), Cell Illustrator (Nagasaki et al. 2010), 

Moksiskaan (Laakso and Hautaniemi 2010), 

MEMOSys (Pabinger et al. 2011), Babelomics 

(Al-Shahrour et al. 2006), MetNet (Sucaet et al. 

2012), etc. The systems biology model reposito-

ries include BioModels Database (Le Novere 

et al. 2006) or JWS (Olivier and Snoep 2004). 

Both are public, centralised databases of curated, 

published, quantitative kinetic models of bio-

chemical and cellular systems.

Pathway databases are used for modelling sys-

tems, since they offer a clear-cut way of building 

network topologies by the annotated reaction 

systems (Usadel et al. 2009). The various path-

way databases for systems analyses include 

KEGG (Kanehisa et al. 2012), BioCyc (Caspi 

et al. 2010), Aracyc (Mueller et al. 2003), 

Pathway Interaction Database (PID) (Schaefer 

et al. 2009) and BioCarta (Nishimura 2001). 

Also, several comprehensive modelling environ-

ments are available, like Gepasi (Mendes 1997), 

Virtual Cell (Loew and Schaff 2001), Osprey 

(Breitkreutz et al. 2003), Arabidopsis eFP 

browser (Winter et al. 2007), COPASI (Hoops 

et al. 2006), R (http://www.R-project.org), 

MatLab and InfoBiotics workbench (Blakes et al. 

2011), E-Cell (Tomita et al. 1999) and Systems 

Biology Workbench (Sauro et al. 2003).

 Conclusion

Plant as a system concerns each of its molecular 

constituents (DNA, RNA, proteins, metabolites, 

ions); the expanding development of high- 

throughput data generation technologies such as 

genomics, transcriptomics, proteomics, metabo-

lomics, etc. made it possible to apply a systems 

biology paradigm in plant science. Systems 

approaches enable plant scientists to understand 

the structural stability of plants, their control and 

design structure. These capabilities are the result 

of a complex biological system in which control 

operates at many different levels. This under-

standing of complex system was made possible 

with the integration of various model-based 
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methods including computer proficiency and 

mathematical calculations. Systems biology and 

systems ecology have in common the concept 

that networks form the core of the modelling lan-

guage, and this is clearly reflected in the exam-

ples of study of the plant defence mechanisms 

and their response to abiotic stresses. The 

dynamic methods of modelling, parameters and 

algorithms involved results in a unique way to 

represent a complex system and provide a new 

direction to the researchers. The inner view of the 

molecular networks reflects their importance and 

advantages in medicine and biomedical field. By 

understanding systems integration biology, we 

are capable to accelerate crop adaptation for 

food, feed, biofuels and industrial and pharma-

ceutical production.
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           Omics and Plantomics 

 There are two frequently used fundamental 
terms: “ome” and “omics.” We feel that the 
“ome” should refer to the totality of the facts, 
those bits of information that make up the entirety 
of the topic (i.e., comprehensive coverage), 
whereas “omics” will refer to the synthesis of 
those facts leading to understanding (i.e., com-
prehension). The concept of omics in biology 
began with the need to understand the basic units 
of biology, the genes, and their nucleotide 
sequences, and huge amounts of money, effort, 
and intellectual capacity were poured into the 
human genome project with the idea of sequenc-
ing the entire genome and eventually knowing 
what each gene was doing. Thus omics began as 
a vast project of sequencing and enumeration, 
listing, cataloging, assigning, and above all ana-
lyzing and interpreting the vast amount of 
sequencing data. The entire process required the 
development of methods to sequence and obtain 
the data and protocols to assess and compile and 
infer the sequences. Thus biology joined physics, 
chemistry, mathematics, and computational sci-
ence as an integrative “big” science. The genome 
project was followed soon after by another proj-
ect in enumeration, the sequencing of proteins, 
and thus proteomics was born. This was followed 
by transcriptomics, which is the compilation and 
functional understanding of mRNA sequences. 
With the realization that the ultimate role of most 
proteins (enzymes) was to generate the plethora 
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of metabolites, the fi eld of metabolomics was 
developed, and this has led in turn to phenomics, 
the physical and biochemical traits of an organ-
ism. “Omics” has now become a general suffi x to 
describe and assess the totality of any discipline 
(primarily in biology), and so there is an almost 
infi nite number of “omes” that could be devel-
oped. In line, we have introduced the term “plan-
tomics” that should include all plant-related 
“omes” and “omics.”  

    Where Does Plantomics 
Go from Here? 

 Here we attempt to delineate some of the 
approaches that might be taken in the study 
under plantomics. It is sometimes possible to 
predict the future by tracing the footprints from 
the past into the present and guessing where 
they might lead in the future. Several 
approaches are available for this (or any) 
 scientifi c fi eld with the extremes being “split-
ting” and “joining.” The splitters (or analyzers) 
will identify ever more defi ned topics of lim-
ited scope, while the joiners (or synthesizers) 
will develop ever more broad and inclusive 
topics showing inter-relationships between 
previously unconnected topics. We will 
describe what we envisage for the “splitter” or 
detailed approach fi rst and then describe a 
more intermediate level and fi nish with the 
“joiner” (big picture, global) approach.
    (a) The splitter (detail) approach     

 There is a continuum between (a) detail, (b) 
intermediate, and (c) global approaches, and so 
the divisions are somewhat arbitrary, but we will 
attempt to place the contents of this volume into 
what we deem is their appropriate location. The 
“splitter” approach can be purely plant based and 
thus fi t squarely into the discipline of plantomics 
and is the approach taken in chapters 
“  Cytogenomics and Mutagenomics in Plant 
Functional Biology and Breeding    ” (plant cytoge-
nomics), “  Plant Epigenetics and Crop 
Improvement    ” (plant epigenetics), “  Plant miR-
Nomics: Novel Insights in Gene Expression and 
Regulation    ” (plant miRNomics), “  Plant 

Glycomics: Advances and Applications    ” (plant 
glycomics), “  Plant Lipidomics: Signalling and 
Analytical Strategies    ” (plant lipidomics), “  Plant 
Secretomics: Unique Initiatives    ” (plant secre-
tomics), “  Phenomics: Technologies and 
Applications in Plant and Agriculture    ” (plant 
phenomics), “  Signalomics: Diversity and 
Methods of Analysis of Systemic Signals in 
Plants    ” (plant signalomics), “  Thiolomics: 
Molecular Mechanisms of Thiol-cascade in Plant 
Growth and Nutrition    ” (thiolomics), “  Chloroplast 
Omics: Global Strategies for Study of Plastid 
Biology    ” (chloroplastomics), “  Transplastomics: 
A Convergence of Genomics and Biotechnology    ” 
(transplastomics), “  Plant Mitochondrial Omics: 
State of the Art Knowledge    ” (plant  mitochondrial 
omics), “  Micromorphomics: A Morphological 
Dissection to Unveil Environmental Stress    ” 
(micromorphomics), “  Cryobionomics: 
Evaluating the Concept in Plant Cryopreservation    ” 
(cryobionomics), and “  Plant Pharmacogenomics: 
From Drug Discovery to Personalized 
Ethnomedicine    ” (plant pharmacogenomics). 

 In the future, we envisage the development of 
even more circumscribed fi elds of endeavor 
based on structure or functions/processes unique 
to plants. These could include those based on 
plant organs, such as phytomics (phytochemi-
cals), fl oromics (fl owers), phyllomics (leaves), 
and rhizomics (roots), or more defi ned regions, 
pollenomics, pistillomics, endospermomics, 
and cotyledonomics, or on functions (NCPP-
omics), glyoxalatomics, plant mitomics, and 
meiomics, plant motility, plant communication, 
plant memory, and plant intelligence for 
instance.
    (b) The intermediate approach     

 This more broadly based approach can be 
purely plant derived, or it can include animal or 
microbial equivalencies, and this is the approach 
taken in chapters “  Omics of Model Plants    ” 
(model plants), “  Instrumental Techniques and 
Methods: Their Role in Plant Omics    ” (tech-
niques), “  Next Generation Sequencing and 
Assembly of Plant Genomes    ” (genome sequenc-
ing), “  Functional Genomics: Applications in 
Plant Science    ” (functional genomics), “  Plant 
Proteomics: Technologies and Applications    ” 
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(plant proteomic methodology), “  Plant 
Metabolomics: An Overview of Technology 
Platforms for Applications in Metabolism    ” (plant 
metabolomics methodology), “  Plant Cytomics: 
Novel Methods to View Molecules on the Move    ” 
(plant cytomics), “  Plant Physiomics: Photo-
electro- chemical and Molecular Retrograde 
Signaling in Plant Acclimatory and Defence 
Responses    ” (plant physiomics), “  Microbiomics: 
An Approach to Community Microbiology    ” 
(microbiomics), “  Nanobiotechnology: 
Applications in Plant and Agriculture    ” (nanobio-
technology), “  Machine Learning Approaches in 
Plant Biology    ” (machine learning), “  Applications 
of Bioinformatics in Plant and Agriculture    ” (bio-
informatics), and “  Plant Systems Biology: Insights 
and Advancements    ” (plant systems biology). 

 We envisage somewhat more broadly based 
(yet still focused) fi elds incorporating knowledge 
from plants, animals, and microbes in such topics 
as biometalomics (e.g., metals in enzyme func-
tion, oxygen transport, electron transfer reac-
tions, etc.), bioergomics (energy generation and 
use in living organisms), biomics (study of world 
biomes), and the related ecolomics (synthesis of 
ecological interactions at all levels), along with 
some of the sections under splitter approach 
without the limiting plant epithet, such as epi-
genetics, glycomics, and lipidomics, among 
others.
    (c) The global approach or “futuromics”     

 In the same way that early “omes” began as 
cataloging of individual bits of information that 
got assembled into some form of understanding 
using the “omics” approach so we anticipate 
that “futuromics” will be a “meta-omics,” the 
assembling of the understandings derived from 
different (but related) fi elds. As per our knowl-
edge, there are three identifi able items in the 
known universe: energy, matter, and informa-
tion. The ultimate goal of the futuromics would 
be to develop the meta-disciplines of ergomics 
(energy), materialomics (matter), and informa-
tomics (information), and plantomics would 
play a leading role in these meta-disciplines. We 
will discuss “ergomics” to a certain detail, while 
“materialomics” and “informatomics” will be 
discussed briefl y.  

    Ergomics 

 We envisage that the not-yet-invented meta- 
discipline of universal energy relations, or 
ergomics, would have plantomics as its basis and 
would combine the information and understand-
ing of apparently disparate disciplines including 
the sciences of biology, medicine, chemistry, 
physics, engineering, geology, climatology, as 
well as the disciplines of economics, commerce, 
law, government, politics, education, etc. Of the 
sciences, the biology components would include: 
subcellular biology (areas such as physiology, 
biochemistry, biophysics, cytomics, organelle 
biology, cytoplasmic streaming, nano- 
microscopy), whole organism animal biology 
(growth, energy expenditure in muscle move-
ment, energy effi ciency in digestion), and whole 
plant energetics (growth, differentiation, mass 
transport). Chemistry would involve endo- and 
exothermic reactions, distillation of fuels, and 
greenhouse gas absorption or recovery, while 
physics would involve electricity, microwave 
irradiation, atomic energy, fusion, fi ssion, dark 
energy, gravitation, and cosmic background radi-
ation, among others. Engineering would involve 
research in and construction of solar, wind, tidal, 
hydro, and thermal energy plants and systems for 
absorbing greenhouse gases, while geology 
would play a major role in the discovery of addi-
tional fossil fuel sources. The participation by 
climatologists is especially necessary because of 
the tight link between (fossil fuel) energy con-
sumption and global warming/climate change. 
We foresee members of all these fi elds becoming 
involved in the search for alternative, renewable, 
nontoxic energy sources. 

 Participation by non-scientists is absolutely 
necessary for full implementation of viable 
energy policies. Economics will need not only to 
perform cost-benefi t analyses of all aspects of 
energy generation and consumption but also to 
compare various ways to lessen global warming 
(climate change) and weigh these costs with the 
inevitable gigantic costs of not mitigating against 
global warming. The private sector (commerce, 
industry, banking, law) also needs to be involved 
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to commercialize (and perhaps patent) the new 
ergomics fi ndings and recommendations and 
needs to be aware of the damage of short-term, 
bottom line (quarterly) planning, while govern-
ment, politicians, and lobbying groups need to 
support and not oppose scientifi c fi ndings that 
focus on the long-term good health of the planet 
and the life forms inhabiting it. Finally, educa-
tion, especially science education and critical 
thinking, is absolutely necessary not only for the 
young but also for the adults in science, com-
merce, government, politics, law, etc. Indeed, we 
contemplate a more perfect world where the 
adults in vital decision-making positions would 
not be scientifi c nincompoops, but would need to 
have their scientifi c understanding measured and 
validated before they could hold such positions. 

    Specifi c Roles for Plantomics 

 Life on Earth is powered almost entirely by the 
sun, primarily through photosynthesis conducted 
by higher plants, algae, and cyanobacteria with 
current photosynthesis providing food, fi ber, fab-
rics, and biofuels and with past photosynthesis 
providing fossil fuels. Accordingly, the basis of 
ergomics is the understanding of this process 
from a biophysical, biochemical, physiological, 
and ecological perspective. The preliminary goal 
would be to establish the fi eld of “photosyn-
thomics,” where the individual components of 
the light-harvesting complex were known, as was 
its supramolecular architecture and the pathways 
of transmission of electrons and photons, the 
reduction of high energy electron acceptors, the 
generation of ATP, and the release of oxygen. A 
further goal would be in the use of nanotechnol-
ogy, biomechanics, and related fi elds to recon-
struct this complex, so that it functions in vitro 
with at least as much effi ciency as it does within 
the chloroplast, and a close to fi nal goal would be 
to incorporate these complexes into paints for 
vehicles (buses, trucks, cars, trains, airplanes, 
ships) and buildings (homes, hospitals, factories, 
offi ces, universities) so individuals, companies, 
governments, etc., would become net energy pro-

ducers rather than consumers. Of course, neither 
the initial in vivo biological goal nor the later 
in vitro nanotechnology goal will happen without 
careful planning and investment of time, energy, 
money, and intellectual capacity (i.e., exactly 
what was needed for the development of genom-
ics). Whether governments, industry, banks, 
ultra-wealthy individuals, or conglomerates of 
these provide the resources is immaterial, but 
these resources are a total requisite.   

    Materialomics 

 All materials are either organic (generated by 
current or previous biological processes) or inor-
ganic (generated by chemical and physical pro-
cesses), and the only genuinely renewable 
materials are biologically based. As with 
ergomics, the fundamentals of the discipline 
would be plantomics, in particular that aspect 
dealing with the generation of biomass through 
the process of photosynthesis from past, present, 
or future activities. While ergomics would focus 
on the light reactions of photosynthesis, materi-
alomics would concentrate on the dark reactions 
of C3, C4, and CAM plants and all the subse-
quent metabolic pathways up to and including the 
production of the so-called secondary metabo-
lites. Plants provide the fundamental six “Fs”, 
food, feed fi ber, fabrics, fuel, and “farmaceuti-
cals,” and there is no easy way to see how the role 
of plants in food, feed, and farmaceutical produc-
tion can be circumvented. However, production 
of fi ber, fabrics, and fuel by nonbiological pro-
cesses is likely to increase especially in the search 
for ultralight and ultra-strong fabrics and non- 
fossil fuel sources such as hydrogen. From the 
biological perspective, the fi elds of metabolo-
mics, enzymology, and genetic modifi cation will 
be paramount, and it is too early to tell whether 
many different plant species will be modifi ed for 
the manufacture of specialized products or 
whether certain plants such as  Arabidopsis , or 
even tobacco, which has become a major source 
of plantibodies, will become generalized 
manufacturers.  
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    Informatomics 

 The role of plantomics in this discipline is not as 
apparent as in the previous two. However, all liv-
ing organisms contain information in their DNA 
and RNA, and all organisms extract information 
from the environment to modify their behavior, 
and all organisms transmit information within 
themselves and to other organisms. Examples of 
behavior modifi cations in plantomics would be 
the perception of light to determine fl owering 
time, as well as perception of light and gravity to 

determine orientation. Examples of information 
transmission within the whole plant include elec-
trical signals (action potentials and variation 
potentials) and at the subcellular level, cytoskel-
eton dynamics and nuclear-plastid communica-
tion. Indeed, one of the more fascinating aspects 
of the role of plants in informatomics is the pos-
sibility of transmitting GSM (mobile phone) sig-
nals to modulate gene expression to plants 
growing at great distances from the GSM source, 
as hinted at in chapter “  Signalomics: Diversity 
and Methods of Analysis of Systemic Signals in 
Plants    ” (plant signalomics).      
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