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Foreword

It is a great pleasure to introduce this important book: Crop Improvement: 
Sustainability Through Leading-Edge Technology. The book is published at a par-
ticularly timely moment in our history when new crop improvement technologies 
are being developed at the same time as Codon Genomics the world faces formi-
dable challenges associated with population growth, climatic change, environmen-
tal deterioration and resource depletion. The impressive cast of editors and authors 
are well qualified to produce a book on such an important topic. Two editors, 
Professors Siti Nor Akmar Abdullah and Ho Chai-Ling, are from Universiti Putra 
Malaysia, which is an emerging powerhouse of crop and environmental research in 
Southeast Asia, while the third editor, Professor Carol Wagstaff, is from the 
University of Reading, one of the oldest centres of agricultural research in Europe.

The target audience of the book includes scientists and students around the world 
with interest in this crucial area that seeks to tackle the imperative of increasing crop 
quality and yield while also ensuring that such crops are grown and processed in the 
most sustainable manner possible. As demonstrated in the individual chapters of the 
book, sustainable crop improvement requires the collaboration of all relevant stake-
holders including farmers, processers, academic researchers, governments, private 
sector agriculture-related companies and the constructive engagement of NGOs.

One of the most important advances of the twenty-first century has been the 
development of DNA-based technologies for the understanding and manipulation of 
key agronomic traits in crops. Such technologies include DNA marker assisted selec-
tion for crop breeding which is already having such a positive impact on some of the 
major commodity crops that provide the bulk of edible calories for global popula-
tions. The past decade has also witnessed a revolution in the application of genomics 
(including the related methods of transcriptomics, proteomics, metabolomics, phe-
nomics, etc.) to an increasingly wide range of crops. The process that started with the 
sequencing of the small genome of the model plant, Arabidopsis thaliana, has now 
progressed to the sequencing of very large and complex genomes of such key crops 
as wheat, barley, maize and oil palm. Other biotechnologies are being applied to the 
surveillance and detection of new crop diseases that are increasingly emerging as 
climates change and international travel helps their spread to new regions.
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One of the mantras of modern crop improvement is ‘sustainable intensification’, 
which involves the application of all forms of breeding technology, both old and 
new, to the betterment of crop (and especially food) production—but in a way that 
minimises adverse environmental impacts of agriculture. For example, genetic tech-
nologies are enabling us to breed crops that can synthesise their own biologically 
based defence compounds and thereby reduce or eliminate the need for chemical 
inputs such as fungicides, herbicides and pesticides. In other cases, better manage-
ment of crops, including the use of more of their by-products, can improve both 
profitability and efficiency of production as well as reduce the enormous amount of 
wastage that continues to affect the food industry.

The most serious threats to global food security in the coming decades will be 
felt in developing countries, particularly in sub-Saharan Africa and Asia. As this 
book shows, scientists in these regions are increasingly taking the lead in the devel-
opment and application of new methods and approaches to sustainable crop 
improvement. There are still many hurdles to climb but it is indeed encouraging to 
see how new generations of researchers are tackling these formidable challenges.

The University of South Wales, UK� Denis J. Murphy

Foreword
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Preface

The chapters in this book are mainly from selected oral presentations at the 
International Conference on Crop Improvement held in Universiti Putra Malaysia in 
December, 2015. Additional chapters are from authors that were invited to contrib-
ute certain topics to strengthen the content of the book. The theme of the conference 
‘Sustainability Through Leading-Edge Technology’ used as the book title is a clear 
reflection of the content. The book aims to enlighten the readers on various strate-
gies utilising molecular-biotechnology tools and agricultural engineering innova-
tions to overcome the challenges in crop production in a sustainable manner. 
Sustainability issues are addressed along the supply chain from crop production to 
preserving and processing crops after harvest.

Major impacts on crop production due to catastrophic diseases and global cli-
mate change need urgent and innovative solutions. One of the main issues is the 
limited availability of gene pool due to domestication that prevents further genetic 
improvement. Sourcing for new alleles from various untapped genetic resources for 
important traits like disease and abiotic stress resistance is critical and appropriately 
presented as one of the key strategies in current crop improvement efforts. Systems 
biology that relies on various ‘omics platform and strong bioinformatics support is 
essential in understanding biological processes and the underlying mechanisms of 
importance for enhancing crops’ performance and ensuring their survival under 
adverse conditions. The information generated forms the basis for subsequent 
genetic improvement efforts through molecular marker technology and genetic 
engineering. Some of the powerful genetic manipulation strategies as well as recent 
development that speed up the process of obtaining the desired trait with better 
public acceptance are elaborated.

The book also includes aspects of preserving crops after harvest and diversify-
ing usage of by-products as these are key factors in promoting sustainable crop 
quality, addressing waste, and moving crops through the food and industrial supply 
chain. Agriculture engineering innovations in the form of biosensors for field 
application, bioreactors for culturing of plants for production of valuable second-
ary metabolites and crop processing technology to minimise loss as important 
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development towards attaining sustainability are also included as food for thoughts 
for current and future generation.

We take this opportunity to thank all authors for accepting our invitation and 
their contribution in making this book a reality. Their continuous cooperation and 
commitment during the editorial process are much appreciated. We are also thank-
ful to Prof. Denis Murphy for constructive comments and meaningful foreword for 
this book. We really appreciate the strong support of the current UPM’s Vice 
Chancellor, Prof. Datin Paduka Dr. Aini Ideris, in promoting and encouraging pub-
lication of books as one of the best medium to reach out to the global community.

We are grateful to Springer International team for their support and valuable 
advices at every stage of the book production.

Selangor, Malaysia� Siti Nor Akmar Abdullah 
Selangor, Malaysia � Ho Chai-Ling 
Reading, Berkshire, UK � Carol Wagstaff

Preface
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About the Book

Technology and innovations go hand in hand with agricultural sustainability. New 
technologies provide rapid and accurate analytical data vital for monitoring crop 
status and environmental impact. Current emphasis on systems biology, on-site and 
real-time data acquisition enables targeted improvement of crops and site directed 
solutions that are effective, economical and labour saving. Continuous input of 
technology will sustain global crop contribution for food, feed and industrial mate-
rials. This book addresses inherent issues in crop improvement. Molecular-
biotechnology tools together with innovations in agricultural engineering provide 
new insights on the biological system and solutions to the various problems.
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Chapter 1
RNA-seq Analysis in Plant–Fungus 
Interactions

Ho Chai-Ling and Wai-Yan Yee

1.1  �Introduction

Global food supply is dependent on about 150 plant sources (International 
Development Research Centre, IDRC; https://www.idrc.ca/). Of these, rice, 
wheat, and maize provide more than 50% of the world’s food energy while sor-
ghum, millet, potatoes, sweet potatoes, soybean, and sugar (beet and cane) pro-
vide another 25% (Food and Agriculture Organization of United Nations, FAO; 
http://www.fao.org/).

Plant crops interact with some microorganisms in a mutually beneficial manner. 
There are also pathogenic microbes that colonize plant hosts for food and to com-
plete their reproduction cycle, thus reducing both crop yield and quality, if not 
destroying the crops. Most interactions between plants and microbes occur in the 
rhizosphere, thus many microbes can also indirectly affect plant growth and crop 
production by modifying the soil conditions. Hence, understanding the complex 
nature of plant–microbe interactions can potentially offer new strategies to enhance 
plant productivity and also to enhance plant health by reducing plant diseases. The 
emerging area of multispecies transcriptomics is promising in providing a compre-
hensive understanding of the complex interactions of plants with their biotic and 
abiotic environments.

H. Chai-Ling (*) 
Institute of Plantation Studies, Universiti Putra Malaysia,  
UPM, 43400 Serdang, Selangor, Malaysia 

Department of Cell and Molecular Biology, Faculty of Biotechnology and Biomolecular 
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1.2  �Plant–Fungus Interactions

Arbuscular mycorrhiza (AM) originated 400 million years ago, coincident with 
land colonization by plants (Pirozynski and Malloch 1975; Simon et al. 1993; Remy 
et al. 1994; Redecker et al. 2000; Heckman et al. 2001). AM symbiosis was pro-
posed to be ancestral not only to other plant–fungus interactions but also plant–
microbe interactions (Kistner and Parniske 2002). The symbiotic mechanisms 
between legumes, and eukaryotic AM fungi and prokaryotic Rhizobi, were reported 
to be well conserved (Endre et  al. 2002; Stracke et  al. 2002; Ané et  al. 2004; 
Imaizumi-Anraku et al. 2004; Lévy et al. 2004). The same signal-transduction com-
ponents shared by both bacterial and fungal root symbioses were also recruited by 
pathogenic root-knot nematodes (Weerasinghe et al. 2005).

1.2.1  �Importance

Plant–fungus interactions can be broadly divided into beneficial, pathogenic, or neu-
tral interactions (Mora et al. 2011). The potential outcome of these plant–fungus inter-
actions was shown to be affected by environmental factors such as drought, 
temperature, salinity, soil acidity, and waterlogging (Berg 2009). Under multiple abi-
otic and biotic stresses, prioritization of physiological pathways in plants can deter-
mine the outcome of the plant–microbe interactions. In the last few decades, 
transcriptome analysis has fueled a better understanding of host–pathogen interac-
tions and the underlying molecular mechanisms. The prioritization of physiological 
pathways in plants was shown to be hormonally regulated (Memelink 2009; Depuyd 
and Hardtke 2011). The interplay of jasmonic acid (JA), salicylic acid (SA), and eth-
ylene was found to affect the resistance and susceptibility of plants to pathogens. SA 
can increase the resistance of plant host to hemibiotrophs but promotes the suscepti-
bility to necrotrophs (Veronese et al. 2004, 2006) while JA and ethylene play a role in 
the resistance of plant hosts to necrotrophs (Glazebrook 2005; Laluk et al. 2011).

Plants undergoing abiotic stresses or treated with SA have increased production 
of reactive oxygen species (ROS) and often display higher resistance against bio-
trophs (Bechtold et al. 2005; Kunz et al. 2008). By contrast, JA signaling is associ-
ated with wounding and physical damage which are of the advantage of necrotrophs. 
In addition, JA is also involved in induced systemic resistance (ISR) which provides 
resistance against subsequent infections (Pieterse et al. 2009; Matilla et al. 2010).

1.2.1.1  �Beneficial Plant–Fungus Interactions

Beneficial fungi promote plant growth and/or suppress plant diseases via a variety 
of mechanisms, which include improved nutrient acquisition, production of growth 
regulators, and biosynthesis of pathogen-inhibiting compounds. Biological control 

H. Chai-Ling and W.-Y. Yee
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of pathogens can also happen through direct interaction between beneficial and 
pathogenic fungi through competition for living space and mycoparasitism as dem-
onstrated by coiling of hyphae around pathogen by Trichoderma spp. (Benitez et al. 
2004). Some beneficial fungi can trigger induced systemic resistance (ISR), a type 
of priming that provides resistance against subsequent infections and protect the 
host from diseases (Pieterse et al. 2009; Matilla et al. 2010). Basal defenses could 
be triggered in host plants in their interactions with beneficial fungi as with patho-
genic fungi. Similar expression was reported for a set of rice genes in symbiotic and 
pathogenic interactions, respectively, thus suggesting a conserved response to fun-
gal colonization which may play a role in compatibility (Güimil et  al. 2005). In 
multispecies interactions that involve Trichoderma-Arabidopsis-Pseudomonas 
syringae and Piriformospora indica-barley-powdery mildew, the beneficial fungi 
(e.g., Trichoderma and Piriformospora) were shown to modulate host gene expres-
sion profiles only in the presence of pathogens (P. syringae or Blumeria graminis f. 
sp. hordei, respectively) (Molitor et al. 2011; Brotman et al. 2012).

1.2.1.2  �Pathogenic Plant–Fungus Interactions

In pathogenic plant–fungus interactions, the fungi are detrimental to the hosts. 
Pathogenic fungi can cause diseases on plants which not only reduce both yield and 
quality, but also kill the crop. Generally pathogenic fungi can be divided into three 
classes based on their feeding modes: biotrophs, necrotrophs, and hemibiotrophs. 
Biotrophs live on intact living plant tissue while necrotrophs, by contrast, would kill 
and benefit from dead plant cells.

The infection processes, the nature of effector proteins, and the elicited host 
defense responses are different in biotrophs and necrotrophs (Laluk and Mengiste 
2010). Biotrophs establish a long-term feeding relationship with their living hosts 
by growing between host cells and invade only few host cells. They may secrete a 
limited amount of cell wall degrading enzymes and generally do not produce phy-
totoxic compounds (Mendgen and Hahn 2002). The plant immune responses of 
biotrophs include a hypersensitive response which causes cell death at the site of 
infection, thus confining the spread of a pathogen by abolishing its nutrient supply. 
Conversely, necrotrophs induce cell death and necrosis by secreting phytotoxic 
compounds and cell wall degrading enzymes (Govrin and Levine 2000). Many 
necrotrophs are actually hemibiotrophs which start as biotrophs and turn necro-
trophs later.

In gene-for-gene resistance, successful pathogen has the ability to suppress the 
host defense responses that it triggers in a compatible host–pathogen interaction. 
However, the presence of resistance (R) genes enables plants to reverse the 
suppression of basal defenses and induce potent and effective defenses. The genes 
that are involved in R gene-mediated defenses in compatible interactions were 
found to be similar or identical to those induced during the basal defenses in incom-
patible interactions (Wise et al. 2007).
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1.2.1.3  �Neutral Plant–Fungus Interactions

In neutral plant–fungus interactions, the fungi may not be beneficial or detrimental 
to the plants directly. Since they utilize plant-derived organic compounds as sub-
strates for energy production, they may still play important roles in nutrient cycling 
and modifying plant environments. For instance, saprophytic fungi break down 
organic material and the minerals released are made available for plant uptake 
(Kubartová et  al. 2009). Another example is the extrusion of protons and/or the 
production of organic acids that cause a drop in soil pH. This leads to solubilization 
of phosphates in precipitate form into the soil solution, which is readily available for 
uptake by roots (Scervino et al. 2010).

1.2.2  �Limitations in Transcriptome Data of Plant–Fungus 
Interactions

In the past, the gene expression patterns of plants and fungi have been investigated 
in many plant–fungus interactions (Güimil et al. 2005; Rotter et al. 2009; Samolski 
et al. 2009; Chen et al. 2014). However, most of these studies focus on either plant 
or fungus, and only a few reports have profiled the transcriptomes of both partners 
simultaneously (Schenk et  al. 2012). Studies on multispecies transcriptomes are 
important in revealing the tightly linked gene expression of plants and fungi involved 
in symbiotic beneficial or parasitic relationships.

In the early days, most transcriptome data of plant–fungus interactions were gen-
erated by microarray approach. One major limitation of microarray analysis is that 
the number and sequence of DNA probes available on the array determine the tran-
scripts that can be analyzed. Although many plant and fungal genomes have been 
completely sequenced in recent years, the sequence data that are currently available 
are still limited for only a small number of plant and fungal species. Despite that 
cross-species DNA microarray hybridization was possible, the DNA probes avail-
able on microarray are unlikely to account for all the genetic diversity found in natu-
ral communities, and may need to be updated regularly. In addition, output 
inaccuracy due to cross-hybridization and low sensitivity is still a challenge for 
microarray analysis that requires higher specificity in oligonucleotide design.

1.3  �RNA-seq Analysis in Plant–Fungus Interactions

In recent years, advances in RNA-seq which involves next-generation sequencing 
(NGS) of mRNA-derived cDNA have offered an alternative to DNA microarray for 
transcriptome profiling of plant–fungal interactions. In the RNA-seq approach, the 
availability of genome data is not a prerequisite. The quantitative measurement of 
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5

gene expression is based on the number of reads obtained for each cDNA (including 
low-abundance transcripts). In addition, RNA-seq could be a better option for mul-
tispecies transcriptome profiling wherein the reads generated from a pool of mixed 
cDNA from multispecies can be accurately assigned to genes from individual spe-
cies. Although this technology has its own share of limitations, mainly due to 
sequencing costs, the demand for high computational power, and challenges in data 
analysis, RNA-seq is able to provide a higher sequence depth, thus higher accuracy 
and sensitivity compared to DNA microarray approach.

1.3.1  �Principles of RNA-seq

RNA-seq is a recently developed approach that utilizes the deep sequencing plat-
forms provided by Next-Generation Sequencing (NGS) technologies to profile the 
transcriptome. In general, a population of RNA will be reverse transcribed into a 
library of cDNA fragments with adaptors attached to one and/or both ends (Wang 
et  al. 2009). The cDNA fragments will be selected based on size, amplified and 
sequenced to obtain a high number of single-end or paired-end short sequencing 
reads. The sequencing read length (~30–400 bp) generated depends on the sequenc-
ing platforms used. The NGS sequencing platforms include Roche 454 (Thomas 
et al. 2006; Sugarbaker et al. 2008), Life Technologies SOLiD (Pandey et al. 2008; 
Su et  al. 2014), Illumina (Bentley et  al. 2008; Mortazavi et  al. 2008), and Life 
Technologies Ion Torrent (Rothberg et  al. 2011; Mangul et  al. 2014). However, 
Roche 454 and Life Technologies SOLiD platforms have been discontinued from 
market and development.

Currently, the Illumina HiSeq sequencing platform is the most frequently used 
NGS platform in RNA-seq analysis. This technology is based on simultaneous/par-
allel multiple individual sequencing-by-synthesis reactions on a miniature slide. 
The Illumina platform is popular for gene expression studies given its low cost for 
the coverage provided. The latest platform which is commonly used is the HiSeq 
3000/4000 which can generate up to 750 Gb throughput of data per flow cell cor-
responding to 2.5 billion single-end reads in approximately 3.5 days (http://www.
illumina.com/content/dam/illumina-marketing/documents/products/datasheets/
hiseq-3000-4000-specification-sheet-770-2014-057.pdf; Goodwin et  al. 2016). 
This is equivalent to 50 whole transcriptome samples per flow cell in fewer than 
3.5 days (with an assumption of 50 million reads per sample for HiSeq 3000). The 
read lengths for the latest HiSeq 3000/4000 model can reach a maximum of 
2  ×  150  bp (paired-end sequence of 150-bp reads each). The development of 
sequencing platforms with much higher coverage, coupled with replicate profiling 
and statistical analyses, holds the promise of a more accurate representation of 
expression profiles involved in plant–microbe interactions.

For a comprehensive understanding of plant–microbe interactions, it is valuable 
to analyze the associated gene expression changes in both the interacting organism 
simultaneously (Kawahara et al. 2012; Westermann et al. 2012). In principle, the 
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RNA-seq allows the host and microbe transcriptomes to be analyzed in parallel. 
There are numerous applications where RNA-seq can be utilized in answering a 
biological question, e.g., infected vs. noninfected systems and time-course studies. 
However, to have a general or optimal pipeline that can fit all purposes or suitable 
for all organisms is not possible (Conesa et al. 2016). In this paper, we do not aim 
to provide an exhaustive survey of the RNA-seq analysis, but rather to provide an 
introduction to the bioinformatics approach used in plant–fungus interaction, which 
enables the readers to gain familiarity with basic bioinformatics analysis steps.

The major steps for a typical RNA-seq study involve filtering for high quality 
sequencing reads, read alignment, quantifying gene and transcript expression, and 
identification of differential gene expression between samples (Conesa et al. 2016). 
Firstly, the quality of all sequencing raw reads generated from NGS platforms can 
be assessed in the initial pre-processing step involving determination of base quality 
score and GC content, and removal of ambiguous base “N” in sequences and over 
represented sequences (possible adapter contamination); using FastQC (http://
www.bioinformatics.babraham.ac.uk/ projects/fastqc/). Low quality reads/
sequences (based on base quality, i.e., Phred cutoff value, and minimum fragment 
length), adapter sequences and ambiguous “N” bases can be trimmed and/or filtered 
by FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). After the trimming 
and filtering, orphan reads (single reads for paired-end data) are normally removed 
from subsequent analysis.

For plants or fungi that have been completely sequenced, sequencing reads can 
be mapped to the annotated genome using software such as TopHat, which used 
Bowtie (Trapnell et al. 2012) as its algorithmic core (Fig. 1.1). For plants or fungi 
that do not have a complete sequence, de novo assembly can be performed with 
packages such as Oases (Schulz et al. 2012), SOAPdenovo-Trans (Xie et al. 2014), 
Trans-ABySS (Grabherr et al. 2011), or Trinity (Haas et al. 2013) with an opti-
mized k-mer size for each data set (Fig. 1.1). The assembled sequences are then 
clustered with TGICL (Pertea et al. 2003) and CAP3 (Huang and Madan 1999) to 
produce non-redundant sequences or unigenes. Sequencing reads can then be 
mapped to the unigenes. The number of reads that are mapped to each reference 
sequence/unigene can be quantified and used for differential expression analysis 
using Cufflinks, Cuffdiff (Trapnell et al. 2010), or other methods. The coverage of 
reads being mapped can be translated to expression value or fragments per kilobase 
of transcript per million mapped fragments (FPKM) (Trapnell et  al. 2010). 
Differential expressed genes/transcripts between two samples are normally defined 
as transcripts that have at least fourfold difference in their expression levels (log2 
fold change ≤|2|) with a false discovery rate (q-value) less than 5% in one sample 
compared to the other. To assess the global quality of the RNA-seq dataset, the 
reproducibility among replicates can be examined for possible batch effects. 
Reproducibility among technical replicates should be generally high (Spearman 
R2 > 0.9) (Mortazavi et al. 2008). Further discussion on experimental design and 
appropriate RNA-seq study approach leading data to meaningful biological inter-
pretation is available in Sects. 1.3.3.1 and 1.3.3.3.

H. Chai-Ling and W.-Y. Yee
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It is challenging to assign gene functions to short reads based on sequence 
homology, thus functional annotation is normally performed on unigenes upon 
assembly. To assign putative functions to unigenes, they are translated into six read-
ing frames and compared against non-redundant (nr) database and/or SwissProt 
database at the National Center for Biotechnology Information (NCBI) with 
BLASTX (Altschul et al. 1997). In most studies, matches with E-values equal or 
less than 10−5 are treated as “significant matches” while sequences with no hits or 
matches with E-values more than 10−5 are classified as “non-significant matches.” 
The protein-coding unigenes can also be functionally annotated by sequence simi-
larity matches to conserved protein domain databases such as InterPro (Hunter et al. 
2012) and Pfam (Finn et al. 2014). Assignment of Gene Ontology (GO) and map-
ping of unigenes into Kyoto Encyclopedia of Genes and Genomes (KEGG) meta-

BLAST2GO

Expression analysis Differential 
expression analysis

Cufflinks

Cuffdiff

Sequencing raw reads

Quality assessment

Quality trimming & 
filtering

Pre-processed raw reads

Mapping to reference genome 

Expression analysis Differential 
expression analysis

Functional annotation 
(reference genome)

De novo assembly into
transcripts

Transcript 
clustering

Unigenes

Read mapping 
to unigene

Functional 
annotation

FastQC

FASTX-Toolkit

TopHat

Cufflinks

Cuffdiff

BLAST

TGICL
CAP3

Fig 1.1  An overview of RNA-seq reference-based mapping and de novo assembly analysis 
flowchart

1  RNA-seq Analysis in Plant–Fungus Interactions



8

bolic pathways can be performed by tools such as Blast2GO (Conesa et al. 2005). 
The standard vocabularies used in GO allow exchangeability and classification of 
functional information across orthologs while the KEGG metabolic pathways facili-
tate a systematic understanding of the molecular interactions network among the 
genes and their biological functions. Enrichment analyses based on GO and KEGG 
terms can also be performed on differentially expressed genes to compare the abun-
dance of specific GO terms and KEGG terms in the tested sample compared to the 
control sample. These results reveal gene functions and pathways that respond to 
the treatment applied to the tested sample.

1.3.2  �RNA-seq as a Tool for Studies on Plant–Fungus 
Interactions

To date, knowledge on plant–fungus interactions at the genomic level remains elu-
sive. NGS technologies is starting to gain wider applications in understanding the 
fungal mechanisms (infection, colonization, survival), and the molecular response of 
plants against fungal infection. Fungi have diverse lifestyles including biotrophic, 
necrotrophic, and hemibiotrophic in which they could employ distinct strategies to 
interact with their plant hosts. Here, we would like to discuss a few recent studies that 
involve the application of transcriptome sequencing in fungus–plant interaction. 
Table 1.1 shows a list of next-generation short-read transcriptomic sequencing data 
that were generated. A few of them will be discussed here for case studies.

1.3.2.1  �Mutualism Relationship

AM symbiosis is the most well-studied mutualism relationship between plants and 
fungi. RNA-seq was employed to understand the transcriptional changes that occur 
in the leaves of mycorrhizal tomato plants (Solanum lycopersicum) (Cervantes-
Gámez et al. 2016). Transcriptome profiling of leaves from mycorrhizal and non-
mycorrhizal tomato plants demonstrated 742 differential expressed genes including 
those involved in signaling, transport, biotic and abiotic stresses, and hormone 
metabolism. Transcriptional changes also occurred in P, N, and sugar transporters 
and genes related to systemic defense priming. Similarly, Zouari et  al. (2014) 
reported that the beneficial symbiosis established between tomato with Funneliformis 
mosseae (another AM fungus) have an impact on primary metabolisms, particularly 
on mineral nutrition.

In another study by Hiruma et al. (2016), RNA-seq data revealed that a destruc-
tive pathogen, Colletotrichum tofieldiae can also serve as an endemic endophyte in 
natural Arabidopsis thaliana populations. C. tofieldiae which established root colo-
nization initially can spread systemically into shoots while transferring macronutri-
ent phosphorus to shoots, thus promoting plant growth, and increasing fertility 
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under phosphorus-deficient conditions. Phosphate starvation in the host might have 
facilitated the transition of C. tofieldiae from a pathogen to a beneficial endophyte. 
The phosphate starvation response in the host could control root colonization by C. 
tofieldiae and is needed for plant growth promotion.

The abovementioned studies only analyzed the host plant component in the inter-
actions without providing data on the fungi involved. However, there are also RNA-
seq data on multispecies involved in mutualism relationships such as those involve 
in the ectomycorrhizal interaction between Laccaria bicolor and aspen (Populus 
tremuloides) roots (Larsen et al. 2011). The RNA-seq data suggested that L. bicolor 
may provide various metabolites (e.g., glycine, glutamate, and allantoin) for aspen, 
which in return provides sugars such as fructose and glucose to the fungus.

1.3.2.2  �Mutualism Relationship Versus Pathogenic Relationship

Multispecies transcriptomics profiling with RNA-seq enables direct comparison of 
the interactions between rice and two closely related pathogenic (rice blast fungus 
Magnaporthe oryzae) and mutualistic (rice endophyte Harpophora oryzae) fungi 
species (Xu et al. 2015). In this study, differences in the metabolome and transcrip-
tome of rice challenged by H. or M. oryzae were analyzed. The levels of metabolites 
in the shikimate and lignin biosynthesis pathways increased continuously in the M. 
oryzae-challenged rice roots. In the H. oryzae-challenged rice roots, these pathways 
were initially induced before they were suppressed. The expression of most genes 
encoding enzymes involved in glycolysis and TCA cycle was suppressed in the H. 
oryzae-challenged rice roots, but enhanced in the M. oryzae-challenged rice roots.

RNA-seq data also helped to elucidate molecular events associated with ISR 
induced by Trichoderma harzianum T39 in grapevine against downy mildew caused 
by Plasmopara viticola (Perazzolli et al. 2012). The findings demonstrated complex 
transcriptional reprogramming of grapevine leaves during resistance induction and 
pathogen inoculation. T. harzianum T39 was found to be able to partially inhibit 
some disease-related processes by modulating the genes related to the microbial 
recognition machinery directly. It also specifically activated defense responses after 
P. viticola inoculation by enhancing the expression of defense-related genes.

1.3.2.3  �Pathogenic Relationship

Most of the RNA-seq data reported on plant–fungus interactions focused on their 
pathogenic relationship. Kawahara et al. (2012) studied the molecular mechanisms 
underlying both rice defense and fungal attack caused by M. oryzae. The gene 
expression profiles of both interacting organisms were monitored simultaneously in 
the same infected plant tissue by the RNA-seq approach. Detection of fungal gene 
expression in infected leaves has been difficult because very few numbers of fungal 
cells are present. However, the authors managed to analyze the mixed transcriptome 
of rice and blast fungus in infected leaves at 24 h postinoculation, corresponding to 
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the penetration of the primary hyphae into leaf epidermal cells. The mixed tran-
scriptome analysis was shown to be useful for simultaneous elucidation of the tac-
tics of host plant defense and pathogen attack, whereby 240 fungal transcripts 
encoding putative secreted proteins were found to be upregulated. In addition, tran-
scripts encoding glycosyl hydrolases, cutinases, and LysM domain-containing pro-
teins in the M. oryzae were found to increase whereas pathogenesis-related and 
phytoalexin biosynthetic genes were upregulated in rice. The findings also demon-
strated that incompatible interactions have more drastic changes in expression com-
pared with the compatible interactions in both rice and blast fungus at this stage.

The dual RNA-seq approach was also employed by Teixeira et al. (2014) to simul-
taneously assess the transcriptomes of cacao and the hemibiotrophic fungus, 
Moniliophthora perniciosa which causes Witches’ broom disease (WBD). The 
pathogen’s transcriptome was analyzed in exceptional detail and thereby character-
ized the fungal nutritional and infection strategies during WBD and identified puta-
tive virulence effectors. The biotrophic M. perniciosa was found to increase the 
availability of soluble nutrients by changing plant metabolism in the diseased tissues 
before plant death. On the other hand, ineffective defense responses were found to be 
induced in the infected shoots which were characterized by carbon deprivation. The 
finding also suggested the establishment of a senescence process in the host, which 
marks the end of the WBD biotrophic stage. The results improve understanding of 
the development of (hemi) biotrophic plant–pathogen interactions.

Deep RNA sequencing coupling with metabolomics was also used by Rudd et al. 
(2015) to investigate the physiology of wheat and the hemibiotrophic fungus 
Zymoseptoria tritici throughout an asexual reproductive cycle of the fungus on 
wheat leaves. The study managed to profile more than 3000 pathogen genes, 7000 
wheat genes, and 300 metabolites that were differentially regulated. The slow-
growing extracellular and nutritionally limited Z. tritici were found to suppress the 
defense system of wheat initially. It was subsequently followed by a defense (hyper) 
activation in the host (increased expression of JA biosynthesis genes and large-scale 
activation of other plant defense responses) by manipulating specific plant carbohy-
drates during the switch of the pathogen to necrotrophic growth and reproduction.

Global expression profiling using RNA-seq has also been used to identify a com-
plex gene network involved in the necrotrophic interaction between lettuce and 
Botrytis cinerea (De Cremer et  al. 2013). The biological pathways in which the 
differentially expressed genes are implicated generate a holistic picture at the inocu-
lation site. The phenylpropanoid pathway and terpenoid biosynthesis in the host 
plant were induced, whereas photosynthesis was downregulated at 48 h post inocu-
lation. The study also enables comparison with data on the interaction of B. cinerea 
with A. thaliana which revealed both general and species-specific responses to 
infection with this pathogen. Additionally, the study also revealed that similar path-
ways were induced during compatible interactions of lettuce with necrotrophic 
pathogen and biotrophic pathogen (Bremia lactucae). However, the fungal tran-
scriptome was not profiled in this study. Other single-species RNA-seq analysis 
involving only the host transcriptome include time-course analysis of A. thaliana 
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inoculated with Fusarium oxysporum (Zhu et al. 2012), and comparative analysis 
on tomato–Verticillium dahlia interactions in Verticillium wilt (Tan et al. 2015).

1.3.3  �Challenges

1.3.3.1  �Experimental Design and Replication

In comparative transcriptome, mRNA transcripts that are significantly increased or 
decreased in a pair of samples are identified. Pair-wise comparisons can be conducted 
on samples under particular sets of conditions or treatments. In plant–fungus interac-
tions, a “treatment” could be inoculation of a pathogen genotype that perturbs the tran-
script profile of a host in reference to the control or untreated host. Pair-wise comparisons 
can also be conducted on treated samples collected from a time-course study (early 
infection stage versus late infection stage) or on pathogens in different mode of actions 
(biotrophic turns necrotrophic; mutualism turn pathogenic). Samples collected from a 
time course combined with alternate plant genotypes or pathogen isolates that elicit a 
response are useful in testing some hypotheses in host–pathogen interactions.

Careful design (blocking, randomization, and replication) and rigorous statistical 
analysis are prerequisites to planning expression profiling or other experiments in 
large-scale biology. Variations (including biological and technical variations) may 
derive from multiple and diverse sources in experiments. Due to high sequencing cost 
and difficulties in some experiments (scarcity of samples or difficulties in sample col-
lection), many RNA-seq studies for transcriptional profiling have not been replicated 
at present, and therefore defy statistical analyses. However, the requirement and the 
number of biological replicates for RNA-seq depend on the heterogeneity of the 
experimental system. Samples derived from biological replicates treated under the 
same condition are expected to be more similar as demonstrated by Champigny et al. 
(2013). In this study, RNA-seq was applied to compare the gene expression profiles of 
an extremophile plant, Eutrema salsugineum grown in different fields and controlled 
environment with three biological replicates per condition. Samples in each group 
(with the same condition) were clustered together in a principal component plot 
(PCA). Rigorous statistical design, replication, and analysis should be considered 
whenever possible if expression data are used to draw broad conclusions about the 
biology of a system (Meyers et  al. 2004). Technical replicates are not required in 
RNA-seq for comparative transcriptome purpose. However, biological replicates are 
essential to draw broad conclusions about plant–fungal interactions.

1.3.3.2  �Sampling and RNA Preparation

In multispecies transcriptome profiling as in plant–fungus interaction, separation of 
fungal mycelia from infected plant tissues could be difficult or close to impossible, 
especially during the early stage of fungal infection whereby the fungal mycelia 
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could be in negligible amount. Normally, a mixed sample with plant and fungus is 
collected for RNA-seq. Profiling of a mixed transcriptome requires further process-
ing at data analysis which will be discussed in the subsequent section.

Harvesting of infected plant tissues at the early stage of fungal infection can be 
challenging due to scarcity of infected tissues and is always inseparable from healthy 
tissue. Sampling of diseased samples according to infection duration may not be 
always the best choice in a time-course experimental design as the infection may not 
be always synchronized. For root treatment that happens in soil or some other sub-
strates, sample collection is further complicated by difficulties in collection of dis-
eased samples based on disease symptoms especially for destructive sampling.

1.3.3.3  �Data Analysis

One of the key differences between Sanger sequencing and NGS platform is the 
number of nucleotides obtained from each fragment being sequenced, i.e., Illumina 
platform (short reads technology) generally produces a read length ranging from 
100 to 300 bases with a throughput of ~1500 Gb per run, as opposing to Sanger 
sequencing which produces a read length which is about ~800 bp with a throughput 
of ~77 kb per run (https://flxlexblog.wordpress.com/2016/07/08/developments-in-
high-throughput-sequencing-july-2016-edition/; Goodwin et  al. 2016). The new 
“Third Generation-Sequencing” platform based on single-molecule sequencing 
technology, e.g., Pacific Biosciences (PacBio) can generate sequences that are 
~20,000 bp in length with a throughput of ~1 Gb per run. As the complexity of the 
data sets and the sizes for various NGS data increase and vary, high-throughput data 
storage, management, and computation for large sample sizes are becoming a limi-
tation and pose many challenges.

RNA-seq is an analytical technique leveraging the capacity of NGS platforms to 
quantitatively sample a population of RNA molecules with large number of sequenc-
ing reads from parallel reactions on different samples (Li et al. 2014). Selection of 
a sequencing platform depends on the research goal. It is important to understand 
the benefits and limitations of the chosen platform to fully capture its advantages to 
answer the research problems. Currently, Illumina is the best market accepted 
sequencing platform for RNA-seq application. By offering a high throughput per 
sequencing run, it allows easier detection of low expressed transcripts. However, 
having longer reads may improve the performance in transcript assembly, quantifi-
cation, and gene fusion detection (Shendure and Ji 2008; Ozsolak and Milos 2011). 
Long reads were shown to be able to provide more information on gene structures 
and splicing patterns compared to short reads (Tilgner et al. 2013).

Besides, the choice of sequencing platform has a direct impact towards the data 
analysis strategy. Different sequencing platform may have different requirements in 
library synthesis, sequence alignment, and data processing (Li et  al. 2014). 
Generally, the two basic aims of RNA-seq are to determine the regions of the 
genomes that have been transcribed in a sample, and to quantify the expression of 
these transcripts. There are three principal approaches to infer the transcripts in the 
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RNA samples using RNA-seq. The simplest approach is to assume the transcripts in 
a sample are a subset of the transcripts listed in a curated database. A more ambi-
tious strategy involves aligning reads to a reference genome and using the align-
ments to infer the transcript structures, while the most challenging approach is to 
assemble reads into putative transcripts de novo without the aid of a reference 
genome (Jänes et al. 2015).

In reference-based mapping approach, the paired-end sequencing reads are 
mapped to reference genome by exact match or scoring sequence similarity. There 
are two major categories of aligners: (1) unspliced read aligners, e.g., Bowtie2 
(Langmead and Salzberg 2012) and Stampy (Lunter and Goodson 2011); (2) spliced 
aligners, e.g., TopHat2 (Kim et  al. 2013) and GSNAP (Wu and Nacu 2010). 
Unspliced read aligners do not allow large gaps such as those that are potentially 
generated from reads spanning exon boundaries or splice junctions (Benjamin et al. 
2014). The unspliced read aligners can map the reads to potentially novel exons but 
are limited by their inability to handle reads spanning splice junctions in the refer-
ence genome. Spliced aligners are able to map reads spanning splice junction by 
splitting them into smaller segments and determine the best match based on align-
ment scores and known di-nucleotide splice signals (Benjamin et  al. 2014). The 
reference-based mapping transcriptome assembly has several advantages: the 
assembly can be performed with parallel computing or computer with only a few 
gigabytes of RAM; it has a lower risk of sequencing artifacts and contamination; 
and it is sufficiently sensitive in detecting and assembly of low abundant transcripts. 
In addition, missing nucleotides can be filled by the reference sequences, and it 
facilitates the discovery of novel transcripts/non-coding RNAs that have not been 
annotated in the reference genome (Martin and Wang 2011). There are some disad-
vantages and drawbacks to this approach: the success of reference-based mapping 
transcriptome assembly depends on the quality of reference genome being used; 
spliced reads spanning large introns may not be identified or mapped; alignment of 
reads to multiple regions, and removal of  “multi-mapped reads” that cannot be 
mapped uniquely in the reference genome. However, the reference-based mapping 
approach is useful in identifying and differentiating transcript isoforms in large and 
complex transcriptomes, such as those from plants and fungi. In general, having a 
closely related, reliable, and well-annotated reference genome will aid in reference-
based mapping studies.

De novo assembly leverages the redundancy of short-read sequencing to find 
overlaps between the sequencing reads, to assemble and merge the contigs into 
unigene as part of the process to reconstruct the transcripts. De novo assembler such 
as Trans-ABySS assembles the reads multiple times using the de Bruijn graph-
based approach to reconstruct transcripts from a broad range of expression levels, 
before merging the contigs to remove redundancy. Conversely, other de novo assem-
blers, e.g., Oases (Schulz et al. 2012) and Trinity (Haas et al. 2013), directly traverse 
the de Bruijn graph to assemble the isoforms (Martin and Wang 2011). The advan-
tages of de novo assembly are: no reference genome is required in the assembly; it 
can detect transcripts that are in reference genome or other unknown exogenous 
source; it does not depend on the alignment of reads to known splice sites; or 
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affected by long introns that are present in the genome (thus is not limited by some 
unspliced read aligners which do not allow large gaps from read spanning exon 
boundaries or splice junctions); and is abled to assemble trans-spliced transcripts 
(Martin and Wang 2011). However, the process requires large amounts of computa-
tional resources (100 of gigabytes of RAM) and is time consuming (days to weeks). 
Nevertheless, the process could be distributed over a cluster of computational nodes 
to speed up the assembly process. In addition, it also requires a higher sequencing 
depth for full transcript assembly than reference-based mapping (Benjamin et al. 
2014). De novo assembly of transcriptome is very sensitive to sequencing errors and 
chimeric molecules present in the data because it is difficult to distinguish real 
trans-spliced event from chimeric artifacts in the library preparation. De novo 
assembly also has difficulties in discriminating transcript variants generated from 
different alleles or paralogues (Grabherr et  al. 2011; Martin and Wang 2011). 
Furthermore, unigenes generated from overlapping reads can be mis-assembled, 
fragmented, or incomplete. However, the assembled unigenes can be validated via 
BlastN to the publicly available database or confirmed by alignment with closely 
related homologues genes.

In parallel-gene expression analyses, the RNA-seq sequencing reads are mapped 
to either available genome assemblies or de novo assemblies of transcriptomes (if 
neither the genomes of plant nor fungus is sequenced). The latter may present some 
difficulties as plant and fungus share highly conserved sequences that are difficult 
to be assigned to either partner in plant–fungus interactions. The sequencing reads 
can be mapped to closely related fungal genomes that are available, to segregate the 
fungal sequences from the plant sequences. De novo assembly can then be per-
formed on the sequencing reads upon removal of the probable fungal sequences to 
obtain the plant sequences. The sequences mapped to the fungal reference genome 
are probably fungal transcripts expressed during fungal infection of host plant (Ho 
et  al. 2016). Further detailed examination on the identity and functions of the 
expressed genes in fungus is required.

In differentially gene expression analysis, the statistical cutoff is normally asso-
ciated with a low False Discovery Rate (FDR) or q-value (Storey and Tibshirani 
2003) in combination with a user-imposed fold change in gene expression which 
can vary from two- to fourfolds (Rudd et al. 2015; Hiruma et al. 2016; Ho et al. 
2016). In RNA-seq analysis, the most significant differentially expression genes or 
the pathways that they are involved may be extracted using a stringent cutoff value. 
However, a less stringent cutoff value may also be used to extract some of the less 
statistically significant yet interesting genes or patterns of gene expression that have 
not been included in the initial data.

1.3.3.4  �Verification of RNA-seq Data

In global gene expression profiling experiments (microarray and RNA-seq alike), 
variation may derive from multiple and diverse sources. It is essential or it has 
become a norm to verify the gene expression data that are used to deduce changes 
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in cellular processes and pathways by using a different technique before drawing 
conclusions about the biology of plant–pathogen interactions (Meyers et al. 2004; 
Nettleton 2006). Previously, Wise et al. (2007) opined that confirmation of expres-
sion data generated by cDNA microarray analysis by using a different technique 
such as reverse transcription-quantitative polymerase chain reaction (RT-qPCR) or 
RNA blot analysis is not necessary if blocking, randomization, and replication are 
carefully addressed in experimental design, coupling with rigorous statistical analy-
sis. This is especially true if the experiment is designed and analyzed to survey for 
candidate genes for functional analysis, by mutation, overexpression, or gene 
silencing because functional characterization of the candidate genes is the ultimate 
validation of the expression profiling results. Furthermore, performing RT-qPCR or 
RNA blot analysis on a limited number of genes derived from large data analysis 
ultimately only confirms data for the selected genes (Wise et al. 2007). Microarray 
data is generally considered to be reliable, and in line with results based on RT-qPCR 
or RNA gel blot analysis (Boddu et al. 2006; Stein et al. 2006). Costa et al. (2013) 
has referred RT-qPCR as the gold standard replacing RNA blotting methods for 
RNA quantification in clinical applications while the RNA-seq methods is a poten-
tial complementary technique to RT-qPCR for cancer laboratories. Currently, RNA-
seq-related studies are also performed as preliminary screening for selection of 
targeted genes for further RT-qPCR analyses (Costa et al. 2013; Zhuang et al. 2015; 
Hu et al. 2016). In addition, database mining from existing expression resources, 
such as expressed sequence tag (EST) libraries, microarray databases, and high-
throughput sequence data from independent, published experiments can also be 
used for corroborating differential expression (Caldo et al. 2004; Boddu et al. 2006; 
Gjetting et al. 2007).

1.4  �Future Directions of RNA-seq Analysis in Plant–Fungus 
Interactions

Multispecies transcriptomics may lead to the discovery of key plant and microbial 
genes that characterize the interaction and may provide new strategies for disease 
resistance. To obtain a comprehensive view of the processes involved, a systems 
biology approach which is multidisciplinary would be required. Integration of 
genomics, transcriptomics, proteomics and metabolomics data using bioinformatics 
and statistical analysis will facilitate modeling of biological system and help to 
identify key biological processes, as well as make predictions. It is important to 
identify not only the functions of individual genes and transcripts but also proteins 
and metabolites during plant–microbe interactions. A better understanding of ben-
eficial and detrimental interactions between plants and microbes may offer unprec-
edented opportunities to increase crop productivity. Given the worldwide importance 
of food security and other usages of plants, the knowledge generated would provide 
enormous environmental and financial benefits. With the progress in high-throughput 
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RNA-seq analyses of plant–microbe interactions, future research holds promise to 
fuel new insights that will be extremely valuable for the development of new tech-
nologies for sustainable food production.
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2.1  �Introduction

Improving crop yield to meet the demands of increasing human population is a criti-
cal issue to be addressed. The increase in yield of crop plants can come from many 
avenues, such as better adaptation to environmental conditions, greater resistance to 
pests and diseases, improved agronomic practice, increased genetic yield potential 
and interaction of the above-mentioned factors (Gifford and Evans 1981).

According to Yamori (2013), improvement of photosynthesis can be done 
through the following efforts: (1) improving the ribulose 1,5-biphosphate carboxyl-
ase/ hydrogenase (RuBisCO) performance via quality control and/or quantity con-
trol, (2) increasing the thermo tolerance of RuBisCO activase to sustain RuBisCO 
activity under high temperatures, (3) enhancing CO2 levels around RuBisCO to 
maximize catalytic rate and minimize photorespiration, (4) enhancing rate of chlo-
roplast electron transport, (5) enhancing the capacity of metabolite transport pro-
cesses and carbon utilization, (6) enhancing enzyme activity of Calvin cycle and (7) 
other innovations such as quantitative trait locus (QTL) analyses, phenomic screen-
ing, manipulation of mitochondrial respiration and improving photosynthesis under 
fluctuating light conditions. In an earlier review by Zelitch (1982), researchers have 
shown that improving photosynthetic efficiency through photosynthetic energy 
transduction and carbon dioxide (CO2) assimilation in crops may help to increase 
crop yield significantly. He also mentioned in his review that several attempts were 
made to relate seasonal changes in canopy photosynthesis with yield by constructing 
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a carbon budget in relation to dry matter accumulation in the field studies of soy-
bean, barley, wheat, sorghum, maize and tobacco. These investigations showed a 
clear positive correlation between net photosynthesis and yield. A 33% increase in 
leaf photosynthesis may be translated into an 18% increase in biomass (Sinclair 
et al. 2004). On average, a doubling of the current CO2 concentration ([CO2]) in the 
field or laboratory chambers results in no increase in leaf area, but can cause a 
23–58% increase in leaf photosynthetic rate (Drake et al. 1997) and an average of 
35% increase in crop yield (Kimball 1983). The increase in [CO2] has two effects on 
C3 plants: an increase in leaf photosynthesis and a decrease in stomatal conductance 
to water vapour (gs) (Drake et al. 1997; Long et al. 2004). In addition, the elevated 
[CO2] increases net leaf photosynthetic rate primarily by (1) competitive inhibition 
of the oxygenase activity of RuBisCO and therefore photorespiration and (2) accel-
eration of carboxylation because the CO2 binding site is not saturated with CO2 at 
the current [CO2] (Long et al. 2006).

As oil palm appears to be generally a source-limited plant (Corley et  al. 1971), 
information on the partitioning of nitrogen and carbon assimilated from photosynthetic 
(fully opened autotrophic) leaves to various sink organs, particularly developing meso-
carp and non-photosynthetic (unopened spears/heterotrophic) leaves for reproductive 
and vegetative growth will be valuable to palm breeding and genomic studies. The 
correlation between the fat, sugars and protein nitrogen of olive leaves and fruits has 
been reported (Donaire et al. 1975), and supports that carbon and nitrogen are trans-
ported from leaves to fruit for lipid synthesis in the mesocarp. A study on oil palm leaf 
biomass, nitrogen, sugars and photosynthesis using leaf ranks −6 to 57 suggested that 
carbon isotope composition of heterotrophic spear leaves (<rank 0) was 13C sugar-
enriched due to remobilization of reserve carbon from source organs (Lamade et al. 
2009). This indicated that in oil crops such as olive and oil palm, the carbohydrate 
source of fruit development and vegetative growth comes from photosynthesis.

In oil palm, bunch yield is in linear relationship to intercepted radiation per palm 
(Squire and Corley 1987), and the photosynthetic rate of individual leaves shows a 
curvilinear relationship with light intensity (Dufrene et  al. 1990). At low light-
intensity, light is the limiting factor, and the photosynthesis rate is directly related to 
light intensity. The “light compensation point” is the light intensity where photosyn-
thesis and respiration are equal; below this light intensity, there is a net outflow of 
carbon dioxide from the leaf. At high light intensity, photosynthesis becomes light-
saturated and the rate of carbon dioxide intake through stomata becomes the main 
limitation. Photosynthetic rate of leaves of young palms increases rapidly 2 months 
before the first bunch is harvested (Henson 1990). The rapid increase in photosyn-
thesis rate of leaves of young palms coincides with the time where mesocarp com-
monly experiences intense growth and lipid accumulation (Corley et  al. 1973; 
Corley and Tinker 2003; Badger 2009). It has been suggested that if the oil palm 
leaf had a longer period of high photosynthesis rate, that dry matter production and 
bunch yield would increase significantly (Suresh and Nagamani 2006).

The above-mentioned studies on oil palm photosynthesis suggested that the mea-
surement of photosynthesis efficiency of seedlings and young palms may provide 
information on desired traits, such as yield, abiotic stress and disease tolerance. 
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However, direct photosynthesis measurement on individual adult palms may be dif-
ficult due to the large canopy and height, and therefore limit the number of measure-
ments can be conducted per day. The problems arise when a large number of 
biological replicates are required for statistical significance. Therefore, Omics tech-
nologies may offer a solution to this problem by profiling the expression of 
photosynthesis-related genes, protein and metabolite concentrations to complement 
the physiological measurements related to photosynthesis.

2.2  �Contribution of Omics Technologies to Photosynthesis 
Study

Various omics-based approaches are now being deployed to complement conven-
tional breeding, and to improve the understanding and selection efficiency for spe-
cific physiological traits, including photosynthesis.

2.2.1  �Genomics

Plant genomics is a study in genetics that applies DNA sequencing approaches com-
bined with bioinformatics approaches to sequence, assemble, and analyse the function 
and structure of plant genomes. Chloroplasts are photosynthetic intracellular organ-
elles, hence it is important to sequence the plant chloroplast genome. Our understand-
ing of plant chloroplast genome evolution has greatly advanced through genomic 
sequencing and comparative analysis of chloroplast genomes from different species. 
For example, Uthaipaisanwong et al. (2012) characterized the oil palm chloroplast 
genome by using 454-pyrosequencing and the features of the characterized genome 
were then compared with those from date palm and rice. Consequently, they identified 
32 RNA editing events in 19 chloroplast protein-coding genes of oil palm. Information 
from analysis of the chloroplast genome of natural population is useful for obtaining 
desirable agronomic traits, such as yield enhancement and resistance to pathogens 
(Daniell et al. 2016). This can be achieved by the discovery of useful alleles from 
genomic analysis as well as identification of regions of the genome in which diversity 
has been lost in domestic breeding. Desirable agronomic traits can then be achieved 
by breeding cultivated crops with their wild relatives (Brozynska et al. 2015).

2.2.2  �Transcriptomics

Transcriptomics is a study of a complete set of RNA transcripts that are produced 
by the genome by using high-throughput methods, such as microarray analysis and 
RNA sequencing. To close the gap between the real and potential photosynthetic 
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rates under field conditions, genome-wide identification and characterization of the 
nuclear genes for photosynthetic traits in a segregating population of poplar was 
performed using microarray and bulked segregant analysis (Wang et al. 2014a). A 
total of 515 differentially expressed genes were identified in the study revealing that 
photosynthesis regulation mainly involved genes in transport, metabolism and 
response to stimulus functions. Those differentially expressed genes were ATP-
binding cassette, major facilitator superfamily protein (transport), glucanase, beta-
D-xylosidase, NADH dehydrogenase (metabolism), WRKY and chitinase (stress 
response). Additionally, they suggested that stress responses could be a factor to be 
considered for photosynthetic improvement in the field.

With the reduction in cost of next generation sequencing (RNA-seq), many com-
parative transcriptomes for photosynthesis studies have recently been reported on 
different plant species such as maize (Chang et al. 2012; Ding et al. 2015), Cleome 
spp. (Bräutigam et  al. 2011), Staria spp. (Xu et  al. 2013; Rao et  al. 2016), 
Megathyrsus spp. (Bräutigam et al. 2014), switchgrass (Serba et al. 2016), Brassica 
spp. (Mushtaq et al. 2016), foxtail, rice and sorghum (Ding et al. 2015). Many tran-
scriptome comparative studies set out to investigate gene regulation differences 
between C3 and C4 plant species (Bräutigam et al. 2011, 2014; Xu et al. 2013; Ding 
et al. 2015; Rao et al. 2016). The leaves of C4 crops such as maize and sorghum 
normally have better CO2 fixation, along with better water and nitrogen use efficien-
cies compared to C3 species such as rice. C4 photosynthesis therefore affords higher 
efficiency of carbon conversion that enables plants to accumulate biomass at a faster 
rate compared to C3 species. Understanding the C4 photosynthesis pathway and 
mechanism may help to improve crop productivity; these pathway and mechanism 
can even be transferred to C3 plants. Comparative transcriptome analysis provides a 
useful platform for candidate gene identification related to photosynthesis in C4 
plants, for examples, mitochondrial decarboxylate carrier and phosphoenolpyru-
vate/phosphate translocator (transport protein) (Bräutigam et  al. 2011). Several 
recent transcriptome studies related to photosynthesis are summarized in Table 2.1.

2.2.3  �Proteomics

Proteomics is the large-scale study of proteomes. A proteome is defined as the set of 
proteins found in a particular cell, tissue or organism. It is the aim of proteomics to 
elucidate all the proteins in a proteome, including protein abundances, protein mod-
ifications and protein–protein interactions. The proteomes of chloroplast, including 
its envelope, stroma and thylakoid membrane fractions, of several higher plants 
have been analysed (Friso et  al. 2004; Pineda et  al. 2010; de Luna-Valdez et  al. 
2015). In addition, the chloroplast proteomes of plant growing under various biotic 
and abiotic stresses have been described for rice, wheat, pea, as well as for the plant 
model Arabidopsis thaliana (Aro et al. 2005; Cui et al. 2005; Curto et al. 2006; 
Zhou et al. 2006; Wang et al. 2016). In their studies on the effect of 8 h darkness on 
Arabidopsis chloroplasts, Wang and colleagues identified 81 darkness-responsive 
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Table 2.1  Comparative transcriptome analysis summary

Reference Plant species Highlighted finding

Bräutigam 
et al. (2011)

Cleome spinosa and 
Cleome gynandra

Large quantities of Asp, Ala and pyruvate in C4 leaves 
compared to C3. The genes involved in transport and 
metabolism were also expressed higher in C4 leaves 
including genes for phosphate translocator, 
mitochondrial dicarboxylate carrier and adenylate 
kinase family protein. The genes for transcription 
factors such as AP2-EREBP, bZIP and zinc finger also 
showed higher expression level in C4 leaves

Chang et al. 
(2012)

Zea mays Pathway analyses revealed differences between 
mesophyll and bundle sheath cells of maize in various 
functional categories. Mesophyll plays more important 
roles including light reaction, protein synthesis and 
folding. Bundle sheath cells play a role in transport, 
signalling, protein degradation etc. Potential candidate 
genes identified include those for phosphoenolpyruvate 
carboxylase, NADP-MDH and dicarboxylate 
transporter. The genes for many transcription factors 
were found to be differentially expressed, including 
WRKY, NAC, MYB, bHLH and GRAS

Xu et al. 
(2013)

Setaria viridis Whole transcriptome analysis revealed 7056 simple 
sequence repeats from 60,751 transcripts assembled. 
Many genes related to C4 photosynthesis were 
identified, including those for PEPC, NADP-ME, MDH 
and PCK from the study

Wang et al. 
(2014a)

Populus The microarray study identified 163 up-regulated and 
352 down-regulated genes. Gene enrichment identified 
48 significant GO terms in biological processes and cell 
components. The candidate genes identified were 
mainly involved in transport, metabolism and response 
to stimulus function including ATP-binding cassette, 
major facilitator superfamily protein, oligopeptide 
transport, S-type anion channel, NADPH oxidases, 
NADH dehydrogenase, WRKY and MYB

Bräutigam 
et al. (2014)

Megathyrsus 
maximus, 
Dichanthelium 
clandestinum

The study indicated that the core C4 cycles are similar 
between two species with only a few exceptions 
including subcellular location of acid production and 
up-regulation of genes in C4 enzymes. Sucrose and 
starch synthesis are critical component in C4 
metabolism. M. maximus appears to have simpler C4 
metabolism compared to other plants with less 
adjustment involved within intercellular transport 
capacity and electron transfer

(continued)
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proteins (Wang et al. 2016). Most of the identified proteins are nucleus-encoded, 
thus suggesting that darkness response in chloroplast is closely controlled by the 
nucleus. Incidentally, the abundance of 17 ribosomal proteins that are known to be 
involved in protein synthesis decreased after the dark treatment. The findings 
revealed that darkness triggers the inhibition of protein translation in the chloro-
plast, inhibition of Photosystem II (PSII) resulting in preferential cyclic electron 
flow around Photosystem I (PSI) and starch degradation, as well as enhancement of 
redox capacity. The study has improved our knowledge of molecular regulatory 
mechanisms in chloroplasts under light-limiting conditions.

Comparative proteomics of tea leaves of normal and abnormal colours revealed 
differential protein abundance for proteins related to photosynthesis machinery, 
including PSI, PSII, cytochrome b6/f complex, photosynthetic electron transport, 
light-harvesting complex and F-type ATPase (Ma et  al. 2016). The decrease of 

Table 2.1  (continued)

Reference Plant species Highlighted finding

Ding et al. 
(2015)

Zea mays, Sorghum 
bicolor, Oryza sativa, 
Setaria viridis

From gene co-expression and differentially 
co-expression network analysis, 128 genes were found 
to be specific to C4. Many genes which are associated 
with light reaction, starch and sucrose metabolism, 
transportation and transcription regulation were 
identified to be involved in C4 photosynthesis. They 
include PEPC, PPDK, NADP-MDH, NADP-ME, 
PPDK-RP, aspartate aminotransferase, triophosphate 
phosphate translocator, FBA, FBP, phosphoglucan 
phosphatase and sucrose transporter 1/2

Serba et al. 
(2016)

Switchgrass The comparison of lowland and upland genotypes 
revealed that transcripts related to photosynthesis 
efficiency and development, and photosystem reaction 
centre subunits were up-regulated in lowland genotype. 
These transcripts for fatty acid desaturase, cupin 
superfamily protein, elongation factor, glycine-rich 
protein, membrane protein and zinc finger transcription 
factor. However, catalase isozymes, late embryogenesis 
abundant group I, photosulphokinases, S-adenosyl 
methionine and HLH transcription factor were 
up-regulated in upland genotype. The SNPs markers 
detected in the study will be useful for trait mapping for 
breeding improvement

Mushtaq 
et al. (2016)

Brassica spp. From the comparison of leaf transcriptome analysis on 
Brassica, almost all late biosynthetic genes of 
anthocyanin such as dihydroflavonol four-reductase, 
anthocyanin synthase and transparent Testa 19 were 
up-regulated in all purple leaves. Three genes related to 
degradation of photo-damaged protein in photosystem II 
and light respiration were down-regulated including 
FTSH protease 8, glycolate oxidase 1 and glutamine 
synthetase 1;4. The accumulation of anthocyanin might 
have potential physiological function related to 
photosynthesis

B.K. Neoh et al.



33

photosynthetic protein abundance was suggested to be associated with the colour 
changes in tea leaves. In another comparative study, the proteome of chloroplast 
envelope of pea (C3 plant) was compared with that of maize (C4 plant) (Bräutigam 
et al. 2008) revealing specific adaptations of the plastid envelope to C4 photosynthe-
sis and the proteins that were possibly required for maintaining C4 metabolite fluxes. 
The data could be useful for improving the efficiency of photosynthesis in future C4 
crops. The information obtained from proteomics studies would help in gaining 
insights into roles and functions of proteins associated with photosynthesis. The 
knowledge may prove vital for crop modification, particularly in engineering better 
crops to cope with various stresses in the future.

2.2.4  �Metabolomics

Metabolomics is a large-scale study of chemical processes involving metabolites by 
using various analytical platforms such as liquid chromatography–mass spectrom-
etry, capillary electrophoresis–mass spectrometry, and gas chromatography–mass 
spectrometry (Sumner et al. 2003). Comparative analyses of C4 and C3 photosynthe-
sis in developing leaves of maize and rice were previously conducted by using both 
integrated metabolomics and transcriptomics approaches (Wang et al. 2014b). Since 
C4 and C3 photosynthesis exhibit different efficiency in water and nitrogen con-
sumption, the study was conducted to investigate whether C3 plants having C4 pho-
tosynthesis could have improved carbon fixation in a hot and arid situation. 
Metabolomics analysis of photosynthesis and the related primary metabolites were 
also conducted in transgenic rice plants with both overexpressed and knockout leaf 
RuBisCO using capillary electrophoresis–time-of-flight mass spectrometry (Suzuki 
et al. 2012). In rice seedlings with reduced RuBisCO content, Suzuki et al. (2012) 
found that there was a decrease in photosynthesis, starch and carbohydrate levels 
with a substantial accumulation of ribulose bisphosphate, diphosphate and triphos-
phate compounds of other nucleosides, ATP, ADP and amino acids. In addition, 
starch and carbohydrate levels decreased in these plants. Thus, genetic manipulation 
of RuBisCO widely affected C and N metabolism in rice. A lipidomics approach has 
been deployed for comprehensive analysis of lipid composition in crude palm oil 
and showed that galactolipids such as monogalactosyldiacylglycerol, digalactosyl-
diacylglycerol and sulphoguinovosyl diacylyglycerol are crucial for maintaining the 
function of the photosynthesis machinery and involved in photosynthesis and 
metabolic regulation under various stress conditions (Cheong et al. 2014).

2.2.5  �Phenomics

Plant phenomics is the study of plant growth, architecture, performance, and com-
position using high-throughput methods of imaging, data acquisition and analysis 
(Araus et  al. 2015; Walter et  al. 2015). The phenotyping approach in studying 
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photosynthesis involves the application of fluorescence imager in high-throughput 
estimation of leaf chlorophyll content and photochemical yield of PS II(Baker and 
Rosenqvist 2004). Leaf chlorophyll content is a valuable indicator of plant health 
since its content is affected by both biotic and abiotic stresses. According to Gitelson 
et al. (2003), the F735/F700 ratio of chlorophyll fluorescence at 735 nm (F735) to 
that in the range of 700 nm and 710 nm (F700) shows a good linear relationship 
with the chlorophyll content (R2 > 0.95). Therefore, this ratio seems to be a suitable 
measurement for the estimation of chlorophyll content of leaves.

Phenomic data is essential to plant breeding programmes for yield enhancement. 
However, the process of obtaining phenotypic data is the most time consuming, 
costly and labour intensive step of many biological experiments (Flood et al. 2016). 
In addition, the precision of phenotypic data is compromised due to lack of 
uniformity and reproducibility of the measurements. Moreover, the complex 
multidimensional nature of phenotypes especially in the field environment poses 
additional challenges. Hence, high-throughput and precise phenotyping is needed to 
complement other omics-based approaches. High precision screening of plants 
under nursery or field conditions can be aided by using innovative agricultural 
technologies such as drone or fieldcopter with measuring system and image capture 
function (van der Wal et al. 2013). The information from transcriptomics, proteomics, 
metabolomics and other omics technologies will be precise only if proper phenotyp-
ing is done. The integration of all omics data will help to further enhance our 
understanding of plant photosynthesis.

2.3  �Investigation of Photosynthesis in Oil Palm Using  
Omics Technologies

In this chapter, we review studies conducted on oil palm photosynthesis, focusing 
on the potential role of omic technologies in oil palm yield enhancement.

2.3.1  �Yield

Overall palm oil yield can be attained by the combination of several positive bunch 
traits: bunch number per year, bunch weight, fruit per bunch, ratio of mesocarp 
thickness to fruit (M/F) and oil content in dry mesocarp (O/DM) (Appleton et al. 
2014a, 2014b). Of these, two key contributors of yield that are highly heritable are 
ratios of M/F and O/DM.

The metabolite profiles of oil palm leaves have contributed to a distinct clustering 
of photosynthetic and non-photosynthetic leaves in principal component analysis 
(Neoh et al. 2013). It was found that the differences between these two leaf types were 
caused by differential abundance of several groups of metabolites such as sugars, 
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amino acids and nucleosides. In the non-photosynthetic leaves, the relative abundance 
of sugar content was 21.3% lower than the photosynthetic leaves, presumably to sup-
port leaf growth during the fast elongation stage (Lamade et al. 2009; Kusano et al. 
2011). Concordant with the lower amount of extract as a percentage of dry tissue 
weight obtained from the non-photosynthetic leaves, higher wet biomass was assumed 
compared to the photosynthetic leaves. The rapid increase in spear leaf biomass 
requires a carbon allocation presumably from both trunk apex and photosynthetic 
leaves. Total sugar content produced from photosynthesis may vary and is believed to 
be related to leaf rank (non-photosynthetic to photosynthetic) (Kusano et al. 2011; 
Ibrahim and Jaafar 2012). Adenine and many amino acids such as arginine, aspara-
gine, proline, valine and tyrosine are more concentrated in non-photosynthetic com-
pared to the photosynthetic leaves. In leaves, the biosynthesis of amino acids is 
developmentally regulated, usually being most active in young leaves (Galili 1995; 
Zhu-Shimoni 1997; Teija Ruuhola et al. 2003). This trend is similar to that observed 
in developing mesocarp tissue before lipid biosynthesis commences. It has been 
reported that nucleosides in young leaves were converted to salvage products (nucleo-
tides and nucleic acids), degradation products and purine alkaloids, such as caffeine 
(Koyama et al. 2003). In coffee, almost 75% reduction of purine alkaloids is observed 
during leaf development (Deng and Ashihara 2010). The concentration of nucleosides 
is also found to be markedly lower in photosynthetic leaves (Neoh et al. 2013). The 
regulation of nucleosides also appears to play an important role in fruit development 
and lipid production in mesocarp (Neoh et al. 2013; Teh et al. 2013).

From our unpublished data, we observed that the photosynthetic-related genes 
were differentially expressed between high- and low-yielding palms with different 
M/F and O/DM traits. The differentially expressed genes included those encoding 
chlorophyll a-b binding protein (CAB), PSI and ferredoxin. All these genes encoded 
for the main functional proteins in the upstream of photosynthesis mechanism. They 
exhibited higher expression in the high-yielding population as compared to the low-
yielding population (Fig. 2.1a).

The differential expression of these genes indicates that high-yielding palms may 
have high abundance of these proteins, suggesting they are better in light energy 
harvesting and electron transfer during photosynthesis, which then lead to higher 
lipid production in this population. It has been reported that the Single Nucleotide 
Polymorphisms (SNPs) in gene encoding CAB in barley were associated with at least 
one of the six agronomic traits including plant height, spike length, a number of 
grains per spike, 1000 grain weight, flag leaf area and leaf colour (Xia et al. 2012).

A higher concentration of G6P and sucrose was found in higher yielder palms 
analysed using CE-MS (G6P) and GC-MS (Sucrose) metabolomics platform (Neoh 
et al. 2013). In the same experiment, several metabolites in photosynthetic leaves 
were found to be associated to O/DM.  In photosynthetic leaves, both glucose 
6-phosphate (G6P) and sucrose, two of the products of photosynthesis, were found 
to show significant difference (pV < 0.05) between high- and low-yielding palms 
(Fig. 2.1b). Both G6P and sucrose were found to be more concentrated in high O/
DM palms. Several studies reported the presence of a close correlation between the 
G6P concentration in the cytosol and photosynthetic sucrose production in wheat 
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protoplasts (Stitt et  al. 1983). The increase in G6P and sucrose is attributed to 
increasing light intensities and CO2 concentration, where both are key sources for 
photosynthesis. In oil palm, the elevated CO2 concentration and interception radia-
tion have led to the increase of biomass and bunch dry matter production (Squire 
and Corley 1987; Ibrahim et al. 2010).
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Fig. 2.1  Expression of photosynthesis-related genes and metabolites in oil palm leaf. (a) 
Differential expression of three photosynthesis-related genes in high and low yielder palms by 
RNAseq. Significant Q > 0.85 is explained by the probability of equivalent expression in Noiseq 
(Zheng and Moriyama 2013); (b) Abundance of G6P and sucrose in high and low yielder palms. 
pV indicated the p-value between high- and low-yielding palms, pV < 0.05 is considered signifi-
cantly difference
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2.3.2  �Diurnal Cycle

Plants are exposed to changing environmental conditions, and one of the most com-
mon is the daily alternation between light and darkness. In an effort by Rees (1961) 
in monitoring midday closure of stomata in oil palm in Nigeria, he found that diur-
nal stomatal opening differed during the wet and the dry seasons. In the wet season, 
stomata opened early in the morning and remained wide open throughout the day 
before closing in the early evening. While in the dry season, partial closure of sto-
mata occurred during the middle of the day (Rees 1961; Carr 2011). In Malaysia, 
Henson (Henson and Chang 1990; Henson 1991) found that stomatal conductance 
peaked in mid-morning and then progressively declined in the afternoon. The same 
diurnal pattern was obtained under clear sky conditions regardless of the age of the 
palms, although actual conductance increased with age.

Metabolic processes in plants and most other organisms operate in concert with 
day/night cycles. This coordination is accomplished by diurnal oscillations in tran-
scriptional and posttranscriptional activities integrated with light, temperature, car-
bon status and circadian signalling (Usadel et al. 2008). Through this arrangement, 
metabolic pathways in the cell can sense and anticipate environmental cues 
(Mangelsen et al. 2010).

In our study, sampling of 20 adult palms was carried out at five time points 
(7 am, 11 am, 3 pm, 7 pm and 7 am the following day) to monitor the metabolites 
and expression changes in relation to the diurnal cycle. In the diurnal expression 
study, we observed the abundance of transcript encoding chlorophyll a-b binding 
protein reached its peak at 11 am and decreased slowly throughout diurnal cycle. 
The expression of the transcript encoding ferredoxin reached its peak, slightly later 
at 3 pm (supplementary data) and remained constant for several hours before even-
tually decreasing after sunset. As there was no measurement taken between 11 am 
and 3 pm, actual peak expression of these genes may occur during midday time. 
CAB which forms a complex structure with PSI and II captures solar energy for the 
excitation of the photosystems. The released electron from photosystems will be 
used to reduce NADP+ to NADPH via ferredoxin and ferredoxin-NADP reduc-
tase (FNR). The energy generated (ATP) is then transferred into the Calvin cycle, 
which is required by ribulose-biphosphate to capture carbon dioxide via RuBisCO. 
From our diurnal expression study, the expression of the gene encoding  CAB reached 
the peak early into the sunlight hours, suggesting its importance in the capture of 
solar energy for photosynthesis under light-limiting conditions. The expression then 
appeared to decrease once light intensity was not a limiting factor. The expression 
continued to decrease until the beginning of the following diurnal cycle. PSI and 
ferredoxin were expressed at lower levels during the early stages of the diurnal cycle 
and increased gradually once light intensity increased and reached the peak expres-
sion at light saturation when photosynthesis reached its maximum (11 am–3 pm). 
When light intensity increases and more electrons are being transferred away from 
the photosystems, it is suggested that more ferredoxin and FNR are needed to reduce 
NADP+ to NADPH and enter into Calvin cycle together with energy produced 
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through ATP synthase complex. Study by Chang et al. (2017) also concluded that 
overexpression of ferredoxin-like protein improves production of rice by enhancing 
the capacity of photosynthetic carbon assimilation through higher efficiency of 
electron transport and gas exchange rate.

Metabolites such as sugar and sugar phosphates displayed a diurnal trend that 
was low during limited light (7–11 am), and peaked at midday (peak photosynthe-
sis) at 11 am to 3 pm, and decreased as light reduced (3–7 pm) (Fig. 2.2). This is in 
agreement with the findings of Bläsing et  al. (2005) whereby the photosynthetic 
carbon fixation in leaves supports the synthesis and export of sucrose to the remain-
der of the plant to support metabolism, storage, and growth during the day. At night, 
the plant becomes a net consumer of carbon. The supply of sugars from photosyn-
thesis can increase the rates of nitrate and ammonium uptake and assimilation, the 
synthesis of organic acid acceptors, and the synthesis of amino acids (Stitt and 
Krapp 1999).

We also observed the accumulation of amino acids with the increase of sugars 
early in the day. The diurnal trend for Gln was similar to sugar where it peaked at 
3 pm, whereas the concentration for other amino acids decreased after 11 am but 
increased again after 3 pm till the next morning (Fig. 2.2). In agreement with previ-
ous reports by Kovtun and Daie (1995) and Lam et al. (1995), we found the concen-
tration of several amino acids (Fig.  2.2) were higher at night (except for Gln) 
compared to during the day time when photosynthesis was active. These amino 
acids are presumably important for nitrogen storage and transport for the allocation 
of nitrogen resources between source and sink organs, especially at the beginning of 
the night (Kovtun and Daie 1995; Lam et al. 1995). In oil palm, amino acids were 
found to be highly concentrated in high-yielding palms during mesocarp (sink) 
development (Teh et al. 2013), where 35% larger mesocarp was recorded in high-
yielding palms compared to a low-yielding population. Teh et al. (2013) highlighted 
that the accumulation of amino acids at this stage could possibly support the pro-
duction of proteins necessary for lipid biosynthesis and cell division required for 
mesocarp development.

2.3.3  �Abiotic Stresses

Abiotic stresses in oil palm range from nutrient deficiency, flooding, climate change, 
drought and high salinity. In the oil palm industry, the El Nino weather effect is a 
serious concern, and prolonged drought can attribute to an 8% reduction in palm oil 
production in Malaysia (Shean 2016). The changes in weather pattern and low rain-
fall lead to soil water deficit and reduce bunch yield (Bakoumé et al. 2013; Gawankar 
et al. 2003). Reduced leaf production due to water stress by as much as 30% during 
the early growth phase and by 12.5% in the later growth phase has been observed 
(Gawankar et al. 2003). In addition, early closure of stomata due to moisture stress 
may reduce net photosynthesis, and ultimately fresh fruit bunch (FFB) production 
(Smith 1989). Other than that, photosynthesis-related parameters, such as content of 
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chlorophyll a (chla), chlorophyll b (chlb) and total chlorophyll (chl), along with 
density, length and width of stomatal aperture, stomatal conductance and transpira-
tion rate, photosynthetic rate and photosynthetic activity per plant have been 
reported to be used for selecting drought tolerant material for oil palm breeding 
(Kallarackal 1996; Suresh et al. 2010, 2012; Chaum et al. 2012; Méndez et al. 2012; 
Cha-um et al. 2013; Jazayeri et al. 2015; Putra and Purwanto 2015; Azzeme et al. 
2016). According to Méndez et al. (2012), the selection of potential genotype for 
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drought tolerant breeding material should encompass the following criteria: (1) 
highest photosynthetic rate, (2) the lowest respiratory rate, (3) highest efficiency to 
move its assimilates mainly towards the roots and (4) the ability to adjust its water 
potential (active accumulation of sugars) during stress. The reduction of chl content 
and the ratio of chla to chlb (chla:chlb) were significant in drought-stressed oil palm 
seedings (Azzeme et al. 2016). The significant reduction of chla was closely related 
to PSII deficiency. Genes encoding ethylene responsive binding protein, late 
embryogenesis abundant (LEA), dehydrin (DHN), cold-induced, heat shock protein 
70 and metallothionein type 2 were differentially up-regulated in the leaves, while 
in the roots, only genes encoding LEA and DHN were up-regulated. The proline 
content increased in both vegetative tissues, while the total soluble protein content 
was affected by increasing drought severity. The activity of catalase was highest in 
the roots during severe drought, while guaicol peroxidase activity was shown to be 
the highest in the leaves under mild drought (Azzeme et al. 2016). In a polyethylene 
glycol induced drought stress, maximum quantum yield of PSII (Fv/Fm) and pho-
ton yield of PSII in the oil palm seedlings under water deficit conditions dropped 
significantly in comparison to the control group, leading to a reduction in net-
photosynthetic rate (Pn) (Cha-Um et  al. 2010b). Although some of the above-
mentioned drought symptoms were similar to nutrient stress, it was reported that the 
water stress had a greater influence on oil palm (Sun et al. 2011).

In a salinity stress study on oil palm seedlings, photosynthesis phenotypes 
including chla, chlb, chl, total carotenoids, maximum quantum yield of PSII, pho-
ton yield of PSII and quantum efficiency of PSII in the seedlings under salt stress 
dropped significantly in comparison to those of the control group, leading to a 
reduction in net-photosynthetic rate (Pn) and growth (Cha-Um et al. 2010a). A posi-
tive correlation between physiological and growth parameters (including sodium 
ion, relative electrolyte leakage, photosynthetic pigments, Pn and water oxidation in 
PSII) and plant dry weight was found, in which, the salt stress affected photosynthesis 
mechanism thus lowering the oil palm biomass.

2.3.4  �Diseases (Ganoderma and Fusarium)

Using a proteomics approach, Daim et al. (2015) found oil palm leaves infected 
with Ganoderma boninense revealed changes in proteins involved in photosynthe-
sis. The abundance of photosynthesis-related enzymes such as RuBisCO, RuBisCO 
activase, CAB  several different subunits of ATP synthase and oxygen evolving 
enhancer protein 1 (OEE1) of the light-harvesting complex were reduced in infected 
palms. Previous plant–fungi interaction studies have shown that reduction in photo-
synthesis rate during the infection process is attributed to a sugar-mediated repres-
sion of photosynthetic genes (Biemelt and Sonnewald 2006). However, the protein 
abundance of FNR from PSI was found to be increased two-fold by Daim et  al. 
(2015). Ferredoxin may participate in other reactions in the chloroplast, including 
nitrogen and sulphur assimilation, amino acid, and fatty acid synthesis and also 
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redox regulation (Bilgin et al. 2010). The increase of ferredoxin may reflect its par-
ticipation in pathogen defence. De novo transcriptomics study of host–fungal inter-
actions in oil palm was carried out by comparing the root transcriptomes of untreated 
oil palm seedlings with those inoculated with G. boninense and T. harzianum, 
respectively (Ho et al. 2016). Ho et al. (2016) found that among the down-regulated 
genes in Ganoderma-treated oil palm roots were those related to the generation of 
precursor metabolites and energy, photosynthesis, electron transport chain, ribo-
some biogenesis, xyloglucan:xyloglucosyl transferase activity and others. Both 
findings showed that the photosynthesis-related genes were down-regulated in 
Ganoderma infected palm.

Unlike Ganoderma which is prevalent in Malaysia coastal areas, Fusarium wilt 
is the most destructive disease of oil palm in Africa and causes severe losses in Côte 
d’ Ivoire, Nigeria, Ghana, Cameroon and Congo (Flood 2006). To date, the photo-
synthesis of oil palms infected with Fusarium wilt has not been thoroughly studied. 
According to Mepsted et  al. (1995), the stomata conductance and internal CO2 
decreased along with an increase of photosynthesis in Fusarium infected oil palm 
seedlings. According to the author, the result might be due to non-uniform stomata 
closure, as reflected in the negative correlation of stomata conductivity to photosyn-
thesis rate. Therefore, further study is needed to determine if the cause of photosyn-
thesis rate changes in Fusarium wilt is entirely due to by stomatal closure or the 
other environmental effects.

2.4  �Conclusion

Photosynthesis is a mechanism that fuels plant growth and development through the 
conversion of light energy, carbon dioxide and water into sugars and carbohydrates. 
The effort to increase photosynthesis efficiency in oil palm is an important initiative 
to improve oil yield potential through the selection of genotypes with higher expres-
sion of photosynthesis genes such as CAB, FNR and PSI. Omics platforms can 
contribute to the selection of breeding materials that can perform better under light-
limiting conditions, such as shading from neighbouring palms and cloud cover, and 
that have overall increases in photosynthesis early and late in the day. In fact, pho-
tosynthesis is also a useful tool to phenotype and determines the condition of palms 
under abiotic or biotic stresses. Omics studies can complement marker assisted 
breeding by providing more accurate or physiologically linked traits. Identification 
of selection markers associated with these traits can then increase the accuracy of 
drought and Ganoderma tolerant breeding material identification and selection, 
which is critical to the oil palm industry in Malaysia.
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3.1  �Introduction

With the average global temperatures predicted to increase above 3.0 °C by mid-
century, agricultural productivity is likely to significantly decline in many countries, 
particularly those currently in the hottest, most arid regions of the world (Abraham 
et al. 2014). There is growing evidence that rising temperatures are stifling the pro-
duction of many important staples, notably maize (Zea mays), wheat (Triticum aes-
tivum), and rice (Oryza sativa), due to their sensitivity to water shortage and heat 
stress (Khoury et al. 2014). For example, maize yields in Africa are modelled to 
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decrease by between 22 and 35% by 2030 because of the increased variability of 
rainfall patterns and changes in local temperatures (Ngwira et al. 2012; Shi and Tao 
2014). Climate change, coupled with increasing global demand for food as the 
world population and its buying power grows, could also trigger a wave of price 
hikes for basic food commodities (Masters 2010).

While mainstream research has often focused on how to develop improved vari-
eties of the world’s mere 20 major food crops, thousands of indigenous and under-
utilised crops have been overlooked. Some of the underutilised (also called 
neglected, orphan or minor) crops are likely to be more resilient to harsh conditions 
than the major cereal crops as a result of the low-input farming systems in marginal 
environments in which they have been selected (Mayes et al. 2011). Until recently, 
unlocking the potential value of underutilised crops has not been seen as a main-
stream approach to addressing the effects of climate change on agriculture. Although 
some of these crops, like quinoa (Chenopodium quinoa) and bambara groundnut 
(Vigna subterranea (L.) Verdc.), have recently received more research attention 
(although not necessarily more research funding), existing knowledge on the genetic 
potential of many other promising underutilised species, such as the high-protein 
legume winged bean (Psophocarpus tetragonolobus), remains limited (Massawe 
et  al. 2016). There is, therefore, an urgent need for more innovative research to 
boost the productivity of potential future crops and molecular marker (or genetic 
marker) technology is considered to be a critical component in this endeavour. This 
far-reaching technology has indeed revolutionised the way plant genetics research 
is conducted (Semagn et al. 2006; Govindaraj et al. 2015) (Fig. 3.1).

Molecular markers are capable of detecting allelic variation or modification (e.g. 
methylation) in DNA sequence, and have been applied over a number of years to 
answer many complex biological questions in plant and animal science. These range 
from simple genetic fingerprinting for quality control in breeding programmes, to 
complex questions in population ecology and germplasm structure (Joshi et  al. 
1999; Schlotterer 2004). The last two decades have seen substantial investments in 
large-scale genetic and genomic resource development on major crops, including 
the development of simple sequence repeats (SSRs), expressed sequence tags 
(ESTs) and single nucleotide polymorphism (SNPs) (Schlotterer 2004; Kesawat 
and Kumar 2009). This is particularly the case for the major cereals, strengthening 
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the applications of marker-assisted selection (MAS) (Gupta et al. 2010; Miah et al. 
2013; Huang et al. 2015). Compared to conventional breeding, MAS:

	1.	 Does not require the plant to express the desired phenotypic trait to be able to 
select for plants carrying the trait.

	2.	 Is not affected by the environment.
	3.	 Is able to recognise heterozygous individuals, for example, hybrids can be identi-

fied by co-dominant markers.
	4.	 Makes gene pyramiding possible by introgressing multiple quantitative trait loci 

(QTL) into an individual.
	5.	 Is more time- and resource-efficient.

Advances in molecular biology, principally the invention of polymerase chain 
reaction (PCR) in the mid-1980s, have resulted in a wealth of molecular marker 
systems with potentially widespread utility for detecting genetic variation in plants 
(Semagn et al. 2006; Kumar et al. 2009). Although most research to date have been 
dedicated to major crops, the use of molecular marker technology to investigate the 
genetic basis of important traits for a range of underutilised species is increasing 
(Moe et al. 2012). The first section of this chapter will highlight the types of marker 
systems commonly used in crop improvement, followed by a thorough discussion 
on the past, current, and potential utilisation of molecular marker technology for the 
selection of the underutilised crop examples in the subsequent sections.

3.2  �Commonly Used Molecular Marker Systems for Crop 
Improvement: Principles and Progress

Molecular marker systems can reveal genetic variation (or polymorphism) in DNA 
sequence, often arising from mutations that occur during DNA replication or repair. 
Plant molecular genetics has progressed dramatically since the establishment of the 
first molecular markers, allozymes (or isozymes), in the 1960s. Allozymes work on 

Fig. 3.1  Examples of underutilised crops Source: http://www.cropsforthefuture.org/
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the principle of the electrophoretic mobility of protein variants in enzymes modified 
by amino acid substitution, when proteins are run on gel matrixes. Specific enzy-
matic stains can reveal the position of the protein bands on a gel, with amino acid 
changes effecting the migration of the band (Schlotterer 2004). In the past, these 
biochemical markers were widely used in plant population genetic studies, includ-
ing measurements of population structure and divergence (Troconis-Torres et  al. 
2002). The popularity of allozymes decreased with the advent of DNA-based mark-
ers, which have higher discrimination level at the individual level and for which 
there are far larger number of markers available. These include restriction fragment 
length polymorphisms (RFLPs) (Tanksley et al. 1989), and a suite of PCR-based 
markers, such as SSRs (Varshney et al. 2005) and SNPs (Ganal et al. 2009). This 
section presents information on the most commonly used DNA-based marker sys-
tems in plants (Table 3.1).

Table 3.1  Comparison of advantages and disadvantages offered in different DNA-based marker 
systems

Marker Advantages Disadvantages

RFLPs •  High reproducibility • � Requires large amounts of high 
quality DNA

•  No sequence information required •  Difficult to automate
•  Involve radioactive methods
• � Cloning and characterisation of 

probe are required
RAPDs •  Inexpensive •  Low reproducibility

•  No sequence information required •  Mainly dominant
• � Produces a large number of bands, 

which can be further characterised 
individually

•  Difficult to analyse
•  Difficult to automate
• � Cross-study comparisons are 

difficult
AFLPs •  High reproducibility •  Mainly dominant

• � A large number of loci can be analysed 
simultaneously

•  Difficult to automate

SSRs •  Highly informative •  High mutation rate
•  High heterozygosity •  Complex mutation behaviour
•  High reproducibility •  Low to moderate abundance
•  Low ascertainment bias • � Special preparation required for 

cross-study comparison
•  Easy to isolate •  Sequence information required

SNPs •  Low mutation rate • � Substantial rate heterogeneity 
among sites

•  Easy to automate
•  High abundance

•  Can be expensive to isolate

•  Ascertainment bias
• � Low information content of a 

single SNP

Adopted from Schlotterer 2004, Kumar et al. 2009
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3.2.1  �Restriction Fragment Length Polymorphism (RFLP)

The discovery of restriction enzymes (or restriction endonucleases) in the 1960s has 
led to the first DNA-based marker system known as RFLP (Schlotterer 2004). The 
marker system exploits variation in homologous DNA sequences, such as base pair 
changes within the endonuclease recognition sequence. The resulting fragments are 
separated by size using gel electrophoresis, followed by Southern blotting and 
hybridisation in solution of the filter to a labelled and denatured probe that identifies 
the locus of interest (Tanksley et al. 1989). Restriction enzymes are generally clas-
sified into four types; Type I, II, III, and IV, on the basis of cleavage position, 
sequence specificity, subunit composition, and cofactor requirements (Tomar 2010). 
A list of known restriction enzymes, along with their recognition sequences and 
cleavage sites, is provided in REBASE, a fully curated database available at http://
rebase.neb.com/rebase/rebase.html (Roberts et al. 2003).

RFLPs were one of the most commonly used technologies to construct DNA 
fingerprints (Weising et al. 1994) until the emergence of PCR-based marker sys-
tems. RFLPs were one of the most commonly used technologies to construct DNA 
fingerprints (Weising et al. 1994) until the emergence of PCR-based marker sys-
tems. RFLPs were predominantly used to measure genetic diversity and construct 
genetic linkage maps for most major crop plants, notably maize, wheat and rice 
(Tanksley et al. 1989; Schlotterer 2004). Nonetheless, RFLPs are still very much in 
use today, mainly because of their high reproducibility, co-dominant nature and 
relatively low cost per data point. They have also been one of the major marker 
systems to confirm the presence and copy number of transgenes (Bisen 2014).

3.2.2  �Random Amplified Polymorphic DNA (RAPD)

The discovery of PCR has led to the development of a handful of novel genetic 
assays characterised by the selective amplification of defined DNA fragments. In 
1990, the first PCR-based marker system, RAPD, was described based on the ampli-
fication of random DNA fragments using short synthetic primers of arbitrary nucle-
otide sequence (Williams et al. 1990). These primers, usually 10 bp in length, occur 
at such high frequency in the genome that two random binding sites orientated to 
allow PCR are likely to occur a number of times in the genome of most species, 
leading to multiple band profiles. The amplified fragments are separated by gel 
electrophoresis, stained with ethidium bromide, and visualised under ultraviolet 
light. RAPD polymorphisms are indicated by the presence or absence of bands of 
particular sizes in comparison to other individuals, and hence treated as dominant 
markers (Williams et al. 1990). Inherited in a Mendelian fashion, their polymor-
phisms can arise as the result of base substitutions at the primer annealing sites or 
INDELs in the regions between the sites.

3  Molecular Marker Technology for Genetic Improvement of Underutilised Crops
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The RAPD technology represented a useful tool for plants with no existing 
markers, such as the endangered seven-son flower (Heptacodium miconioides 
Rehd.) (Liu et al. 2007a). From its inception until now, RAPDs have been largely 
used for genetic diversity and phylogenetic studies at the genus or species level, 
with the most recent example being Pistacia (Iranjo et al. 2016). RAPDs possess 
almost all the advantages of a PCR-based marker, offering rapid results, technical 
simplicity and no need for species-specific development. Beyond these advantages, 
RAPD analysis uses only small amounts of DNA (10–100 ng per reaction), and 
requires no prior knowledge of the sequences of the target genome (Arif et al. 2010). 
One inherent drawback of RAPDs is their low reproducibility, and thus highly stan-
dardised experimental procedures are required to achieve reproducible profiles. The 
reproducibility testing of RAPD in plants by a number of European laboratories 
revealed that the technique) is stable within labs, but not between labs (Jones et al. 
1997). Another major drawback of RAPDs is their dominant nature of inheritance, 
which limits their use for genetic mapping and marker-assisted selection (MAS) 
(Bardakci 2000).

3.2.3  �Amplified Fragment Length Polymorphism (AFLP)

AFLP (Vos et al. 1995) is another marker technology that has been widely used to 
assess the genetic diversity and phylogenetic studies in plants (Mba and Tohme 
2005). This dominant marker system can be used in any species, including non-
model organisms, as no prior sequence information is required. Unlike RAPDs, 
AFLPs are highly reproducible because they use a combination of restriction diges-
tion and PCR amplification (Arif et al. 2010). However, the AFLP method is more 
technically challenging than RAPD, requiring highly purified genomic DNA. The 
standard AFLP protocol begins with the digestion of genomic DNA with two restric-
tion enzymes, generally one enzyme with an average cutting frequency (e.g. 6-base 
cutter EcoRI), and the other with a higher cutting frequency (e.g. 4-base cutter 
MseI). The resulting DNA fragments are then ligated to specific adapters, and a 
subset of these fragments are amplified using primer pairs that consist of common 
sequences of the adapter and arbitrary nucleotides extending into the unique 
sequence adjacent to the restriction enzyme recognition site. The amplified frag-
ments, usually within 60–500 bp size range, are separated by the polyacrylamide 
gel electrophoresis (PAGE) or on a capillary sequencer. The former is rather cum-
bersome, time-consuming and labour intensive, the latter relatively expensive (Lin 
et al. 1996; Cheng et al. 2012).

The standard AFLP protocol has been modified by Ranamukhaarachchi et  al. 
(2000) to develop a rapid plant genetic characterisation analysis with improved 
intensity and specificity, which is convenient to perform and reliable. The modi-
fied AFLP protocol involves the use of standard agarose as the medium of electro-
phoresis, and is carried out with only a single restriction enzyme and one type of 
adapter. However, as the gel resolution decreases, the chance of mis-calling bands 
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as identical when they are in fact different in size increases. For high-throughput 
genotyping, specific AFLPs) can sometimes be converted into co-dominant and 
sequence-specific markers, such as sequence tagged sites (STSs) and cleaved ampli-
fied polymorphic sites (CAPSs) (Meksem et al. 2001).

3.2.4  �Simple Sequence Repeat (SSR)

Plant genomes typically contain a large number of SSRs; DNA sequence motifs of 
up to 6 bp units repeated in tandem and widely scattered throughout the genome. 
Most SSR repeat motifs are composed of di-, tri-, or tetra-nucleotide sequences, 
with (GA)n and (AT)n being the most frequent repeat types observed (Powell et al. 
1996). Highly reproducible, locus-specific, simple detection and abundance are all 
characteristics of SSRs, which have made them one of the most preferred PCR-
based markers for assessing genetic diversity, population structure and evolution 
analysis in plants (Fu et al. 2013). Due to their co-dominant nature, high polymor-
phism and random distribution within the genome, SSRs are extensively used for 
genotyping and genetic map construction. For instance, a genetic linkage map con-
sisting of 15 linkage groups with 406 SSRs covering 1143.5 cM of the genome was 
developed using a pseudo-testcross population derived from an intraspecific cross 
of two tea plants (Camellia sinensis varieties). The QTL analysis indicated that nine 
QTLs associated with catechins content were clustered into four linkage groups 
(LG03, LG11, LG12 and LG15), providing information for functional studies to 
improve tea plants (Ma et al. 2014).

Nonetheless, despite their many advantages, the de novo development of SSRs 
can be costly and time-consuming (Yu and Li 2007). Unlike sequence-arbitrary 
methods, such as AFLP, the sequence of each SSR locus needs to be known to allow 
the development of locus-specific, co-dominant, primers in the unique flanking 
regions of each SSR repeat. Classically, SSR analysis involves the construction of 
genomic DNA libraries. The preparation of these libraries is a tedious process, and 
the specific DNA sequencing required is expensive (Edwards et  al. 1996). 
Nevertheless, the development of advanced molecular tools over the past two 
decades has enabled establishment of cost-effective, high-throughput methods for 
SSR analysis. These include the mining of sequences from DNA databases (e.g. 
those deposited at NCBI), and the sequencing method where the whole genome or 
parts of the genome (e.g. exome or transcriptome) are sequenced (Saeed et al. 2016). 
This has facilitated the development of Expressed Sequence Tag (EST) or gene-
based SSRs (Zhao et  al. 2012), which have higher recovery rates than genomic 
SSRs (Ellis and Burke 2007; Zhao et al. 2012).

Numerous studies have found that EST-SSRs are generally more transferable 
across taxonomic boundaries than the genomic SSRs (Ellis and Burke 2007). 
Despite their relatively low polymorphism (Yu and Li 2007), EST-SSRs have higher 
transferability rates, are more practical, more informative, and having a lower fre-
quency of null alleles. These markers have been developed and utilised in many 
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crop species, including several primary oil crops such as soybean (Glycine max) and 
rapeseed (Brassica napus) (Ellis and Burke 2007; Lai et al. 2013).

The SSRs have often been the marker chosen in studies of crops lacking of 
resources and species-specific information. One recent example is a study con-
ducted on common vetch (Vicia sativa). The study reported the transferability of 
SSRs from Vicia sativa subsp. sativa across 22 Vicia species, which ranged between 
32 and 82% (Raveendar et al. 2015). There have been increasing numbers of SSR 
being identified through the utilisation of the next-generation sequencing (NGS) 
technology particularly from transcriptomic data as the genic SSR are in the con-
served coding regions, which, in turn, are highly transferable to related taxa and 
useful in association or comparative mapping. For example, a total of 3011 genic 
SSR have been identified as potential markers from 26 M reads of transcriptome 
data derived from root, stem and leaf tissues of rice bean (Vigna umbellata L.), with 
mono-nucleotide repeat motifs being the most abundant (47.3%) (Chen et al. 2016). 
Nevertheless, SSR motifs within coding sequence are constrained, as changes in 
repeat number will effect protein translation and can lead to a frameshift mutation. 
For this reason, trinucleotides repeat until are most common in coding sequence and 
most likely to be polymorphic, while dinucleotide motifs can be found in the 
upstream and downstream transcribed, but not translated regions. The biggest prob-
lem with such dinucleotide motifs is that the flanking sequence region is often 
highly constrained for primer design (Lin and Kussell 2012; Gonthier et al. 2015).

3.2.5  �Single Nucleotide Polymorphism (SNP)

From the late 1990s to the early 2000s, the SSRs had indeed pervaded modern plant 
breeding and genetics research. The dominance of SSRs has been, however, replaced 
by SNPs during the last decade. Despite having lower polymorphism rates than the 
SSRs because of their biallelic nature (Kumpatla et al. 2012), SNPs have emerged 
as the current markers of choice because they are more stable, efficient, and ame-
nable to high- and ultra-high-throughput automation. SNPs represent variation in a 
DNA sequence that affects only a single nucleotide; adenine (A), cytosine (C), gua-
nine (G) or thymine (T) (Kumpatla et al. 2012). They are the most abundant class of 
polymorphisms in both plant and animal genomes, making them particularly suited 
for high-resolution mapping. Inherited as co-dominant markers, SNPs are able to 
discriminate efficiently between homozygous and heterozygous alleles (Arif et al. 
2010). Nonetheless, the SNP system is not without limitations. The discovery of 
SNPs can be a difficult and complex process, depending on the level of genome 
complexity and the availability of reference genome sequences.

Although numerous protocols for SNP discovery have been described, the typi-
cal SNP genotyping protocol consists of three major components: target amplifica-
tion, allelic discrimination and product detection (Chen and Sullivan 2003). The last 
half-decade has seen tremendous progress in SNP genotyping technologies, such as 
the TaqMan assay (allele specific hybridisation), SNP arrays (e.g. GoldenGate 
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assay, BeadArray, microarray technology, KASP array), genotype-by-sequencing 
(GbS) and resequencing for variant calling. Each of these technologies renders a 
unique combination of throughput, accuracy, scale, and cost (Kumar et al. 2012; 
Huang et al. 2015). With the reduction in the cost of NGS technology, both de novo 
and reference-based SNP discovery and genotyping are now relatively feasible for 
various plant species.

Reference-based SNP identification using resequencing is more applicable to 
those model and major crops that have a complete or draft genome. For studies of 
underutilised crops, the GbS approach would be the choice of interest given ex ante 
sequence information is not required. NGS-derived SNPs have been recently reported 
in leguminous species such as alfalfa (Medicago sativa) and common bean (Phaseolus 
vulgaris) (Huang et al. 2015). More recently, restriction site associated DNA (RAD) 
sequencing has been adopted to produce 1894 high quality SNP markers and together 
with 68 SSRs, they were mapped onto seven chromosomes in barley (Ren et  al. 
2016). The genetic map allowed the identification of a new recessive dwarfing gene 
btwd1 at 0.7 cM and 0.9 cM on chromosome 7H, giving a new insight into the use of 
SNPs markers for positional cloning of the gene and MAS in barley (Ren et al. 2016). 
While automation is often the most crucial factor in selecting a genotyping system 
for a large-scale SNP profiling), other factors such as cost, throughput, and data qual-
ity obtained are also of considerable importance (Huang et al. 2015).

3.2.6  �Diversity Arrays Technology (DArT)

Generally, in the GbS approach, the genome complexity of a species is reduced using 
restriction enzymes prior to sequencing. For example, with the appropriate choice of 
methylation-sensitive restriction enzymes in a combination with a frequent cutting 
enzyme, repetitive fractions of the genome can be avoided targeting informative low 
copy sequences (Sánchez-Sevilla et  al. 2015). There have been more than 30,000 
wheat germplasm accessions at the International Maize and Wheat Improvement 
Centre (CIMMYT) genotyped using the GbS technique, specifically the Diversity 
Arrays Technology (DArT)-seq pipeline, under its Seeds of Discovery (SeeD) initia-
tive (http://seedsofdiscovery.org/about/genotyping-platform/). Developed in the early 
2000s, DArT offers a high-throughput genotyping platform for detecting sequence 
polymorphisms in a single experiment without species-specific sequence information.

Over the past few years, DArT marker system has been widely used for genetic 
diversity analysis, evaluation of population structure of a collection of germplasm, 
construction of genetic linkage maps, and alignment of genetic maps of different seg-
regating populations (Phung et al. 2014; Sánchez-Sevilla et al. 2015). There are two 
types of platforms for DArT markers development, namely microarray-based DArT 
and DArTseq (Cruz and Kilian 2013). Practically, the DArT is a complexity reduc-
tion method that involves the use of methylation-sensitive restriction enzymes such 
as PstI/TaqI (Semagn et al. 2006) or PstI/BstNI (Cruz and Kilian 2013). Genomic 
‘representations’ are selected through amplification of primers complementary to 
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the adaptors after genomic DNA is isolated and fragmented using enzymes, fol-
lowed by the ligation of restricted fragments with adaptors. In effect, the technique 
amplifies the remaining PstI-PstI fragments. A ‘Diversity Panel’ is then generated 
when selected genomic ‘representations’ are purified and spotted onto a microarray 
in the DArT Arrays method (Jaccoud et al. 2001). When individual DNA samples 
are hybridised onto this ‘Diversity Panel’, polymorphic DArT markers are identified 
based on hybridisation signal intensities and assembled into a ‘genotyping array’ 
for routine genotyping consisting of presence and absence scores (Jaccoud et al. 
2001; Semagn et al. 2006).

The DArTseq technique is suitable for detailed exploitation of genetic diversity 
and population structure, gene discovery for molecular breeding, high-resolution 
genetic mapping and MAS as no sequence information is required (Cruz and Kilian 
2013). DArTseq genotyping was reported to produce 2835 polymorphic markers in 
Eucalyptus as compared to 1088 microarray-based DArT markers (Sansaloni et al. 
2011). Due to the capability of producing a large quantity of polymorphic markers 
at a similar cost, DArTseq genotyping is considered to be more cost effective than 
microarray-based DArT.

3.3  �Utilisation of Molecular Markers in the Studies 
of Underutilised Crops

It is apparent that there has been continuous progress and evolution of molecular 
marker systems used to meet the needs of modern plant breeding programmes. 
The selection of preferred molecular markers depends immensely on the crop spe-
cies of interest, the intended research outcomes and the financial resources avail-
able (Kesawat and Kumar 2009). In the present era, DNA-based marker systems, 
notably SSRs and SNPs, have become increasingly important to underutilised 
crops by way of improving access and utilisation of germplasm resources, genetic 
analysis of breeding populations, parental selection and predicting progeny per-
formance, marker-assisted selection, marker-enriched backcross breeding, com-
parative mapping, and gene isolation, function and manipulation. These systems 
have found their niche applications in various fields, which are discussed in detail 
in Sects. 3.2 and 3.3.

3.3.1  �Underutilised Crops: What Are They and Where Do They 
Come From?

Underutilised crops are, by and large, indigenous crop species which are still used by 
communities at a local or regional level, but are largely overlooked by researchers, 
producers and consumers at a global level (Mayes et al. 2011). These underutilised 
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crops are often bestowed with greater stability to cope with harsher and more 
dynamic environmental conditions (Thies 2000). Some of these crops, especially for 
underutilised cereals such as quinoa and teff (Eragrostis tef), are well adapted to the 
socio-economic conditions in their native habitats, and are preferred by both local 
farmers and consumers (Thies 2000; Cheng et  al. 2015). Table  3.2 shows some 
examples of underutilised crop species and their known centre(s) of diversity.

The term ‘underutilised’, or other common synonymous terms such as ‘orphan’, 
‘neglected’ and ‘minor’, does not necessarily reflect the crops’ geographical distri-
bution, nor their social or economic implications. For instance, many crop species 
are consumed as staple by millions of people within their centres of origin, but their 
poor marketability and limited accessibility make them largely underutilised in both 
social and economic terms (Padulosi and Hoeschle-Zeledon 2004). One of the key 
reasons behind their underutilisation is that they are neglected by mainstream 
research, mainly because they are not considered global crops and are mostly pro-
duced and consumed subsistently (Naylor et al. 2004; Massawe et al. 2016).

Nevertheless, in recent years, a small number of underutilised crops, bambara 
groundnut, winged bean, amaranth, and proso millet (Panicum millaceum), to name 
a few, has attracted worldwide research attention. This is mainly due to their ability 
to thrive in extreme environments with the increasing concern on global warming 
and other negative future climate changes, as well as their potential to contribute to 
nutritional security (Ray et al. 2013). The genome of some of these crops have also 
been fully sequenced (Table  3.2). Molecular genetics and genomics research on 
underutilised crops have gained momentum in the present decade, spurred largely 
by the advent of powerful yet affordable molecular marker technology. A handful of 
marker systems are being used extensively to investigate the genetic basis of agro-
nomically important traits for a range of underutilised species, as discussed below.

Table 3.2  List of recently available genomes or draft genomes on some underutilised crops

Crop example Crop type Centre(s) of diversity
Genome 
size (Mbp) Year References

Foxtail millet 
(Setaria italica)

Cereal Asia, Mediterranean/
Southwest Asia

~490 2012 Bennetzen 
et al. (2012)

Muskmelon 
(Cucumis melo)

Vegetable South Mexico, Central 
America

~375 2012 Garcia-Mas 
et al. (2012)

Peach (Prunus 
persica)

Fruit Asia (Chinese Centre) ~265 2012 Verde et al. 
(2013)

Pigeon pea 
(Cajanus cajan)

Legume Asia (Indian Centre) ~835 2012 Varshney 
et al. (2012)

Tausch’s 
goatgrass 
(Aegilops 
tauschii)

Cereal Middle East ~4400 2013 Jia et al. 
(2013)

Quinoa
(Chenopodium 
quinoa)

Cereal Latin America ~1450 2017 Jarvis et al. 
(2017)
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3.3.2  �Summary of Recently Developed DNA-Based Markers 
in Underutilised Crops

Recent years have been marked by significant progress in the development of DNA-
based marker systems in underutilised crop species. Specifically, in the past 5 years, 
numerous markers representing various marker types, such as RAPDs, AFLPs, 
SSRs, and SNPs, have been used for genetic analysis in many potential underuti-
lised crops (summarised in Table 3.3). Protein-coding sequences, functionally char-
acterised genes and EST sequences have been made available to build up new 
generation markers like genic SSRs and SNPs. Given that SSRs and SNPs have 
rapidly emerged as the genetic markers of choice in view of their abundance, high 
transferability across related taxa, and amenability to automated analysis (Kumar 
et al.; as summarised in Table 3.1), this section focuses chiefly on the development 
of these marker systems.

SSR marker system has been extensively used in genetic mapping and molecular 
breeding in underutilised crops, in particular underutilised cereals/pseudo-cereals 
and legumes (Zeid et al. 2012; Bohra et al. 2014). Major progress has been seen in 
the development of EST-SSRs in underutilised species in the past decade, leading 
by a couple of highly potential underutilised species, including quinoa and finger 
millet (Eleucine coracana) (Dawson et al. 2007). EST-SSRs have also been devel-
oped for genetic analysis, for example, in adzuki bean (Vigna angularis) (Chen 
et al. 2015). SNP marker system has become more popular than SSRs in light of 
their higher abundance and suitability for automatic allele calling (Arias et al. 2012). 
The advent of NGS has allowed the identification of large collections of SNPs for 
some underutilised species, including Tausch’s goatgrass (Aegilops tauschii) 
(Mochida and Shinozaki 2013). At present, SNP discovery is being carried out in 
many other underutilised species such as teff (Cheng et  al. 2015), and roselle 
(Hibiscus sabdariffa) (Melo et al. 2016).

3.3.3  �Development of Choice of Marker Systems 
for the Development of Some Underutilised Crops

3.3.3.1  �Underutilised Cereal and Pseudo-cereal

Cereals are a major source of food in the world, and of the approximately 50,000 
known edible plant species, more than 10,000 are cereals (Ji et al. 2013). Being sta-
ples that feed almost the entire human population, cereals are grown in far greater 
quantities than any other type of crop. Maize, wheat, and rice alone account for nearly 
two-thirds of the world’s plant-derived food energy (Ji et  al. 2013). Although the 
annual production of major cereals has seen a steady increase since the dawn of the 
Green Revolution, rapid changes in climate pose a huge threat to the sustainability of 
the current productions. This is, perhaps, the chief reason why there has been a marked 
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shift in research attention from a handful of major cereals to a wider range of cereals 
in the past decade (Pingali 2012). Two Andean cereal grains; quinoa and grain ama-
ranth, have recently taken the spotlight as ‘superfoods’, due largely to their gluten-
free property and nutrient composition (Massawe et al. 2016). They are often referred 
to as pseudo-cereals, as they do not belong to the grass family (Gramineae) but have 
similar uses as true cereals. Quinoa has had a slightly higher popularity over the past 
half-decade, receiving numerous titles and honours including ‘Queen of Superfoods’ 
and ‘International Year of Quinoa’ (http://www.fao.org/quinoa-2013/en/).

Quinoa has been an underutilised priority species since the early 2000s (Williams 
and Haq 2002). During the early years, its molecular studies were performed using 
AFLP, RAPD and SSR marker systems (Maughan et  al. 2004). The first genetic 
linkage map of quinoa, covered an estimated 60% of its genome, was developed in 
2004 based on AFLPs, RAPDs and SSRs (Maughan et al. 2004). The subsequent 
molecular studies were based primarily on SSRs, whereby more than 400 SSRs 
were developed and characterised (Jarvis et al. 2008). Christensen et al. (2007) used 
the developed SSRs to assess the genetic diversity among 121 accessions of quinoa 
within the United States Department of Agriculture (USDA) collection, reporting 
that the accessions can be clustered into two major groups: one comprising acces-
sions from the lowlands of Chile (Coastal ecotype), and the other comprising acces-
sions from the Andean Highlands (Altiplano ecotype). Tártara et  al. (2012) 
conducted a more recent SSR-based genetic diversity analysis on quinoa using 35 
germplasm accessions from Northwest Argentina.

The first EST libraries (424 ESTs) for quinoa were described in 2005 (Coles 
et al. 2005) using developing seed and floral tissue. The study yielded 38 SNPs and 
13 INDELs based on 20 EST sequences derived from five quinoa accessions. 
Maughan et  al. (2012) identified 14,178 putative SNPs for quinoa using pyrose-
quencing from five mapping populations with 511 were developed into KASPar-
based SNP array to genotype 113 accessions of C. quinoa and eight from 
Chenopodium taxa. Subsequently, an integrated SNP-based linkage map was gener-
ated using two recombinant inbred line (RIL) populations. The map consisted of 29 
linkage groups with an average distance of 3.1  cM between SNPs. The same 
research group also sequenced amaranth from four parental lines using the same 
technique, yielding 27,658 putative SNPs (Maughan et al. 2009). The developed 
SNPs were then used to generate the first complete linkage map of the Amaranthus 
genus (Maughan et al. 2011). In this map, a total of 411 SNPs were assigned to 16 
linkage groups, spanning 1288  cM with an average distance of 3.1  cM between 
SNPs (Maughan et al. 2011). In 2014, Illumina Hi-Seq RNA sequencing (RNA-seq) 
technology has been used to perform the first large transcriptome analysis of 
drought-induced stress in quinoa (Raney et al. 2014).

3.3.3.2  �Underutilised Legumes

Legumes, members of the Leguminosae (or Fabaceae) family, are an important 
component for low-input agriculture. Their desirability rests on their ability to fix 
atmospheric nitrogen, which consequently increases soil fertility for the production 
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of the neighbouring or subsequent non-legume crop cycle such as rice (Rahman 
et al. 2014). While legumes are one of the most nutritious, versatile and relatively 
more affordable foods available all over the world, the utilisation of most legumi-
nous species is relatively low with groundnut and soybean being exceptions due to 
their high oil and protein contents. Nevertheless, the importance of several legumi-
nous species has been recently highlighted, as in the case for bambara groundnut 
(Massawe et al. 2016).

The groundwork for the genetic improvement in bambara groundnut began in the 
late 1990s, focusing primarily on increasing the understanding of its genetic diver-
sity within and between landraces (Massawe et al. 2005). High levels of polymor-
phism among African bambara groundnut landraces were observed using different 
DNA-based marker systems, such as AFLP (Massawe et  al. 2002) and RAPD 
(Massawe et al. 2003). These findings are further supported by a study conducted by 
Abdullah Bamba and Massawe (2013), which demonstrated the high level of SSR 
polymorphism among a collection of Ghanaian bambara groundnut landraces.

The first attempt in the development of SSR markers for bambara groundnut, 
which yielded ten SSRs, were reported by Basu et al. (2007). More recently, a total 
of 75 SSRs have been developed for this legume through various sequencing 
approaches for the analysis of its genetic diversity and population structure, as well 
as for the selection of pure lines from landraces (Molosiwa et al. 2015). SSR marker 
system has also been utilised to assess the breeding system and varietal purity of 
bambara groundnut (Ho et al. 2016). The first linkage map of bambara groundnut 
was developed from a F3 population derived from a cross between two single geno-
types derived from Tiga Nicuru (a landrace from Mali) and DipC (a landrace from 
Botswana) using 238 SSR and DArT array markers. In this map, a total of 36 QTLs 
were detected at eight linkage groups, associating with 19 phenotypic traits (Ahmad 
et al. 2016). These detected QTLs could be useful for future breeding programmes 
in bambara groundnut.

3.3.3.3  �Other Types of Underutilised Crops

An abundance of vegetables, fruits, roots, and tubers has been important source of 
food and medicine for millennia, and yet, many of them are still widely underuti-
lised and underexploited (Ebert 2014). Nonetheless, in the case of vegetables, 
numerous conservation and development initiatives have already been launched and 
championed by the World Vegetable Centre (AVRDC) (Ojiewo et al. 2010). Today, 
AVRDC maintains the largest vegetable germplasm collection of approximately 
61,000 accessions, including about 12,000 accessions of indigenous species.

The Cucurbitaceae, also known as cucurbit or vine crop family, provides a wide 
variety of vegetables such as squash, melon, and several Cucurbita species with 
edible fruits. One example of potential underutilised cucurbits in which genetics 
have been fairly studied is the egusi (Citrullus colocynthis), also called bitter apple, 
bitter cucumber or desert gourd. Closely related to cultivated watermelon (Citrullus 
lanatus), egusi is an important medicinal plant that strives in arid environments 
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(Dane et al. 2006). Several marker systems have been used to estimate the genetic 
diversity among egusi and cultivated watermelon accessions, including RAPD (Levi 
et al. 2001), AFLP and SSR (Nimmakayala et al. 2010; Hwang et al. 2011). Two 
major clusters were observed using 965 AFLP and EST-SSR markers, separating 27 
watermelon cultigens from four wild-type species. Si et al. (2009) found dynamic 
gene expression changes in response to drought stress in egusi root tissues using 
cDNA-AFLP. Time point leaf transcriptomic changes at seedling stage was further 
elaborated by Wang et al. (2014) utilising NGS technology. This drought tolerant 
species has been used as a model to elucidate genes responsible for stress tolerance 
in other cucurbit crops through genetic manipulation (Wang et al. 2014).

Yam (Dioscorea spp.), among a handful of tropical root and tuber crops, is an 
important staple food for millions of people in Africa. The white (D. rotundata) and 
yellow Guinea (D. cayenensis) yams are the two most important yam species in 
Africa, while the water yam (D. alata) is the most widely distributed species in the 
world (Mignouna and Abang Asiedu 2007). The initial effort in yam genetics began 
with the development of its polymorphic DNA-based markers in the late 1990s. The 
markers of choice in early studies of yam genetic variation were AFLP (Mignouna 
et al. 1998) and RAPD (Dansi et al. 2000). In 2003, a set of 36 SSRs was developed 
and the efficiency of these SSRs was assessed together with the previously devel-
oped AFLPs and RAPDs in analysing the genetic diversity among 45 accessions of 
D. alata (Mignouna et al. 2003). Each of the three marker systems showed polymor-
phism among the accessions, with AFLP revealing the highest level of polymor-
phism (Mignouna et al. 2003).

The first two comprehensive linkage maps of yams, one for D. alata (Mignouna 
et al. 2002a) and the other for D. rotundata (Mignouna et al. 2002b), were devel-
oped concurrently based on AFLPs. Since then, considerable progress has been 
made in the development of molecular tools for mapping and QTL analysis in yams 
(Petro et al. 2011). Narina et al. (2011) developed the first extensive public Dioscorea 
EST collection, yielding a total of 44,757 EST sequences. More recently, genomic 
resources for D. alata have been generated by Saski et al. (2015), including 288,505 
high quality SNPs and more than 30,000 genomic SSRs. The availability of these 
resources will cater tools for wider compatibility across different Dioscorea species 
and for MAS in their breeding improvement programmes (Saski et al. 2015).

3.4  �Potential Use of Molecular Marker Technology 
in Genetic Improvement of Underutilised Crops

The evolution of molecular marker technology constantly offers advanced tools for 
wider compatibility across different crop species, genetic analysis of complex traits 
and for MAS in crop breeding programmes (De La Fuente et al. 2013; Saski et al. 
2015). In the case of major crops, the new generation marker systems such as SSR 
and SNP have been routinely used in the MAS breeding programmes worldwide to 
develop improved or new varieties (Gupta et al. 2010). The success of MAS depends 
largely on several important factors, including the genetic distance of the target 
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gene(s) and the marker(s), and the number of target genes to be selected (Francia 
et al. 2005). The efficiency of MAS can be enhanced if the markers used are more 
closely linked to major genes or target loci (Liu et al. 2007b). It should be noted 
that, in any event, identification and validation of markers tightly linked to gene(s) 
controlling the target trait must be done prior to MAS.

It is evident that large-scale MAS has been successful in many major cereals, 
notably wheat, maize, and rice (Liu et  al. 2007b; Gupta et  al. 2010; Miah et  al. 
2013). Unfortunately, this is not the case for most of the underutilised crops (Kumar 
et al. 2011). Although the pace of development of markers and genomic resources 
has been hastened in some potential underutilised crops as discussed in Sect. 3.3, 
the overall progress in the use of MAS as part of their breeding programmes has 
been limited. To this end, researchers are urged to start employing the developed 
resources for improving underutilised crops, and making MAS an integral part of 
the current and future breeding programmes (Kumar et al. 2012). As for the less 
developed underutilised crops that have enormous potential, the winged bean being 
a notable example (Wong et al. 2016), the development of adequate genetics and 
genomic resources is a crucial first step towards their genetic improvement 
(Abdullah Bamba et al. 2015a, b).

On a positive note, the potential benefits and application of genomics resources 
developed in model and/or major plant species has been explored in some underuti-
lised species. One of the approaches for cross-species study is through cross-
hybridisation of heterologous nucleic acids from target species, i.e. underutilised 
crops, onto the Affymetrix oligonucleotide based microarray of a reference species, 
i.e. major crop (http://affy.arabidopsis.info/xspecies/). Several studies have reported 
the use of cross-species microarray, for instance, the development of more than 
1000 single feature polymorphisms (SFPs) in cowpea through detection and valida-
tion using soybean genome array (Das et al. 2008). In general, the application of 
knowledge from model and/or major crops to underutilised crops may be effective 
in the following areas (Liu et al. 2007b):

	1.	 Analyses of crop genetic diversity
	2.	 Identification of useful alleles or perfect molecular markers
	3.	 Development of new or improved varieties with specific allele integration using 

MAS schemes
	4.	 Cloning and transfer of desirable alleles or traits among taxa

We are certain that the ever-decreasing cost of marker technologies, and avail-
ability of fully automated high-throughput approaches in this post-genomics era 
will contribute immensely to the research for underutilised crop improvement.

3.5  �Conclusions and Future Prospects

Biodiversity loss, population growth and climate change are all interconnected 
and interdependent challenges facing global agriculture today. There is, in fact, no 
single recipe to ensure global food security in light of these challenges. From an 
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agricultural perspective, diversification of global food sources and systems with 
underutilised crops is one of the most sensible means to deal with hunger and mal-
nutrition in the climate change era. The slow progress made in the utilisation of 
molecular technology in a number of underutilised crops with high potential has 
been attributed to the limited efforts and finite resources dedicated to developing 
their genomic resources. Greater emphasis should be placed on generating a sophis-
ticated molecular markers and genomic resources for each of these crops, which 
will lay a critical foundation for their future molecular breeding efforts.
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4.1  �Introduction

Palm oil has wide applications in the production of various food and nonfood products. 
It is the main edible oil consumed globally and serves as an important feedstock for 
biofuels. Demand for palm oil will continue to increase as the demand for vegetable 
oils by the year 2020 for both food and biofuel will reach 182 million tons (OECD-
FAO 2011) compared to 171 million tons vegetable oils consumed in 2015 (IMARC 
Group 2016). It is also expected that palm oil and its products will make a major 
contribution to meet future increasing demand for food in developing countries. 
Besides palm oil which is obtained from the mesocarp of the oil palm fruits, palm 
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kernel oil extracted from the kernel is widely used in oleochemical industry. In 2008 
the palm kernel oil production was about 48 million tons and the prediction of global 
demand in 2020 will be double and triple in 2050 (Prokurat 2013).

Oil palm productivity is significantly affected by climate change effects resulting 
in extreme whether condition including prolong drought period (El Nino) and flood. 
The oil palm fresh fruit bunch (FFB) yield in the peninsular Malaysia and Sabah (in 
East Malaysia) decreased by about 20% due to the 1997–1998 El Nino because 
rainfall of less than 100 mm for more than 2 months can greatly affect the yield 
(Haniff et  al. 2010). The effects of haze which occurs for certain period almost 
annually in recent years in leading palm oil producing countries (Malaysia and 
Indonesia) need to be addressed. Abiotic stress may affect fruit development and 
postharvest quality of oil palm fruits and this is of importance in terms of economic 
value to the industry.

Stress conditions affect the normal functioning of various cellular processes. The 
developmental and differentiation processes that are responsive to endogenous sig-
nals and environmental cues enable plants which are sessile in nature to adapt and 
survive in a changing environment. The endogenous and environmental stimuli trig-
ger signaling cascades that converge at the gene regulation level, where transcrip-
tion factors (TFs) play a major regulatory role. TFs are proteins with specific DNA 
binding domains that bind to DNA regulatory motifs (6–12 base pairs) in the pro-
moter regions of their target genes resulting in the transcriptional activation or 
repression of these genes. There have been a lot of efforts to study the interaction 
between TFs and the specific promoter regulatory motifs to better understand the 
roles of TFs in cellular processes for developmental and environmental adaptation. 
TFs play critical role in crop improvement efforts since important loci that contrib-
ute to crop yield, quality of the harvested product or adaptation to extreme environ-
mental conditions correspond to TFs responsible for changes in transcriptional 
activity. For example, the SNORKEL1 (SK1) and SNORKEL2 (SK2) genes that 
belong to the ethylene response factor (ERF) family of transcription factors confer 
flooding tolerance in rice (Hattori et  al. 2009). In the oil palm, mutations in the 
SHELL gene which affects the DNA-binding domain of its encoded product, a 
MADS-box transcription factor is a major determinant of oil yield from the fruits 
(Singh et al. 2013). These are among the many examples that indicate that transcrip-
tion factors and their DNA binding sites are key contributors to phenotypic variation 
for traits of economic importance.

4.2  �Abiotic Stress in Plants

Abiotic stress is the major limiting environmental factor affecting the yield of most 
crops (Rossini et al. 2016). Plants have evolved mechanism to sense and respond to 
abiotic stresses such as high salinity, drought, extreme temperature, heavy metal 
toxicity, and nutrient deficiency (Zhu 2016). Being immobile, plants are equipped 
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with stress signaling system which plays a central role in enabling the plants to 
withstand the fluctuation in environmental conditions. Many abiotic stresses like 
drought, high temperature, and salinity cause disruption in water status conse-
quently leading to detrimental effect on the plants. Climate change in recent years 
that are affecting rainfall patterns and earth temperature is worsening the abiotic 
stress experienced by field plants (Misra 2014).

Excessive production of reactive oxygen species (ROS) that are highly reactive 
and toxic under various stress conditions can destroy proteins, lipids, carbohydrates, 
and DNA and interfere with biochemical processes in the plants which ultimately 
results in oxidative stress (Demidchik 2015). Heavy metal stresses are caused by the 
increased amount of heavy metals found in the soils such as lead (Pb), cadmium 
(Cd), and mercury (Hg) that have adverse effects on plant growth (Osobamiro and 
Adewuyi 2015). Deficiencies in heavy metals such as iron (Fe), copper (Cu), zinc 
(Zn), manganese (Mn), boron (B), nickel (Ni), and molybdenum (Mo) which are 
beneficial for growth and productivity may also cause stress to the plants (Dalcorso 
et al. 2014).

Abiotic stresses trigger local and long distant signals which are then synchro-
nized and incorporated into the whole plant process so that the plant can respond 
and survive (Zwack and Rashotte 2015). Abiotic stress response involves cross-talk 
with energy signaling pathways where autophagy plays an important role. Autophagy 
destroys specific compounds essential for efficient growth but require major energy 
input. Consequently, biological processes that protect plants from the stress condi-
tions are stimulated (Michaeli et al. 2016; Wang et al. 2017). Under nutrient depri-
vation for example, autophagy participates in recycling of nonessential cytoplasmic 
components to produce raw materials and energy for overcoming the stress. While 
under oxidative stress, autophagy is involved in degradation of oxidized proteins.

4.2.1  �Abiotic Stress Affecting Oil Palm Productivity

The productivity of oil palm is largely affected by environmental factors. Region 
where drought occurs for 2–4 months, there is a possibility of large fluctuations in 
yield (Arshad et al. 2012). For the optimal oil palm production, sunshine of at least 5 h 
per day for most of the months and increase to 7 h per day in certain months are essen-
tial as inadequate sunshine decreases net assimilation rate and production of female 
inflorescence. Fresh fruit production could also be reduced from 20 to 30% in a pro-
longed drought while a combination of water depravity of 50 mm and temperature 
increment of 1 °C decreases the production at an average of 2.15 t/ha/year accounting 
about 40% of the average yield (Salmiyati et al. 2014). The rainfall patterns also can 
affect the oil palm yield after 6–7 months (Awan and Sap 2006). An average monthly 
temperature for 8 months of less than 27.83 °C before harvesting led to low yield of 
less than 1.25 t/ha/month all across Malaysia (Shanmuganathan et al. 2014).

Nutrient is important for the productivity of oil palm. Low phosphate reduced 
fruit production while low potassium reduced the fruit to mesocarp ratio (Salmiyati 
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et al. 2014). Under water stress condition, the ratio of root to shoot increases. On the 
other hand, a combination of water and nutrient stresses cause the decrease of water 
content and chlorophyll a/b, nitrogen, and phosphorus concentration in leaves while 
increasing leaf relative conductivity and potassium concentration in leaves (Sun 
et al. 2011).

Some micronutrients are associated with the growth and productivity of oil palm. 
Deficiency of micronutrients such as B causes hook leaf in oil palm, Mn deficiency 
results in yellowing of interveinal areas in younger fronds, Zn deficiency causes 
white streaks on lower and mid-crown fronds. In addition, Fe deficiency causes the 
youngest frond to look droopy and has diffuse blotchy yellowing with white freck-
les and Cu deficiency leads to whitish yellow mottling of younger fronds (von 
Uexküll and Fairhurst 1999). B is important for the production, viability, and germi-
nation of pollen as well as the growth of pollen tubes. Cu is required for pollen 
viability while Mn acts as an activator of several enzymes essential for the biosyn-
thesis of important secondary metabolites (Tengoua et al. 2015). Table 4.1 summa-
rizes the abiotic stresses and their symptoms in oil palm.

4.3  �Development and Ripening of Climacteric Fruits

Fruits develop from the ovary of a plant after the flowers undergo fertilization process 
and the ripe fruits often consumed by human and animals vary in taste and texture. 
Many fruits are made of three layers which are exocarp (skin), mesocarp (fleshy part), 
endocarp (shell surrounding the seed) and the seed or kernel. After fertilization, the 
seed develops and the surrounding tissues expand through active cell division and 
expansion. Ripening period starts in the fruit once the seed is fully developed (McAtee 
et al. 2013). Fruit ripening progresses through a complex process that involves gradual 
change in the physiological and metabolic states culminating in the fruits attaining 
their characteristic flavors, colors, and textures. The tissue surrounding the seed and 
skin will undergo color change and soften in texture. Gradual accumulation of the 
specific product such as sugars or lipids (in oil fruit crops) together with an increase 
in flavor and aroma volatiles will occur (Klee and Giovannoni 2011).

Fruits can be categorized into two types according to their ripening behaviors 
which are climacteric and non-climacteric fruits. The ripening process in climac-
teric fruits is regulated by ethylene, an array of transcription factors, and various 
developmental cues. Production of ethylene concomitant with the climacteric respi-
ration for climacteric fruits is the main signal for the regulation of ripening for these 
types of fruits. A high cellular respiration rate accompanied by a burst of ethylene 
production up to 1000-fold of the basal level occurs in climacteric fruits such as 
tomato, avocado, banana, and oil palm at the onset of ripening (McAtee et al. 2013). 
In the oil palm fruits, production of ethylene in the mesocarp is controlled in a simi-
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lar way with that observed in the tomato. During the fruit developmental stage, an 
ethylene autoinhibitory system 1 is activated, and transition to a climacteric-like 
autocatalytic system 2 occurs at the maturation phase in the oil palm mesocarp with 
the coordinated transcriptional activation of specific 1-aminocyclopropane-1-
carboxylic acid (ACC) oxidase and ACC synthase enzymes involved in ethylene 
biosynthesis (Tranbarger et al. 2011). Climacteric fruits can ripen even after harvest 
due to the large amount of ethylene gas produced after harvesting (Giovannoni 
2001). Auxin is mainly involved in regulating cell division during fruit set and is 
believed to play a role in influencing the growth phase together with gibberellins by 
regulating cell expansion (Csukasi et al. 2011). Current knowledge suggests that 
abscisic acid (ABA) plays the role of promoting ripening in climacteric and non-
climacteric fruits (Leng et al. 2014). However, the roles and interplay of different 
phytohormones in fruit ripening are still not fully understood.

Table 4.1  Abiotic stress and its symptoms in oil palm

Abiotic stress Symptom References

Boron deficiency Cause hook leaf von Uexküll and 
Fairhurst (1999)

Manganese deficiency Cause yellowing interveinal areas on 
younger fronds

von Uexküll and 
Fairhurst (1999)

Zinc deficiency Cause white streaks on lower and 
mid-crown fronds

von Uexküll and 
Fairhurst (1999)

Iron deficiency Cause the youngest frond to look droopy 
and have diffuse blotchy yellowing with 
white freckles

von Uexküll and 
Fairhurst (1999)

Copper deficiency Cause whitish yellow mottling of 
younger fronds

von Uexküll and 
Fairhurst (1999)

Combination of water 
and nutrient stress

Decrease water content, chlorophyll a/b, 
nitrogen, and phosphorus concentration 
in leaves while increasing leaf relative 
conductivity and potassium concentration 
in leaves

Sun et al. (2011)

Drought Fluctuation in yield Arshad et al. (2012)
Inadequate sunshine Decrease net assimilation rate and 

production of female inflorescence
Arshad et al. (2012)

Prolonged drought Reduce FFB yield Salmiyati et al. (2014)
Combination of water 
depravity and 
temperature increment 
of 1 °C

Reduce production of up to 2.15 t/ha on 
average

Salmiyati et al. (2014)

Low phosphate Reduce fruit production Salmiyati et al. (2014)
Low potassium Reduce the fruit to mesocarp ratio Salmiyati et al. (2014)
Low temperature Yield of less than 1.25 t/ha/month Shanmuganathan et al. 

(2014)
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4.3.1  �Fruit Development in Oil Palm

Oil palm (Elaeis guineensis), a perennial monocotyledonous species, produces fruit 
which is a drupe with thick and fleshy mesocarp in a fruit bunch. The oil palm is the 
highest yielding oil producing crop in the world where the mesocarp can accumu-
late about 80% (dry mass) of edible oil (Murphy 2009). The complex biological 
processes of oil palm fruit development, ripening, and maturation can be divided 
into five different phases from juvenile to complete maturity according to days after 
pollination (DAP), which are phase 1 (30–60 DAP), phase 2 (60–100 DAP), phase 
3 (100–120 DAP), phase 4 (120–140 DAP), and phase 5 (140–160 DAP). The 
growth of the fruit is biphasic occurring at an early stage (phase 1) then at the later 
stages (phases 3, 4 and 5), especially in phase 5 when lipid accumulation occurs 
after a lag of growth in phase 2 which coincides with the presence of the highest 
amounts of indole-3-acetic acid (IAA) and IAA conjugates. The beginning of phase 
4 (120 DAP) is the start of the maturation stage characterized by the increase in 
fresh mass of oil palm mesocarp and the accumulation of lipid and carotenoid. The 
phase 5 is where the ripening stage starts with a large increase in ABA and ethylene 
hormones together with detachment of the cell wall. Accumulation of lipids was 
observed within subcellular spherical organelles occupying the entire cells while 
high concentration of carotenoids was found in distinct regions in the cells presum-
ably chromoplasts in the ripe fruits at 160 DAP through microscopic visualization 
(Tranbarger et al. 2011).

In the oil palm fruit bunches, the fruitlets do not ripen at the same time because 
of the slight variations in the time of pollination. The ripening of the fruits starts 
from the bottom and progresses towards the top of the bunch (Sambanthamurthi 
et al. 2000). The quality of extracted palm oil is affected by the asynchronous ripen-
ing of the fruits in the oil palm fruit bunch (Nualwijit and Lerslerwong 2014). 
Figures 4.1 and 4.2 show the fruit bunches on an oil palm tree and the cross section 
of an oil palm fruit, respectively.

4.4  �Structure of Transcription Factors Involved in Abiotic 
Stress Response and Fruit Development

TFs are the largest functional class of proteins in plants consisting of about 60 fami-
lies representing 7% of genes that encode for proteins. The different families of TFs 
are classified based on their conserved structural domains. They play diverse roles 
in regulating complex biological processes through interaction with the promoter 
regions of downstream genes (Riechmann and Ratcliffe 2000). Plants adapt to envi-
ronmental stresses through induced expression of stress-responsive genes. The 
expression of these genes is spatially and temporarily regulated at the transcrip-
tional level by TFs. TFs and the gaseous hormone, ethylene, are the main players in 
regulating the ripening process of climacteric fruit. Through their DNA binding 
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Ripe oil 
palm fruit 
bunch

Unripe oil 
palm fruit 
bunch

Fig. 4.1  Oil palm tree with ripe and unripe fruit bunches

Fig. 4.2  Cross section of a 
ripe oil palm fruit
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domains, TFs bind to specific DNA motifs in the promoters of their target genes for 
regulating and coordinating their expression. Outside the DNA-binding domain of 
the TFs, there are other functionally important domains that are involved in nuclear 
localization (nuclear localization signal, NLS), transcriptional activity, and interac-
tions with other proteins (Nakano et al. 2006).

4.4.1  �AP2-ERF Superfamily

The APETALA2/ethylene response factor (AP2/ERF), one of the biggest family of 
plant-specific TFs are involved in diverse biological processes. These include 
response to abiotic and biotic stresses such as cold temperature, drought, microbial 
pathogen infection, as well as developmental processes like flowering and fruit rip-
ening. Its functional roles are often associated with hormonal signaling pathways 
involving different phytohormones such as ethylene and ABA (Gu et  al. 2017). 
There are 147 and 167 AP2/ERF members found in the genome sequence of 
Arabidopsis and rice, respectively (Sakuma et  al. 2002; Nakano et  al. 2006). 
Bioinformatics analysis of barley genome which contains 121 AP2/ERF showed 
that segmental duplication and tandem repeats lead to the expansion of the TF fam-
ily members (Guo et al. 2016).

The AP2/ERF TFs contain the characteristic AP2/ERF DNA-binding domain of 
60–70 amino acids and are classified into subfamilies based on the number of AP2-
domain present (Table 4.2) and their sequence homology (Hao-Li et al. 2010). The 
AP2 family contains two or more AP2/ERF domains or the absence of the con-
served WLG motif within these domains while the ABI3/VP1 family (RAV) has an 
AP2 and a second domain called the B3 domain. The third family, ERF, has a single 
AP2 domain while the rest of the genes are categorized as soloist. The ERF family 
has two main subfamilies: the dehydration-responsive element binding factor 
(DREB) and the ethylene-responsive factors (ERF) (Nakano et al. 2006).

The ERF and DREB can be differentiated based on the types of amino acid found 
at the 14th and 19th positions in the AP2-conserved domain. DREB proteins have 
valine and glutamic acid while ERF proteins have alanine and aspartic acid in 14th 
and 19th amino acid position, respectively. These two conserved amino acids which 

Table 4.2  Classification of Arabidopsis AP2/ERF family of transcription factors

AP2/ERF subfamilies No. of AP2/ERF domain Subgroup No. of genes

AP2 2
1

14
3

DREB 1 A-1 to A-6 56
ERF 1 B-1 to B-6 65
RAV 1 6
Others 1 1

Source: Lata and Prasad (2011)

S.N.A. Abdullah et al.



79

are critical for DNA binding are found on the β-sheet in the AP2/ERF domain (Akhtar 
et al. 2012). DREB protein is an important TFs involved in abiotic stress, particularly 
in conferring resistance to drought, salt, and cold (Lata and Prasad 2011).

There are two major groups classified under DREB, the cold binding factor 
(CBF)/DREB1 and DREB2 (Druege 2006). DREB1 can be further divided into six 
groups, A-1 to A-6 (Sakuma et al. 2002). The DSAW and LWSY motifs found in the 
AP2/ERF domain and C-terminal region, respectively, are A-1 group member spe-
cific signatures (Sakuma et  al. 2002). DREB TFs bind to the drought responsive 
element (DRE) and DRE-like cis-elements located in the promoter of SRGs to induce 
their expression in response to abiotic stresses. The DRE possesses a core sequence 
A/GCCGAC (Gutha and Reddy 2008; Sharoni et al. 2011; Zhang et al. 2014).

4.4.2  �Other Families of Transcription Factors

Transcription factors play an important role in the transcriptional control of gene 
expression in response to various environmental stresses. Members of the myelo-
blastosis related proteins (MYB) (Li et al. 2015), myelocytomatosis related proteins 
(MYC) (Fujita et al. 2006), basic leucine zipper containing domain proteins (bZIP) 
(Kobayashi et al. 2008), NAC (Chen et al. 2014), and WRKY (Chen et al. 2012) TF 
families have been implicated in the regulation of stress responses. While MADS-
box, NAC, and bZIP are important in developmental processes including fruit 
ripening.

The bZIP proteins contain bZIP domain that is highly conserved and composed 
of a basic and a leucine zipper regions. The conserved bZIP domain is a basic 
sequence-specific DNA binding region. The leucine zipper region contains amphi-
phatic sequences in a coiled-coil form for dimerization specificity. In Arabidopsis, 
the bZIP family is well characterized for their role in ABA-dependent signal trans-
duction for abiotic stress tolerance. AREB/ABF (ABA-responsive element binding 
protein/ABRE binding factor), belonging to group A bZIPs modulate transcription 
of ABA-dependent genes. They preferentially bind to ABA cis-acting element, 
ABRE such as the G-box (CACGTG) with the ACGT core motif. Numerous ABA 
and/or stress-regulated genes possess the (C/T)ACGTGGC consensus sequence in 
their promoter sequences (Choi et al. 2000). The bZIP family also participates in the 
fruit development process. Transcriptome analysis carried out on the climacteric 
banana for example, showed that MabZIP genes were differential expressed at the 
various stages of fruit development and ripening, and in response to a variety of 
abiotic stresses in the different tissues (Hu et al. 2016). The mechanism involved in 
ABA-dependent and ABA-independent pathway is summarized in Fig. 4.3.

The diversification and expansion of the plant MADS-box transcription factors 
are associated with the evolution of novel structures, like flowers, seeds, and fruits 
(Theissen et al. 2000). At the N-terminal region of the MADS-box family of tran-
scription factors, the conserved MADS-box domain consisting of 56–60 amino 
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acids, involved in DNA binding and dimerization with other MADS-box proteins 
can be found. Eukaryotic MADS-box is categorized into Type I and Type II (MIKC-
type). Genetic and molecular analyses of the MIKC-type categorized their roles in 
flower organogenesis into five classes, where different combinations are used to 
specify floral organ identity. The different functional classes identified in Arabidopsis 
are APETALA1 (AP1), PISTILLATA (PI) and APETALA3 (AP3), AGAMOUS 
(AG), SEEDSTICK/AGAMOUS-LIKE 1 (STK/AGL11) and SHATTERPROOF 
(SHP), and SEPALLATA (SEP1, SEP2, SEP3, SEP4) genes in class A, B, C, D, and 
E, respectively (Grimplet et  al. 2016). AG and APETALA1/FRUITFULL (AP1/

Water 
deficiency

Cytosol

Nucleus

Stress-responsive 
genes (SRGs)

DRE/CRT ABRE

Activation of SRGs

DREB1 transcription AREB/ABF transcription 
factors 

Drought Cold

Plant Cell Membrane 

ABA-independent pathway ABA-dependent pathway

Stress receptors 

Fig. 4.3  Involvement of ABA-dependent and ABA-independent pathways in response to drought 
and cold stresses. The stress receptors received drought and cold signals, respectively from sur-
rounding. Activation of ABA-dependent pathway involves AREB/ABF transcription factors. The 
activation of ABA-independent pathway activates DREB1 transcription factors. DREB1 and 
AREB/ABA transcription factors can directly bind to DRE/CRT and ABRE element located at 
stress-responsive genes promoter. Direct interaction of DREB1 with DRE/CRT and AREB/ABF 
induced expression of stress-responsive genes
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FUL) subfamily members are also involved in seed and fruit development (de Folter 
et al. 2006; Elitzur et al. 2010). A MADS-box transcription factor encoded by RIN 
serves as one of the earliest transcription factors in the induction of ripening in 
tomato (Vrebalov et al. 2002).

The MYB TF represents 9% of total TFs in Arabidopsis. MYB domain that is 
highly conserved at the N-terminus consists of 1–4 imperfect tandem repeats (MYB 
repeats). Three regularly distributed tryptophan or phenylalanine residues are found 
in the MYB repeat of 50–53 amino acids in length. Each repeat contains three 
α-helices, with the occurrence of helix-turn helix structure formed between the sec-
ond and third helices. The helix-turn-helix structure may recognize and bind to the 
specific recognition site C/TAACG/TG (Chen et al. 2014; Li et al. 2015). MYB TFs 
are involved in plant development and stress tolerance (Mengiste et al. 2003). MYB 
family members from tomato and apple for example, appeared to be associated with 
flavonoid and anthocyanin production in ripening fruit (Mes et al. 2008).

The plant-specific NAC TF family encodes 117 genes in the Arabidopsis 
genome. They possess a highly conserved N-terminal DNA-binding NAC domain 
and a variable C-terminal domain (Chen et al. 2014). The NAC domain consisting 
of 50–160 amino acids is involved in nuclear localization, DNA binding and 
dimerization with other NAC domain proteins (Olsen et al. 2005). The diversified 
C-terminal region which contains simple amino acid repeats and regions rich in 
serine and threonine, proline and glutamine, or acidic residues serves as the tran-
scriptional repressor and activator (Olsen et al. 2005; Puranik et al. 2012). The 
NAC proteins are involved in regulating abiotic stress signal (Meng et al. 2009) 
through binding to the CACG core motif that acts as a drought-responsive NAC 
recognition sequence (NACRS) (Shiriga et  al. 2014). NAC is also involved in 
plant growth and development, such as vegetative and floral organ formation and 
fruit development (Ma et al. 2014).

4.5  �Roles of Phytohormones as Signaling Molecules for Gene 
Regulation by Transcription Factors

Phytohormones play significant role in the signal transduction cascade and plant 
regulatory network throughout their growth period including fruit development and 
in responding to challenges inflicted by the various abiotic stresses. These phyto-
hormones include ethylene, ABA, IAA, cytokinin (CK), gibberellins (GAs), and 
jasmonic acid (JA) (Memelink 2009; Kumar et al. 2014). The production and accu-
mulation of these phyhormones are able to generate the network for signal transduc-
tion leading to a complex cascade of events that produce the biochemical and 
physiological changes in plants.
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4.5.1  �Abscisic Acid (ABA)

ABA is a sesquiterpenoid phytohormone predominantly involved in abiotic stress 
response. The levels of endogenous ABA have been reported to dramatically 
increase when plants are exposed to an array of abiotic stresses like saline environ-
ment, water deficit, or low temperature (Lim et al. 2015). These stresses are interfer-
ing with water availability in plant cells and inducing osmotic stress. Enhancing 
biosynthesis of ABA than normal level promotes stomatal closure, change in gene 
expression, and modification of physiological state (Sah et al. 2016). The exoge-
nous application of ABA can elicit the drought response without water deficit where 
the application can mimic the effect of water stress condition. In rice and Arabidopsis, 
many drought inducible genes were reported to respond to ABA (Park et al. 2001; 
Xiong et al. 2001; Mahajan and Tuteja 2005; Yanez et al. 2009; Xin et al. 2011).

Exposure to abiotic stresses in plants activates an ABA-dependent signaling sys-
tem. It induces phosphorylation of protein kinase which then activates the bZIP TFs 
which immediately bind to ABA-responsive regulatory elements (ABREs) found in 
the promoter sequence of the target genes (Nakashima et al. 2014). The interaction 
may induce expression of ABA-responsive genes. Other ABA-dependent TFs like 
MYC and MYB also function cooperatively in regulating the expression of target 
genes. Not all drought responses in Arabidopsis seemed to be mediated by ABA, 
since certain genes are induced by drought, salt, and cold in ABA-deficient (aba) and 
ABA-insensitive Arabidopsis mutants (abi). This led to the discovery of the members 
of the AP2/ERF family such as DREBs. The DREBs are activated through an ABA-
independent pathway (Kizis et al. 2001; Seki et al. 2003; Shinozaki et al. 2003).

4.5.2  �Ethylene

Ethylene, a gaseous phytohormone, is involved in various biological processes in plants 
including fruit ripening, seed germination, cell elongation, cell fate, senescence, abscis-
sion, as well as abiotic stress responses (Park et al. 2001). Exposure to different kinds 
of abiotic stress triggers the biosynthesis of ethylene and this situation may induce 
reactive oxygen species (ROS). The ROS damage plant cellular system through lipid 
peroxidation (Wang et al. 2002). The ethylene signaling pathway consists of two major 
pathways involving the regulation of ethylene biosynthesis and the perception of stress 
signal by the nucleus. The ethylene transduction signal is perceived by a family of 
histidine kinase-like receptors: ETHYLENE RESPONSE1 (ETR1), ETR2, 
ETHYLENE RESPONSE SENSOR1 (ERS1), ERS2, and ETHYLENE 
INSENSITIVE4 (EIN4). Binding of ethylene to its receptor is facilitated by a copper 
transporter called RAN-1-delivered copper cofactor (Hall et al. 2012).
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When there is no ethylene, the receptors are active and the ethylene response is 
suppressed by stimulating the negative regulator Constitutive Triple Response1 
(CTR1), a Raf-like serine-threonine kinase. Consecutively, the ethylene-signaling 
pathway is switched off and the ethylene insensitive 2 (EIN2)  and EIN3 compo-
nents are inactivated (Muller and Munne-Bosch 2015). In the presence of ethylene, 
the interaction between the phytohormone and its receptors induces inactivation of 
the protein receptor and relieves the CTR1-mediated blockage for further positive 
downstream signaling event. Hence, it leads to an accumulation of EIN3 and EIN3-
like (EIL) transcription factor in the nucleus. The EIN3 and EIL activate expression 
of targets TF such as ethylene-responsive factor 1 (ERF1). The ERF is the TF 
responsible in ethylene-responsive activity in plants (Druege 2006; Stepanova and 
Alonso 2009; Morkunas et  al. 2014). The ERF belongs to the AP2/ERF family. 
Previous reports stated that apart from ethylene, phytohormormone like ABA and 
jasmonic acids also influence the activation of ERF (Liu et al. 2006; Shinshi 2008).

4.5.3  �Jasmonic Acid (JA)

JA and its cyclic precursors and derivatives are communally referred as jasmonates 
(JAs). The phytohormones is a lipid-derived compound known as oxylipins. They 
regulate various plant response and development, including response to abiotic 
stress, wounding, fruit ripening, production of viable pollen, root elongation, and 
defense against insects (Reinbothe et al. 2009). In response to JA signal, the F box 
protein CORONATINE INSENSITIVE 1-based SCF complexes recruit 
JASMONATE ZIM-domain (JAZ) repressors for ubiquitination and subsequent 
degradation through the 26S proteasome pathway, and downstream signaling com-
ponents essential for various JA responses are subsequently regulated. In the absence 
of JA, the JAZ proteins associate with the corepressor TOPLESS via the adapter 
NOVEL INTERACTOR OF JAZ (NINJA), and repress diverse JA response through 
interaction with various downstream transcription factors (Song et  al. 2014). A 
bHLH TF (e.g., AtMYC2, AtMYC3, AtMYC4) and MYB TF are main targets in the 
JA signaling pathway and they interact with JAZ family members in the regulation 
of JA-responsive target genes (Seo et al. 2013).

Previous study has shown that exogenous application of JA is successful in 
defending plants from drought-induced oxidative damage due to its ability to 
enhance the activity of antioxidant enzymes (Alam et al. 2014). Several cis-acting 
elements found in different gene promoters that mediate jasmonate responsiveness 
are known. The most common regulatory element is the GCC motif (GCCGCC) and 
the G-box (CACGTG) and other jasmonate-responsive promoter elements were 
recently discovered, such as JASE1 (CGTCAATGAA) and JASE2 
(CATACGTCGTCAA) (Seo et al. 2013).
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4.5.4  �Auxin

Similar to cytokinin, auxin now has been established as a phytohormonal marker 
involved in abiotic stresses. A previous study revealed that transcript profiling of 
plant sampled under various treatments of abiotic stresses like cold, drought, and 
dehydration induced different kinds of auxin-responsive genes. For example, the 
expression of YUCCA7 (YUC7) gene that encodes a flavin monooxygenase from the 
tryptophan dependent auxin biosynthetic pathway is enhanced in elevated endoge-
nous auxin levels. This led to enhanced drought resistance in Arabidopsis (Du et al. 
2012, 2013). The auxin responses in most tissues are concentration dependent. 
Hence, when different amounts of exogenous auxins are applied, different tissues 
respond differently. The endogenous amount of auxin in plant system is highly con-
trolled and regulated (Ludwig-Muller 2011). At low concentrations of auxin, the 
signaling activity involved the repression of auxin response by AUXIN/INDOLE-3-
ACETIC ACID (AUX/IAA) proteins. AUX/IAA proteins suppress AUXIN 
RESPONSE FACTORS (ARFs), a class of transcription factors that are involved in 
regulating auxin-responsive gene expression. This activates auxin-regulated gene 
expression. Under high concentration than maximum requirements, auxin is able to 
bind to TIR1 (TRANSPORT INHIBITOR RESPONSE 1) and related AUXIN 
F-BOX (AFB) proteins, namely AFB1, AFB2, and AFB3. The interaction results in 
the degradation of AUX/IAAs by the 26S proteasome and subsequently the suppres-
sion of ARFs is released. ARFs regulate (activate or repress) auxin-responsive gene 
expression by binding the auxin-responsive element (ARE) often found in the pro-
moters of auxin-responsive genes, resulting in an array of auxin-mediated pheno-
typic alterations (Popko et al. 2010; Kazan 2013).

4.6  �Transcription Factors (TFs) in Abiotic Stress Response 
in Oil Palm

The vast number of abiotic stress responsive genes found in model plants as well as 
important crops function to protect the cells from the stress conditions through pro-
duction of critical metabolic proteins. TFs are essentially master regulators that can 
control the expression of different genes defined by specific interaction of TF 
domains and target genes regulatory elements. Under stress conditions, TFs are 
major players in signal transduction and controlling the expression of the wide vari-
ety of stress responsive genes. The many target genes controlled by one transcrip-
tion factor is referred to as regulons. DREB1/CBF regulons function in 
ABA-independent manner, while AREB/ABF regulons are involved in ABA-
dependent pathways.
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4.6.1  �EABF and EABF1 That Integrate Multiple Stress 
Signaling

The action of ABA is responsible for enhancing or suppressing the expression of 
numerous stress-responsive genes. ABA signaling is regulated by the AREB/ABF 
proteins mainly from the bZIP families while others belong to the AP2/ERF fami-
lies of transcription factors (Choi et al. 2000). The isolation of two oil palm ABA-
responsive TFs designated as EABF and EABF1 by yeast one-hybrid screening was 
reported by Omidvar et al. (2012). Multiple sequence alignment and phylogenetic 
analysis classified EABF and EABF1 as DREB1/CBF (from AP2/ERF family) and 
bZIP family members, respectively. Using yeast one-hybrid transactivation assay, 
their roles in the ABRE- and DRE/CRT-mediated expression of target genes were 
determined. This was further validated by an electrophoretic mobility shift assay 
which revealed that both EABF and EABF1 could bind to the ABRE and the DRE 
regulatory elements. EABF transcript production was induced by ABA in the fruits 
and leaves of the oil palm but not in the roots. However, the expression of EABF1 
was induced constitutively in all tissues by ABA.

Besides ABA, ethylene and methyl jasmonate strongly induced the expression of 
both EABF and EABF1 in the oil palm fruits (Omidvar et al. 2012). In addition, dif-
ferent abiotic stress treatments including drought, cold, and high salts could also 
strongly induce their expression. This suggests that EABF and EABF1 not only 
play regulatory roles in response to various abiotic stresses, they could also be 
involved in integrating multiple stress signaling pathways. Similar observation was 
reported for ABF from other plant species. For example, in rice, OsABF2 expres-
sion was responsive to abiotic stresses such as cold, drought, high salinity, and oxi-
dative stresses, besides ABA (Hossain et al. 2010). The oil palm EABF is induced 
by ABA, drought, and cold suggesting that it behaves differently from DREB1/
CBF. EABF may be involved in both ABA-dependent and ABA-independent path-
ways based on its strong DRE/CRT-binding property. Nevertheless, recent evi-
dences suggest that the two pathways cross-talk with each other (Roychoudhury 
et al. 2013).

AREB/ABF-type proteins in rice are phosphorylated and activated by ABA-
dependent SnRK2 protein kinases. This subsequently enhanced the expression of 
the abiotic stress responsive genes. The products of these genes are required in 
stress responses and tolerance (Todaka et al. 2012). The study by Omidvar et al. 
(2012) described above provided evidence on the EABF and EABF1 proteins in the 
ABA signaling pathway and stress response in plants. The genes could serve as 
potential candidate for genetic modification for improving oil palm crops to be more 
tolerant to environmental stresses or as diagnostic markers to monitor stress 
conditions.

4  Transcription Factors Associated with Abiotic Stress and Fruit Development...



86

4.6.2  �Drought Stress Response Mediated by DREB1

Dry condition due to El Nino phenomenon in recent years causes serious adverse 
impact on palm oil industry (Haniff et  al. 2010). However, there is very limited 
report on molecular-physiological studies on the effects of drought carried out on 
oil palm. The recently reported EgDREB1 from oil palm demonstrated to have the 
ability to bind to the DRE/CRT DNA motif through in vivo assay using yeast one-
hybrid transactivation assay and in vitro assay using EMSA (Azzeme et al. 2017). 
EgDREB1 is classified under the A-1 DREB1/CBF subfamily based on phyloge-
netic analysis and has the conserved amino acid residues, the 14th valine and 19th 
glutamic acid in the AP2 domain which are critical for binding to the DRE (Akhtar 
et  al. 2012). Besides, it contains the consensus NLS (PKRPAGRTKFRETRHP). 
The localization of EgDREB1 in the nucleus was validated by the subcellular local-
ization experiment using onion cells. In addition, the PKKPAGR and DSAWR sig-
nature sequences characteristic of DREB1 family members were identified. These 
sequences distinguished DREB1 from the other AP2/ERF proteins (Morran et al. 
2011). A cDNA encoding EREBP was isolated from the mesocarp of the oil palm 
fruit using yeast one-hybrid assay with ERE as a bait. EREBP demonstrated tran-
scriptional activation and transactivation properties in yeast and in vitro. It can bind 
to ERE in addition to the DRE/CRT motif (Omidvar et al. 2013a).

Gene expression analysis was carried out on both EgDREB1 and EREBP in the 
leaves and roots of oil palm seedlings subjected to water stress treatments. The 
treated oil palm seedlings were categorized into different drought severity levels 
based on physiological parameters and observed physical deteriorations (Azzeme 
et al. 2016, 2017). EgDREB1 was expressed under mild drought in oil palm roots 
suggesting its potential involvement in the initiation of signaling communication 
from root to shoot. However, in the leaves, EgDREB1 expression peaks during 
severe stage of the drought. It was suggested that possibly EgDREB1 serves in 
mediating the recovery response of the cells or as a signal in programmed cell death 
as a way to overcome the abiotic stress (Wituszynska and Karpinski 2013). While 
EREBP transcripts accumulated under mild stress in the leaves at 4.81-fold higher 
than in the control seedlings and significantly downregulated under moderate stress. 
The results demonstrated the potential of both genes to serve as expression markers 
in monitoring drought severity levels in oil palm seedlings using leaves which are 
more accessible than roots.

Further functional characterization by overexpressing EgDREB1 in tomato seed-
lings showed enhanced expression of tomato DRE/CRT and non-DRE/CRT con-
taining genes in cold and PEG treated seedlings, suggesting that EgDREB1 can act 
as a functional regulator in enhancing tolerance to both cold and drought conditions 
(Azzeme et al. 2016). EREBP which binds DRE/CRT is also responsive to drought, 
cold, and high-salinity treatments. Thus, both genes are also candidates for crop 
improvement for tolerance to the respective stress conditions. The ERE binding 
ability demonstrated by EREBP suggests that it could mediate both abiotic and 
biotic stress responses. This was further supported by the ability of different 
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phytohormones including ABA, methyl jasmonate, and salicylic acid to induce its 
expression. These phytohormones are important signaling molecules in biotic stress 
response such as during pathogen attack (Abdullah and Akhtar 2016). These results 
suggest that EREBP like TINY from Arabidopsis plays a role in the cross-talk 
between abiotic and biotic stress responses through DRE- and ERE-mediated sig-
naling pathways (Sun et al. 2008).

4.6.3  �CBF as a Key Player Under Cold Stress

Oil palm is a tropical oil crop and cannot withstand cold temperature as its growth 
and productivity will be badly affected. However, there is interest in expanding the 
cultivation of this economically important oil crop to regions where there is period 
of low temperature such as in South China. High throughput gene expression analy-
sis on cold treated oil palm seedlings showed that the biggest number of transcrip-
tion factors to be upregulated in the leave tissues belong to the AP2/ERF family, 
which are the CBF followed by the NAC and bZIP family of transcription factors 
(Lei et al. 2014). Cold tolerance will be enhanced by the induced expression of the 
CBFs as shown in Arabidopsis and other plant species (Lee et al. 2005). Interestingly, 
RNA-seq analysis of cold stress treated Elymus nutans Griseb, a highly cold toler-
ant alpine perennial forage also found that CBF as the major cold stress responsive 
genes (Fu et al. 2016) suggesting conservation of the CBF mediated signal trans-
duction in plant species grown in the tropics and those that can withstand low tem-
perature. In addition, MYB15 which a potential suppressor of CBF (Chinnusamy 
et al. 2003) also showed an increase in expression pattern in the oil palm. Comparison 
of the AP2 domain in oil palm CBF proteins with those found in temperate plants 
showed that the sequence is highly conserved implying functional conservation in 
the DNA binding properties. However, many of the cold-responsive (COR) genes in 
oil palm do not have a proper DRE motifs, the binding site for CBFs. This might not 
be critical for the oil palm as it is a tropical crop that is not subjected to cold stress 
conditions (Lei et al. 2014).

4.7  �Transcription Factors in the Development and Ripening 
of Oil Palm Fruits

4.7.1  �Tomato as a Model for Climacteric Fruits

The critical role of ethylene was highlighted from the transcriptome data set where 
ethylene associated genes showed the highest percentage (37%) among the total 
differentially expressed genes during development and ripening of tomato (Alba 
et  al. 2005). The mechanisms that coordinate the upregulation or suppression of 
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these genes involved fruit-related TFs and microRNAs targeting some of these TFs, 
DNA methylation and chromatin remodeling.

ERF family of transcription factors are the mediator for the expression of the 
ethylene-regulated genes exerting control at the transcriptional level. The ERFs are 
categorized into different subclasses with contrasting roles as depicted by the differ-
ences in their expression profile in wild-type and ripening-impaired mutant toma-
toes, Never-ripe (Nr), ripening-inhibitor (rin), and non-ripening (nor). Members of 
subclass E of ERF were strongly downregulated in the ripening mutants indicating 
a critical role in the fruit ripening process (Liu et  al. 2016). While SlERF1 and 
SlERF2 could possibly be involved in the regulation of fruit ripening and softening 
(Pirrello et al. 2006; Li et al. 2007) and members of the Subfamily VII of ERF are 
mainly associated with fruit ripening (Licausi et al. 2013).

RIN which encodes a MADS-box transcription factor is a key regulatory gene 
that serves as one of the earliest transcription factors involved in the induction of 
ripening in tomato. Recently, chromatin immune-precipitation assay showed that a 
broad range of ripening-associated genes are directly regulated by RIN (Ito 2016). 
In addition, other MADS-box proteins were identified to be interacting with RIN 
suggesting their involvement in the regulation of the ripening process. AP2, MYB, 
NAC, HD-zip, basic helix-loop-helix (bHLH), and auxin response factors (ARFs) 
are the other TFs involved in regulating fruit ripening (Karlova et  al. 2014). 
SlMYB12, for example, influences flavonoid and anthocyanin accumulation (Adato 
et al. 2009). AP2a expression is induced by ripening regulatory transcription fac-
tors, NOR, CNR, and RIN. AP2a modulates ethylene signaling which leads to a 
partial negative regulation of the ripening process in tomato (Karlova et al. 2011). 
Fruit ripening was inhibited in SlNAC1 overexpression lines that have an effect on 
ethylene synthesis and carotenoid accumulation (Ma et al. 2014).

4.7.2  �Regulation of Oil Palm Fruit Ripening

A sharp increase in transcripts for several ERFs and ethylene biosynthetic genes in 
the oil palm mesocarp during the fruit ripening period resembling the system 2-type 
ethylene production was observed (Tranbarger et al. 2011). The most predominant 
ERFs were the type VII, similar to those reported in the ripening of tomato, showed 
maximum expression at the maturation and ripening phase of the oil palm fruits. 
Strong conservation amongst the monocots and dicots was shown based on phylo-
genetic analysis of their signature domains and gene duplication possibly contrib-
utes to the multiple type VII ERF expressed in the oil palm mesocarp. In addition, 
two NAC domain contigs were identified with similarity in sequence and expression 
at the ripening period as the NAC-NOR gene from tomato, which suggests conser-
vation in protein function.

A transcript of the gene encoding EgAP2-2 with strong similarity with WRI1 
peaks at 120 DAP, the onset of lipid accumulation and the maximal expression for 
many FA biosynthesis genes. The AW-box, the binding site for WRI1 were found in 
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the proximal upstream regions of some genes involved in glycolysis and fatty acid 
biosynthesis that are expressed in the mesocarp. WRI1 directly activates FA biosyn-
thetic genes and is also involved in regulating the assembly and storage of TAG in 
oilseed crops (Maeo et al. 2009). WRI1 homologue from oil palm was able to com-
plement the wri1 mutant phenotype of A. thaliana (Bourgis et al. 2011; Ma et al. 
2013). Together, these findings suggest some common regulatory features between 
oilseed and oil fruit plants (Tranbarger et al. 2011).

4.7.3  �The Role of MADS-Box Transcription Factors

Tranbarger et al. (2011) identified 14 MADS-box domain sequences representing 7 
subfamilies during oil palm fruit development. One contig belonging to the AG 
subfamily showed abundant expression that peaks at the fruit maturation phase (140 
DAP). From the GLOBOSA/PISTILLATA (GLO/PI) subfamily, a single contig 
identical to EgGLO1 (Adam et al. 2006) showed a significant increase in transcript 
level during the maturation phase and maintains at high level during the ripening 
period of the oil palm fruits.

Oil palm has three fruit forms based on the shell thickness where a thicker shell 
corresponds to thinner mesocarp resulting in less oil yield as the oil is extracted 
from the fleshy mesocarp. This is a monogenic co-dominant inheritance, where ten-
era, the hybrid (thin shell) is produced from maternal dura (thick shell) cross with 
paternal pisifera (shelless) palms. A type II MADS-box transcription factor was 
found to encode the shell thickness gene and different alleles which contain muta-
tions of this gene that associate with the shell thickness trait was determined and 
used to develop DNA-based marker for accurate screening for dura contamination 
at the nursery stage. The findings and utility of these DNA-based marker has signifi-
cant impact to the oil palm industry as planting of the thick shell genotype will 
result in the loss in revenue amounting to about 30% of the total income as well as 
wastage of valuable plantation areas to low yielding oil palm trees (Ooi et al. 2016).

4.7.4  �An AP2 That Associates with the Ethylene and ABA 
Signaling Pathways

ABA is an important control factor for fruit ripening besides ethylene in both cli-
macteric and non-climacteric fruits (Leng et  al. 2014). Simultaneous increase in 
ethylene and ABA was observed in the mesocarp tissue of the oil palm during the 
ripening period (Tranbarger et al. 2011). Identification of ethylene- and/or ABA-
regulated transcription factors regulating fruit ripening in oil palm could lead to the 
discovery of potential candidate genes for improving fruit yield and quality through 
metabolic engineering and molecular breeding. AP2 from the AP2/ERF family of 

4  Transcription Factors Associated with Abiotic Stress and Fruit Development...



90

transcription factors are mainly involved in growth and developmental processes 
and do not have stress related roles.

A cDNA clone from oil palm mesocarp encoding a TF that interacts with the 
ERE motif in a yeast one-hybrid assay was identified (Omidvar et al. 2013b). The 
TF was found to be identical to EgAP2-1 that has been reported to be involved in oil 
palm embryo development (Morcillo et al. 2007). It contains two highly conserved 
AP2 DNA binding domains and a linker region that characterized the plant AP2 
family belonging to the AP2/ERF superfamily. The EgAP2–1 subcellular localiza-
tion experiment in onion cells confirmed its nuclear localization even though a 
nuclear localization signal (NLS) was not found in its amino acid sequence. The 
ability demonstrated by EgAP2-1 in binding to ERE but not the DRE in vitro, sug-
gested its ERE-mediated regulatory role. It also indicated its potential involvement 
in regulating ripening but not in controlling abiotic stress response. The EgAP2-1 
was expressed in the mesocarp of the oil palm fruits with an increasing expression 
towards the ripening phase and no expression was shown in the vegetative tissues 
including leaves and roots. Its expression was induced in the mesocarp specifically 
in response to ABA and ethylene but not to different abiotic stresses. Furthermore, 
EgAP2-1 expression increased at the late stages of fruit ripening in the mesocarp 
that coincide with the increase in ABA and ethylene in the fruits (Tranbarger et al. 
2011) suggesting positive transcriptional regulation through the ABA and/or ethyl-
ene signaling pathways. Thus, EgAP2-1 putatively expressed in the fleshy oil palm 
mesocarp during fruit ripening in an ABA- and/or ethylene-dependent manner. 
Together the data suggests a possible new regulatory role for AP2 in ABA- and/or 
ethylene-mediated control of fruit ripening. AP2a has been reported as an important 
transcription factor that functions downstream of the ripening regulators RIN and 
CNR in tomato. During tomato fruit development and ripening, it was suggested 
based on AP2i silenced fruit transcriptomic and metabolomics data that AP2a plays 
an important role in the primary and secondary metabolism, ethylene biosynthesis, 
and signaling pathways, as well as in chromoplast differentiation (Chung et  al. 
2010; Karlova et al. 2011).

4.7.5  �A Novel CBF with Potential Role in Oil Palm Fruit 
Ripening

The role of CBF in regulating stress response particularly cold stress is well known, 
however there is no report on its involvement in developmental processes like fruit 
ripening. A novel CBF, EgCBF3 that is responsive to cold treatment was isolated 
from the ripening fruits of the oil palm and proven to be a nuclear localized protein 
(Ebrahimi et al. 2015). EgCBF3 contains the specific signature sequences character-
istic of the A-1 group of CBF, but clustered closely with the GCC binding A-4 group 
through phylogenetic analysis. In the fruit mesocarp tissues, EgCBF3 was found to 
show the highest expression at the ripening stage (17 weeks afer anthesis/120 DAF) 
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while a low level of expression was observed in the vegetative roots and leaves tis-
sues. Like EgAP2-1, expression of EgCBF3 appeared to correlate with the elevated 
levels of ethylene and ABA that were detected in the oil palm mesocarp tissue dur-
ing the ripening period (Tranbarger et al. 2011). The expression was also affected by 
abiotic stresses including drought and high salt. Functional studies using EMSA 
and yeast one-hybrid assay validated its ability to bind to DRE/CRT promoter motif. 
Transient overexpression of EgCBF3  in tomato as a model system, modified the 
expression of ABA and ethylene biosynthetic genes, the cell wall degrading enzyme, 
polygalacturonase and the ethylene-responsive, fruit-ripening gene (E8) suggesting 
its role in regulating the expression of ripening-related genes in addition to its role 
in mediating abiotic stress response. Figure 4.4 compares the effects of overexpress-
ing oil palm transcription factor genes,  EgCBF3  and  EgAP2.1  on fruit ripening 
genes from tomato. Zhao et al. (2009) reported on the expression pattern of LeCBF1 
in mature tomato green fruits that coincide with endogenous ethylene production. 
Interestingly, a CBF-like gene in the climacteric tomato fruit also transactivates the 
ripening related gene, polygalacturonase 1 promoter. The transactivation was 
enhanced by the application of exogenous ethylene (Tacken et al. 2010). 
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Fig. 4.4  Effects of overexpressing oil palm transcription factors, EgCBF3 and EgAP2.1 on fruit 
ripening genes from tomato. Tomato fruits at different developmental stages were transiently trans-
formed with oil palm transcription factor genes, EgCBF3 and EgAP2.1 and the expression of four 
fruit ripening related genes was analyzed. Phytoene synthase (PSY) represents carotenoid biosyn-
thetic gene, polygalacturonase (PG) represents cell wall degrading gene, ACC oxidase (ACO) and 
ACC synthase (ACS) represent ethylene biosynthetic genes. Small green (SG), mature green 
(MG), breaker (BR), mature ripe (MR) represent different developmental stages of tomatoes
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The overexpression of EgCBF3 in transgenic tomato resulted in altered 
phenotypes compared to the wild-type tomatoes (Ebrahimi et  al. 2016). The 
observed effects include delayed flowering and leaf senescence and increased chlo-
rophyll content and abnormal flowering. In addition, the EgCBF3 tomatoes were 
demonstrated to be tolerant to abiotic stress using transgenic plants grown in in vitro 
conditions. The expression of ethylene biosynthetic genes was altered in transgenic 
tomato leaves and roots and expression of anti-freeze proteins were modified in 
wounded transgenic tomatoes compared to wild type. Thus, EgCBF3 may play a 
role in growth and development and regulating ethylene biosynthesis-related and 
anti-freeze protein genes, and may also serve to enhance abiotic stress tolerance. 
Together, the results indicate that EgCBF3 can modulate the fruit-ripening process 
through the ethylene biosynthesis pathway or interactions with other regulatory pro-
teins and factors. Thus, EgCBF3 and EgAP2-1 could be valuable candidate genes 
for modulating the ripening process in oil palm. While EgCBF3 may also be useful 
for monitoring abiotic stress in the ripening oil palm fruits. Both applications have 
important implications as they effect the oil palm fruit productivity and quality.

4.8  �Conclusions and Future Prospects

Regulation of gene expression at the transcriptional level where TFs play a major 
role is of great importance. TFs are master regulators of biosynthetic pathways and 
stress responses in plants. However, studies on their biological activities and the 
functions of their regulons are still at its infancy in the oil palm compared to other 
economically important crops like rice, wheat, rapeseed, and maize. Nevertheless, a 
number of transcription factors with potential roles in abiotic stress response and 
fruit ripening have been identified in the oil palm. The roles of the transcription fac-
tors and their potential regulons can be inferred based on their expression in specific 
tissue under different treatments such as the association of oil palm CBFs with cold 
stress and EgDREB1 with drought stress while others like the ABF and ABF1 which 
are responsive to ABA are implicated in a variety of stress responses. Studies thus 
far suggest evolutionary conservation in oil palm with regard to the ripening process 
where the involvements of ERF, AP2, and MADS-box were observed to be similar 
to that reported for the climacteric tomato fruit while the role of WRI1 in regulating 
fatty acid synthesis and oil deposition is similar to that found for the oilseed crop. 
New findings for plants on the role of oil palm EgCBF3 in fruit ripening worth a 
more in-depth study. While the oil palm MADS-box gene that regulates shell thick-
ness, a major determinant of oil yield in oil palm is already at the advanced stage on 
the verification of its utility for selection of planting materials in the nursery. More 
detailed functional studies that were carried out validated the nuclear localization 
and interaction of some of the oil palm transcription factors with the specific pro-
moter motif.

Limited land for expansion especially in Malaysia and the uncertainty of climate 
that leads to extreme weather for a prolong period manifested as El Nino and La 
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Nina are among the pressing issues in oil palm cultivation. Reliance on good 
plantation practices alone is insufficient. Complementation with sustainable techni-
cal inputs with strong scientific basis is required for overcoming the various prob-
lems more effectively. Genomic resources in the form of genome sequence and 
germplasm materials should be tapped to look for suitable alleles and variants of 
genes associating with the traits of economic importance. The molecular markers 
which enable selection of planting materials at the nursery stage clearly is cost 
effective and in the field, performance of oil palm trees and the effects of abiotic 
stresses can also be monitored using easily accessible tissues such as the leaves if 
suitable expression markers can be obtained. However, the knowledge on the roles 
of the genes of economic interest and the effects of sequence variants on gene func-
tion are very limited in the oil palm.

The biological complexity with regard to the roles of the different transcription 
factors is not only confined to the level of DNA–protein interaction as often the 
transcription factors also interact with other proteins that modulate their transcrip-
tional regulatory activities. Clearly other techniques such as yeast two-hybrid that 
validate protein–protein interaction and chromatin immunoprecipitation sequenc-
ing (ChIP-seq), one of the more recent development which allows identification of 
the entire regulons of a transcription factor will be of great value. Such studies if 
complemented with functional characterization in planta using model plant systems 
or via editing of the oil palm genome would provide vital information on the reli-
ability and utility of the targeted transcription factor genes for oil palm 
improvement.
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Chapter 5
Sensing Crop Diseases

Thangavel Lakshmipriya, Subash C.B. Gopinath, and Uda Hashim

5.1  �Introduction

Production of good quality and nutritious crops is important for human and animal 
health and it is also one of the important determinants of farmers’ income. The yield 
of crops is influenced by different factors where generation of disease free crops in 
particular can determine good crop harvest. Crops are widely infected by different 
pathogens which can lead to great loss in yield and reduce the benefits that can be 
obtained from crops for human and animals (Fig. 5.1; Table 5.1). Like in human and 
animals, pathogens are also severely infecting plants. The exposed plant leaves are 
often vulnerable to pathogen attack but in certain cases other parts of the plant can 
also be infected depending on the type of pathogens.

Crops are widely infected by a variety of diseases caused by different kinds of 
organism including viruses and bacteria (Fig. 5.2). There are many plant pathogenic 
viruses such as Lettuce mosaic virus that infects lettuce (Mazier et al. 2004), Citrus 
psorosis virus that causes damage to the bark of the citrus plant, Tomato bushy stunt 
virus that infects eggplant (Robinson and Harrison 1982), and Grapevine fanleaf 
virus that causes disease on the grapevine leaves (Andret-Link et  al. 2004). 
Pathogenic bacterial species directly infect different parts of the plant. Bacteria can 
survive in various tissues of the plant including the vegetative tissues such as leaves 
and stem as well as the reproductive tissues like fruits (de Nadra 2007; Pennisi 
2015). Examples of common plant pathogenic bacteria are Pseudomonas syringae 
pv. syringae (causes infection on beans), Pseudomonas syringae pv. pisi (peas), 
Ralstonia solanacearum (potato and tomato) and Erwinia spp. (apples and pears). 
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Fig. 5.1  Diseases on crop plants. The appearances of infection in different crops are 
displayed

Table 5.1  Pathogens and their host plants

Plant Pathogen
Type of 
pathogen References

Grapevine Xylella fastidiosa Bacteria Minsavage et al. (1994)
Onion Sclerotium cepivorum Fungi Haq et al. (2003)
Olive Pseudomonas savastanoi pv. 

savastanoi
Bacteria Bertolini et al. (2003)

Potato Candidatus liberibacter 
solanacearum

Bacteria Li et al. (2006)

Citrus Citrus tristeza virus Virus Saponari et al. (2007)
Tomato Pepino mosaic virus Virus Gutiérrez-Aguirre et al. 

(2009)
Rice Burkholderia glumae Bacteria Fang et al. (2009)
Almond Candidatus phytoplasma 

prunorum
Bacteria Yvon et al. (2009)

Sweet orange Candidatus Liberibacter asiaticus Bacteria Rigano et al. (2014)
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Degree of infection by the bacteria varies and it can be accelerated by additional 
factors such as temperature, humidity level and seasonal variations.

5.2  �Biosensors

Determining the occurrence of different pathogens and disease-causing agents on 
plants can be done by different ways. Biosensor is one of the most important tools 
that can help to identify diseases in plants, animals and human. Application of bio-
sensor in the field of agriculture is necessary for improving crop yield and conse-
quently the economic outcome. A conventional biosensing system has a transducer 
with electrical/non-electrical output elements and operates with the assistance of 
different probes (Fig. 5.3). In general, a biosensor can work on solid substrate or it 
can be solution-based. Furthermore, biosensors are widely categorized as label-
based and label-free biosensors. These sensing systems will have probe to capture 
or diagnose the disease-causing agent(s) in the sample to be tested. Different probes 
have been produced in the past and among these probes, aptamer, antibody and 
DNA are attested to be the predominant molecules in several instances (Gopinath 
2006; Gopinath et  al. 2006a, 2006b, 2012; Matsushita and Penmetcha 2009; 
Gopinath and Kumar 2013; Lakshmipriya et al. 2013; Suenaga and Kumar 2014; 
Samy et al. 2015).

These probes are capable in detecting diseases in plants and they have specific 
secondary or tertiary structures. To form the proper structures, the probes undergo 
appropriate folding processes to interact with the target molecules (Fig. 5.4). With 
these structure forming molecules, surface chemical linker is necessary to immobi-
lize the molecules on the solid sensing surface. The common linkers are 
3-aminopropyltriethoxysilane, glutaraldehyde, N,N'-carbonyldiimidazole and thiol 

Fig. 5.2  Causative agents for the infections on crop plants. Different types of organism are 
displayed
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Fig. 5.3  Elements for biosensor. Probe, transducer and output are indicated

Fig. 5.4  Probes for the detection of crop diseases. Aptamer, antibody and nucleic acids are the 
potential probes

T. Lakshmipriya et al.
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compounds. The choice of linker depends on the substrate to be used on the sensing 
surface. On the other hand, solution-based sensing may not rely on these chemical 
linkers. However, solution-based sensors may need radioactive or fluorescent com-
pounds such as fluorescein, rhodamine and cyanine as labelling methods.

Label-free method is the general choice as it offers several advantages. These 
include no requirement for chemical modification on the molecules thus maintain-
ing the intactness of the molecular structure with no alteration on the original affin-
ity of the probe to the analyte. Even though the sensing offers the choice either to be 
done on solid or in solution, the biological reaction must be carried out under wet 
condition. The genuine and high-performance sensor is usually expected to have 
higher sensitivity and specificity. In this chapter, we discuss on the detection of plant 
diseases using the above-mentioned probes in order to promote higher crop yield.

5.3  �Detection of Crop Diseases by Aptamer

5.3.1  �Production of Aptamer

Aptamer is one of the probes that have been used to identify plant diseases. Aptamer 
is a single strand nucleic acid [deoxyribonucleic acid (DNA) or ribonucleic acid 
(RNA)], called ‘artificial antibody’, generated by the process called ‘SELEX’ (sys-
tematic evolution of ligands by exponential enrichment) (Fig. 5.5). In the SELEX 
process, initially we need to synthesize the random nucleic acid library and these 
molecules can be amplified further by polymerase chain reaction (PCR) in the case 
of DNA library and in  vitro transcription followed by PCR in the case of RNA 
library. In the preparation of the initial nucleic acid library, both the length and 
number of molecules must be considered. Once prepared, the library will be com-
plexed with the desired target molecule followed by the separation of bound mole-
cule to the target from the unbound one. The separation can be done using solid 
media such as on functionalized titre plate, through column matrix, on the affinity 
beads or by any other affinity processes. Then, the bound molecules will be ampli-
fied to be used for the next round of selection steps. After several iterative rounds of 
selection process in similar manner, the high-affinity molecules will be cloned into 
the vector system and sequenced (Gopinath 2006, 2007, 2008; Chandra and 
Gopinath 2009; Gopinath et al. 2012; Lakshmipriya et al. 2013).

5.3.2  �Aptasensors for the Detection of Crop Diseases

Aptamers have been selected as probes against a wide range of targets from small 
molecules to whole cells. The selected aptamers have several advantages over anti-
bodies including higher sensitivity and specificity, easier and cheaper to prepare, 
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non-immunogenic and no batch variation. Because of these positive characteristics, 
aptamer-mediated applications are widespread in all fields including for environ-
mental monitoring, medical diagnosis, drug discovery and delivery and food quality 
checking (Gopinath et al. 2016). Aptamer probes are given great attention in the 
biosensing field due to their high sensitivity in detecting the target molecule. For 
plant diseases, this characteristic can help to detect the diseases at earlier infection 
stages. In the field of agriculture, aptamers are used to detect pathogens, such as 
viruses and bacteria on the plants and it also helps to detect metal ions in soils and 
water where plants are grown, which have an indirect influence on the susceptibility 
of plants to infection.

On the sensing surface, aptamer can be immobilized directly through the chemi-
cal linker or extending aptamer sequences at either the 5′ or 3′ end. Furthermore, the 
extended aptamer may be immobilized on the sensing surface by complexing with 
oligonucleotide before being attached on the sensing surface. Alternatively, the 

Fig. 5.5  SELEX process. This process involves iterative rounds of complex formation, separation 
and amplification
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basic oligonucleotide can attach first on the surface, followed by the duplex forma-
tion of extended aptamer (Fig. 5.6). In the latter case, consideration on the length of 
the extended portion for duplex formation is necessary. This length should be able 
to withstand the experimental temperature. Usually only oligonucleotides of 20 mer 
and above in length can withstand high temperature. Moreover, it is better to avoid 
A-U base pairing in the case of RNA-extension, while G-C pair base pairing is 
advisable and ideal. Usually, A-T has two hydrogen bonding, whereas G-C has 
three hydrogen bonding, which shows obvious greater stability of the G-C comple-
mentation. In addition, peptide aptamer has also been used as an alternative to the 
nucleic acid-based aptamer. These are small combinatorial proteins which can bind 
to target molecules at specific sites. They are only about 5–20 amino acid long 
embedded as a loop within a stable protein scaffold and are often produced using 
yeast-two-hybrid system.

Ochratoxin A is a toxin produced by the species of Aspergillus and Penicillin. 
These fungi commonly infect grains and grapes. Using an aptamer generated against 
Ochratoxin A, a sandwich assay has been designed on amorphous silicon (Costantini 
et al. 2016) and was demonstrated to be a potential way to detect crop diseases. Lopez-
Ochoa et al. (2006) found the aptamer to block the replication of geminivirus. This is 
an indirect way of aptamer detection, rather than direct detection that is often described.

Fig. 5.6  Immobilization of aptamer on the sensing surface. (a) Different types of sensing surfaces. 
On these surfaces, two different strategies are possible. (b) Strategy with pre-complexed molecules 
(oligonucleotide and extended aptamer) (c) strategy with post-complexed molecules
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5.4  �Detection of Crop Diseases by Using Antibody

5.4.1  �Production of Antibody

There are two different types of antibody, namely polyclonal antibody and mono-
clonal antibody. Antibodies from different B cells that recognize multiple epitopes 
on the same antigen are called a polyclonal antibody. In contrast, a monoclonal 
antibody is obtained from a single antibody producing B cell and binds with one 
unique epitope only. Conventional antibodies are produced in animal system where 
rodents and rabbits are often used for antibody production. There are five different 
isotypes of antibodies, which include IgA, IgD, IgE, IgG and IgM. Among these, 
IgD, IgE and IgG are monomer; IgA and IgM are dimer and pentamer, respectively 
(Gopinath et al. 2014b). Furthermore, IgG is the most abundantly found antibody 
and most of the polyclonal antibodies are IgG. Recently, with the advancement in 
the antibody production technology, recombinant antibodies can now be manufac-
tured using mammalian cell lines (Chudasama et al. 2016; Reichert 2016) while 
bispecific antibody that can bind to two different targets can also be produced 
(Spiess et al. 2013). Antibody can also be generated as fragments, for example, the 
Fc or Fab domain of the antibody can be prepared separately (Kaneko et al. 2006).

5.4.2  �Immunosensors for the Detection of Crop Diseases

Detection of pathogens by antibodies can be done at high efficiency for determining 
the different diseases. Immunoassay-based sensing systems in particular, which 
include the enzyme-linked immunosorbent assay (ELISA) and western blot, are 
commonly used to identify diseases with the help of antibodies. Antibody is a ‘Y’ 
shaped molecule that can be easily generated for a particular target of interest. With 
any probe(s), the detection system can be designed against a single target (mono-
plex) or multiple targets (muliplex). Using multiplex detection, chilli vein-banding 
mottle virus, Acidovorax avenae subsp. citrulli, melon yellow spot virus, and water-
melon silver mottle virus have been detected with the corresponding partner anti-
bodies. Researchers tagged antibody to the fluorescent coated magnetic microsphere 
for the detection of virus (Charlermroj et al. 2013). Peters et al. (2007) detected the 
Dickeya dianthicola and Pectobacterium atrosepticum in the extract of the potato 
plant. They conjugated the alexa flour to the antibody generated against the bacteria 
to be detected. Also biotinylated antibody has been used for the detection of food 
borne pathogens Salmonella and Escherichia coli (Wang et al. 2011). The common 
strategy for the detection of virus using antibody is displayed in Fig. 5.7. As stated 
above, ELISA is one of the potential sensing strategies for the detection of not only 
the plant pathogens, but it is also highly suitable for any kinds of antigen from the 
disease-causing agents. ELISA has been formulated by two different methods 
(direct and indirect ELISAs) (Fig. 5.8). In direct ELISA, the primary (first) antibody 
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is labelled and this can be achieved using the commercially available kit. Whereas 
indirect ELISA, which is widely used, involved labelling the secondary antibody.

5.5  �Detection of Crop Diseases by Using DNA

5.5.1  �Synthesis of Nucleic Acids

Nucleic acids (DNA or RNA) are commonly prepared either chemically or enzy-
matically. Conventional synthetic methods have limitations on the length of DNA or 
RNA during preparation; however, the advancement in technology brought the 
choice to prepare the longer size nucleic acids. Through enzymatic synthesis, single 
stranded DNA may be prepared by reverse transcription and asymmetric 
PCR. Double stranded DNA can be prepared by PCR from the original template. 
RNA can be prepared by transcription reaction from the DNA template. DNA or 
RNA can also be extracted from the plants or microbes or animal system using the 
appropriate reagents. Furthermore, the extracted nucleic acids may be fragmented 
by the restriction enzymes.

Fig. 5.7  (a) A common strategy for the detection of pathogens using antibody. (b) Design to 
detect infections on plant by different pathogens. This strategy is ideal for array-based detections

5  Sensing Crop Diseases



110

5.5.2  �Nucleic Acid Sensors for the Detection of Crop Diseases

In general, biomolecules are identified by the partner molecules, such as DNA, anti-
body and aptamer. DNA probes have been used with various sensors to identify 
diseases by different sensing methods, such as PCR amplification, fluorescence-
based detection system, Raman spectroscopy, Surface Plasmon Resonance (SPR) 
and Biacore-based SPR system. Among the probes, identification by DNA is sensi-
tive and specific. PCR-based detection of plant diseases shows accurate result. 
Suitable primers can be ideally designed for the particular DNA of interest from the 
microorganism (Hatziloukas et al. 1995). The specificity of the detection mainly 
depends on the suitable complementation. Papadakis et al. (2015) used multiplex 
PCR for the simultaneous detection of bacterial pathogens in plants. They detected 
the bacteria Ralstonia solanacearum, Pseudomonas syringae, and Xanthomonas 
campestris pv. vesicatoria from tomato plants. Postinikova et al. (2008) detected the 
bacteria Rhodococcus fascians, Pseudomonas Acidovorax facilis, syringae pv. 
syringae, Xylella fastidiosa and Ralstonia solanacearum by DNA amplification-
based detection with the assistance of mass spectrometry. Matsushita and Penmetcha 
(2009) analysed the non-coding RNA (Chrysanthemum stunt viroid) in 
Cyrysanthemum known for causing stunt disease affecting the flowers. In their 
study, they revealed the role of Chrysanthemum stunt viroid for the infection, repli-
cation and disease spread.

Fig. 5.8  A typical ELISA strategy. Both direct and indirect ELISA methods are displayed. The 
sequential steps involved in these methods are indicated by numbers
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Nucleic acid is easy to be labelled with different compounds or materials such as 
fluorescent, radioactive materials and nanomaterials. Detection of diseases by 
molecular beacon is one of the efficient ways as shown for human viral detection 
(Fig. 5.9a; Yamamoto and Kumar 2000). Other than fluorescent labelling, radioiso-
tope labelling is one of the powerful and sensitive strategies. Currently, nanoparticle-
based capturing of nucleic acid is getting popular for high-performance detection 
(Fig. 5.9b; Gopinath et al. 2014a). Among the different nanoparticles, gold nanopar-
ticle has been highly studied for sensing applications due to its potential character-
istics, such as easier to tailor, cheaper, suitable for non-fouling, variable in size and 
ideal with biologically relevant molecules. Other than gold nanoparticle, silica 
nanoparticles have also been recommended for sensing purposes due to their unique 
features. The above-mentioned labelling techniques are promising for the array-
based screening, especially for high-throughput analysis, where several types of 
nucleic acid targets need to be screened. By tagging the above-mentioned labels, it 
will be ideal to screen several numbers of samples (Fig. 5.10).

5.6  �Conclusions and Future Prospects

Based on the above discussions, there are three major probes that have been pro-
posed in the past for detecting plant diseases, and these probes are aptamer, anti-
body and nucleic acid. These probes offer different advantages as demonstrated 

Fig. 5.9  Labelling on DNA. (a) Molecular beacon type. (b) Different methods of labelling on 
nucleic acid
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previously. By complementing different probes, there will be a further development 
in the high-performance sensing systems. Moreover, these are well suited for the 
commonly available sensing strategies (Fig. 5.11). With these technologies, making 
sensing systems for important plant pathogen such as Ganoderma boninense that 
causes devastating disease to the oil palm, a major plantation crop will find the way 
for industrial application. Furthermore, detection of the availability of metals or 
other micronutrients in the plant environments will optimize the conditions neces-
sary to protect plants from the pathogens that cause the diseases.

Further, there are additional developments such as early diagnosis, multiple tar-
get detections, molecular discrimination and high-throughput screening, considered 
to be the immediate necessities for the crop improvements. Among the three probes 
discussed in this overview, aptamers are more relevant to fulfil all these tasks and to 
be associated with the sensing systems. However, for high-throughput screening all 
three probes can be used. It is wise to generate complementing strategies, for exam-
ple, aptamer-antibody or nucleic acid-antibody complemented probes, in the sens-
ing set-up that will pave the way to overcome all current issues or necessities.

Acknowledgement  Lakshmipriya thank Universiti Malaysia Perlis for providing the post-
doctoral position.

Fig. 5.10  Array-based techniques using nucleic acid sequences as the probe and target
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6.1  �Introduction

Acacia is a woody tree with wide distribution in all the continents except Europe 
and Antarctica (Maslin 2001). It comprises three subgenera—the pantropical sub-
genera Acacia and Aculeiferum distributed from Central and South America to 
Southeast Asia including Africa, and the subgenus Phyllodineae occurring primar-
ily in Australia (Ross 1981). There are more than 1200 reported species of Acacia, 
and 955 of these are found only in Australia (Maslin 2001). Some tropical species 
(A. auriculiformis, A. mangium and A. crassicarpa) and temperate species (A. mela-
noxylon, A. saligna and A. mearnsii) from the subgenus Phyllodineae and some 
species from the subgenus Acacia (A. senegal and A. nilotica) have been planted 
commercially (Doran and Turnbull 1997; CAB International 2000). Acacia is a 
legume (subfamily Mimosoideae), and it is well known in forming an important 
symbiotic relationship with Rhizobium and Bradyrhizobium, the nitrogen fixing 
bacteria (Doyle 1994). This symbiotic association enables Acacia trees to grow well 
on poor soils. They are widely grown for fuel wood, soil rehabilitation and amenity 
plantings. Besides, the seeds of many species are taken as vegetable protein and also 
main source of Arabica gum (Maslin 2001). The increasing demand for paper source 
together with a decline in fibre supply from forests has forced the pulp and paper 
industry to look for more sustainable fibre sources to supplement the natural forest 
based resources.
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In developing countries where forest resource is limited, paper is mainly produced 
from annual plants (non-wood fibre). Globally pulp is produced from eucalypt, how-
ever, it is (wood fibre) a less likely choice in many countries due to high water demand 
of the species coupled with climate change associated with water shortage. 
Nevertheless, wood pulp is still very much necessary for feasible pulp processing 
(Jahan et al. 2008). Energy crisis is faced by many countries due to unstable supply of 
fuel wood and price increase in natural gas dependence on wood biomass, particularly 
in poor rural areas. Furthermore, natural forestland is declining rapidly due to the 
competition with other land uses and deforestation. It is becoming more difficult to 
continuously supply pulpwood from natural forest to support increasing growth of 
pulp and paper industry. Therefore, plantation for fast growing tree species needs to 
be established to counteract the declining supply of pulpwood from the forest. 
Similarly, planting of forest species thriving on poor lands generally not suitable for 
planting other crops can increase the planted area for increased production of pulp-
wood. Acacia mangium, A. auriculiformis and their hybrid seem to be good candi-
dates for pulpwood and softwood production in Malaysia as they grow well on poor 
soils, and Acacia plantations have been established in Peninsular Malaysia and Sabah.

Lignin is present as one of the essential wood components comprising 10–30% of the 
wood mass. It reduces pulp yield, increases cost of pulp production, risk environment 
safety due to increase chemical processing, and reduces paper whitishness (Chiang et al. 
1998). Understanding lignin biosynthesis and its content will help in selecting planting 
materials with low lignin content (Whetten et al. 1998). Conventional breeding in Acacia 
is always hampered by long reproductive cycle of the plant, coupled with the difficulty 
in controlled crossing and seed germination for hybrid progenies (Ng et  al. 2009). 
Therefore, the Acacia breeding, as much as the breeding for other forest trees, has been 
mostly done on recurrent selection from open-pollinated families (Butcher and Moran 
2000). Marker-assisted selection (MAS) breeding is a promising approach to select effi-
ciently superior planting materials with better wood and pulp properties for forest plan-
tation establishment in relatively shorter period compared to conventional breeding.

Our work focuses on A. mangium, A. auriculiformis and their hybrid (A. man-
gium × A. auriculiformis) as these Acacia species have been established in planta-
tions in Malaysia. We aim to produce elite planting materials for pulpwood 
production by understanding the molecular basis of lignin biosynthesis in these 
Acacia species through genomics approaches (Yong et  al. 2011; Ong and 
Wickneswari 2011, 2012; Wong et al. 2011, 2012). At the same time we developed 
various DNA markers for linkage mapping and QTL analysis. All these information 
and efforts are crucial for the molecular breeding of the Acacia species.

6.2  �Expressed Sequence Tag Analysis

The expressed sequence tags (ESTs) of plants available in the public databases are 
mainly from non-woody species (Arabidopsis, soybean, rice and maize), with the 
exception of the model woody tree species Populus. In order to understand the 
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lignin and cellulose biosynthesis in Acacia, a cDNA library was constructed on 
RNA extracted from the inner bark tissues of the Acacia hybrid (Yong et al. 2011). 
A total of 3182 high quality ESTs were obtained from the cDNA library, and this 
represents 1982 unique transcripts consisting 663 contigs and 1319 singletons. A 
total of 1053 unigenes (derived from 1750 ESTs) were found to match with protein 
sequences in the public database, and 867 of these unigenes were of significant 
match (E-value ≤ e−10). These significantly matched unigenes of known functions 
were subjected to functional analysis, and this revealed 231 genes grouped into 11 
distinct functional classes (Fig. 6.1).

Fig. 6.1  Distribution for Group 1 ESTs from the inner bark cDNA library of the Acacia hybrid. 
The ESTs were classified into 11 classes based on their putative functions. Modified from Yong 
et al. (2011)
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The EST analysis also enabled us to identify seven unigenes, caffeoyl-CoA 
O-methyltransferase (CCoAOMT), caffeic acid O-methyltransferase (COMT), 
cinnamate-4-hydroxylase (C4H), cinnamoyl-CoA reductase (CCR), cinnamyl-
alcohol dehydrogenase (CAD), phenylalanine ammonia-lyase (PAL) and cellulose 
synthase (CesA) in the cDNA library encoding the enzymes involved in the lignin 
and cellulose biosynthesis (Table  6.1). The cDNA library was validated through 
quantitative real-time RT-PCR.  The expression level of the lignin and cellulose 
genes was investigated in the phloem tissues of A. mangium, A. auriculiformis and 
the hybrid (Fig. 6.2). It was noted that all the seven genes were expressed in all the 
studied plant samples, and this has confirmed the dependability of the Acacia EST 
database (Yong et al. 2011).

Table 6.1  The Acacia ESTs related to wood formation genes. E-value was obtained from 
BLASTX analysis

Component Putative function
Accession number 
of EST

Number 
of ESTs E-value

Cellulose Cellulose synthase (CesA) GR482640.1 1 1e−28

Lignin Phenylalanine ammonia-lyase 
(PAL)

GR482512.1, 
GR483108.1, 
GR483107.1, 
GR481639.1, 
GR481574.1

5 2e−42

Caffeoyl-CoA 
O-methyltransferase (trans-
caffeoyl-CoA 
3-O-methyltransferase) 
(CCoAMT)

1 3e−14

Caffeic acid 
O-methyltransferase (COMT)

GR482772.1 1 7e−35

Cinnamyl-alcohol 
dehydrogenase (CAD)

GR482657.1, 
GR482473, 
GR482003.1, 
GR481889.1, 
GR482389.1

9 1e−50

Cinnamoyl-CoA reductase 
(CCR)

GR482692.1, 
GR481799.1, 
GR482550.1, 
GR482839.1

4 1e−49

Cinnamate-4-hydroxylase 
(C4H)

GR482704.1, 
GR481724.1

4 8e−47

Hemicellulose Xyloglucan 
endotransglucosylase

GR481522, 
GR481593, 
GR480896

6 3e−61

6e−30

Endo-alpha-1,4 glucanase GR482784 1 1e−28

Total 32

From Yong et al. (2011)
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6.3  �Transcriptome Sequencing

The general monolignol biosynthesis and wood-related pathways are well studied 
and characterized. The genes in these pathways, however, are poorly characterized 
in the Acacia species. Currently, RNA-seq on short-read platform has frequently 
been used as a rapid approach to generate comprehensive transcriptome data for 
informative sequence discovery. We sequenced the transcriptomes of A. mangium 
and A. auriculiformis from non-normalized cDNA libraries of pooled inner bark 
tissues using paired-end libraries and an Illumina GAII machine (Wong et al. 2011). 
The de novo assembly analysis on the transcriptome sequences produced a total of 
35,759 and 42,217 contigs with an average 498 and 496 bp in length for A. mangium 
and A. auriculiformis, respectively. The de novo assemblies on the A. mangium and 
A. auriculiformis transcriptome data had a total length of 17,838,260 and 
21,022,649 bp, respectively. The largest contig was 15,262 bp in length. All the ten 
monolignol biosynthesis pathway genes were detected in the transcriptome data 
using BLASTX (Basic Local Alignment Search Tool for Protein). Further analysis 
revealed 21 and 19 isoforms of lignin genes from A. mangium and A. auriculiformis 
(Fig. 6.3).

A few main classes of transcription factors involved in the lignin and wood for-
mation were also identified in both the Acacia species (Wong et al. 2011). Basically, 
these transcription factors were present in similar number of contigs, though the 

Fig. 6.2  Relative expression levels of seven wood formation genes in the inner bark tissue of A. 
mangium, A. auriculiformis and the hybrid determined using RTqPCR. CAD: cinnamyl-alcohol 
dehydrogenase, COMT: caffeic acid O-methyltransferase, CCoAOMT: caffeoyl-CoA 
O-methyltransferase, CCR: cinnamoyl-CoA reductase, C4H: cinnamate-4-hydroxylase, 
PAL:phenylalanine ammonia-lyase and CesA: cellulose synthase. Modified from Yong et  al. 
(2011)
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NAC (NAM, ATAF and CUC) family was found to be substantially more abundant 
in A. auriculiformis compared to A. mangium. Furthermore, nine A. mangium and 
eight A. auriculiformis contigs were identified as class III HD-ZIP (homeodomain-
leucine zipper), a member of homeobox (HB) family. Besides, some members of 
the R2R3-MYB (R2R3 myeloblastosis) family were found to be involved in the 
control of lignin deposition and secondary wall formation by interacting with other 
MYB genes, activated by NAC transcription factor master switches and AC element 
binding (Perez-Rodriguez et al. 2010). The AC element is a cis-acting element, and 
is normally found in most promoters of the genes involved in monolignol biosynthe-
sis. We managed to identify five contigs, three in A. mangium and two in A. auricu-
liformis, which are homologous to MYB regulating wood-related pathways in other 
plants. Apart from MYB, the NtLIM1 (tobacco LIM protein) in tobacco has also 
been proven to bind AC elements, and its inhibition has reduced lignin content 
(Zhong and Ye 2009). One of the A. mangium contigs obtained was homologous to 
the NtLIM1 with identity more than 80%. We carried out phylogenetic analysis on 

Fig. 6.3  Monolignol biosynthesis pathway isoforms of A. mangium and A. auriculiformis. The 
number of isoforms found in A. auriculiformis (in red circle) and A. mangium (in blue circle) based 
on BLASTX (E-value ≤ 1E−10) and conserved motifs. The number of orthologous isoforms shared 
by both species is indicated in the overlapping region. Phenylalanine ammonia lyase (PAL), 
Cinammate 4-hydroxylase (C4H),4-coumarate 3-hydroxylase (C3H), caffeic acid 
O-methyltransferase(COMT), Ferulate 5-hydroxylase (F5H), 4-coumarate:CoA ligase (4CL), 
hydroxycinnamoyl-CoA shikimate/quinatehydroxy cinnamoyltransferase (HCT), caffeoyl CoA 
3-O-methyltransferase (CCoAOMT), cinnamyl alcohol dehydrogenase (CAD) and cinnamoyl 
Co-A reductase (CCR). From Wong et al. (2011)
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the predicted MYB proteins with wood-related MYBs of other plants, and it revealed 
that all these MYBs fall into three distinct groups (Wong et al. 2011). One A. man-
gium MYB protein belonging to group one was clustered together with AmMYB308, 
EgMYB1, ZmMYB31 and ZmMYB42, indicating an important role of MYB in 
regulating the monolignol biosynthesis pathway. EgMYB1 is found to bind AC 
element and repress the monolignol biosynthesis pathway (Kawaoka et al. 2000). 
AmMYB308, ZmMYB31 and ZmMYB42 were shown to have effect on lignin con-
tents by regulating the expression of lignin genes (Newman et al. 2004; Bomal et al. 
2008). Two A. auriculiformis and one A. mangium proteins are homologues of the 
Arabidopsis group two MYBs, namely MYB61 and Pine MYB8. Pine MYB8 is 
homologous to MYB61, and its overexpression has caused ectopic lignin deposi-
tion, though its exact function is not clear (Zhong et al. 2007, 2008). Only one A. 
mangium MYB protein belongs to group three which is homologous to MYB20 and 
MYB43 of Arabidopsis. It has been shown that NAC master switches activate 
MYB20, MYB42 and MYB43 to regulate downstream MYB proteins in wood-
related pathways (Patzlaff et al. 2003). On the other hand, MYB85 has shown to 
induce secondary wall biosynthetic genes (Legay et al. 2010). Pine MYB1 is another 
member of this group with the ability to bind AC elements (Tamagnone et al. 1998) 
and is involved in secondary cell wall deposition (Zhong et al. 2008).

We have produced the first comprehensive de novo assembly transcriptome-wide 
analyses for A. auriculiformis and A. mangium. The comprehensive and high qual-
ity assemblies of the Acacia transcriptomic data have enabled us to identify the 
major genes involved in the lignin biosynthesis and wood-related pathways in the 
Acacia species. We have demonstrated that transcriptome sequencing is a cost-
effective approach for gene discovery, regulatory sequence identification, and infor-
mative marker development in a non-model woody tree (Wong et al. 2011).

6.4  �MicroRNA Analysis

Lignin after cellulose is the second most abundant biopolymer in wood, amounting 
15–35% of the wood dry weight. It is an integral component of wood, and is essen-
tial for plant structure and defence. However, lignin is a highly undesirable compo-
nent in the pulping process as it reduces the yield and increases the cost of pulp 
production. High lignin level could also limit the carbon availability for cell division 
and growth (Kirst et al. 2004). This is due to a higher carbohydrate consumption 
during lignin synthesis which consequently may have caused a slower growth rate 
(Kirst et al. 2004). The effect of low lignin on the growth of aspen and loblolly pine 
has been well established based on evidences from several model plant species (Hu 
et al. 1999; Wu et al. 1999; Li et al. 2003; Kirst et al. 2004). Similar trend has also 
been demonstrated in our study on A. mangium. We recorded that A. mangium tree 
(accession Am54) with a larger diameter at breast high (DBH) of 58.0 cm had a 
lower lignin content (21%) whereas tree (accession Am48) with smaller DBH 
(35.5 cm) had a higher lignin content (41%). Therefore, the amount of lignin may 
have directly influenced the growth of Acacia plant. Subsequently, we generated 
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two small RNA libraries using Illumina GAII sequencing from these two A. man-
gium accessions (Am48 and Am54) with contrasting lignin content (Ong and 
Wickneswari 2011). A total of 10 million short sequence reads were obtained from 
the secondary xylem of Am48 (high lignin content), and 14 million sequence reads 
from Am54 (low lignin content). It was observed that the small RNAs of A. man-
gium consisted of a set of 12 highly conserved miRNA families, 82 novel miRNAs 
and a large proportion of non-conserved small RNAs with low expression level 
(Ong and Wickneswari 2011). Further analysis revealed that the predicted target 
genes of those conserved and non-conserved miRNAs with differential expression 
are of transcription factors associated with the gene regulation in the pathway of 
lignin biosynthesis. It is believed that some of these small RNAs are involved in 
epigenetic silencing. Majority of the genes up-regulated in xylem tissue are involved 
in lignin biosynthesis and secondary wall formation while those genes up-regulated 
in bark tissue have broader functions (Prassinos et al. 2005). Differential expression 
analysis of the small RNAs in secondary xylem tissues with contrasting lignin con-
tent (accessions Am48 and Am54) suggests that a miRNA cascade plays an inter-
connected role in regulating the lignin biosynthetic pathway in the Acacia species.

In an effort to unravel the role of various miRNA as the potential regulatory sequences 
of secondary cell wall biosynthesis in A. mangium, the differential expression of six 
highly conserved miRNA families (amg-miR156, amg-miR159, amg-miR166, amg-
miR168, amg-miR172 and amg-miR394) were investigated (Ong and Wickneswari 
2012). Among the highly conserved miRNA families only amg-miR166 was observed 
with a strong differential expression between xylem and phloem tissues (Ong and 
Wickneswari 2012). The functional characterization of amg-miR166 targeting various 
tissues had enabled us to reveal four gene families [ATHB8 (Arabidopsis homeobox), 
ATHB15, HD-ZIP III and REVOLUTA] involved in the xylem development. Apparently, 
these four gene families vary in their functions. In the –psRNA target analysis, however, 
the nine different members of HD-ZIP III had conserved miRNA target sequences. It 
was observed that the precursor structure of amg-miRNA166 had undergone exhaustive 
sequence variation, and this can be seen even within members of the same family (Ong 
and Wickneswari 2012). Gene expression analysis also showed that three genes in lignin 
biosynthesis pathways (CAD, C4H and CCoAOMT) were up-regulated in compression 
wood whereas a miRNA cascade was down-regulated (Fig. 6.4). It is most likely that an 
evolutionary mechanism for miRNA has targeted on the length of their 5′ and 3′ UTRs 
(untranslated regions) and their cellular role. These findings can be effectively used to 
further understand the small RNA roles in lignin biosynthesis, and this information is 
useful to develop gene constructs for silencing genes involved in monolignol biosynthe-
sis without affecting much the fitness and viability of plants.

6.5  �Development of DNA Markers for Acacia

The development of polymerase chain reaction (PCR) based DNA markers such as 
simple sequence repeat (SSR), single nucleotide polymorphism (SNP) and cleaved 
amplified polymorphic sequence (CAPS) has shortened the time needed to generate 

W. Ratnam et al.



125

genetic linkage maps (Marques et al. 1998). The EST database of the Acacia hybrid 
(Yong et al. 2011) and the transcriptomic data of A. mangium and A. auriculiformis 
(Wong et al. 2011) are good sources and references for the development of DNA 
markers. We have made use of the Acacia genomics information to develop SSR, 
CAPS and SNP markers for the Acacia species.

SSR markers derived from EST sequences are normally found to be viable source 
of polymorphism and they are highly transferable among closely related species. The 
EST database from the Acacia hybrid was searched for SSR sequences. From 6415 
non-redundant EST sequences, 1042 (16.42%) ESTs contained SSR motifs. These 
results clearly demonstrated that ESTs are a valuable source for mining and harvest-
ing SSR sequences. Non-redundant ESTs are unique sequences; they are expected to 
provide more informative SSR markers for the mapping of non-redundant genes (or 
unigenes). We found no mononucleotide repeats in the EST database, and hexanucle-
otide repeats were the least abundant. This result may be due to variation in the qual-
ity of sequence data being analysed and the different criteria used for mining SSR 
motifs in the EST databases. For every class of SSR the frequency of SSR decreases 
with increasing repeat length. The heptanucleotide repeats found had insufficient 
length to be of use. The SSRs identified from the EST database composed mainly of 
di, tri, tetra, hexa and penta nucleotide with decreasing proportions of 47%, 40%, 
8%, 4% and 1%, respectively. We found that poly TA was the most common among 
the dinucleotide repeats, while poly AAG was the most common among trinucleotide 
repeats. Only 143 SSRs from the screening of the EST database fulfil the criteria for 
use as molecular markers. Of these, 126 potential SSRs with di- and trinucleotide 

Fig. 6.4  Expression of various HD-ZIP III transcription factors and lignin genes in various tissues 
of A. mangium through RT-qPCR analysis. Actin gene was used to normalize cDNA amounts from 
various tissues. The data presented are average of three different trees with three replicates for each 
tree. Modified from Ong and Wickneswari (2012)
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repeats were used to design primers. We tested on 53 primer pairs on the Acacia spe-
cies, and all the primer pairs could be amplified under the optimized conditions, of 
which 25 pairs (47.17%) were polymorphic, 13 pairs (24.53%) were monomorphic 
and 15 pairs (28.3%) gave non-specific products. We noted that some of the primer 
pairs amplified fragments with larger size than that of expected, and this indicates the 
possibility of intron presence within the genomic DNA sequences being amplified.

CAPS is carried out by digesting the amplified specific DNA fragments with 
restriction endonucleases in order to display restriction site polymorphism. We 
developed CAPS based on EST sequences from the Acacia hybrid. We screened the 
parental species (A. mangium and A. auriculiformis) using 309 primer pairs. In 
screening for restriction site polymorphism, 128 CAPS are homozygous markers and 
29 CAPS revealed heterozygous genotypes. Qualitative observation showed that all 
the developed CAPS markers segregated in a co-dominant mode of inheritance.

The transcriptomic sequencing in A. auriculiformis and A. mangium has provided 
comprehensive and high-throughput DNA sequences, and these DNA sequences are 
good sources for SNP discovery (Wong et al. 2012). Medicago truncatula is the most 
closely related species to Acacia with availability of genome sequences. By using 
Medicago truncatula as a genome reference, most of the Acacia SNPs were con-
verted to successful assays. A total of 37,786 SNPs were identified through the align-
ment of 7839 de novo transcriptome contigs from the parents of the Acacia hybrid 
(Wong et al. 2012). This assessment revealed that the SNP assay failure was mainly 
caused by the presence of exon-intron boundary within the PCR amplified segment. 
Nevertheless, further SNP filtering and improvement in assay design had yielded a 
higher assay success rate (92.4%) and conversion rate (57.4%) based on the genotyp-
ing of 768 SNPs. Finally, we identified 258 and 319 polymorphic SNPs in the A. 
auriculiformis and A. mangium germplasms, respectively.

6.6  �Development of Mapping Populations

Acacia has displayed an excellent growth for pulp yield. However, the plant is sus-
ceptible to wilt and root rot diseases (Potter et al. 2006). A. mangium is found to be 
highly susceptible to heart rot disease. On the other hand, A. auriculiformis is not 
suitable for timber production due to crooked-twisted trunk (Kojima et al. 2009). The 
Acacia hybrid has been proven to be more superior than its parents, but it still carries 
inferior traits from the parents—high lignin content, poor stem form, low wood den-
sity and short fibre length. Besides, the production of viable seeds and germination 
of seeds from natural or controlled pollination are always problematic (Kijkar 1992). 
Breeding programme to produce elite Acacia planting materials with better traits 
such as fast growth, low lignin content, high wood density, straight stem form, dis-
ease resistance, adaptability to different soil types, and high pulp quality is important 
for the sustainability of pulp and paper industry (Hardiyanto 2014). Conventional 
breeding in forest species is always hampered by long life cycle, the difficulty in 
hybridization and large land requirement for progeny evaluation. Undoubtedly, MAS 
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breeding is a promising approach for selecting superior (better wood and pulp qual-
ity) materials for planting. Development of DNA markers based on the parents of a 
mapping population is an effective way to obtain enough informative markers to 
establish a linkage mapping of the plant. Therefore, a first step towards MAS is to 
construct a genetic linkage map based on a segregating family for the desired traits.

We have established two Acacia mapping populations (one is for wood density and 
the other one is for fibre length) for linkage mapping and QTL analysis. To develop 
the mapping populations, parents (A. mangium and A. auriculiformis) were selected 
based on contrasting traits for wood density and fibre length. Flower phenological 
studies revealed that the flowering period in A. mangium pollen donor tree used for 
wood density cross was 3–4 months more than the A. mangium tree used in fibre 
length cross. Likewise, the flowering period for A. auriculiformis female tree in the 
wood density cross was more than A. auriculiformis female tree in the fibre length 
cross. A. auriculiformis female tree in wood density cross produced flowers almost 
throughout the whole year compared to A. auriculiformis female tree of fibre length 
cross which only produced flowers in certain months of a year. Furthermore, stami-
nate flowers were found in fibre length A. auriculiformis female, which reduced the 
number of stigmas available for pollination work. However, both the species were 
synchronous in flowering time which facilitated the pollination procedure. Pollinations 
carried out using emasculation resulted into 2.7–3.2% pods. Some of the crosses from 
both methods appeared to be successful at the early stage, but after several days floral 
buds shrivelled and fell off. This could be due to pollen viability and incompatibility 
or environmental factors such as extreme changes in the weather condition and floral 
damage due to insects. A total of 90 pods were harvested from the trees in the wood 
density cross. In case of fibre length cross, a total of 52 pods were harvested. The 
number of seeds per pod ranged from 1 to 12 respectively with an average of four 
seeds per pod. All harvested pods were used for clonal propagation.

All the seeds in a pod were germinated to produce enough progenies because 
the density and quality of a linkage map is affected by the mapping population size. 
Controlled pollinations between female (A. auriculiformis) and male (A. mangium) 
parents generated 174 F1 seedlings for wood density cross whereas 214 F1 seed-
lings were generated for fibre length cross. The number of F1 progenies produced 
for wood density cross was higher than the fibre length cross because the avail-
ability of flowers in the donor tree for the wood density cross was more promising 
compared to the donor tree in the fibre length cross. Acacia is a cross pollinated 
plant species, therefore seed progenies were screened by isozyme markers to select 
true hybrid and to find pollen contamination using SSR and SNP markers (Asif 
et al. 2015; Asif et al. 2017). Non-hybrid progenies detected were discarded and 
pure hybrids were further multiplied through shoots of the progenies. Progenies 
from the two mapping populations were planted in the field for phenotypic and 
genotypic evaluations in Peninsular Malaysia and East Malaysia, i.e., (a) Forest 
Research Institute Malaysia field station at Segamat, Johor; (b) Asiaprima RCF 
Sdn. Bhd. field trial site at Lancang, Pahang and (c) Borneo Tree Seeds and 
Seedlings Supplies Sdn, Bhd. field trial site at Bintulu, Sarawak.
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6.7  �Linkage Mapping

We intended to do linkage mapping on the two Acacia mapping populations (one is 
for wood density and the other one is for fibre length) using the SNP markers. Due 
to the small number of SNP markers (only 108) that were available for fibre length 
cross, linkage mapping for the fibre length population was terminated. Before per-
forming linkage analysis, genotype data for all individuals was screened for 

Fig. 6.5  Linkage map for A. auriculiformis × A. mangium wood density cross
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heterozygosity, similarity and segregation distortion. Markers exhibiting highly sig-
nificant segregation distortion were excluded from the linkage mapping. A total of 
396 demonstrably heterozygous SNP markers were available to establish the link-
age map for wood density. After linkage analysis, 333 of these SNP markers were 
successfully mapped onto 13 linkage groups corresponding to the Acacia haploid 
genome (2n = 26; n = 13) (Fig. 6.5). The map spanned 1205.82 cM with average 
inter marker distance of 3.62  cM (Table  6.2). The genetic length of the linkage 
groups ranged from 1.6 (linkage group 13) to 203.48 cM (linkage group 1), with an 
average of 3.62 cM. Linkage group 1 was the most saturated, having 117 markers 
with an average marker density of 1.74 cM. On the other hand, the linkage group 13 
had the least number of markers (2).

Fig. 6.5  (continued)
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6.8  �QTL Analysis

Phenotypic data and wood samples were collected from 3-year-old hybrid proge-
nies from both the Acacia mapping populations. Data was collected from more than 
500 plants from both populations for plant height and DBH whereas more than 150 
plants were sampled for wood density, fibre length, lignin and cellulose analyses. 
The wood density mapping population showed variable growth rates. The plant 
height ranged from 6.2 to 18.3 m with 12.21 ± 1.79 m population mean. The herita-
bility of plant height was estimated to be 0.0655. The DBH ranged at 3.5–16.3 cm 
with a mean value of 11.32 ± 1.69 cm and the heritability was 0.0625. The wood 
density also varied among the hybrid progenies with a mean of 45.75 ± 7.01 g/cm3 
and a relatively high heritability (0.288). The total plant biomass had a mean of 
180.36 ± 11.05 Kg/tree with a relatively low heritability (0.045). All the four traits 
were normally distributed and suitable for QTL analysis.

Analysis of variance was performed for DBH and plant height to test the signifi-
cance of variation among the hybrid progenies. Both traits were significantly differ-
ent in both populations suggesting suitability of the traits for QTL analysis. Both 
traits were positively correlated with a high correlation (r = 0.86). All the compo-
nents of the QTL analysis were performed with the MapQTL 6.0. The detection of 
QTLs was done based on a non-parametric method using Kruskal-Wallis (KW) test. 
The KW test ranks all individuals according to the quantitative traits, and it classi-
fies the traits by marker genotype. A segregating QTL (with big effect) is normally 
linked closely to the tested markers, and this results in large differences in the aver-
age rank of marker genotype classes. A test statistic based on the ranks in the marker 
genotype classes is calculated and indicated by “K” in the KW test statistics 

Table 6.2  Wood density integrated linkage map of the Acacia hybrid

Linkage 
group

Number 
of markers

Map 
length

Minimum 
marker 
distance

Maximum 
marker 
distance

% Marker 
distortion

Average 
marker 
distance

Group 1 117 203.48 0.1 13.6 21.37 1.74
Group 2 60 130.35 0.1 23.8 56.67 2.17
Group 3 23 103.84 0.4 23.3 8.69 4.51
Group 4 22 166.74 0.1 34.4 40.90 7.58
Group 5 21 76.4 0.8 18.7 0 3.64
Group 6 17 113.37 0.8 30.7 17.65 6.67
Group 7 16 25.72 0.2 31.7 93.75 1.61
Group 8 14 100.9 0.2 28.2 21.43 7.21
Group 9 14 82.92 0.3 21.6 0 5.93
Group 10 10 60.2 0.7 20.7 20 6.02
Group 11 9 77 2 18.7 55.56 8.56
Group 12 8 63.3 2.8 36 12.5 7.9
Group 13 2 1.6 0 1.6 0 0.8
Total 333 1205.82 0.66 23.31 26.81 3.62
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(Lehmann 1975). The test is normally performed on many linked and unlinked loci. 
Therefore, the use of a stringent significance level for the individual tests is adopted 
so that an overall significance level at 0.05 (K*) is obtained. However, the best will 
be at a level of at least 0.005 (K**).

Markers with a P-value <0.05 in KW test are taken as QTL candidates (Table 6.3). 
Using this method for DBH, 30 QTLs in wood density mapping population across 
the 13 linkage groups were detected. Similarly for plant height a total of 26 QTLs 
for wood density population were detected. For wood density, QTLs for DBH were 
detected on linkage groups 1, 4, 6, 7, 9 10 and 11. However, majority of the QTLs 
were present on linkage groups 1 (14 QTLs), 6 (6 QTLs) and 11 (4 QTLs). It is 
noted that the 14 QTLs on linkage group 1 were present in close proximity to each 
other. The other 10 QTLs were present in less than 1 cM distance apart. Similarly in 
case of linkage group 10, five QTLs were present in less than 1 cM. In case of link-
age group 11, all four QTLs were present in a close proximity at a distance of less 

Table 6.3  QTL analysis for four main traits

Trait
Linkage 
group Locus Position K

Degree 
of 
freedom

Significance 
level

Plant 
height

1 m_AAC438876_1 130.731 4.397 1 b

4 m_AAC444886_MtS_1 0.0 4.817 1 b

4 m_AAC438188 11.753 4.96 1 b

4 m_AAS10050-Mt_1a 20.686 4.381 1 b

4 m_AMS1251-Mt2_1 149.657 4.568 1 b

4 m_AAC428654_1 151.302 5.974 1 b

DBH 5 m_AAS9580-Mt7_1 43.823 4.214 1 b

5 B_AAS1620 68.822 5.118 1 b

10 m_AAS8668-Mt_1 0.0 4.213 1 b

Wood 
density

1 b_AAS1707-Mt5 28.063 3.883 1 b

1 m_AAC444030-Mt5_2 28.063 3.883 1 b

1 b_AAS4117-Mt1 43.871 4.358 1 b

1 m_AAS679-Mt8_4 68.247 4.02 1 b

1 b_AAS19424-Mt0 72.067 5.118 1 b

1 m_AAC445148-Mt8_1 86.649 5.883 1 b

1 m_AAS827_2 89.919 5.883 1 b

1 m_AAS10366_1 90.717 5.523 1 b

1 b_AAS19143 90.747 5.883 1 b

Biomass 5 b_AAS1620 68.822 6.86 1 c

5 m_AAS16160_1 72.965 3.704 1 a

5 m_AAS12194_1a 73.57 3.704 1 a

10 m_AAS8668-Mt1_1 0.0 3.948 1 b

10 m_AAC432920-Mt5_1 11.119 2.827 1 a

aIndicates significance level 0.05
bIndicates significance level 0.005
cIndicates significance level 0.001
K is Kruskal-Wallis test statistics
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than 1 cM. The QTLs detected shown to contribute 7–8% of DBH total phenotypic 
standard deviation. A range of 7–14% of phenotypic variance had been reported for 
QTLs related to different traits in the forest species Populus (Pakull et al. 2009).

The highest K value (6.4**) was observed for a marker present on linkage group 
1 at 9.183 cM map position followed by 5.7** at linkage group 7 (77.396 cM), and 
two significant markers with similar K value of 5.2** were present in linkage group 
1 at 28.063 cM. The QTLs associated with the highest K value showed homology 
with genes from M. truncatula genome i.e., amino transferase family III, glucan 
endo-1,3-beta-glucosidase and chalcone reductase. BLAST search for plausible 
function of these genes revealed that these QTLs were related to plant growth, stress 
response, disease resistance and growth hormones. The class III amino transferase 
family is an important subfamily which has multiple genes randomly localized 
across the plant genome. Amino transferases are pyridoxal 5′-phosphate-dependent 
enzymes, and they are involved in development and plant growth, and response to 
abiotic stresses (Sun et  al. 2014). On the other hand, glucan endo-1,3-beta-
glucosidase belongs to glycosyl hydrolases family 17, and it is involved in carbohy-
drate metabolic process through hydrolase activity by hydrolyzing O-glycosyl 
compounds. This enzyme is believed to be an important plant defence-related sub-
stance against fungal pathogens. Chalcone synthase or naringenin-chalcone syn-
thase is an enzyme ubiquitous to higher plants, and it belongs to a family of 
polyketide synthase enzymes (PKS) known as type III PKS. The type III PKS is 
associated with the chalcone production, and chalcone is a class of organic com-
pounds for natural defence mechanisms and also as synthetic intermediates. Another 
gene villin-4 associated with DBH in Acacia is found to be involved in root hair 
growth in Arabidopsis (Zhang et al. 2011). CCR4-NOT (carbon catabolite-repression 
4-Not) transcription complex subunit 1 belongs to the CCR4-NOT complex, and it 
is an evolutionarily conserved protein complex involved in the mRNA decay and 
transcriptional control. These genes in rice have shown to be related with growth 
and development and in nutrient responses (Cai et al. 2011).

For plant height trait, 26 significant QTLs for wood density population were 
identified. The K values ranged from 2.733 to 12.145 across six linkage groups. 
Two major QTL blocks were detected on linkage groups 1 and 4, and the QTLs with 
high K value were located on linkage group 4. Three major QTLs located on linkage 
group 1 were related to genes involved in protein synthesis and protein folding. 
Plant height QTLs on linkage group 4 had K values ranging from 2.87 to 12.15. 
These QTLs were present within a small block ranging from 47.36 to 116.19 cM. A 
major QTL with K value of 12.15 is related to molybdenum cofactor sulfurase gene 
homologue from M. truncatula. This gene is essential for plant nitrogen assimila-
tion, phytohormone synthesis, purine degradation and sulphite detoxification. Two 
more major genes, sucrose-phosphate synthase and cellulose synthase, were mapped 
on linkage group 4. Sucrose-phosphate synthase a gene reported in rice controlling 
height by accumulating high level of sucrose in leaves compared to control impart-
ing taller plants. Similarly, cellulose synthase gene which is part of starch pathway 
has been reported to be related to plant growth.
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A significant positive correlation was observed between DBH and plant height. 
The two QTLs (one on linkage group 4 and another one on linkage group 9) affect-
ing both the traits were successfully mapped onto two same genomic regions. The 
presence of the QTLs for both DBH and plant height detected in the same genomic 
regions may be due to the tight linkage of two genes or to one gene with a pleiotro-
pic effect on these two traits.

6.9  �Conclusions and Future Prospects

The genomics information generated from the EST analysis, microRNA analysis 
and transcriptome sequencing in the Acacia species is enormous. This allows us to 
understand better the lignin biosynthesis and wood formation in the Acacia species. 
At the same time, it also shows that the wood formation is a complicated process 
involving regulation of various factors and elements. The DNA sequences generated 
from these Acacia genomic studies have enabled us to develop various types of 
DNA markers (SSR, CAPS and SNP) for many uses including linkage mapping and 
QTL analysis. It is no doubt that the linkage map and QTLs established is an impor-
tant step to accelerate the molecular breeding of the Acacia hybrid.

The availability of this first composite genetic linkage map and its effective utiliza-
tion through the identification of QTLs for various important traits have proven that 
there is future potential of these studies to find genes controlling more traits of economic 
importance in the Acacia species. Nevertheless, we identified most of the traits studied 
have low heritability and the QTLs only explained small magnitude of genetic variance. 
Thus, environment seems to play an important role in determining these traits in the 
Acacia species. Therefore, this has opened up opportunities and challenges for future 
research in Acacia. We think that there is a need to verify these detected QTLs in an 
independent population. At the same time identifying and validating the functions of the 
genes in the detected QTLs in relation to the phenotypic traits are important. The stabil-
ity of QTLs should also be tested under different environmental conditions. The true 
heritability of phenotypic traits could be determined through large progeny sets in multi-
environmental trials (genotype × environment). We also feel that more wood-related 
traits such as lignin and cellulose contents, yield and disease resistance should be 
screened. The understanding of the molecular basis of economically important traits can 
help in manipulation of different genes controlling these traits in order to breed new 
desirable genotypes, particularly those which are disease resistant and can withstand 
changing climatic conditions. Ultimately, there is a need to evaluate the feasibility of 
molecular breeding in commercial Acacia genetic improvement programmes.
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Chapter 7   
Engineering of Secondary Metabolites 
in Tissue and Cell Culture of Medicinal 
Plants: An Alternative to Produce Beneficial 
Compounds Using Bioreactor Technologies        

Mortaza Ebrahimi and Arash Mokhtari

7.1  �Introduction

More than 50,000 of plant species all around the world are used for medicinal pur-
poses (http://www.fao.org) and it is believed that one-third of the flora on earth have 
therapeutic properties (Maitra and Satya 2014). Each of these plants has the potential 
of producing 5000–25,000 different metabolites (Trethewey 2004). Plant secondary 
metabolites comprise a wide variety of organic compounds such as terpenes, pheno-
lics, and alkaloids that show different biological activities. Their uses include phar-
maceuticals (Atropa belladonna, Digitalis lanata, Taxus sp., Hypericum perforatum), 
agrochemicals (Calceolaria andina), colors (Lythospermum erithroryzum), flavors 
(Mentha spp., Camellia sinensis and Vanilla planifolia), fragrances (Lavandula 
spp.), biopesticides (Chrysanthemum cinenariaefolium), and food and food additives 
(Coffea arabiga, Vanilla tahitiensis and Piper spp.). Until now, the FDA has approved 
several plant-derived active metabolites such as taxol/paclitaxel (Taxus spp.), topote-
can and irinotecan (Camptotheca acuminata), etoposide and teniposide (Podophyllum 
peltatum), and vinblastine and vincristine (Catharanthus roseus) as anticancer com-
pounds. These chemicals are structurally too complex to be developed by semi- or 
total-chemical synthesis. So, the only feasible choice was extraction of these com-
pounds from their natural sources (Gomez-Galera et  al. 2007). Herbal remedy is 
increasing throughout the world. Around 25% of the new pharmaceutical drugs in 
the market are based on plant originated molecules (Raskin et al. 2002; Terryn and 
Van Montagu 2006). The 16.50 billion USD worth of worldwide plant-derived 
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secondary metabolite industries in the 1990s extended to about 70 billion USD in 
2010 (Chatterjee 2010). It is estimated that plant-derived medicines hit around 35.4 
billion USD between 2013–2020 (Giri and Zaheer 2016) and that the global market 
of medicinal plants will reach to five trillion USD by the end of 2050 (Kalia 2005). 
The demand for medicinal herbs, even in developed countries, was fascinating. Since 
2010, the yearly growth rate of phyto-pharmaceuticals in European and North 
American market were 15–20% and 25–30%, respectively (Chatterjee 2010).

Because of global warming, the calamitous environmental conditions worsen 
throughout the world. This situation resulted in more biotic and abiotic stresses and 
destruction of natural areas for most of the economically valuable plant species. 
Besides, over-harvesting of plants with economically valuable active compounds 
from natural resources is one of the main reasons for plant extinction. Populations of 
medicinal plants on their natural habitats are dwindling because of indiscriminate 
harvesting for medicinal uses and food, overgrazing, landslides and degradation, cli-
mate changes, and the other anthropogenic activities. Between 4000 and 10,000 spe-
cies of medicinal plants are categorized as endangered (Canter et  al. 2005) and 
unfortunately the number is increasing. For example, Panax ginseng has nearly dis-
appeared in their natural growing area. It is reported that Dioscorea balcanica, 
Podophyllum hexandrum, and Pilocarpus jaborandis are now regarded as extinct 
species (Nosov 2012). Up to 80–90% of commercial supply of medicinal plants are 
collected from natural resources (Nosov 2012). Cultivation of most of medicinal 
plants is unprofitable. Only 10% of 1200–1300 conventional medicinal and aromatic 
plant species in Europe are cultivated on approximately 70,000 hectares (Nosov 
2012). Slow growth rate, low yields, difficulties in growing many of these medicinal 
plants in commercial scale, and fluctuations of metabolite concentrations due to vari-
etal, physiological, developmental stage, geographical and seasonal differences are 
examples of problems to produce secondary metabolites via field cultivation of 
medicinal plants (Rao and Ravishankar 2002; Gomez-Galera et al. 2007). Production 
of 1 kg of taxol, an anticancer drug, needs to collect around 10,000 kg of dry bark of 
Taxus sp. (Vidensek et al. 1990). These reasons and additional concerns regarding the 
instability of secondary metabolites related to species and environmental conditions 
are motivating factors for those searching for an efficient alternative method.

Plant cell and tissue culture introduced as new sources of plant originated chemi-
cals (Rao and Ravishankar 2002). This approach has been attempted since the late 
1950s to produce beneficial secondary metabolites. The following results stimulated 
new studies to develop efficient in vitro systems in many countries. But, many barri-
ers and problems still exist and need to be overcome for commercialization of the 
products. Production of active metabolites using in vitro systems is influenced by the 
fact that most of the secondary metabolites are produced in low quantities. In addi-
tion, the slow growth rate of plant cells and tissues, and differences between the 
metabolomes of the original tissue in the whole plant with the tissue cultured cells 
and tissues are major considerations. These can lead to a high product price or unsuc-
cessful production of the metabolites. Different techniques have been attempted to 
increase the efficiency of secondary metabolite production using in vitro methods, 
and further elucidation of metabolic pathways and dedicated molecular mechanisms 
is going to facilitate manipulation of plant cells as green factories.
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There are several reports indicating elevated level of terpenoid indole alkaloids 
(TIAs) in tissue culture of genetically modified periwinkle cells, tissue, and plants. 
Because of the two important anti-tumor compounds, vinblastine and vincristine 
obtained from Madagascar Periwinkle (Catharanthus roseus (L.)), it is one of the 
most extensively studied medicinal plants. But these bisindole alkaloids accumulated 
in small quantities (0.001%) in the plant leaves (O’Keefe et al. 1997). The researchers 
are seeking to increase these metabolite using tissue culture techniques as an alterna-
tive, alongside genetic manipulation for enhanced concentrations of vinblastine and 
vincristine. Overexpression of the strictosidine synthase (Str) gene in cell lines of 
periwinkle resulted in tenfold STR activity with higher level of strictosidine, ajmali-
cine, catharanthine, serpentine, and tabersonine than wild type (Canel et al. 1998). In 
another experiment, the cell suspension culture of transgenic cell lines in periwinkle 
overexpressing tryptophan decarboxylase (Tdc) gene accumulated more TIAs (ser-
pentine, catharanthine, strictosidine) compared to wild type (Whitmer et al. 2002).

7.2  �Secondary Metabolisms and Economically Active 
Metabolites of Interest

Schematic representation of the primary and secondary metabolisms in plants is dem-
onstrated in Fig. 7.1. Plants are able to synthesize the primary complex molecules like 
carbohydrates using sunlight, CO2 and H2O in a process known as photosynthesis. 
Primary metabolism is the generator of chemical energy in the form of ATP for the 
ongoing cellular processes. Secondary metabolites are by-products of primary metab-
olism. The biochemist Albrecht Kossel was the first person who used the term “sec-
ondary metabolites” to describe the cellular chemical components that originated 
from “primary metabolites” (Talapatra and Talapatra 2015). These substances serve as 
defense compounds, repellants, and attractants in planta, and display several biologi-
cal activities to be used by human (Table 7.1). Plant secondary metabolites have been 
classified structurally into several major groups. Also, these compounds can be cate-
gorized according to their precursors or the metabolic pathways. Bourgaud et  al. 
(2001) subdivided these compounds into three groups termed terpenes and steroids, 
phenolics, and alkaloids (Bourgaud et al. 2001). Complexity of the secondary metabo-
lites makes it difficult to place them under these three groups. In another classification, 
they have been divided into the following five groups: phenylpropanoids, alkaloids, 
polyketides, isoprenoids, and flavonoids (Verpoorte et al. 2000). Some of secondary 
metabolites are present in all plants, while the others are synthesized in specific spe-
cies or tissues and sometimes in response to external stimuli.

The mevalonic acid (MVA), shikimic acid, 1-deoxy-D-xylulose phosphate 
(DXP), and polyketide pathways are examples of the well-known secondary meta-
bolic pathways. The biosynthesis of terpenoids, steroids, and related natural mole-
cules are related to MVA and DXP pathways, while shikimic acid pathway is 
correlated with the biosynthesis of various aromatic amino acids and structural car-
bon containing metabolites. Biosynthesis of secondary metabolites in higher plants 
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Table 7.1  Examples of plants derived biologically active compounds

Active 
compound(s) Type Application Plant References

Reserpine Alkaloids Anti-hypertensive, 
psychotropic

Rauwolfia 
serpentine L.

Muller 
et al. (1952)

Stevioside, 
rebaudioside

Terpenes Natural sweeteners Stevia rebaudiana 
Bertoni

Ishima and 
Katayama 
(1976)

Codeine, 
morphine

Alkaloids Analgesic, antitussive Papaver 
somniferum

Erdelsky 
(1978)

Ajmalicine Alkaloids Antihypertensive Catharanthus 
roseus

Kurz et al. 
(1981)

Atropine Alkaloids Anti-cholinergic Atropa belladonna Yamada 
and 
Hashimoto 
(1982), 
Rajput 
(2013)

Atropine, 
Hyoscyamine, 
scopolamine

Alkaloids Anti-cholinergic Datura spp. Yamada 
and 
Hashimoto 
(1982)

Cocaine Alkaloids Local analgesic Erytrhoxylum coca 
and Erythroxylum 
novogranatense

Plowman 
and Rivier 
(1983)

Capsaicine Phenolic Analgesic Capsicum spp. Tominack 
and Spyker 
(1987), 
Anand and 
Bley (2011)

Vinblastine, 
vincristine

Alkaloids Antineoplastic Catharantus roseus 
L.

Schiel Om 
Berlin 
(1987)

Psoralen, 
Xhanothotoxin

Coumarins Anticoagulant Apium graveolens Zobel et al. 
(1991)

Shikonin Terpenoids Anticancer Lithospermum 
erythrorhizon

Shimomura 
et al. (1991)

Ajmaline, 
Ajmalicine

Alkaloids Antihypertensive Rauwolfia spp. Wink and 
Roberts 
(1998)

Hyperforin Phloroglucinol Anti-depressant Hypericum 
perforatum

Wentworth 
et al. (2000)

Glycyrrhizic acid Terpenoids Natural sweeteners Glycyrrhiza spp. Kitagawa 
(2002)

Trans-resveratrol Phenolics Anticancer, 
Antidiabetes

Polygonum 
cuspidatum

Burns et al. 
(2002), 
Counet 
et al. (2006)

(continued)
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take places in separate compartments under the influence of the conventional 
acetate-mevalonic acid and non-mevalonic acid pathways. The biosynthesis of ste-
rols, sesquiterpenes, and ubiquinones is related to acetate-mevalonic acid pathway 
that operates mainly in the cytosol and mitochondria, while the non-mevalonic acid 
pathway takes place in the plastid, operates the biosynthesis of carotenoids, hemi-
terpenes (C5), monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20) 
(Singh and Sharma 2014). Biosynthesis of most of the chemicals is not dedicated to 
a single route. For example, C6 from polyketide pathway and C3–C6 from shikimic 
acid pathway come together to form flavonoids.

7.2.1  �Terpenes and Steroids

Terpenes and steroids constitute the largest groups of secondary metabolites in the 
plant kingdom with cyclic structure and cyclopentane perhydrophenanthrene back-
bone, respectively. Terpenes are metabolites of interest because of their roles in plant 

Table 7.1  (continued)

Active 
compound(s) Type Application Plant References

Taxol Diterpene alkaloid Antineoplasic Taxus spp. Croteau 
et al. (2006)

Artemisinin Sesquiterpene Anti-malarial Artemisia anua Weathers 
et al. (2011)

Digoxin, digitoxin Steroids Cardiotonic Digitalis spp. Calderón-
Montaño 
et al. (2013)

Pilocarpine Alkaloids Cholinergic Pilocarpus 
jaborandi L.

Santos and 
Moreno 
(2013)

Diosgenin Steroids Contraceptive Dioscorea spp. Talapatra 
and 
Talapatra 
(2015)

Genistein Flavonoids Anticancer Glycine max Talapatra 
and 
Talapatra 
(2015)

Quinine Alkaloids Anti-malarial Cinchona spp. Talapatra 
and 
Talapatra 
(2015)

Nicotine Alkaloids Neuroactive, 
insecticide

Nicotiana spp. Talapatra 
and 
Talapatra 
(2015)

M. Ebrahimi and A. Mokhtari



143

defense system under biotic and abiotic stresses, and their beneficial biological 
activities in the medical and industrial sectors as scent, flavours, fragrances, spices, 
sweetener, anti-inflammatory, anti-parasitic, and anti-tumor. These active metabo-
lites show diversity in the number of C5-units: hemiterpenes (C5), monoterpenes 
(C10), sesquiterpenes (C15), diterpenes (C20), triterpenes (C30), tetraterpenes 
(C40), and polyterpenes (>C40) (Ashour et al. 2010; Alvarez 2014). The mevalonate 
and methylerythritol phosphate (MEP) pathways are two compartmentalized path-
ways involved in the first step of the terpenoids biosynthesis. Brassinosteroids, carot-
enoids, and saponins are groups of plant steroidal compounds. Ergosterol, 
stigmasterol, β-sitosterol, campesterol, and stigmasterol are examples of plant ste-
roids with health-promoting properties as anti-atherosclerotic, anti-inflammatory, 
cholesterol lowering, and anti-oxidative activities (Alvarez 2014). The terpenes such 
as amarogentin (Swertia japonica), hernandulcin (Lippia dulcis), shikonin 
(Lithospermum erythrorhizon), digitoxin (Digitalis purpurea), ginsenosode (Panax 
ginseng), and astragaloside (Astragalus membranaceus) have received much atten-
tion for production using transformed root culture (Bajaj and Ishimaru 1999).

7.2.2  �Phenolics

The aromatic compounds like lignin, coumarins, isoflavonoids, stilbenes, proantho-
cyanidines, and condensed tannins are phenolic secondary metabolites involved in 
several aspects of plant growth and developments. As indicated in Fig. 7.1, most of 
phenolic compounds originated from phenylpropanoid pathway. Other alternative 
pathways also drive the biosynthesis of some phenolics. It is believed that the 
polyketide pathway mediates the synthesis of several phenolic compounds. 
Tetrahydrocannabinoids is catalyzed from terpenoids (Alvarez 2014). The flavo-
noids and stilbenes are the two main subgroups of phenolics. Most of the fruits and 
vegetables contain flavonoids. There are several substances categorized as flavo-
noids: anthocyanidins, flavanones, naringen, silymarin, hesperitin, pelargonidins, 
cyanidins, delphinidins, rutin, and kaempferol (Gibbs 2007; Alvarez 2014). These 
compounds are very beneficial as anticancer, natural anti-inflammatory, potent anti-
oxidant, scavenger of free radicals, and plant UV-protectants. These compounds are 
subjected to degradation during storage and cooking and it is believed that only 9% 
of the people receive enough flavonoids through consuming fruits and vegetables 
(Gibbs 2007). Stilbenes are another small group of phenolics that participate in 
plant defense system and display multiple beneficial function as medicine. A num-
ber of plant families like Liliaceae, Fagaceae, Vitaceae, and Mirtaceae produce 
stilbenes (Giorcelli et al. 2004). The 3,5,4′-trihydoxystilbene, also known as resve-
ratrol, is the most common stilbene and its trans isomer has beneficial effects on 
some of the serious human diseases (Bradamante et al. 2004; Halls and Yu 2008). It 
is desirable to manipulate for resveratrol in plants, because of its potential nutraceu-
tical property and as a cosmetic ingredient or for enhancing plant resistance against 
diseases. Engineering for enhanced level of resveratrol in plant is simply achievable 
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by ectopic expression of stilbene synthase (STS). It has been demonstrated that 
introduction of STS gene can result in increased level of resveratrol in several plant 
species (Fischer et al. 1997; Liu et al. 2006; Nicoletti et al. 2007; Hanhineva et al. 
2009). The Anthraquinone (Rubia tinctorum), Xanthone (Swertia japonica), Lignan 
(Linum flavum), Rosmarinic acid (Ocimum basilicum), Anthocyanin (Lobelia chi-
nensis), and Rutin (Fagopyrum esculentum) are examples of phenolic compounds in 
medicinal plants that have been tested for production from transformed root culture 
(Bajaj and Ishimaru 1999).

7.2.3  �Alkaloids

Alkaloids are nitrogen-containing compounds (tropane-, morphinan-, indole-, pyr-
rolidine-, piperidine-, pyrrolizidine-, quinoline-, isoquinoline-, aporphine-, imidaz-
ole-, diazocin-, purine-, steroidal-, amino-, and terpenoid indole alkaloids) capable 
to form complex with metal ions and salts with acids (Alvarez 2014). Biosynthesis 
of alkaloids is performed mainly in mevalonic acid (MVA)/deoxy-D-xylulose P 
(DXP) and shikimic acid pathways (Talapatra and Talapatra 2015). While the nitro-
gen atoms in alkaloids are provided from L-amino acids.

People of 1200–1400 B.C. took advantage of opium as medicine. The latex of 
Papaver somniferum or opium is a rich source of codeine and morphine. These 
compounds are alkaloids. Alkaloids that are biosynthesized in different organs pro-
vide protective advantages for plants. Ruminants keep off browsing the herbs con-
taining alkaloids. Alkaloids can cause severe damage to liver. Pyrrolizidine alkaloids 
have been recognized as the main cause of the cirrhosis and failure of the liver. 
These compounds are hepatotoxic, mutagenic, and carcinogenic. Some of the 
Crotalaria spp. (Leguminosae) and Heliotropium spp. (Boraginaceae) contain pyr-
rolizidine alkaloids. The calabash-curare alkaloids have strong paralysis properties 
and was used as dart poisons for hunting. With more than 21,000 structures, alka-
loids comprise the biggest group of secondary metabolites. The purine alkaloids are 
synthesized from small molecules such as amino acids L-aspartic acid, L-glutamine, 
and L-glycine. The tea (Camellia sinensis), coffee (Coffea spp.), cacao (Theobroma 
cacao), guarana (Ilex paraguariensis), and cola (Cola nitida) are the rich source of 
purine alkaloids (Springob and Kutchan 2009). Caffeine is one of the major purine 
alkaloids that we receive daily by drinking coffee. This drink originated from 
1000 A.D. in Ethiopia. Caffeine is an analgesic and defensive agent against herbi-
vores in plants (Hollingsworth et al. 2002) and as inhibitor of germination of coffee 
seedling (Friedmann and Waller 1985). The alkaloids (S)-hyoscyamine and 
(S)-scopolamine are tropane alkaloids occurring only in Solanaceae family. These 
alkaloids originated from the amino acids ornithine and/or arginine. The Solanaceae, 
Brassicaceae, Erythroxylaceae, Euphorbiaceae, Rhizophoraceae, and Proteaeceae 
families are well known for having tropane alkaloids. Some of the alkaloids with 
medicinal properties are given in Table  7.1. These compounds are of interest to 
human societies because of their prominent role in human health care. For example, 
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atropine is an anti-cholinergic agent and has an antidote activity against intoxication. 
Besides, before surgery the patient will receive atropine to decrease salivation and 
respiratory secretion (Springob and Kutchan 2009). Hyoscyamine and scopolamine 
have been used as analgesic and sleeping poisons, aphrodisiacs and psychoactive 
drugs. Some of the plant species like Atropa belladonna, Datura species, 
Hyoscyamus niger, and Mandragora officinarum are recognized as lethal plants 
because of these toxic alkaloids.

7.3  �Tissue Culture of Medicinal Plants

The levels of secondary metabolite found in plants are subjected to variation due to 
unfavorable environmental conditions. Production of active metabolites in some 
medicinal plants is usually a time-consuming process, which sometimes take around 
20 years. In ginseng, the root growth rate in the plantation is around 1 gram/year, 
while the rate for tissue cultured roots was reported to be up to 2 gram dry weight/
liter/day (Nosov 2012). Besides, the quantity and quality of the medicinal plant 
active metabolites are influenced by climate and growing conditions in the field or 
natural habitats. It has been shown that composition of ginsenoside in ginseng roots 
harvested from plantation is different from wild ginseng (Li and Mazza 1999). 
Tissue culture of some plants exhibits an advantage over field grown materials. For 
example, the rhizomes of the field grown mountain arnica lack the smell and taste 
which are present in tissue cultured plants (Ellenberger 1998). One alternative 
method to produce the economically bioactive compounds is the cell and hairy root 
culture system. Plant cell and tissue cultures hold great promise for controlled pro-
duction of myriad of useful secondary metabolites on demand. Transgenic hairy 
root cultures have revolutionized the role of plant tissue culture in secondary metab-
olite production. They are unique in their genetic and biosynthetic stability, faster in 
growth, and more easily maintained. Using this methodology, a wide range of 
chemical compounds has been synthesized. Theoretically, in vitro grown plant cells 
and tissues have the potential to serve as a renewable source of economically valu-
able bioactive compounds. The following are some of the potential advantages of 
cell and tissue cultures compared to extraction of useful metabolites from field 
grown herbs:

•	 Continuous production of active metabolites independent of the environmental 
variations

•	 Production of uniform and pure metabolites by Good Manufacturing Practice 
(GMP) in a predictable system that guarantee a product free of agrochemicals 
throughout the cultivation process

•	 The possibility for enrichment of target metabolites and an increase in biomass 
production

•	 Easier and simple extraction procedures that can help to reduce aggressive 
solvents
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•	 Authoritative and reliable identity of particular species of medicinal plant
•	 Simplicity to monitor genotype variability
•	 Easy to handle the cell lines to produce new compounds

Feasibility of in vitro techniques for production of the pharmaceuticals falls in 
doubt by the failure of Charles Pfizer Co. first attempts in the 1950s. The first suc-
cessful strive for production of substances through tissue culture technique was 
reported in 1956 (Chandra and Chandra 2011). Later on in 1978, additional pro-
gresses were made in other countries particularly in Germany and Japan which led 
to the use of tissue culture as a sustainable source for production of secondary 
metabolites. Despite the significant progress, plant cell culture is still a complex 
process with relatively long period compared to bacterial culture and it is sensitive 
to mechanical damage. All these factors are influencing production of bioactive 
metabolites in in vitro condition. The difficulty of in vitro techniques is not the only 
limiting factor for commercialization of products. Sometimes, the products from 
this technology failed because of regulatory reasons. This was the reason that curbed 
the production of sanguinarine and vanilla in the USA, despite the successful 
achievement of in vitro production of these compounds.

In addition to the bioactive secondary metabolites, production of foreign proteins 
such as antibodies, vaccines, enzymes, and therapeutics medicinal proteins have been 
achieved using plant tissue culture techniques. The plant systems provide a less expen-
sive and often clean source for these groups of chemicals. This is a low contamination 
system with reduced risk of mammalian pathogens and viruses. But significant chal-
lenges related to plant-based expression systems still remain to be overcome.

Production of plant metabolites via tissue culture system has been used for a lim-
ited number of medicinal plants mainly due to insufficient production of metabolites 
and high culture cost to meet economic production. Nosov (2012) provided a table 
indicating some of the successful examples of metabolites produced from medicinal 
plants by in vitro techniques in commercial scale. For example, Mitsui Petrochemical 
Industries in Japan applied a submerged fermentation processes to produce the bio-
active metabolites berberine, arbutin, ginseng, and shikonin. These chemicals are 
produced in bioreactors with 4000–20,000 L capacity. Ginsenosides has been pro-
duced from tissue culture of Panax ginseng in bioreactor. It was reported that 27% of 
in  vitro-derived cell dry weight contained Ginsenosides compared with 4.5% in 
whole plants (Chandra and Chandra 2011). In Japan, the Mitsui Petrochemical 
Industries Group started to produce berberine in bioreactor. They obtained a high 
yielding line with more than 0.1 g/L/day berberine. Selection of high yielding cell 
lines of Coptis japonica resulted in accumulation of 7 g/L of the alkaloid berberine 
in suspension cell culture. Until now, several metabolites of different groups have 
been synthesized using in vitro culture of plant cells. Production of phenolic com-
pounds (hydroxycinnamic acids, coumarins, lignans, stilbenes, flavonoids, tannins, 
isoflavonoids, anthraquinones, benzoquinones, naphthaquinones), alkaloids (acri-
dine, quinolizidine, pyridine), isoprenoids (sesquiterpenes, mono-, di-, tri-, and tetra-
terpenes), and some other minor groups (betalains, polyacetylenes, thiophenes, 
alliin, pyrethrins, nonproteinogenic amino acids) have been reported (Nosov 2012).
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Several factors are affecting production of plant-derived compounds using tissue 
culture systems. The cell line, medium, temperature, pH, light, inoculum, gas com-
position, mixing technique, elicitors, bioreactor type, and growing mode are the 
main elements determining the level of secondary metabolites and cell biomass. 
Tissue culture-mediated secondary metabolite production is affected by several lim-
iting factors such as slow growth rate and doubling time (approx. 30–40 h), low 
specific production rates, instability of cell lines, shear sensitivity, high cost of bio-
reactors, and accumulation of the active metabolites in the cells. All these factors 
should be overcome by applying appropriate strategies.

The bioreactor culture system is the promising way of commercial production of 
secondary metabolites. The engineering of adventitious and hairy roots represents 
one of today’s fastest growing areas in pharmaceutical and nutraceutical economy 
of the world. Efficient nutrients supply to the cells, possibly combined with the 
application of mechanical stimulation to direct cellular activity as well as differen-
tiation and function of adventitious and hairy roots in the bioreactor, are the signifi-
cant steps towards development of high-tech products (Sivakumar 2006). Currently, 
metabolic engineering in hairy roots opened a new opportunity to improve the meta-
bolic pathway of desired molecules in bioreactors. Most of the bioactive molecules, 
such as camptothecin, vinblastine, and ginsenosides, are of root origin. Harvesting 
roots is destructive for the plants and hence there has been increasing interest in 
developing in vitro cultures of adventitious and hairy roots from various medicinal 
plant species. The gap between discovery and commercialization can be bridged 
when biotechnologists and bioengineers join forces and integrate their research dis-
ciplines to develop bioreactor technology for the production of bioactive compounds 
(Sivakumar 2006). For example, constitutive expression of hyoscyamine 
6β-hydroxylase from Hyoscyamus niger into hyoscyamine-rich Atropa belladonna 
plants using A. rhizogenes resulted in induction of hairy roots with enhanced levels 
of hydroxylase activity and up to fivefold higher concentrations of scopolamine 
than control (Hashimoto et al. 1993).

7.4  �Enhance Metabolic Output of Cellular Lines Using 
Conventional Approaches

Several methods have been used to increase metabolic output and levels of valuable 
molecules using in vitro culture of medicinal plants. The biomass growth rate and 
level of bioactive compounds are the two main determinants for economical produc-
tion of secondary metabolites in in vitro condition. Different factors are impacting 
these parameters. Generally, the majority of cell lines in callus or suspension cul-
tures do not fully differentiate, and yield low amounts of secondary metabolites. 
Strain improvement is often carried out which include selection of a mother plant 
with high contents of desired bioactive products for callus induction to obtain high-
producing cell lines. Appropriate techniques must be adopted for selecting those 
cell lines with higher yield.
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Various physicochemical aspects including media composition, plant growth 
regulators (PGRs), temperature, light, pH, and aeration influence the culture pro-
ductivity of plant cells. The type and concentration of the carbon source have impor-
tant effects on cell growth and yield of secondary metabolites. Available 
concentration of nitrogen was also found to affect the contents of proteinaceous or 
amino acid products in cell suspension cultures. General plant tissue culture medium 
including MS, LS, or B5 usually have both NO3− and NH4+ ions as sources of nitro-
gen. The ratio of the NH4+/NO3− and the total content of nitrogen are significantly 
affective for successful plant tissue culture systems. Phosphate level in the medium 
may have a major impact on the production of secondary metabolites in plant cell 
cultures. Higher concentrations of phosphate ion can enhance the cell growth with 
negative influence on secondary product accumulation. The effects of PGRs on sec-
ondary metabolite production are variable. Important biochemical changes are 
induced by some PGRs. The PGRs have remarkable consequences on physiological 
and biochemical processes and gene regulation as well as plant growth and develop-
ment. Secondary metabolite production was strongly affected by the presence of 
6-benzylaminopurine (BA), kinetin (Kin), or other cytokinines such as 4-chloro-2-
diphenylurea in the medium (Karuppusamy 2009). Production of secondary metab-
olites in in vitro culture of Mentha piperita was monitored only by the addition of 
cytokinin, which resulted in about 40% increase in the total production of essential 
oils (Santoro et al. 2013). Gibberellic acid is also effective on plant cell cultures. 
Gibberellic acid increases secondary metabolite production in Echinacea purpurea 
hairy roots (Abbasi et al. 2012). A considerable rise in the contents of phenols and 
flavonoids in culture of Stevia rebaudiana was proven in response to a combination 
of BA either with gibberellic acid (GA3) or indol-3-acetic acid (IAA) compared to 
singly applied of PGRs indicating synergistic effects of PGRs (Radić et al. 2016).

The biosynthetic pathway is also controlled by physical conditions of cell culture 
like temperature and pH. Each plant species may favor a specific temperature for 
optimum in vitro metabolic activity usually in the range of 17–25 ° C. In the case of 
Eleutherococcus senticosus, the low (12 and 18 °C) and high (30 °C) temperatures 
resulted in significant reduction in fresh weight, dry weight, total phenolics, 
flavonoids, and total eleutheroside accumulation, while low temperature increased 
eleutheroside E accumulation in somatic embryos (Abdullah et  al. 2006). It has 
been shown that the pH value of Stevia rebaudiana’s nod culture is a determinant of 
leaf metabolite, polyphenolics levels, and their distribution between different tis-
sues (Radić et al. 2016). The inoculum density is another determinant for plant cell 
growth and accumulation of secondary metabolites. The flavonoid accumulation in 
cell suspension cultures of Glycyrrhizin inflata was shown to be correlated with the 
inoculum density as well as sucrose and nitrogen concentrations (Yang et al. 2009).

Elicitation is one of the most useful strategies for elevating the in vitro production 
of secondary metabolites. Elicitors can be categorized into biotic or abiotic factors. 
Endophytes are microbes that may stimulate host plant growth, improve nutrient sup-
ply, and protect host plants from biotic and abiotic stresses. There are several reports 
of endophyte-induced biosynthesis of secondary metabolites in host plants. Two fun-
gal endophytes, Curvularia sp. CATDLF5 and Choanephora infundibulifera 
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CATDLF6 isolated from the leaves of Catharanthus roseus were found to elevate 
vindoline content by 229–403% (Pandey et al. 2016). Abiotic elicitors have various 
effects on the production of secondary metabolites and can be divided into three types 
on the basis of physical (light, ultrasound, UV, thermal stress, salt stress, drought, and 
osmotic stress), chemical (heavy metals, nanoparticles mineral salts, amino acids, and 
gaseous toxins), and hormonal (salicylic acid and jasmonates). Elicitation effects of 
1,2,4,5-tetraoxane and 2,5-diphenylthiophene in shoot cultures of two Nepeta species 
have been studied (Dmitrović et  al. 2016). Addition of 150  mg/L of tryptophan 
resulted in elevated level of thymol to 390%, compared to mother plant (Abedaljasim 
et al. 2016). The other strategy such as permeabilization (Hussain et al. 2012), immo-
bilization (Rao and Ravishankar 2002; Hussain et al. 2012), addition of precursors 
(Masoumian et al. 2011; Dheeranupattana and Natthiya 2013; Paek et al. 2014), bio-
transformation (Sabir et al. 2011; Banerjee et al. 2012), and hairy root and organ cul-
ture (Srivastava and Srivastava 2008; Hussain et al. 2012; Paek et al. 2014) have been 
studied extensively for production of different bioactive compounds from alkaloids, 
phenolics, and terpenoids.

7.5  �Metabolome Differences Between Whole Plant 
and Tissue Cultured Materials

The properties of major metabolites found in the whole (organized) plants are gen-
erally similar to those in cell, tissue, and organ culture systems. The in vitro cultured 
cells often exhibit the same features of primary metabolic processes as those found 
in the whole plant cells. Differences that occur between the two systems can lead to 
altered secondary metabolite profiles. A cell suspension culture is submersed in a 
liquid medium containing the necessary nutrient factors. The different kinds of 
nutrients can enter the cells either through diffusion or by active uptake. Plant 
growth regulators (PGRs)  which are incorporated exogenously to most plant cell 
cultures cause a special metabolic and cell differentiation changes in the in vitro 
cultured cells.

Although the plants have all the genetic information for the synthesis of PGRs, 
but in the whole plant not all the cells synthesize the PGRs. Growth and develop-
mental processes are regulated by PGR gradient across the plant organs. The cell 
cultures mostly need exogenous PGR. A comparison study of the metabolome for 
primary metabolites extracted from the leaves of Arabidopsis thaliana and 
Arabidopsis’s T87 cell suspension culture indicated that some metabolites that were 
produced in the leaves were missing in the T87 cell culture and vice versa (Fukusakia 
et al. 2006). Primary metabolites are essential for the biosynthesis of the secondary; 
it is therefore expected that each variation in primary metabolites would be reflected 
in the secondary metabolite profiles. In fact, whole plant secondary metabolism 
exhibits much more variation compared to the plant organ or undifferentiated cul-
tures. Production of secondary metabolities in cell suspension cultures have been 
widely published and it was proposed as a technology to overcome problems of 
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variable product quantity and quality from whole plants due to the effects of different 
environmental factors, such as climate, diseases, and pests. Despite the differences, 
the in vitro systems using cell culture were successful in producing bioactive sec-
ondary metabolites using cell culture.

In the cell suspension culture of Anthriscus sylvestris, trace amounts of deoxy-
podophyllotoxin could be detected. Koulman et  al. (2003) carried out feeding 
experiments using deoxy-podophyllotoxin, yatein, and anhydropodorhizol. Their 
results showed that only deoxypodophyllotoxin was converted into podophyllotixin, 
yielding significantly higher concentration than measured in whole plants. Another 
research indicated that the roots of A. sylvestris produced a diverse range of lignins, 
but cell suspension cultures have a hydroxylating activity specific for deoxypodo-
phyllotoxin. Hence suspension culture is a useful bioconversion catalyst for the 
synthesis of podophyllotoxin from deoxypodophyllotoxin (Koulman et al. 2003). 
Induction of these properties in plant cells would result in an interesting new source 
for podophyllotoxin. The presence of total phenols, leucocyanidins and (−)-epicat-
echin was compared between the mature plants, seedling and callus cultures of 
Theobroma cacao by Jalal and Collin (1979). They reported some compounds were 
found in both callus and intact plants and some were dedicated to callus, only. For 
example, the callus was found to contain two new flavonoid glycosides, phenolic 
acid complexes, p-coumaric and caffeic acids (Jalal and Collin 1979). In Papaver 
bracteatum, 2–3 seasons is necessary to accumulate thebaine (Razdan 2003). Novel 
synthetic pathways can be recovered from deviant and mutant cell lines which can 
lead to the production of new compounds, not previously found in whole plants. In 
some examples the cultured cell produces novel secondary metabolites that are not 
found in the whole plant. The Lithospermum erythrorhizon cell culture synthesized 
the rosmarinic acid which has not been detected in intact plant (Fukui et al. 1984). 
This shows that a novel unexpected compound can sometimes be observed after 
modifications of a metabolic pathway. Breitenbach et  al. (2014) investigated the 
carotenoids contents of engineered rice callus. Manipulation of carotenoid pathway 
resulted in formation of a novel carotenoid 4-keto-α-carotene in rice callus. In 
further assessment, they applied a bacterial ketolase gene in callus. The transgenic 
callus was able to produce astaxanthin, a non-plant carotenoid. The authors sug-
gested that astaxanthin could have been produced from the combination of ketolase 
gene products and the native endogenous enzymes (Breitenbach et al. 2014).

Generally, cultured plant cells produce lower quantities and different features of 
secondary metabolites when compared with the whole plant. Also, the quantitative 
and qualitative profiles may change over the time. Inadequate production of second-
ary metabolites in cell culture systems is often caused by the lack of cell differentia-
tion. Regardless of the disappointing statements, there are several examples 
indicating the potential of tissue culture over whole plant biosynthesis of some bio-
active compounds. In the cell suspension culture of Lithospermum erythrorizon, 
20% of the cell’s dry weight contained shikonin compared to 1.5% in the whole 
plant (Takahashi and Fujita 1991). The same results have been reported for a few 
compounds such as Ginsenoside (Panax ginseg), Anthraquinones (Morindaci trifo-
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lia, Galiumverum, Galiumaparine), Ajmalicine (Catharanthus roseus), Rosmarinic 
acid (Coleus blumeii), Ubiquinone-10 (Nicotiana tabacum) (Zhong 2001), 
Diosgenin (Dioscorea deltoids) (Rokem et  al. 1984), Anthocyanin (Vitis sp., 
Euphorbia milli, Perilla frutescens), Benzyl isoquinolone alkaloids (Coptis japon-
ica), Berberine (Thalictrum minor, Coptis japonica), Nicotine (Nicotiana tabacum), 
Bisoclaurine (Stephania cepharantha), and Tripdiolide (Triptreyqium wilfordii) 
(Ulbrich et al. 1985; Zhong 2001) in which the tissue cultured cells accumulated 
more metabolites compared to the whole plant.

7.6  �Genetic Transformation and Manipulation of Metabolic 
Pathway

The in vitro techniques can serve as one of the alternative tools to produce valuable 
active metabolites, but the yield and stability of the product in in vitro condition are 
the main concern. Examples of successful production of economically valuable sec-
ondary metabolites are limited to 16 plant species for production of 13 bioactive 
compounds of interest (Nosov 2012). It seems that our failure to set up in vitro-
mediated production of valuable metabolites in other medicinal plants could be 
partly due to the shortage or lack of our knowledge on the molecular mechanisms of 
different metabolic pathways. Manipulation of the metabolic pathway can be 
achieved after elucidation of the functional and regulatory proteins involved in the 
biosynthesis of the specific compound and even the related pathways. The quality, 
yield, stability, and the processing steps of a specific metabolite are subjected to 
change through metabolite engineering. Suppression of unwanted metabolite (e.g., 
toxic compounds) or introduction of a new pathway for de novo synthesis of dedi-
cated metabolite (e.g., biofuel) are the other advantages of genetic engineering. The 
traditional limitations on in vitro culture-mediated production of plant secondary 
metabolites can be overcome using genetic engineering.

Besides our understanding on plant metabolome, availability of in vitro regenera-
tion methods and genetic manipulation systems are prerequisites to engineer meta-
bolic pathways of secondary products in plants. Several plant transformation methods 
have been grouped into two main categories: (a) direct gene delivery such as biolis-
tics, protoplast fusion, microinjection, and electroporation; and (b) indirect transfor-
mation system using natural genetic engineers mainly A. tumefaciens and A. 
rhizogenes (Zarate and Verpoorte 2007). Alongside limitations and attractive appli-
cations provided from all these methods, transformation procedure using natural 
genetic engineers is most preferred due to the simplicity, inexpensive handling, abil-
ity for transformation of long DNA fragments, low frequency of transgene rearrange-
ment, preferential integration of DNA segments into transcriptionally active sites, 
low rate of transgene silencing, and integration of several single copy of transgene. 
These factors make the Agrobacterium as attractive engineers (Kumar et al. 2013).
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Extensive attempts have been made to manipulate for production of secondary 
metabolites using tissue culture several years ago (Bajaj and Ishimaru 1999). 
Production of nicotine from transgenic roots of Nicotiana rustica expressing orni-
thine decarboxylase gene was reported by Hamill et al. (1990). Overexpression of 
hyoscyamine 6β-hydroxylase (H6H) from Hyoscyamus niger in hairy roots of 
Atropa belladonna resulted in an enhanced level of scopolamine (Hashimoto et al. 
1993). The transgenic hairy roots showed fivefold concentration of this tropane 
alkaloid in genetically engineered root cultures. In another attempt, Kang et  al. 
(2011) reported elevated level of hyoscyamine and scopolamine in Scopolia parvi-
flora root culture. Co-expression of two key enzymes putrescine N-methyl transfer-
ase (PMT) and H6H in hairy roots not only increased the level of tropane alkaloids, 
but also showed a potential role in root development (Kang et al. 2011). Tanshinones 
produced in Salvia miltiorrhiza are health-promoting diterpenoids with many 
important applications. According to Shi et al. (2016) two genes including geranyl-
geranyl diphosphate synthase (SmGGPPS) and 1-deoxy-d-xylulose-5-phosphate 
synthase (SmDXSII) were introduced into hairy roots of S. miltiorrhiza. 
Overexpression of SmGGPPS and SmDXSII in hairy roots produced higher content 
of tanshinone than control and single-gene transformed lines. Tanshinone produc-
tion in the double-gene transformed line GDII10 reached 12.93 mg/g dry weight, 
which is the highest tanshinone content that has been achieved through genetic 
engineering. Furthermore, transgenic hairy root lines showed higher antioxidant 
and antitumor activities than control lines. Also, contents of chlorophylls, carot-
enoids, indole acetic acid, and gibberellins were significantly increased in the trans-
genic Arabidopsis thaliana plants (Shi et al. 2016).

As mentioned earlier, plant natural products are divided into three main catego-
ries known as terpenes and steroids, phenolics, and alkaloids. By far, with around 
40,000 compounds, isoprenoids represent the largest secondary metabolites in 
plants. These valuable terpenoids are produced in low quantities in specialized cells 
such as glandular trichomes and laticifers. The squalene epoxide and several prenyl 
diphosphates, including isopentenyl diphosphate (IDP), dimethyl allyl diphosphate 
(DMADP), geranyl diphosphate (GDP), farnesyl diphosphate (FDP), and 
geranylgeranyl diphosphate (GGDP), are the precursors that catalyze the produc-
tion of isoprenoids through two different pathways located in the cytosol or plastids. 
The two main precursors, IDP and DMADP together originated from mevalonic 
acid (MVA) pathway, in the cytosol and from pyruvate and a non-mevalonate or 
methylerythritol phosphate (MEP) pathways in the plastids. The process consists of 
a dephosphorylation step and is often followed by cyclization (Staniek et al. 2013). 
The resulted isoprenoid structures are subjected to hydroxylation process catalyzed 
by specialized enzymes termed cytochrome P450. These enzymes have been recog-
nized as candidate gene for enhanced production of triterpenoides using genetic 
engineering (Fukushima et al. 2011). The triterpene glycyrrhizin is a natural sweet-
ener derived from the rhizomes of licorice (Glycyrrhiza spp.) plants. Due to over-
harvesting from its natural resources, licorice is under extinction and has received 
considerable attention for production through in vitro techniques. Several enzymes 
mediate the biosynthesis of glycyrrhizin from 2,3-oxidosqualene, a common 
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precursor of triterpenes and phytosterols (Abe et al. 1993). It has been shown that 
Cytochrome P450s are critical enzymes in the biosynthesis of terpenoids and other 
natural products in plants. Seki et al. (2008) reported that CYP88D6 (a cytochrome 
P450 mono-oxygenase) catalyzes the biosynthesis of 11-oxo-β-amyrin, an interme-
diate between β-amyrin and glycyrrhizin. This group also isolated a second P450 
(CYP72A154) responsible for C-30 oxidation of 11-oxo-β-amyrin in the glycyr-
rhizin pathway to produce glycyrrhetinic acid (Seki et al. 2011). However, tissue 
cultures attempts for production of glycyrrhizin in licorice cell culture were unsuc-
cessful (Hayashi et al. 1988, 1990; Ayabe et al. 1990). Seki et al. (2011) showed that 
β-amyrin synthase (bAS), CYP88D6 and CYP72A154 were expressed in both sto-
lons and roots of licorice with no transcript detection in the leaves. These enzymes 
play critical function on the biosynthesis of glycyrrhizin in the roots and stolons. 
Although the first attempts on establishments of hairy root culture of licorice failed 
to produce glycyrrhizin, the ongoing researches on metabolite engineering of hairy 
roots were promising. Toivonen and Rosenqvist (1995) were not able to report glyc-
yrrhizin production on transformed hairy roots (Toivonen and Rosenqvist 1995). 
They applied A. rhizogenesis to induce hairy roots on explants without engineering 
for any enzymes responsible for glycyrrhizin biosynthetic pathway. Instead, 
Ri-mediated transformation of G. uralensis using A. rhizogenesis harboring a cas-
sette with constitutive expression of Squalene Synthase Gene (GuSQS1) resulted in 
enhanced level of glycyrrhizin (Lu et al. 2008). One of the transgenic lines was able 
to produce 2.5 mg/g dry weight glycyrrhizin which was 2.6-fold higher than con-
trol. Despite the success, the resulted quantity was not high enough to meet the 
prerequisites of an economically valuable amount of glycyrrhizin using hairy root 
culture. By recent gene discovery efforts and characterization, it is now expected 
that engineering for a single gene in biosynthetic pathway of glycyrrhizin should 
not be enough to yield a high-producing line (Seki et al. 2008, 2011). As mentioned 
above, Cytochrome P450s have critical functions in different steps of converting 
2,3-oxidosqualene to glycyrrhizin.

The recent findings using functional genomics revealed several Cytochrome 
P450s. This family consists of specialized enzymes responsible for the biosynthesis 
of terpenoids. Taxol or paclitaxel is another example from diterpenes with high anti-
cancer activity. Extraction of taxol from its natural source faces serious limitations. 
At least 2–4 mature trees must be cut for extraction of adequate amount of the drug 
for treatment of a single patient (Schoendorf et al. 2001; Jennewein et al. 2001). The 
tissue culture has been introduced as an alternative for production of taxol. Elucidation 
of the taxol biosynthetic pathway and the other rate-limiting steps lead to the devel-
opment of high yielding recombinant plant or microbial cells. The taxadiene syn-
thase was the first cloned enzyme that mediates for cyclization of the isoprenoid 
precursor geranylgeranyl diphosphate (GGDP) to taxa-4(5), 11(12)-diene (Wildung 
and Croteau 1996). The following reactions are mainly catalyzed by Cytochrome 
P450 enzymes (Walker and Croteau 2001). Although several attempts have been 
made for ectopic expression of the taxol related biosynthesis genes in microbial host 
like E. coli (Walker and Croteau 2000a, b), but the main conventional source of this 
drug in the market originated from plant cell culture technologies optimized by the 
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companies such as ESCA genetics (United States), Phyton Catalytic (United States/
Germany), Nippon Oil (Japan), and Samyang Genex Co. (Korea) (Nosov 2012). 
Among the enzymes involved in the biosynthesis of terpenoid, cytochrome P450 
hydroxylases are the big challenge for functionalization in microbial systems (Khosla 
and Keasling 2003). They are decorators of the carbon skeleton in terpenoid. Until 
now, about 14 cytochrome P450s genes were reported to be involved in the biosyn-
thesis of taxol (Morant et al. 2003). Difficulties of engineering for plant terpenoid 
biosynthetic pathways related genes in microbial cells motivated the use of the native 
plant species for production of some economically valuable bioactive compounds. 
Several genes have been cloned and identified with potential role in taxol biosynthe-
sis such as Geranylgeranyl diphosphate synthase (Hefner et  al. 1998), Taxadiene 
synthase (Wildung and Croteau 1996), Taxane 5α-hydroxylase (Jennewein et  al. 
2004), Taxa-4(20), 11(12)-dien-5α-ol-O-acetyltransferase (Walker and Croteau 
2000a), Taxane 10β-hydroxylase (Schoendorf et al. 2001), Taxane 13α-hydroxylase 
(Jennewein et  al. 2001), 10-Deacetylbaccatin III-10-O-acetyltransferase (Walker 
and Croteau 2000a), Taxane 2α-O-benzoyltransferase (Walker and Croteau 2000b), 
Phenylalanine aminomutase (Walker et  al. 2004), Baccatin III:3-amino-3-
phenylpropanoyltransferase (Walker et al. 2002), and 3′-N-debenzoyl-2′-deoxytaxol 
N-benzoyltransferase (Walker et al. 2002).

Hypericum perforatum or St John’s wort is another interesting candidate with 
potentials for in vitro-mediated production of economically valuable medicinal com-
pounds through genetic engineering of metabolic pathways. H. perforatum is one of 
the ancient medicinal herbs with two thousand years old history in remedy of human 
being (Zobayed et al. 2005). This plant contains several valuable chemical groups 
such as phenolics, flavonoids, naphthodianthrones, and phloroglucinols with approved 
bioactivity (Barnes et al. 2001). It has been reported that the hypericins content in the 
field grown plants varies and the difference can be up to 50-fold depending on the 
season (Southwell and Bourke 2001). This fluctuation in metabolites is a critical issue 
when the active metabolite is recorded in different phytopharmaceutical preparations. 
It can result in up to 13- to 17-fold differences in hypericin and pseudohypericin 
amounts, respectively (Greeson et al. 2001). So, the cell and tissue cultures of this 
plant have been attempted for stable and large-scale production of pharmaceutically 
important compounds. However, the in vitro system was not successful due to the low 
performance and unreliable yield of both bioactive compounds and the biomass.

The hypericins and hyperforins are the two main bioactive compounds of H. 
perforatum (Barnes et al. 2001) belonging to naphthodianthrones and phloroglu-
cinols, respectively (Schröder 1997). It has been shown that type III polyketide 
synthases (PKSs) are the key enzymes in the biosynthesis of these compounds 
(Klingauf et al. 2005; Karioti and Bilia 2010). The PKSs multi-gene family medi-
ates the biosynthetic reactions for most of the plant secondary metabolites as well 
as naphthodianthrones, phloroglucinols, xanthones, and flavonoids. In higher 
plants the PKSs are categorized in three groups: chalcone synthase (CHS-type), 
stilbene synthase (STS-type), and coumaroyl triacetic acid synthase (CTAS-type). 
The PKSs responsible for the biosynthesis of hypericins and hyperforins is the 
CHS-type (Flores-Sanchez and Verpoorte 2009).
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Biosynthesis of hypericin is related to the metabolism of anthranoid. The type III 
PKS-mediated cyclization process is performed using one molecule of Acetyl-CoA and 
seven molecules of malonyle-CoA. The resulted octaketide participates in the following 
cyclization and decarboxylation process to produce emodin anthrone as an intermediate 
(Kirakosyan et al. 2004; Zobayed et al. 2005). This compound serves as a substrate for 
the biosynthesis of hypericin. In the following, another key enzyme Hypericum perfora-
tum phenolic oxidative coupling protein (Hyp-1) catalyzes the ongoing reactions to pro-
duce hypericin (Lin-Fang et al. 2014). It is believed that Hyp-1 is not a limiting enzyme. 
In contrast to PKSs with differential expression limited to flowers and leaves (He et al. 
2012), maximum expression of Hyp-1 was reported in all tissues as well as the roots, the 
non-hypericin producing organ in H. perforatum (Kosuth et al. 2011). So, it is axiomatic 
that hypericin should not be detectable in the roots. Despite the contradictory reports 
(Cui et al. 2010), this finding is consistent with Gaid et al. (2016) who indicated that 
hypericin was not detectable in hairy root culture of H. perforatum.

Hyperforin is the other important bioactive compound in H. perforatum. It has been 
shown that expression of HpPKS1 and HpPKS2 are related to the biosynthesis of 
hyperforin and hypericin, respectively (Karppinen and Hohtola 2008). Karppinen and 
Hohtola (2008) showed that the maximum transcript level of HpPKS1 is in the flowers, 
while the HpPKS2 demonstrated high expression level in the flower buds and leaves. 
The minimum expression was detected in the roots, for both of these genes. The 
HpPKS1 mediates the biosynthesis of hyperforin by cyclization of one molecule of 
isobutyryl-CoA with three molecules of malonyl-CoA to form phlorisobutyrophenone. 
Then phlorisobutyrophenone is converted to dimethylallyl-phlorisobutyrophenone in a 
reaction catalyzed by dimethylallyltranstransferase (MAT) and dimethylallyl diphos-
phate (DMAPP). De Novo sequencing of transcriptome indicated that MAT is 
expressed in almost all tissues of H. perforatum (He et al. 2012). These findings cor-
roborate that inadequate production of hyperforin and hypericin in hairy root culture of 
H. perforatum should be partly due to the lack of expression of HpPKS1 and HpPKS2.

As mentioned earlier, metabolite engineering has been introduced as a promising 
tool to overcome low performance, instability, and unreliable yield of secondary 
metabolites using plant cell and tissue cultures. But, implementation of this method for 
manipulation of metabolic pathways in medicinal plants encounters significant diffi-
culties related to the efficiency of transformation and accurate assessment of the conse-
quences on the metabolic pathways following genetic engineering at the cellular and 
subcellular level. Manipulation of H. perforatum for enhanced production of bioactive 
metabolites has so far been hampered due to the lack of an efficient transformation 
system. Until now, there are few reports on establishment of transgenic events in H. 
perforatum (Di Guardo et al. 2003; Vinterhalter et al. 2006; Franklin et al. 2007; Bertoli 
et al. 2008; Santarem et al. 2008, 2010; Tusevski et al. 2013, 2014). Agrobacterium-
mediated transformation of H. perforatum was shown to be affected by factors such as 
early oxidative burst and enhanced level of antimicrobial factors which kills ~99% of 
agrobacteria after 12 h of cocultivation (Pitzschke 2013). Besides, the low level accu-
mulation of foreign proteins and even plant originated secondary metabolites, and 
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silencing and instability of the transgene in engineered lines, are the problems that need 
to be overcome in metabolic pathway engineering of medicinal plants.

7.7  �Regulatory Proteins Involved in Secondary Metabolism

Manipulation of secondary metabolites is influenced by the fact that there are compet-
ing pathways with potential intervention effects as they compete for the same substrate 
or intermediates with the pathway of interest. Metabolic engineering using a single 
structural gene can stimulate a contest in accessibility of cofactors and development of 
feedback-inhibition mechanisms by accumulation of end products. The turnover num-
ber (kcat values) of specialized enzymes is significantly lower than their related corre-
sponding enzymes of core metabolism (Bar-Even and Tawfik 2013). Incidentally, the 
other rate-limiting enzymatic steps and compartmentation related issues of pathways 
are the problems that need to be overcome in plant metabolite engineering. A general 
believe is that most of the metabolic enzymes in plant are promiscuous (Bar-Even and 
Tawfik 2013). These enzymes can often function on different substrates. It seems that 
successful engineering for plant secondary metabolites using single structural genes 
should coincide with the manipulation of regulatory proteins located upstream of the 
metabolic pathways. According to Sato et al. (2001), the suggestion was “fortification 
of multiple steps by over-expression of multiple biosynthetic genes, manipulation of 
regulatory genes that control expression of multiple pathway enzymes, or both.”

The enzyme activity and specificity of the substrates are not the only factors affect-
ing biosynthesis of secondary metabolites in plants. Availability of cofactors, negative 
feedback, intracellular chemical flux, source of chemicals, and pH are among the 
parameters influencing secondary metabolism. Although modification of a single 
gene helps in identifying the limiting steps involved in the biosynthesis of certain 
metabolites, but it does not result in an enhanced level of secondary metabolites. As 
the biosynthetic pathways are usually complicated, application of regulatory genes 
seems more helpful than a single gene. General regulation of the biosynthetic pathway 
is more trustable to increase production of bioactive compounds (Verpoorte et  al. 
2000). Manipulation for master transcription factors can lead to the regulation of the 
entire pathway or critical steps in the biosynthesis of dedicated metabolites. The early 
reports on feasibility of metabolite engineering using regulatory genes have been pub-
lished by several researchers including Lloyd et  al. (1992) and Martin (1996) for 
enhanced production of anthocyanins in maize and Arabidopsis. Anthocyanin is the 
end products of the flavonoid biosynthetic pathway. It has been shown that expression 
of the structural genes involved in the biosynthesis of these pigments is directly regu-
lated by a combination of two regulatory proteins with homology to c-MYB and 
bHLH transcription factors (Mol et al. 1998). Ectopic expression of R (a MYB pro-
tein) and C1 (a bHLH protein) resulted in accumulation of anthocyanins in in vitro 
cultured maize cells (Bruce et al. 2000). The biosynthesis of flavonoid as well as ter-
penoid indole alkaloids (TIA) correlated with ethylene- and jasmonate-mediated 
transcriptional machinery in plants (Zhou et al. 2010; Zhu et al. 2015).
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Hormone-elicited transcriptional machinery plays a major role on secondary 
metabolism in plants. Plant hormones are considered as conserved elicitors of 
expression for a wide range of transcription factors. Ethylene serves as a signal to 
trigger specific biological responses. Accumulation of secondary metabolites in 
tomato fruit is partly correlated with ethylene-mediated transcriptional machinery. 
The signals are perceived by a multi-gene family of membrane-localized ethylene 
receptors (ETRs) (Wang et al. 2002) that negatively regulate ethylene responses 
through Constitutive Triple Response1 (CTR1), a putative MAP-kinase kinase 
kinase (MAPKKK) (Kieber et al. 1993; Huang et al. 2003). So far, six members of 
ETRs (SlETR1, SlETR2, SlETR3 or SlNR, SlETR4, SlETR5, and SlETR6) with 
ethylene binding ability (Zhang et  al. 2010) and four CTRs (SlCTR1, SlCTR2, 
SlCTR3, and SlCTR4) with differential expression have been isolated from tomato 
(Lin et al. 2008). There are several positive regulators (EIN2, EIN3, EIN5, EIN6, 
and EIL1) downstream of the CTRs. Existence or absence of ethylene is a deter-
mining factor that mediates the ongoing regulatory events. The ethylene down-
stream responsive signals will be inactivated in the absence of ethylene. This 
process is mediated by binding of ETRs to CTR1 and their interaction with EIN2. 
While presence of ethylene inactivates the ETRs followed by deactivation of 
CTR1, resulting in the EIN2 functioning as a positive regulator of the ethylene 
pathway (Klee 2004; Joo et al. 2007; Li and Guo 2007) through EIN3 and other 
Ethylene Insensitive-Like Proteins (EILs) transcription factors (Roman et  al. 
1995). These transcription factors can bind to the primary ethylene response ele-
ment (PERE) on the promoter of ethylene responsive factors (ERFs) (Solano et al. 
1998). Altered level of the genes with GCC-box and DRE/CRT containing promot-
ers are the consequences of ETRs expression (Joo et al. 2007; Li and Guo 2007). 
This process indicates the importance of precise choices of regulatory proteins to 
manipulate for secondary metabolism in plants. Here, selection of AP2/ERF related 
proteins could be helpful.

Jasmonate is another master regulator of transcriptional machinery of second-
ary metabolism. This metabolite is an effective elicitors originated from oxidation 
of unsaturated fatty acids in plant cells. Jasmonate is directly correlated with 
stress in plants. Stress can result in subcellular damage followed by impairs elec-
tron transport system. These events lead to enhanced level of reactive oxygen 
species (ROS) (Price et al. 1989). Treatment of the adventitious root culture with 
higher levels of sucrose increased the total phenolics in H. perforatum (Tian and 
Russell 1999). These stress-induced metabolic processes can be partly dictated by 
jasmonate-elicited transcription machinery. It is speculated that the resulted 
osmotic stress of sucrose treatment on adventitious roots was followed by oxida-
tive stress and other subsequent events, including lipid peroxidation and accumu-
lation of secondary metabolite. Expression of Octadecanoid-Responsive 
Catharanthus AP2/ERF-domain (ORCAs) is induced by methyl jasmonate 
(MeJA). These transcription factors regulate the biosynthesis of several TIAs 
(Vom Endt et al. 2002). There is a direct target site (G-box) for MYC2, a basic 
helix-loop-helix (bHLH) factor in ORCA3 gene in Arabidopsis, N. tabaccum, and 
C. roseus (Geyter et al. 2012). MYC2 is a jasmonate-elicited transcription factor 
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that regulates the secondary metabolism. Our knowledge on jasmonate-mediated 
secondary metabolism in Arabidopsis indicates that although an enhanced level of 
jasmonate can promote JA-responsive gene expression by MYC2 transcription 
factors, but overexpression of these transcription factors does not theoretically 
means that expression of JA-responsive gene will be elevated. In this regards, 
several repressor and co-repressor proteins have to be released off from their 
binding to the transactivation domain of MYC protein. JA ZIM domain (JAZ) is a 
repressor protein that directly binds to MYC. The other protein is a Skp-Cullin-F-
box-type E3 ubiquitin ligase complex (SCF  +  COI1(CORONATIVE 
INSENSITIVE 1)). Existence of JA mediates degradation of this complex from 
JAZ protein through 26S proteasome. This release can promote expression of 
JA-responsive gene by MYC protein (Geyter et al. 2012).

Transcriptional reprogramming of secondary metabolism in plants is triggered 
by JA through recruitment of transcription factors from several families. Geyter 
et al. (2012) have published a review that summarizes the jasmonate-elicited regula-
tory proteins involved in metabolism of plant bioactive compound. Several exam-
ples of regulatory genes from AP2/ERF, bHLH, R2R3-MYB, WRKY, NAC, DOF, 
HD-ZIP, and TFIIIA zinc finger were shown to be recruited by JA signaling with 
regulatory role to navigate the metabolism in plants.

7.8  �Transporters and Secretion of Secondary Metabolites 
to Culture Medium or Subcellular Compartments

Production of valuable bioactive compounds using cell culture systems or trans-
genic plants overexpressing biosynthetic enzyme genes have been reported 
(Yazaki 2004: Rischer et  al. 2013) with limited successes. Some secondary 
metabolites, especially alkaloids (e.g., berberine and benzylisoquinoline), are 
toxic to prokaryotic and eukaryotic cells. One of the mechanisms in plants to 
escape from such cytotoxicity is excretion of those chemicals from the cytosol 
to the apoplast or the other subcellular compartments such as vacuole (Shitan 
2016). Transporter proteins provide such opportunities. Tissue culture-mediated 
production of metabolites offers the advantages that made it economically com-
petitive for the extraction of chemicals from the whole plant systems. The total 
cost of secondary metabolite purification can be reduced if the desired com-
pound is released into the liquid culture medium. Recovery of chemicals from 
plant biomass requires a series of complicated operations that increases the total 
cost of production greater than secreted one. According to Shitan (2016) the 
secondary metabolites transporter proteins can be roughly classified into 4 fami-
lies: the ABC (ATP-binding cassette) transporter, nitrate-peptide transporter 
(NRT), multidrug and toxic compound extrusion (MATE), and purine permease 
(PUP) families. Some examples of current understanding of these transporters 
are described as follows. CrTPT2 is a plasma membrane-localized G-type ABC 
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transporter responsible for the efflux of catharanthine to the leaf surface, where 
it plays a role in protection of plants against herbivores (Yu and luca 2013). In 
Nicotiana tabacum, nicotine is biosynthesized in roots and translocated to aerial 
parts via the xylem (Shoji and Hashimoto 2013). The MATE transporters jasmo-
nate-inducible alkaloid transporter 1 (JAT1), JAT2, and MATE1 show nicotine 
transport activities, probably acting as nicotine/proton antiporters and localize 
to the vacuolar membrane. JAT1 and JAT2 likely transport nicotine into leaf 
vacuoles (Morita et al. 2009); MATE1 and MATE2 likely transport nicotine into 
root vacuoles (Shoji et al. 2009). Biochemical analysis of VvABCC1 of grape-
vine (Vitis vinifera) proved that this C-type ABC transporter mediates cotrans-
port of glucosylated anthocyanidin, malvidin 3-O-glucoside with glutathione 
(GSH) in an ATP-dependent manner (Francisco et al. 2013). As transporters for 
terpenoids, a G-type ABC transporters have been reported so far. Nicotiana 
plumbaginifolia pleiotropic drug resistance1 (NpPDR1/NpABC1) was first iso-
lated as a plasma membrane-localized protein induced by treatment with sclare-
olide, a close analog of the endogenous antifungal diterpene compound sclareol. 
NpPDR1 is preferentially expressed throughout the root, in the leaf glandular 
trichomes, and in the flower petals and is proposed to transport sclareol (Jasinski 
et al. 2001).

Accumulation of desirable metabolite(s) can be problematic and limiting fac-
tors that have to be overcomed by appropriate strategy. So, targeting of a specific 
metabolite to vacuole, other subcellular compartments or even to the culture 
medium following constitutive expression of specialized enzyme(s) or regulatory 
proteins in a transgenic medicinal plant is often essential for modulation of a par-
ticular pathway.

7.9  �Conclusions and Future Prospects

Global warming is going to change the life on earth. Our planet is getting warmer 
and this phenomenon is threatening our resources. How can we provide food and 
the other necessaries for ~9 billion people in the year 2050? Besides food, most of 
the chemicals used in medicine and industries are of plant origin. It is axiomatic that 
most of the plant diversity and suitable lands will be lost because of climate changes. 
With this condition, invention and developments of new tools are promising. The 
bioreactor targeted production of plant secondary metabolites is a modern approach 
that has to be further developed using new strategies as an alternative for whole 
plant harvested in nature. We have witnessed a continuous intensive effort of several 
scientists from different laboratories on this field. The emergence of OMICS as 
state-of-the-art tools in biotechnology is giving indications of future successes in 
precise manipulation of metabolic pathway(s) in medicinal plant. These will lead to 
discovery of key nucleotide targets for modification using powerful genome editing 
clean technologies such as CRISPR/Cas9 system.
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Chapter 8     
Bioreactor Technology for Sustainable 
Production of Valuable Plant Metabolites: 
Challenges and Advances   

Morteza Khanahmadi and Kee Yoep Paek

8.1  �Introduction

Human started a new phase of development through domestication of animals and 
their controlled propagation for food, clothes, and transportation. The subsequent 
phase in human advancement was agriculture, i.e., propagation of plants under 
some degree of control for various needs. Incognizant propagation of microorgan-
isms mainly for enhancement of quality or shelf life of foods may have started at 
about the same time. Through advances in science and technology, the degree of 
control on the mentioned propagation processes gradually enhanced. In the case of 
microorganisms, appropriate chambers and vessels having different volumes and 
equipped with various sensors and other monitoring and control instruments 
were developed for controlled cultivation. A large part of construction knowhow of 
the mentioned vessels and their instrumentation were derived from the “chemical 
reactors,” the equipment in which chemical “reactions” takes place. Hence, the for-
mer equipped vessels were subsequently called “bioreactors.” The purpose of a 
wide range of microorganism cultivation processes is to “ferment” various sub-
strates, i.e., to convert their sugars into alcohol. Therefore the bioreactors used for 
“fermentation” processes were named “fermentor,” the term which is sometimes 
wrongly used synonymous to bioreactor for other microbial processes. By progress 
in science and technology the idea of animal and plant cells cultivation in equipped 
vessels for various proposes emerged and realized. These vessels are also named 
bioreactor.
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Cultivation of living organisms in bioreactors is carried out for various purposes. 
They may be cultured for investigation of their growth and product formation 
kinetics under the influence of different levels of effective factors. The investigations 
are usually performed in small bench scale bioreactors. The target of cultivation in 
larger bioreactors is usually a product which could be the organism itself, i.e., the 
biomass, or otherwise one or more of its valuable metabolites. In some cases, the 
aim of cultivation is to destroy or remove an unwanted compound from the cultivation 
medium or form the gas stream flowing through the bioreactor.

In the case of plants as well as animals, despite the fact that biomass and most of 
their metabolites are more or less valuable, production in bioreactor is not profitable 
as they are produced less costly in the nature and farms. The photosynthetic ability 
of plants provides them with free substrate from nature, while expensive substrate is 
required for cultivation of plant cells and organs in bioreactors. Photo-bioreactors 
are an exception in this regard but they have their own restrictions including slow 
growth rate, the need for CO2, and shallow light penetration depth which all lead to 
low volumetric productivity, and consequently high capital cost. Hence, production 
of main plant products such as carbohydrates, proteins, and fat is almost not 
economically feasible in bioreactors.

Many of primary metabolites such as ethanol, lactic acid, and amino acids are 
produced in bioreactors at commercial scale; however they are produced by cultivation 
of fast growing microorganisms rather than slow growing plant cells. Some of these 
compounds are also produced via chemical synthesis. Nevertheless, the case may 
change for plant secondary metabolites, which are compounds synthesized by spe-
cific plants for special purposes. These include for combating viral, microbial, and 
pest attacks or to cope with drought, cold, heat, and salinity stresses and also for 
attracting pollinating insects. Most of plant secondary metabolites are not produc-
ible through natural metabolic paths of microorganisms. Furthermore, these com-
pounds usually have too complex skeletons and numerous stereo specific atoms, so 
their chemical synthesis cannot outcompete the natural biosynthesis. Accordingly, 
plant secondary metabolites and plant specific complex primary metabolites are 
candidates for production via cultivation of plant cells and tissues in bioreactor.

8.2  �Valuable Plant Metabolites

A wide range of plant metabolites have been used in various applications as natural 
colorants, odorants, flavorings, pesticides, and drugs. The market is increasing and 
more plant metabolites will gain commercial value as people tend to replace syn-
thetic products with natural ones.

Global natural food colors & flavors market is expected to reach USD 7.79 bil-
lion by 2020 growing at a compound annual growth rate (CAGR) of 7.0% from 
2015 to 2020. Some of plant flavors such as vanillin, decalactone (peach aroma), 
furaneol (strawberry aroma), raspberry ketone, cis-3-hexeno l (grassy-green aroma), 
and nootkatone (grapefruit aroma) are candidates for production in bioreactors at 
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commercial scale. The two latter compounds also act as pheromone and insecticide/
repellant, respectively.

The natural food coloring market is growing at 10–15% annually and many plant 
colorants are already produced in commercial scale using bioreactor technology. 
These include Astaxantin produced by the fungus Xanthophyllomyces dendrorhous 
and algae Haematococcus lacustris, and H. pluvialis; Betacarotene by the fungus 
Blakeslea trispora, and Phycomyces Blakesleeanus and algae Dunaliella salina, and 
D. bardwil; Lycopene by genetically modified (GM) fungus Fusarium sporotrichi-
oides and GM bacteria Erwnia uredovors. Anthocyanins are also produced by plant 
cell suspension culture in bioreactors (Nosov 2012).

Plant metabolites have gained a significant share of biological drugs. In 2006, 
around 2500 biological drug were under development, 900 in preclinical trial stage 
and 1600 in clinical trial stage from which 700, 350, and 300 were devoted, respec-
tively, to cancer, AIDs, and infectious diseases. Hepatitis, heart diseases, and diabetes 
were next in rank. Biopharmaceuticals market will reach USD 70 billion in 2010 
(Luitjens and Pralong 2011).

8.3  �Economical Challenges

Despite the growing market of plant metabolites, only a few of them are produced 
in bioreactors at commercial scale and most of these are produced by microorgan-
isms rather than the plant cells and tissues. In fact, anthocyanins, berberine, rosma-
rinic acid, shikonine, ginsenosides, paclitaxel, and a few others are the only reported 
plant cell culture metabolites which are successfully commercialized. For a sustain-
able market, the plant metabolites produced in bioreactors should be cheaper than 
the same metabolites cultivated in farms or harvested from the nature. Here we try 
to give a preliminary economic analysis of the metabolite production in plant cell 
and tissue culture bioreactors and estimate the conditions for successful competition 
of bioreactor with farms in metabolite production. Most of the raw data are valid for 
Iran and so the quantitative results may be different for other countries. However, 
the overall results may clarify economic challenges of metabolite production in 
plant cell and tissue culture bioreactors.

A simplified overall view of metabolite production process is depicted in Fig. 8.1. 
The process is divided into two major units, which are the bioreactor unit and the 
extraction unit. The product of the bioreactor unit is dried biomass, whether cells or 
tissues, which then goes through the extraction unit for separation and purification 
of the target metabolite. It should be noted that a metabolite production factory may 
merely contain bioreactor unit and the produced dry biomass could be sold to exist-
ing factories that are designed for extraction and purification of metabolites from 
herbs and other plants. In this way, we will focus on bioreactor unit and directly 
compare production costs of dry biomass from this unit with that of dried plants 
harvested from farms or nature. One point that should be mentioned is that in some 
cases the target metabolite(s) may be secreted from the growing biomass into the 
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medium within the bioreactor. This will omit extraction and may reduce purification 
costs. In most cases, this appears to be the feature that favor bioreactor production 
rather than the farm.

The major items that contribute to the biomass production costs in a bioreactor 
unit are assumed to be the substrate, seed culture, energy, labor, maintenance, and 
also investment costs, i.e., depreciation and loan interest. We estimate production 
costs using the following figures and assumptions:

–– Substrate: Referring to the literature, Murashige and Skoog medium (MS) is one 
of the most common substrates used for both cell suspension culture and tissue 
cultures such as adventitious and hairy roots. Usually, half strength MS fortified 
with 30 g/L sucrose and traces of some other compounds is used as the culture 
medium. According to local market prices, the cost of such medium is roughly 
USD 0.2/L.

–– Biomass yield: Referring to many published research results, 10 g of dry biomass 
per L of half strength MS medium is an acceptable record. The same figure is 
used in the present study.

–– Culture time: Depending on the genotype, culture conditions, and suitable 
growth stage for attaining maximum production of target metabolite, the opti-
mum culture time may vary from 10 days to 3 months. A culture time of 1 month 
is assumed as the base value in the present cost estimation.

–– Capital investment: Capital investment is estimated based on a simplified scheme 
of a bioreactor unit (Fig 8.2). The unit is composed of a bioreactor, a compressor, 
a filter cartridge for sterilization of air stream, a feed mixing and storage tank, a 
steam sterilization heat exchanger for sterilization of culture medium, a biomass 
separation and drying unit, a boiler for steam supply, a chiller for control of 
bioreactor in desired temperature, and eventually a monitoring and control unit. 
The bioreactor is assumed to be of bubble column type with a useful volume of 
20 cubic meters. Based on this capacity, 200 kg of dry biomass will be produced 
in each 1 month batch, i.e., 2500 kg dry biomass per year. Due to the slow growth 
of plant cells, an aeration rate of 0.1 volume air per volume culture media per 
minute (VVM) is reported to be appropriate for plant cell bioreactors. Based on 
these figures, appropriate size of the devices is calculated and capital investment 

Substrate

Seed 

Energy

Dry biomass 

Labor

Target 
Metabolite 

Side 
products 

Fig. 8.1  Scheme of metabolite production process using bioreactor technology
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of the unit is estimated using local prices of the devices and equipment (Table 8.1). 
Referring to the table, total capital investment of the bioreactor unit will be 
around USD 117,000.

–– Energy: A power of 2.4 kW is required to supply an aeration rate of 0.1 VVM to 
the 20 cubic meter bioreactor. In this way annual aeration energy cost will be 
USD 600 based on local electricity price. As a rough estimate, total energy 
expenses are taken to be two times of aeration energy cost, i.e., USD 1200/year.

–– Labor: Sum of work-hours for the plant is assumed to be equal to 200 h/month 
which corresponds to a labor cost of USD 11,500/year according to local 
salary.

Bioreactor

Compressor

Air sterilization Feed sterilization

Feed 
mixing 
and 
storage

Chiller Boiler 

Monitoring and 
control unit

Biomass separation 
& drying

Fig. 8.2  A simplified scheme of the bioreactor unit

Table 8.1  A rough capital 
cost estimation for a 20 m3 
stainless steel bubble type 
bioreactor unit and its 
peripheral equipment and 
accessories

Item Value(USD)

Bioreactor 14,500
Boiler 14,000
Compressor 5500
Chiller 8000
Sterilization units 9000
Biomass separation and drying 6000
Instrumentation and control 15,000
Piping and wiring 11,000
Sum of equipment prices 83,000
Installation and startup 16,600
Building 17,400
Capital cost 117,000
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–– Maintenance and repair: For chemical plants, maintenance and repair annual 
costs are usually taken to a fixed percentage of capital investment. This percent-
age is taken to be 5% in the present study.

–– Depreciation: Operational life of the plant is assumed to be 10 years. In this way, 
the annual depreciation rate will be USD 11,700/year.

–– Interest: Assuming that the total capital is loaned with a 10 years payback period, 
the interest cost will be 11,700/year according to local interest rates.

Sum of the estimated costs gives the biomass production cost to be USD 90,000/
year (Table 8.2).

Taking into account that 200 kg biomass dry weight is produced in each 1 month 
batch, the annual biomass production by the 20 cubic meter bioreactor unit will be 
2400 kg/year. In this way, total cost of biomass production in the bioreactor will be 
USD 37.5/kg of dry biomass. This rough value gives a base for the quantitative 
analysis of bioreactor vs. farm.

Local price of many farmed medical herbs with an annual yield of 2–3 t dry 
biomass per hectare is around USD 5/kg. This figure may fluctuate temporarily due 
to high demand or low supply; however it cannot be increased permanently since the 
farmers will dedicate more area to it which eventually decreases the price. It is seen 
that the biomass produced in the bioreactor is much more expensive than that culti-
vated in the farm. Having said that, the conditions may change in the following cases:

–– For slow growing or poor growing plants which have a low annual biomass yield. 
In this case expenses of farming the plant biomass may be well above biomass 
cultivation in bioreactor. For example, ginseng is a slow growing plant with med-
ical properties that its price may reach USD 50–150 per kg (fresh weight) in 
Korea. Its cultivation in bioreactor is now commercialized.

–– When concentration of the target metabolite(s) in the biomass produced within 
the bioreactor is sufficiently higher than its concentration in biomass harvested 
from farm or the nature. In such a cases bioreactor could compete with farm if 
the biomass is priced based on the target metabolite(s) concentration. Based on 
above computations the biomass produced in bioreactor could compete that 
produced in farm if concentration of target metabolite in it was eight times higher 
and the biomass pricing was linearly proportional to the concentration of target 
metabolite (Fig. 8.3). It should be noted that the extraction and purification 

Table 8.2  Estimation of the total production costs for a 20 m3 stainless steel bubble type bioreactor 
unit and its peripheral equipment and accessories

Item Estimation basis Value (USD/year)

Substrate USD 0.2/L 48,000
Energy USD 0.029/kwh 1200
Labor 200 h/month 11,500
Depreciation 10% of capital investment/year 11,700
Interest 10 years payback and interest rate of 20% 11,700
Maintenance and repair 5% of capital investment/year 5850
Total production costs 90,000
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expenses per unit weight of the target metabolite will decrease as its concentration 
increases in the biomass. In this way, relation of biomass price to its target 
metabolite concentration will grow steeper than linear, and hence the biomass 
produced in bioreactor could compete that of farm in lower target metabolite 
concentration ratios, e.g., five instead of eight.

There are several target metabolites which are commercially produced in bioreactor 
despite cheap mother plant biomass. For example, Nauttermann, a German company, 
produces rosmarinic acid in commercial scale by cultivation of Coleus blumei cells 
in bioreactor. Concentration of rosmarinic acid in the cultured cells reach to 27% of 
dry weight, nearly an order of magnitude higher than that found in herbs such as 
Salvia officinalis which are natural resources of the mentioned metabolite.

Referring to Table 8.2, substrate cost is the main determining item of production 
costs and any reduction in it will improve bioreactor competitiveness (Fig 8.4). It is 
seen that even with free substrate the biomass produced in bioreactor is more expen-
sive than that harvested from the farm. This is due to other production costs which 
are independent of substrate cost.

A similar trend will be seen if duration of each bioreactor run could be reduced 
without any decrease in product (Fig. 8.5). In this way, the batch time is reduced and 
annual production is increased proportionally without the need for extra energy or 
capital investment. However, annual amount of consumed substrate will increase 
proportional to increase in number of bioreactor runs and this prevents biomass 
production costs to fall below the farm biomass price.
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bioreactor compared with costs of metabolite production by farming
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In conclusion, a combination of increase in metabolite concentration in biomass, 
reduction of substrate cost, and reduction of batch time should be considered to 
make production of plant metabolites in bioreactor economically feasible. Reduction 
in substrate cost could be achieved by using cheaper ingredients or enhancing the 
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amount of biomass produced per unit weight of substrate. Reduction of capital cost 
by the use of cheaper equipment or increase in volumetric productivity of bioreactor 
is another means for cutting the cost. Sustainable plant metabolite production in 
bioreactor will be achievable through research for these goals.

Referring to the literature, research is ongoing in various aspects of metabolite 
production by the use of bioreactor technology. Some articles introduce new metabo-
lites or new plant sources of a known metabolite. Others depict efforts made to enhance 
productivity or improve machinery in different steps of metabolite production com-
mercialization. These steps could be defined as follows (Davies and Deroles 2014):

–– Step I-Selection: searching natural resources for plants with superior genetic 
capability for production of target metabolite.

–– Step II-Genetic manipulation: mutation or metabolic engineering for production 
of elite cell lines with enhanced productivity of target metabolite.

–– Step III-Lab scale optimization of culture conditions: determination of values 
corresponding to the best productivity of target metabolite for measurable indepen-
dent parameters such as temperature, pH, medium composition, and elicitors.  
A large number of laboratory scale optimization experiments can be carried out 
simultaneously using simple laboratory glasswares. In this way optimization 
time is shortened despite the slow growth rate of plant cells.

–– Step IV-Bench & pilot scale optimization: influence of physical design and 
operational mode of bioreactor on the process productivity are tested on bench 
and pilot scale bioreactors. Furthermore, optimization of some parameters such 
as aeration rate and mixing intensity which depend on vessel size and shape is 
performed in this step. These bioreactors include provisions for continuous mon-
itoring trend of change in various parameters and also adjusting them in appro-
priate values. However, they are expensive and a few of them are available in 
each laboratory and hence the number of experiments is limited.

The ultimate goal of research activity in any of these steps is to make commercial 
production of a metabolite technically and economically feasible. While most 
achievements of these researches are product specific, a few others have more gen-
eral application. Physical design of bioreactor is a subject with general application 
and any progress in it for a specific process is extendable to other processes. Various 
bioreactor designs which are used for plant cell and tissue cultures and advancement 
made in them are reviewed in the rest of the chapter.

8.4  �Advances in Bioreactor Design

The bioreactors used for valuable plant metabolite production could be grouped 
based on various aspects. Based on the state of the growth environment, they are 
assorted into liquid phase bioreactors, gas phase bioreactors, and combined gas and 
liquid phase bioreactors. In the latter case the growing body stands in gas phase but 
is submerged into liquid medium intermittently or at least one time. They may be 
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also divided into suspended cell culture bioreactors and tissue culture bioreactors 
according to structure of the growing body. Different tissues are cultured in bioreac-
tors for propagation or metabolite production. For metabolite production, adventi-
tious roots and hairy roots are the most frequently used tissues. Design of plant 
bioreactors originated from the knowhow of custom microbial fermentors. However, 
several inherent differences between them raised the need for advancement of the 
present designs and investigation for new ones.

8.4.1  �Liquid Phase Bioreactors

Custom liquid phase fermentors also known as submerged fermentors are designed 
to provide the suspended microbial cells with a controlled temperature and medium 
pH and supply of sufficient oxygen. Aeration and mixing are routine operations in 
the fermentors. Mixing is needed for keeping the culture homogenous, i.e., provid-
ing the same conditions in all points within the culture volume. Homogeneity is a 
prerequisite for effective control and predictable performance of a fermentor. 
Furthermore, mixing prevents settlement of the cells and enhances heat transfer 
which is important in removing heat of metabolism. Mixing also improves oxygen 
supply which is a challenge in liquid state cultures due to trace solubility of oxygen 
in water. Oxygen supply is performed by blowing sterilized air into liquid culture in 
the form of tiny bubbles. Volumetric rate of air, which is usually expressed as VVM, 
size of bubbles and extent of mixing are major factors influencing oxygen supply. 
On the other hand, upward motion of air bubbles causes a degree of mixing which 
alleviate and in some designs eliminate the need for mechanical mixing. The biore-
actors which are mixed merely by aeration, e.g., air lift fermentors, are called pneu-
matically driven for distinguishing them from mechanically driven ones, e.g., stirred 
tank fermentors. Both aeration and mechanical mixing are energy consuming and, 
moreover, exert shear stress on suspended cells which can injure or tore their walls 
and membranes. So they should be kept at minimum levels.

Compared with most of microorganisms, lower shear stress levels may harm 
plant cells since they are generally weaker against shear stress due to their larger 
size and having rigid fragile wall and large vacuoles. On the other hand, appropriate 
shear stress intensity prevents plant cells from being aggregated into lumps which 
adversely affect performance by restricting oxygen and nutrient transfer to the inte-
rior of the cells. Various effects of shear stress on growth and metabolite production 
of cell is reported in the literature. As mentioned before, compared with most micro-
organisms, plant cells are slow growing, so their biological oxygen demand is sub-
stantially lower and hence nondestructive shear stress may be sufficient to supply 
appropriate oxygen. A typical plant culture biological oxygen demand (BOD) is 
estimated to be 100 μmol oxygen per g dry weight of biomass per hour, it is one-
tenth of a typical yeast BOD. In this way for a relatively high plant tissue concentra-
tion of 10 g-DW/L and an oxygen conversion rate of 50%, aeration rate of 0.004 
VVM would be sufficient (Florez et al. 2016). In practice, typical flow rates of 0.1 
VVM are used in plant cultures, it is an order of magnitude lower than that used for 
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fast growing microorganisms. It should be noted that secretion of some compounds 
in plant cell cultivations may increase the liquid medium viscosity which in turn 
amplifies shear stress in a given mixing intensity.

Slowness of plant cell growth augments challenge of contamination for all kind 
of plant cell and tissue cultures. Long cultivation time of plant cell cultures provide 
enough time for fast growing microorganisms to propagate from a few cells to large 
populations which eventually contaminates and destroys the culture and wastes 
valuable medium and large amount of energy and labor.

Taking these facts into account a variety of new designs and design improvement 
are proposed and tested for suspended plant cell growth and it is claimed that many 
of the large scale cultivation problems are already solved (Nosov 2012).

8.4.1.1  �Mechanically Driven Liquid Phase Bioreactors

Stirred tank bioreactor: These bioreactors include a cylindrical vessel into which 
an impeller and an air sparger are mounted. A major challenge in this kind of bio-
reactors is appropriate design of impeller to provide sufficient mixing without 
injuring the plant cells. No large scale use of stirred tank bioreactors for plant cell 
culture is reported probably due to the mentioned challenge. However, many of 
them which are a few litter in size are used in both cell and tissue cultures for 
research proposes in recent decades. Several different designs of impeller and mix-
ing system are developed by researchers (Mamun et al. 2015). Successful produc-
tion of transgenic tobacco cells in a 60  L stirred tank bioreactor was reported 
recently (O'Neill et al. 2015).

Rotating drum bioreactors: As its name indicate, mixing in these bioreactors is 
done by rotation of horizontally mounted bioreactor vessel. This design is not com-
mon in liquid state culture of microorganisms and was developed for solid state 
fermentation, i.e., cultivation of microorganisms over moist solid particles. A labo-
ratory scale case study showed that it was able to maintain higher cell viability than 
stirred tank bioreactors (Tanaka et al. 1983) Large scale plant cell culture by use of 
rotating drum bioreactors has not been not reported.

8.4.1.2  �Pneumatically Driven Liquid Phase Bioreactors

Bubble column bioreactors: It is a primitive pneumatically driven bioreactor com-
posed of a cylindrical vessel and an air sparger mounted at its bottom. Conic vessels 
are also common. This type of bioreactor is successfully used in various scales for 
cultivation of plant cells and tissues. A 500 L one was successfully used for produc-
tion of Stevia rebaudiana shoots (Akita et al. 1994).

Airlift bioreactor: This advanced design of bubble column bioreactor consists of 
two coaxial vertical cylinders and the air sparger is mounted at the bottom of an 
internal cylinder which is named riser or draft tube. The liquid medium is lifted by 
air bubbles in draft tube and returns downward through the space between the 
two cylinders. This medium circulation improves mixing and removes dead zones. 

8  Bioreactor Technology for Sustainable Production of Valuable Plant Metabolites…



180

The air lift bioreactor was tested at laboratory scale for several plant cell cultures 
with or without modifications such as the use of conical draft tube (Townsley et al. 
1983) or meshed draft tube (Kusakari et al. 2012).

Combined liquid and gas phases bioreactors: Growing plant cells and tissues sub-
merged in liquid medium suffers from two disadvantages. Uniform and sufficient 
oxygen supply becomes challenging when population of cells or tissues increases 
and a dense culture occurs. The other challenge is absorption of excessive water into 
plant tissues which is called hyperhydricity. This phenomenon reduces mechanical 
strength and may cause malfunction or damage to the tissue due to oxygen depletion, 
formation of reactive oxygen species, and oxidative stress induction (Ziv 2005). 
Combined designs for bioreactors are proposed to circumvent these challenges.

Temporary immersed bioreactors: This design consists of two vessels one of 
which acts as a bioreactor and the other as a medium reservoir. The liquid medium 
is exchanged periodically between the two vessels through connecting tubes by the 
use of compressed air or a pump. In each period the plant cells and tissues remain 
immersed for several minutes then the medium is withdrawn and the tissues are left 
in direct contact with the gas phase for the remaining time of the period which 
may last a few hours. This design was tested for small scale propagation of various 
plant tissues and elimination of hyperhydricity was reported (Alvard et al. 1993) 
Mass propagation of tropical crops are reported in 5–10 L temporary immersion 
bioreactors and 46% reduction costs compared with standard procedure was 
reported for sugarcane propagation (Gonzalez 2005). Recently, a modification was 
reported in which the liquid medium was transferred between the bioreactor and the 
reservoir by changing the reservoir elevation. In this way, the gas and the liquid 
phases are de-coupled which increases process flexibility and reduces operational 
cost especially in processes where the gas phase is enriched with oxygen or carbon 
dioxide (Florez et al. 2016).

Large scale temporary immersion bioreactor system has not been reported yet 
and it seems that some challenges will occur as the system is enlarged. Fast filling 
and draining of a large bioreactor, e.g., 10 m3, needs large compressor or pump and 
may harm cultured biomass, on the other hand slow filling and draining will cause 
different immersion time for biomass that is located at different heights in bioreac-
tor. This in turn may lead to nonuniform growth and performance of biomass. 
Furthermore, fresh weight of biomass in dense cultures may reach several 100 kg 
per m3 of bioreactor volume. In tall bioreactors, such a big biomass weight could 
injure the biomass at the bottom layers during the draining period.

8.4.2  �Novel Bioreactors

Novelties in design of liquid phase bioreactors are experimented to respond to spe-
cial needs of some cultures.
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8.4.2.1  �Diffusion Bioreactors

Delivery of oxygen to liquid medium could be performed by diffusion through a 
submerged membrane instead of bubbling and mixing. This is advantageous for 
shear sensitive cells and tissues. Diffusers with different configurations such as 
coil, disc, and basket made from hydrophobic polypropylene or silicon membranes 
were tested. Gentle rotation of diffuser could homogenize bioreactor contents 
and prevents cell settling. Membrane clogging due to cell adhesion is a possible 
danger. Much lower foams was formed in diffusion bioreactor compared with 
conventional stirred tank due to the absence of bubbles and damaged cell debris 
(Piehl et al. 1988).

8.4.2.2  �Perfusion Bioreactors

In some plant cell cultures the target metabolite(s) exudes from cells into the 
medium. In this case the precious biomass cells may be used for production of the 
metabolite in prolonged culture by perfusion, i.e., continuous feeding of the biore-
actor with fresh medium. However accumulation of metabolite may harm the cells 
or suppress the metabolite production. Furthermore, the metabolite may react with 
medium constituents and/or degrade with prolonged cultivation times. In such cases 
the metabolite could be extracted from the medium continuously or intermittently 
while keeping the biomass alive. For this, the medium is separated from suspended 
biomass by sedimentation, centrifuging or filtration, then it is treated with resins or 
other means to separate the metabolite. The remaining medium may be then 
recycled to the bioreactor or rejected. Several perfusion processes for metabolite 
production by the use of small scale bioreactors has been reported. Adding resin to 
culture medium of Catharanthus roseus cell cultures enhanced ajmalicine produc-
tion by 70% and all of it was absorbed by resins and recovered (Lee Parsons and 
Shuler 2002). Instead of adding resins directly into bioreactor, resins were packed 
in a separate column and culture medium was recirculated through the column. 
By this method a 20-fold increase in sanguinarine productivity of Eschscholtzia 
californica suspension cell culture was achieved (Klvana et al. 2005). In some cases 
a compatible organic solvent is added directly to the bioreactor to improve extrac-
tion of target metabolite form the growing biomass. Up to 70% of thiophenes was 
extracted from hairy roots of Tagetes patula into hexane in a bubble column two 
phase bioreactor (Buitelaar et al. 1991). Overall yield of tabersonine and lochneri-
cine was increased fourfold by use of silicone oil as extractive solvent in a bubble 
column bioreactor in which hairy root of Catharanthus roseus was cultured 
(Tikhomiroff et al. 2002).
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8.4.3  �Operational Improvements

Fed-batch operations: Conventional bioprocesses are usually run in batch mode. In 
this mode of operation the bioreactor is filled with the sterile culture medium, then 
the seed culture is added to bioreactor and conversion of substrate to biomass and 
various metabolites will start. The bioprocess is ended after reaching to the desired 
conversion of substrate to the target bioproduct(s). No more substrate is added to the 
bioreactor and the culture volume remains constant during the batch process. In this 
way, concentration of substrates is deceased and that of bioproducts is increased 
gradually during the bioprocess. Cells are in contact with high concentration of 
substrate at the beginning which may be inhibiting to cell growth. On the other 
hand, there is very low concentration of substrate and high concentration of 
bioproduct at the final stages of the bioprocess both of which slows down and even-
tually ceases the bioprocess.

The same as chemical processes, yield of many bioprocesses will improve if 
batch mode is replaced with fed-batch one. In fed-batch mode the bioreactor is par-
tially filled with sterile culture medium having appropriate substrate concentration. 
The bioprocess will start by adding seed culture to bioreactor. When substrate 
decreases to rate limiting concentration or metabolites are increased to inhibiting 
concentrations, a defined volume of concentrated substrate is fed to bioreactor and 
mixed with culture medium. This will increase substrate concentration and reduces 
inhibitor concentration both of which boost bioprocess rate. This intermittent feeding 
could be repeated several times until the culture reaches to the desired volume. 
Several successful fed-batch plant cultures are reported. Fed-batch cultivation 
improved production of caftaric acid derivatives in adventitious root culture of E. 
angustifolia in a 5 L balloon type bioreactor (Baque et al. 2012). Fed batch increased 
biomass and cichoric acid by 1.5- and 1.37-fold in Echinacea purpurea adventitious 
root cultivation in air lift bioreactors (Wu et al. 2007).

8.4.4  �Gas Phase Bioreactors

Gas phase bioreactors are always filled with a sterile airstream which may be 
enriched with oxygen, carbon dioxide, or other gases. The sterile liquid medium is 
sprayed or trickled over the biomass which is held within the bioreactor usually by 
means of a support. The medium exchanges substrate with metabolites from the 
biomass as it flows downward as a thin layer over the tissues. The used medium is 
collected at the bioreactor bottom from where it could be recycled to feed container 
(batch mode), or discarded after or without recovery of valuable metabolites and 
replenished by fresh medium (continuous mode). When the liquid layer is absent 
oxygen is directly absorbed by tissue from the gas phase. Otherwise oxygen dis-
solves into the thin liquid layer from where it is absorbed by the tissue. The liquid 
spraying is usually intermittent to prevent a permanent liquid layer which may 
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restrict gas exchange and cause ethylene accumulation (Weathers and Zobel 1992). 
Furthermore, oxygen supply is not a challenge in gas phase bioreactors. Some hairy 
roots which are produced by solid phase culture will not grow in liquid phase and 
the gas phase cultivation is the only choice for them (Weathers et al. 2008).

Gas phase bioreactors are suitable for plant tissues and organs as they form 
porous structures which are not flooded with liquid and so the gas could flow 
through the bulk of biomass along with the liquid. Meshes or other kinds of frame 
are generally used to distribute biomass within bioreactor volume and strengthen its 
porous structure. Even with the use of frames, keeping the tissues from being injured 
under high wet biomass weight seems to be a big challenge in the use of large vol-
ume gas phase bioreactors. Uniform distribution of liquid within the bulk of bio-
mass is another challenge in this regard. Hence, scale up of gas phase bioreactors 
seems to be practical by modular approach, i.e., by the use of several small bioreac-
tors instead of one large one.

Modular approach is used in other processes where construction of large 
equipment is not feasible. Membrane systems are well known cases which are 
scaled up by increasing the number of modules instead of their volume. A clear 
example is sea water desalination plant which consists of a huge number of reverse 
osmosis modules. Modular systems are more flexible as their capacity is changed 
simply by adding new modules or removing some of them. Another important 
advantage of modular systems over conventional large volume systems comes from 
independent operation of each module. In this way occurrence of a problem in one 
module cause only a little product loss. This is of crucial importance in plant culture 
processes which are amenable to contamination. Contamination of one large biore-
actor will result in the loss of the entire product while contaminations of one of 
several small bioreactors will result in the loss of a few percent of the product.

Despite the mentioned advantages, commercialization of modular systems is 
challenging due to two disadvantages in using them compared with their conven-
tional counterparts. The first disadvantage is that they are more labor intensive, e.g., 
handling of one large bioreactor needs less labor than several small ones. The sec-
ond is that they are more capital intensive, e.g., ten of 1 m3 bioreactors cost much 
more than one 10 m3 bioreactor with the same degree of instrumentation. This is due 
to the fact that the vessel surface to volume ratio decreases as its volume increase 
and so less material is needed to construct a large volume vessel than several small 
vessels with the same total volume. Furthermore, one set of instruments is needed 
for monitoring and control of a large well mixed bioreactor while the same set is 
needed for each of the small ones.

Having said that, modular plant culture systems have the chance to be commer-
cialized due to the fact that small vessels should bear smaller forces and so they 
could be constructed from cheaper materials such as plastics. In fact disposable 
bioreactors are being developed which open the way for commercialization of plant 
culture bioreactors and specially the gas phase ones.

Gas phase bioreactors and disposable bioreactor technology are more novel than 
liquid phase ones and so they are reviewed here with more details.
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8.4.4.1  �Mist/Spray Bioreactors

Some plants grow over rocks adjacent to waterfalls by absorbing water from misted 
air via their hanging roots. This observation triggered the idea of aeroponics, i.e., 
soilless cultivation of plants on a support and misting the nutrient solution over their 
suspended roots. The first aeroponic system was developed in 1942 for pineapple 
(Carter 1942) and then it was employed in many research and production cases. 
Mist production in earlier aeroponic systems was provided by the use of nozzles. 
Depending on nozzle configuration and liquid pressure, the size of liquid droplets 
could fall in the same rank as liquid spray, i.e., larger than 60 μ, or mist, 60–30 μ or 
fog, i.e., smaller than 30 μ. Working with nozzles have two drawbacks, i.e., consid-
erable energy consumption to pressurized liquid and frequent fouling.

Ultrasonic misting was used in aeroponic systems from the beginning of the 
1990 to circumvent the mentioned drawbacks. No considerable pressure was 
required and fouling is not a challenge. Very uniform fog of nutrient solution with a 
mean droplet diameter of 10  μm which is produced by ultrasonic device that pen-
etrates into the root network and is absorbed by the roots. In this way, the excess 
volume of medium which should be sprayed for uniform distribution of nutrients is 
reduced considerably and hence lesser energy is consumed for spraying and recir-
culation of medium. Furthermore, thinner or no liquid layer forms over the root 
surface and so oxygen transfer is enhanced (Weathers and Zobel 1992). The mist 
particles has large surface to volume ratios and therefore are readily saturated with 
oxygen. They transport oxygen to tissues and enhance their growth rate. In mist 
bioreactors, the biomass could occupy 37% of the bioreactor volume before 
onset of oxygen limitation, this figure is as low as 6% in liquid phase bioreactors 
(Stiles and Liu 2013). Packing fractions as high as 71% has been reported for mist 
bioreactors. In liquid phase cultures, such high biomass densities are difficult to 
achieve due to the occurrence of high pressure drops (Weathers et al. 2008). Packing 
fraction corresponds to the productivity of a bioreactor and so its increase will 
reduce production costs.

Uniform distribution of seed biomass is important in mist bioreactors since more 
compact regions entrap more mist and grow faster. This in turn will intensify the 
compactness heterogeneity (Williams and Doran 2000). The heterogeneity is not 
desirable and may reduce volumetric yield of bioreactor and synchronous growth of 
biomass. A mathematical model was suggested for this phenomenon (Wyslouzil 
et al. 1997).

Liquid particles should enter into the bioreactor from the top and move down-
ward through the bed of biomass by gravity and maybe gas flow. Upward flow cause 
entrapment of particles in bottom layer of biomass which results in nonuniform 
growth and necrosis of biomass (Chatterjee et al. 1997). Two ultrasonic mist designs 
are used to satisfy this constraint. In earlier design the mist is produced in a separate 
vessel by a conventional ultrasonic mist generator and is swept into top of bioreac-
tor by air flow through a connecting pipe. In recent designs an ultrasonic atomizer 
is mounted on the top of bioreactor and the extra vessel is eliminated. Both of the 
designs were investigated in laboratory scale. Compared to bubble bioreactor, mist 
bioreactor produced more artemisicin from Artemisia annua hairy roots (Kim et al. 
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2002). Tagetes patula L. hairy roots had the highest growth rate and metabolite 
production rate in mist bioreactor compared with that of bubble bioreactors and 
trickling bed bioreactors (Suresh et  al. 2005). Bubble column, mixed, spray and 
mist bioreactors were investigated for Azadirachtin production by hairy root culti-
vation of Azadirachta indica and the mist bioreactor was reported to give superior 
results (Srivastava and Srivastava 2012).

8.4.4.2  �Trickle-bed Bioreactors

This kind of bioreactor is filled with an inert packing which has appropriate shape 
to produce a highly porous bed. Nutrient solution which is evenly distributed over 
the top of the bed trickles down and nourishes the biomass which is growing on the 
surface of the packing. It is a gas phase bioreactor and air flow through the bed 
could be from the bottom to the top or vice versa. This kind of bioreactor is conven-
tional in biological waste treatment processes and is known as trickling filter; how-
ever it is reported to be suitable for plant cell culture as well. A 14  L tricking 
bioreactor was investigated for cultivation of Hyoscyamus muticus hairy roots. 
It was filled with Intalox which is a conventional packing in chemical industry. The 
bioreactor was operated as bubble column in initial stages until the roots were 
immobilized onto the bioreactor matrix. Then it was shifted to trickling mode and 
the nutrient solution was sprayed on top of the bed. Biomass growth rate was higher 
than that in flasks and a final biomass of 752 g fresh weight per L (36 g-DW/L) was 
achieved which is considerably higher than liquid phase bioreactor volumetric 
yields. The presence of rigid packing that supports biomass seems to permit scale 
up of this type of gas phase bioreactors to large volumes. It is claimed that trickling 
bed bioreactors as large as 10,000 L are feasible. Lower energy consumption for 
liquid spray is another advantage of this bioreactor compared with other gas phase 
bioreactors which use finer sprays (Ramakrishnan and Curtis 2004).

8.4.5  �Disposable Bioreactors

An important recent advance in plant cell and tissue culture is the use of disposable 
bioreactors in which expensive stainless steel vessel are replaced with a cheap bag 
or vessel made from plastic. Various disposable sensors, mixers, connections, and 
tubing are being developed which make further reductions in capital investment. 
Capital investment needed for production of a drug by disposable bioreactors maybe 
an order of magnitude lesser than that needed for production of the same product by 
conventional stainless steel units. Short construction and installation time is the 
second advantage of disposable bioreactors over conventional units which their 
respective time may be more than 5 years. The long duration increases the invest-
ment risk (Lee et al. 2011). Furthermore, as mentioned before, modular approach 
with all of its advantages may become economically feasible by the use of cheap 
disposable bioreactors.
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Another advantage of disposable bioreactors comes from the fact that cleaning is 
needed between consecutive batches of conventional bioreactors. This is a costly 
and time-consuming operation especially in pharmaceutical and food industries in 
which strict standards should be met (Weathers et al. 2010). Disposable bioreactors 
need no cleaning as they are single use. Furthermore, disposable bags are easily 
compacted and sterilized by gamma irradiation or autoclaving. Sterilized and ready-
to-use bags are offered by manufacturing companies.

Disposable bioreactors are used for both liquid phase and gas phase cultivations. 
Wave bioreactors are familiar liquid phase bioreactors which are used for plant cell 
cultures as well as animal and microbial cell cultures. The sterile bag is partially 
filled with culture medium and is put on a smoothly oscillating plate. The bag 
includes a perfusion system for gas or substrate injection. Wave bioreactors are 
commercialized and Wave Biotech Company offers them. Bubble column and 
mechanically mixed disposable bioreactors are also reported. PBS Biotech Company 
produced fully integrated and pre-configured 500  L modular bioreactors with 
disposable vertical bags which are equipped with wheels which are driven by mag-
netic coupling between the wheel and housing unit or by buoyant force of gas bub-
bles that are introduced from the sparger at the bottom and are captured in the air 
cups on the wheel periphery. PBS bioreactors are presently used for animal cell 
cultures. PBS bioreactors as large as 5000  L are expected to become available 
(Loffelholz et al. 2014).

Size of the disposable bag is limited by the weight of the contained liquid. This 
limitation is circumvented by putting it in a rigid case or cage. A cage bioreactor is 
used by Protalix Company in Israel for production of Taliglucerase alfa, a medical 
recombinant protein commercially known as Elelyso, by cultivation of carrot cells 
(Weathers et  al. 2010). Mibelle Biochemistry, another health care company, uses 
disposable bioreactors for production of valuable metabolites via plant cell and hairy 
root cultures. Many of the reported gas phase bioreactors consist of disposable bags 
or vessels. ROOTec Bioactives Ltd., a biotech company which was recently acquired 
by Green2Chem S.A, offered a mist bioreactor having a disposable vessel.

Rigid disposable vessels are made from polystyrene or polycarbonate. Flexible 
bags may be made from mono layer or multilayer films. In each case the layer in 
contact with culture medium which should be inert, sealable and flexible, have only 
trace amounts of extractable compounds, and possess acceptable resistance to 
chemicals. Diffusion and torsion is made from polypropylene, polyethylene, or eth-
ylene vinyl alcohol. Multilayer bags consist of an inner contact layer; a middle layer 
which acts as a barrier for gases and vapors and is usually made from ethylene vinyl 
acetate copolymer or poly vinyl dichloride; and outer layer which improves mechan-
ical stability may be the same as the connecting layer or otherwise made from poly 
acetylene or poly ethylene terephthalate. The layers are bonded to each other by 
poly olefin gluing layers. Mono or multilayer films are shaped into bags by one of 
the welding methods namely ultrasonic, laser, pulse, or constant heating. Standard 
bags are cubic but bags with cylindrical shape are also produced (Vanhamel and 
Masy 2011). Conventional sterilize able thermoplastic tubes with appropriate welding 
and sealing property and chemical compatibility are used in disposable bioreactors 
(Lehmann et al. 2014). Aseptic tube welders and disconnecting devices are manufac-
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tured by several companies for welding of two thermoplastic tubes or disconnection 
of a tube without disruption of sterility. Peristaltic pumps, diaphragm pumps, and 
syringe pumps are useable for pumping liquid in the disposable systems (Rothe and 
Eibl 2011).

Disposable fittings and connectors with various shapes and sizes are developed 
by the manufacturers. Some of them are pre-sterilized and offered as ready-to-use 
aseptic packs. “Steam in place” connectors, i.e., sterilize able with steam, are offered 
for connection of disposable parts to conventional stainless steel systems. Special 
fittings are developed for aseptic connection of conventional pH and DO probes into 
disposable bioreactors; Kleenpak sterile connector offered by Thermo Fisher 
Scientific Company is one of the first ones (Rothe and Eibl 2011).

Most of the present disposable bioreactors rely on conventional systems for mix-
ing, monitoring, and control. This make bioreactor periphery pell-mell and full of 
various connections and furthermore prevents complete elimination of two costly 
and time-consuming operation, i.e., cleaning in place (CIP) and sterilization in 
place (SIP). Attempts are in progress to produce disposable sensors, mixers, and 
other peripheral devices. The target is to make fully disposable plug and play biore-
actor systems. Plug and play systems reduce installation time and contamination 
risk and are applicable by non-expert operators. Low shear disposable wheels devel-
oped by PBS Company remove the need for conventional mechanical mixers where 
insertion of their shaft into bioreactor increases contamination risk and the shear 
stress created by them restricts bioreactor scale up.

Disposable sensors for temperature, pressure, pH, and dissolved oxygen concen-
tration (DO) are already offered by vendors. More limited models of disposable 
sensors are also released for flow rate, conductivity, carbon dioxide concentration, 
cell density, glucose, lactate, glutamine, and glutamate. Disposable sensors for pH, 
DO, and DCO2 are optic based and use dye which is sensitive to measured param-
eters. Increase of viscosity and rheology change from Newtonian to non-Newtonian 
disturb their measurement. Furthermore, the dye may be destructed by phytochemi-
cal reactions and so optical sensors are not recommended for light requiring culti-
vations. Disposable sensors for pressure, temperature and conductivity use 
semiconductors, and cell density sensors are capacitance based. Sensors which 
measure chemical compounds use ion selective electrodes which are based on 
enzymatic reactions (Lehmann et al. 2014).

8.5  �Conclusions and Future Prospects

Bioreactors are potential alternatives of farms and nature for production of valuable 
plant metabolites. To actualize the potential, production costs should be reduced by 
conventional optimization experiments, metabolic engineering tools, and bioreactor 
design innovations. Along with enhancements in conventional liquid phase bioreac-
tors which are suited for large scale cultivation of suspended cell cultures, advances in 
gas phase bioreactors are ongoing. The latter bioreactors seem to be more appro-
priate for hairy roots cultures and can lead to higher volumetric productivities. 

8  Bioreactor Technology for Sustainable Production of Valuable Plant Metabolites…
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Modular approach is a more convenient way for scale up of gas phase bioreactors 
and development of disposable bioreactor technology may make this approach eco-
nomically feasible. Both rigid and flexible disposable vessels, tubing, and connec-
tions are already used for bioreactors and various disposable sensors are under 
development. Being single use, they should be made as cheap as possible to cut 
production costs.
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9.1  �Introduction

Crop genetic improvement can be achieved through three different ways: sexual 
crosses between selected genotypes of plants, mutation breeding and adding novel 
genetic material resulting in genetic modification of crops (Joshi et al. 2009). The 
transfer of genetic information between species through crossing followed by 
repeated backcrossing is called introgression.

Conventional breeding concentrates on transfer and introgression of valuable 
genes found particularly in wild genetic material into the commercial varieties. 
Introgressive breeding combines genes and genetic elements from a donor with 
recipient plant. Subsequent repeated backcrossing with one of the parents together 
with selection produces the desirable traits. An example of a collection of introgres-
sion lines (ILs) is the development of a new melon IL in the background of 
Charentais genetic. The genomic regions associated with flowering and fruit qual-
ity traits that have been identified formed the basis for the genetic collection 
(Perpiñá et al. 2016).
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Conventional plant breeding is a deep-rooted method for plant improvement that 
is increasingly becoming advanced as it infuses with new developed technologies. 
It has benefitted from the employment of molecular technologies for different tasks 
to boost its programmes without combining with alien genes into the end product of 
the bred plant variety (Acquaah 2015). Existing variability within a species or its 
close relatives that are sexually compatible is useful for genetic improvement 
through conventional breeding (Acquaah 2015). Breeding efficiency for nutritional 
and/or quality enrichment and biotic and/or abiotic stresses depends on the variabil-
ity for the traits of interest. Mutation breeding is the key for the production of 
exploitable and utilizable variation (Ankita et al. 2015). However, the majority of 
the mutations are receding. In seed propagated crops, this feature does not cause any 
problem where homozygous recessive trait or genotypes can be obtained. 
Nevertheless, mutations have played a crucial role in the generation of numerous 
successful planted cultivars globally.

The final product from conventional breeding is a plant containing a gene of 
interest from the donor plant in combination with the unwanted genes leading to 
linkage drag (Jacobsen and Schouten 2007). These problems will not arise if spe-
cific target genes are transferred utilizing newly developed breeding techniques 
such as transgenesis and cis/intragenesis. Transgenesis modifies the genetic of a 
receiver plant with one or more genes of interest from an unrelated donor plant or 
from any species including prokaryotic organisms (Schouten et  al. 2006a). It 
allows stable integration of transferred entire gene(s) or partial gene(s) derived 
from a foreign organism. The foreign gene is introduced into the recipient genome 
followed by a selection method to confirm insertion of the foreign gene (Joshi 
2010). Gene insertion is an atypical process and does not occur in nature. In this 
process, the genetic material such as gene sequences from different sources con-
taining coding sequence is fused to the promoter from a different gene or pro-
duced synthetically in the sense or antisense orientation (Ankita et al. 2015). The 
gene construct is introduced into the host plant cell via direct transfer such as 
using biolistic gun or indirectly through Agrobacterium-mediated techniques 
(Hansen 2000). Transgenesis dramatically increased the promises for crop 
improvement through expanding the pool of traits that could be integrated into 
the plant genome. It breaks the reliance of breeders on existing biodiversity or on 
the genes of close relatives of a particular crop for additional genetic diversity 
because the transformation technology allows for the introduction of exogenous 
genes including those that do not exist naturally in the target crop (D’Halluin and 
Ruiter 2013).

However, food derived from genetically modified crops (GM crops) received 
wide public opposition because people are concerned about the insufficiency of 
existing regulation, in particular the unnaturalness of the genetic modification 
approaches. Hence, scientists are now considering insertion of genes derived from 
the plant itself or its closed relatives through two strategies which are closely related 
known as cisgenic and intragenic modifications. In principle, the techniques con-
fined the transfer of genes to closely related or sexually compatible species of plants 
and do not involve any foreign DNA (Mielby et al. 2013; Hunter et al. 2014).
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9.2  �Cisgenesis

Schouten et al. (2006a) defined a cisgenic plant as the alteration of a receiver plant 
genome using native gene or genes from a closely related species. The native gene 
contains intron and flanking regions such as its own regulatory sequences in the 
sense orientation identical to that found in the donor plant. In principle, cisgenic 
crop is generated through transferring a native and entire copy of a natural gene 
complete with its own regulatory regions and maintaining its natural genetic ele-
ments (Schouten et al. 2006a, b). More than one cisgenes can be inserted into the 
cisgenic plants. In cisgenesis, foreign genes including the vector backbone genes 
and the selectable marker genes are not found in the final product.

The difference between cisgenesis and conventional breeding is that cisgenic 
crops contain only the desired gene(s) and there are no other genes being transferred 
(Espinoza et al. 2013). Indeed, in this way, cisgenesis can overcome a major bottle-
neck for crop improvement faced by traditional breeding due to the linkage drag 
issues (Schouten et al. 2006a).

Unlike transgenesis, in the cisgenic approach, plants receive genes only from 
crossable species via genetic engineering and those imported genes are under the 
control of their own native regulatory components in their natural orientation 
(Schouten et al. 2006a). Moreover, external genetic material like selectable marker 
genes is absent. A major worry in transgenesis is the rapid spread of transgenes to 
environment through the flow of pollens (Holme et al. 2013), while in the event of 
cisgenesis, the cisgenes are taken from the close wild relatives. Thus, cisgenesis is 
as safe as conventional breeding. It integrates the conventional breeding with 
advanced biotechnology and intensely accelerate the process of breeding by reduc-

tion of the undesirable effects of linkage drag (Rommens et al. 2007).
A variety of cisgenic crops with different traits (Table 9.1) have been developed 

such as cisgenic durum wheat with enhanced baking quality (Gadaleta et al. 2008), 
cisgenic potato resistant to late blight (Haverkort et al. 2009), cisgenic apple with 
scab resistance (Vanblaere et al. 2011), cisgenic grapevine with fungal disease resis-
tance (Dhekney et al. 2011), cisgenic poplar with different growth types (Han et al. 
2011) and cisgenic barley with enhanced grain phytase activity (Holme et al. 2012). 
Figure 9.1 illustrates a schematic image of different approaches applied for genetic 
modification in plants based on the definitions of transgenesis and cis/intragenesis.

9.3  �Intragenesis

In intragenesis, different plant genetic components are recombined in vitro to pro-
duce an expression gene construct that is introduced into a plant within the same 
sexually compatible gene pool (Rommens 2004; Rommens et al. 2007). Therefore, 
in intragenesis the source of the genes for the genetic modification is from the same 
or a crossable species. Unlike cisgenes, intragenes are hybrid genes. Selected 
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genetic elements from different genes can be combined in intragenesis (Rommens 
et al. 2007). Therefore, intragenesis approach which allows the genetic elements to 
be rearranged is obviously less restrictive in comparison to cisgenesis. A list of 
crops that have been commercially developed with different traits through intragen-
esis is given in Table 9.1.

It is essential for Agrobacterium-mediated transformation to use sequences of 
T-DNA border from sexually compatible DNA pool (P-DNA borders). Methods such 
as PCR analyses and intensive database searches can be used to determine successful 
transfer of the targeted plant DNAs. The plant phenotype obtained through intragen-
esis is not achievable through traditional breeding because the expression profile of 
the freshly assembled gene may differ from that observed naturally (Schaart and 
Visser 2009; Devi et al. 2013).

In intragenesis, antisense or RNA interference (RNAi) can be employed for 
silencing the gene(s) (Schaart and Visser 2009). Intragenic potatoes with enhanced 
processing qualities was produced by reducing black spot bruise through silencing 
the polyphenol oxidase gene (PPO) (Rommens et  al. 2004). Reduction of cold-
induced sweetening was also achieved through gene silencing to limit acrylamide 
formation (Rommens et al. 2006). Intragenesis approach was employed to develop 
non-browning apples through RNAi silencing of the apple PPO gene. Moreover, 
overexpression of polygalacturonase inhibiting protein to reduce fungal polygalac-
turonase effect was done through intragenic strawberry to increase resistance to 
grey mould (Schaart 2004).

Fig. 9.1  Transgenic, intragenic, cisgenic and genome editing for genetic modification of crop plants
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9.4  �Development of Cis/Intragenics: General Outline

In cisgenic and intragenic plants, integration of genes taken from a related and sexu-
ally compatible species into a desirable background is accomplished in the same 
way as in transgenesis with a few extra steps (Ankita et al. 2015). Prerequisites of 
cis/intragenic approach include the plant sequence information, the isolation and 
characterization of genes of interest from crossable relatives, cis/intragenic vectors 
within the P-DNA borders.

The major steps involve isolation of the DNA that codes for the protein, insertion 
of DNA into a plasmid vector, transformation using an appropriate method, elimina-
tion of selectable marker genes and, finally, selection of recombinants containing 
the inserts. The same traditional transformation methods are used to produce cis-
genic plants with many unknown effects in the final cisgenic organism and mar-
keted product due to the gene insertion (Hunter 2014).

Agrobacterium-mediated transformation has been used more frequently to pro-
duce cisgenic plants. The practice of biolistic transformation technique has been 
less documented (Romano et al. 2003; Akhond and Machray 2009; Lusser et al. 
2012). Comparison of two direct DNA transfer methods showed that both biolistic 
transformation and protoplast transformation are suitable for transferring cisgene 
into poplars (Nietsch et al. 2017).

A critical requirement to produce environmental friendly cisgenic plants is the 
elimination of selectable marker genes. The final cisgenic plant will contain the 
gene of interest from cross compatible species. Additionally, foreign genes such as 
vector backbone and selectable marker genes should not be present in the primary 
intra/cisgenic transformants or their progenies (Holme et  al. 2013). Different 
approaches allowing the construction of marker-free genetically modified plants 
(GM plants) have been described in the literature (Dalla Costa et al. 2016), princi-
pally based on the target plant and the efficiency of the transformation technique 
used (Krens et al. 2003).

9.5  �Special Techniques to Generate Cis/Intragenic Plants

To consider cisgenesis as one of the potential technologies for the future of agricul-
ture, the Commission Implementing Regulation (EU) No 503/2013 (European 
Parliament 2013) clarifies that the applicant shall therefore aim to develop geneti-
cally modified organisms (GMOs) without the use of antibiotic resistance marker 
genes arguing that it is now possible to develop GMOs without the use of antibiotic 
resistance marker genes (Breyer et  al. 2014). Hence, the availability of efficient 
systems to avoid or eliminate selectable marker genes is becoming progressively 
more important. The transfer of an uncomplicated vector containing only the pro-
moter, the target gene and the terminator is the basic design (de Vetten et al. 2003). 
Nevertheless, this method needs intense PCR screening for positive transformation 
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events, and is hence costly, time-consuming and feasible only for biolistic transfor-
mation technique (Vidal et  al. 2006) or effective Agrobacterium-mediated gene 
transfer protocols combined with highly transformable species (Malnoy et al. 2010; 
Ballester et al. 2008; Petri et al. 2011).

9.5.1  �Transformation Without Selection

Cis/introgenic plants must be free from other added sequences such as selectable 
marker genes. A transformation procedure without selectable marker genes was 
developed to produce intragenic potato enriched in amylopectin. This procedure was 
also employed to produce cisgenic potatoes with late blight resistance trait (de Vetten 
et al. 2003). A technique was developed to produce potatoes free from selectable 
marker with improvement in processing characteristics but the selectable marker 
gene was transiently expressed initially (Rommens 2004; Rommens et al. 2006).

Isopentenyl transferase is encoded by the bacterial ipt gene that catalyses cytoki-
nin isopentenyl adenosine formation in plants (Barry et al. 1984). Introduction of 
the ipt gene into the vector construct harbouring the target gene enables identifica-
tion of the transformants based on cytokinin-induced abnormality (Rommens et al. 
2004). Nevertheless, Richael et al. (2008) reported that the spreading of cytokinin 
isopentenyl adenosine produced by these plants into the culture medium leads to 
increase in the number of transformants with no vector backbone regenerated on the 
same medium. Thus, this method allows the selection of transformants free from 
selectable marker genes and vector backbone simultaneously.

A Dutch company (Avebe) in collaboration with the University of Wageningen 
produced an intragenic potato with high-amylopectin without using vector backbone 
and selectable marker sequences (Rommens 2004; de Vetten et al. 2003) due to the 
high transformation efficiency. Potato starch contains 80% amylopectin and 20% 
amylose. Both polysaccharides have different properties and industrial applications. 
Chemical separation of these two polysaccharides is environmentally unsustainable 
and costly. Available methods in conventional breeding are not able to provide pota-
toes without amylopectin. The intragenic alfalfa plants were produced through a 
highly competent and efficient transformation system that enables enough produc-
tion of transformants without using selectable marker genes (Weeks et al. 2008).

The transformation efficiencies of vegetatively propagated crops like straw-
berry are low compared to potato. Therefore, selection cannot be excluded (Holme 
et al. 2013). For production of intragenic strawberries, the marker deletion method 
based on site-specific recombination was first developed (Schaart et al. 2004) and 
later applied to generate cisgenic and intragenic apple (Joshi et al. 2011; Vanblaere 
et al. 2011).

The site-specific recombinase strategy is based on the R/Rs system. 
Transformation and selection is initially performed with selectable marker genes 
that are flanked with Rs recombination target sites. The transformed plantlets are 
cloned to multiply a few plants before induction of the R recombination activity due 

M. Moradpour and S.N.A. Abdullah



199

to having low transformation efficiencies. In this way, the opportunity to obtain at 
least one clone from each transformant without any selectable marker is increased 
(Holme et al. 2013).

de Vetten et al. (2003) showed that transformation of marker-free plant in the 
vegetatively propagated species like potato is possible by using PCR subsequently 
for selection of the transformed plantlets. Transformation without selection in apple 
was carried out by Malnoy et al. (2007). Since only a few cells within a tissue are 
successfully transformed, most of the regenerated apple shoots are non-transformed 
plantlets. All the regenerated plantlets were analysed by PCR to identify the GM 
clones containing the target gene(s). However, the risk associated with regeneration 
of chimeric plants with only certain tissue harbouring the introduced genes is high 
due to the lack of selection pressure.

9.5.2  �Co-transformation

Another efficient strategy to produce marker-free plants is co-transformation. There 
are three approaches for the co-transformation. The first approach involves one 
plasmid harbouring two T-DNAs in one strain of Agrobacterium (Breitler et  al. 
2004; Matheka et al. 2013; Ling et al. 2016), while the second approach contains 
two T-DNAs placed on two different plasmids in the same strain of Agrobacterium 
(Parkhi et al. 2005; Sripriya et al. 2008) and the third approach contains two T-DNAs 
in distinct strains of Agrobacterium (Dutt et al. 2012; Ling et al. 2016).

Disassembled integration might be the result of co-transformation of plants with 
both T-DNA vectors, the first harbouring the marker gene and the second having the 
target gene which can segregate in the progeny. The step of segregation could be 
avoided using co-transferring of two T-DNAs, one harbouring a selection gene and 
the other having the target gene, followed by a selection step. The objective is to 
integrate the T-DNA having the target gene only while another T-DNA which har-
vests the selectable marker gene will be expressed transiently and activated without 
being integrated into nuclear or plastid DNA (Rommens et  al. 2004). Such an 
approach was successfully employed to develop cisgenic durum wheat (Gadaleta 
et al. 2008) and barley (Holme et al. 2012).

Agrobacterium-mediated plant transformation protocols can be modified to 
enable integration of the selectable marker gene and the transgene either into two 
different genomic loci or into two different chromosomes. This allows the two loci 
to be segregated through breeding, and cell line without marker gene but contains 
the target transgene can be produced (Woo et al. 2009). Selectable marker segrega-
tion should reach 25% of all co-transformed cell lines for the co-transformation to 
be regarded as a mature and efficient technology. However, screening of co-
transformation lines becomes more costly and tedious because it increases the num-
ber of cell lines to be checked by fourfold. Functionally unrelated selectable marker 
gene sequences that are separated from the new transgenic trait will totally stop 
appearing in the mature plant (Konig 2003).
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9.5.3  �Site-Specific Recombination

Site-specific recombination is an alternative system to remove selectable marker 
genes and it was reported for the first time about 20 years ago (Dale and Ow 1991; 
Russell et  al. 1992). These techniques use vectors that positioned the selectable 
marker and the recombinase genes in between two directly repeated recombinase 
recognition sites (Dalla Costa et  al. 2016). Microbial site-specific recombinases 
cleave DNA at specific sites followed by ligation to the cleaved DNA at another tar-
get sequence. The removal of foreign DNA placed in between the recognition sites in 
a direct repeat orientation has served as the basis for eliminating unwanted trans-
genic DNA fragment from the nuclear genome of plants. Among the widely used 
recombination systems include Cre/lox from bacteriophage P1 (Hoess et al. 1982; 
Hoess and Abremski 1985), R/RS from Zygosaccharomyces rouxii (Araki et al. 1985) 
and FLP/FRT from Saccharomyces cerevisiae (Cox 1983; Senecoff et al. 1985).

The DNA sequence that encodes for the selectable marker gene is eliminated by 
the recombinase enzyme cutting two sequences for DNA recognition and ligating 
the free ends after the elimination of the DNA sequence placed in the middle. The 
site-directed nuclease system enabled targeted modification of a specific genomic 
sequence by replacing and integrating a different gene, which may be trans-, cis- or 
intragenic. This process is referred to as gene targeting that enables big regions of 
homologous DNA to be added. The area of the genome that needs to be modified is 
flanked by this homologous DNA.  It does not exactly encircle the double strand 
breaks (DSBs) but may be adjacent within a minimum of a few hundred bases until 
a few kilobases, as processing of the DSBs may reach a long distance (Zhu et al. 
2008; Hartung and Schiemann 2014).

The combination of the homologous DNA and a DSB increases the chance of 
homologous recombination. In homologous recombination, the middle sequence 
flanked by the homologous DNA is exchanged for the sequence encoded on the tem-
plate DNA. Homologous recombination that is dependent on DSBs repair system 
has wide applications including for excision, alteration or integration of new genes 
(D’Halluin et al. 2008; Cai et al. 2009; Shukla et al. 2009; Hartung and Schiemann 
2014). The strategy that relies on site-directed nuclease is quite similar to the crosses 
and wide crosses that occurred in traditional breeding. Removal of selectable marker 
gene by this technique should be further confirmed by other molecular biology tech-
niques (Espinoza et al. 2013). Intragenic strawberries (Schaart 2004) as well as cis-
genic and intragenic apples (Joshi et  al. 2009; Vanblaere et  al. 2014) have been 
produced by marker deletion methods based on site-specific recombination.

The bacteriophage P1 Cre/lox system that is mainly used in plants depends on 
three strategies: auto-excision, transient transfer and outbreeding with cell line har-
bouring Cre. These systems belong to the tyrosine recombinase family (Gidoni 
et al. 2008; Wang et al. 2011). After the reaction, a recombination site (lox, FRT or 
RS) stays in the genome and forms the site for integrative recombination. However, 
there have been no report on re-insertion of the eliminated fragment (Zuo and Chua 
2000; Ebinuma et al. 2001), possibly due to the fact that excision is an intramolecu-
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lar event, whereas integration requires interaction between unlinked sites, and since 
the excised circle cannot replicate autonomously, there is possibility for it to be 
rapidly lost in vivo (Hare and Chua 2002).

Application of the Cre/loxP approach has been reported in grapevine (Costa 
et al. 2010), apricot (Petri et al. 2012), rice (Nandy and Srivastava 2012), banana 
(Chong-Pérez et al. 2012), wheat (Blechl et al. 2012), citrus (Zou et al. 2013) and 
tobacco (García-Almodóvar et al. 2013). The R/Rs system has been used in citrus 
(Ballester et al. 2008), tomato (Khan et al. 2011), apple and pear (Righetti et al. 
2014) and eggplant (Darwish et al. 2014). The FLP/FRT system has been success-
fully employed in tobacco (Woo et  al. 2009), maize (Yang et  al. 2009; Li et  al. 
2010), rice (Akbudak and Srivastava 2011; Nandy and Srivastava 2012), apple 
(Herzog et al. 2012) and grapevine (Dalla Costa et al. 2016).

9.5.4  �pMF Marker-Free Technology Vectors

pMF vector was produced by Plant Research International, Wageningen, as a plant 
transformation vector for producing GM plants that do not contain undesirable 
DNA sequences. Its application in plant transformation allows effective removal of 
genes for antibiotic resistance from the transgenic plants and tissues of the trans-
genic plants. Elimination of selectable marker genes is important for the production 
of GM crops with better acceptance by consumers. Moreover, removal of selectable 
marker facilitates transgenes stacking by recurrent transformations.

9.5.4.1  �The Principle of pMF Vector

The important feature of the pMF vector includes the presence of an inducible site-
specific recombination system for the removal of unwanted DNA sequences. It 
allows negative selection using cytosine deaminase (cod A) gene to ensure the ulti-
mate generation of completely selectable marker-free plants (Schaart et al. 2004). 
Cod A is a conditionally toxic and lethal dominant gene for the enzyme that converts 
non-toxic 5-fluorocytosine (5-FC) to cytotoxic 5fluorouracil (5-FU) (Schaart et al. 
2004). Gleave et al. (1999) employed the negative selection capabilities of this gene 
to produce plants free from selectable marker gene. Kanamycin-resistant transgenic 
tobacco plants were able to be selected because the lox sequences flanked the npt II 
gene together with the codA gene.

9.5.4.2  �Chemically Induced Marker Removal

The marker removal approach can be fitted easily in current transformation system 
using Agrobacterium (schemes in Figs. 9.1 and 9.2). Following positive selection of 
transgenic tissue or plants, chemical initiation of recombinase R activity will lead to 
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the removal of DNA sequences flanked with the recombination sites (Rs). The 
recombinase R protein which is inactivated by ligand-binding domain (LBD) of the 
glucocorticoid receptor can be activated with overnight incubation of plant tissues 
in a solution containing 10 μM dexamethasone. Negative selection on 5-FC that is 
performed subsequently, stops the generation of plant tissues which still contain the 
cod A-gene, thus preventing the occurrence of chimeras due to excision of incom-
plete DNA (Joshi 2010).

9.5.4.3  �The pMF1 Vector Map

The pMF1 vector (Fig. 9.3) harbours the npt II gene for kanamycin selection of trans-
genic plantlets. The two new versions, pMF2 and pMF3 contains hpt (hygromycin 
resistance) and pat (phosphinothricin resistance) as selectable marker gene, respec-
tively, introduced into a unique Spe I-restriction site of pMF1. The Spe I-site can also 
be incorporated with reporter genes like gus or gfp for monitoring initial transforma-
tion efficiencies and validating the removal of marker visually. All selectable marker 
and reporter genes will be removed finally. So far, pMF vectors for marker-free tech-
nology has been used in a few plant species, including strawberry (Schaart et  al. 
2004), lily (Krens and Kronenburg-van de Ven 2011) and apple (Krens et al. 2015).

9.5.4.4  �Transformation

The transformation efficiencies are comparable to that achieved using pBinplus 
(van Engelen et al. 1995), a pBin19 derivative which has normally been employed 
in transformation research. In several transgenic events, 10–50% of binary vector 
backbone sequences are transferred to the plant genome (De Buck et  al. 2000; 
Lange et al. 2006). In Agrobacterium-mediated transformation systems transfer of 
backbone vector sequences is a common observation (Kuraya et al. 2004).

Fig. 9.2  Schematic representation describing the T-DNA of pMF1 vector before and after 
Recombinase R-mediated elimination of the DNA sequences (This entire system is present in a 
binary vector called pMF1 (Schaart et al. 2011), which is known as the marker-free system devel-
oped by Wageningen UR (https://www.wur.nl/en/Expertise-Services/Research-Institutes/plant-
research/Marker-free-technology/Chemically-induced-marker-removal.htm))
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9.5.4.5  �Induction of Recombinase and Negative Selection

For removal of selectable marker DNA application of negative selection and timing 
of induction of recombination activity have been studied (Fig. 9.1) (Schaart et al. 
2004; Singh et al. 2015). Addition of dexamethasone induces the activity of recom-
binase (Schaart 2004). In pMF1 vector, the induction of recombinase activity 
together with the positive selection on kanamycin could be prevented and induction 
of regeneration continued under negative selection (addition of 5-FC). For example, 
the T-DNA of pMF1 vector containing the cisgene Rvi6 together with its native 
regulatory sequences and a cassette flanked by recombination sites was reported. 
The R recombinase gene was fused with the selectable marker genes nptII and codA 
to enable positive and negative selection on kanamycin- and 5-fluorocytosine selec-
tive medium, respectively (Vanblaere et al. 2014; Singh et al. 2015).

As an alternative, the late selectable marker removal strategy can be employed 
with continuous positive selection pressure during the initial regeneration stage 
of the transgenic plants. This was followed by regeneration of shoot tissue and 

Fig. 9.3  Vector map of pMF1. MCS Multiple Cloning Site, RB Right Border of T-DNA, Rs 
Recombination Site, rec-LBD Fusion of Recombinase R-gene and LBD, codA-npt II Fusion of 
codA gene for negative selection on fluoro cytosine and nptII gene for positive selection on kana-
mycin, SpeI restriction site in which hptII or pat genes have been inserted in pMF2 and pMF3, 
respectively, LB Left of T-DNA (This entire system is present in a binary vector called pMF1 
(Schaart et al. 2011), which is known as the marker-free system developed by Wageningen UR 
(https://www.wur.nl/en/Expertise-Services/Research-Institutes/plant-research/Marker-free-
technology/Chemically-induced-marker-removal.htm))
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treatment with dexamethasone to induce the recombinase activity. Finally, under 
negative selection conditions using 5-FC, induction of secondary regenerants was 
carried out (Krens et al. 2015).

Recovery of transgenic plants completely free from selectable could be achieved 
through both early and late induction strategies. The early induction strategy led to 
the production of marker-free plants quite effectively, but the recovery was not as 
efficient as the late induction strategy. Occurrence of non-transgenic escapes was 
high. The late induction strategy was found to be superior in efficiency for the gen-
eration of completely marker-free transgenic plants. However, the longer duration 
required for regeneration of marker-free plants and the requirement of double 
regeneration steps may make the strategy to be less favourable (Righetti et al. 2014).

Qi et al. (2015) used marker-free technology in Crambe abyssinica. After trans-
formation using the pMF1 marker-free vector, chemical selection and meristematic 
regeneration were performed for screening the recombinants. The binary vector 
pJS-M14, derived from pMF1, was used in Agrobacterium-mediated transforma-
tion (Qi et al. 2014). Applying dexamethasone (DEX) after transformation activated 
the recombinase for removing the T-DNA fragment between recombination sites. 
The recombinants were selected on 5-fluorocytocine (5-FC) because codA converts 
5-FC into toxic 5-fluorouracil. After transformation into hexaploid species of 
Crambe abyssinica, two independent transformants were chosen for DEX-induced 
recombination and subsequent 5-FC selection. This is different from previous pMF1 
experiments because the strategy engaged stepwise selection based on meristematic 
regeneration. Recombinants were successfully obtained after a long period of 5-FC 
selection, but most of the survivors were wild type and non-recombinants.

When the pMF1 marker-free system was employed on C. abyssinica, increasing 
the DEX concentration did not enhance successful production of recombinants. Qi 
et al. (2015) suggested that both DEX-induced recombination and 5-FC negative 
selection appeared insufficient leading to the extremely high frequency occurrence 
of chimerism where both recombinant and non-recombinant cells exist together. 
The stepwise selection based on regeneration of meristem tissue was critical for the 
isolation of recombinant plant from the chimera. Often poor efficiencies of the DEX 
treatment and the subsequent 5-FC selection and the occurrence of a relatively high 
percentage of non-transgenic competing with the recombinant cells for growth and 
regeneration on 5-FC medium have been reported (Qi et  al. 2015). The position 
effect of the T-DNA insertion might be important in determining accessibility of the 
Rs sites in the T-DNA to the recombinase (Matzke and Matzke 1998; Qi et al. 2015).

9.6  �Use of Cis/Intragenesis in Improvement of Crops

Successful implementation of cisgenics technology in crop improvement strongly 
rely on the knowledge of the genes responsible for the desired trait. The presence of 
molecular markers for identification of these genes is strongly recommended as 
these are now established as essential tools to assist in traditional plant breeding 
(Collard and Mackill 2008).
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Genes identification and isolation have been made much easier with the continu-
ous achievements in plant genome sequencing. Databases that are progressive with 
updated information are indispensable in in silico research. There are now vast 
number of accessible sequences that can be explored for cisgenic or transgenic 
modification. Based on sequence similarities, some of these genes may be associ-
ated with specific functions. Such approach was used to identify sequences of puta-
tively alike function through searches done on these databases for obtaining 
plant-derived DNAs (P-DNAs, used as alternative for conventional T-DNAs in 
Agrobacterium-mediated transformation) in selected plant genomes (Rommens 
et al. 2005). However, the exploitation of the recognized genes will involve compre-
hensive functional characterization that is costly and time-consuming. With the 
advent of genome editing approaches, their use in combination with other new plant 
breeding techniques including cisgenesis is the way forward for exploiting the plant 
genetic resources in crop improvement (Cardi 2016).

9.7  �Advantages and Drawbacks of Cisgenesis

As the population of the world continues to increase, food remains a scare resource. 
Other challenges that should be given attention in crop improvement include global 
warming, (a)biotic stress, shortage of land resources and increasing demands for 
high food quality (Jacobsen and Nataraja 2008). Cisgenesis and intragenesis intro-
duced as new breeding technologies exhibit a number of advantages over conven-
tional plant breeding. The cisgenesis concept improves genetic modification through 
better accuracy, speed and sophistication of trait improvement by introducing genes 
from the conventional breeding pool (Jo 2013).

The first advantage in cisgenesis is the ability to achieve precise genetic modifi-
cation at a faster rate in existing cultivar without any potential problem of linkage 
drag (Telem et al. 2013). The linkage drag refers to the problem associated with the 
gene of interest being tied to other undesirable ones which are sometimes deleteri-
ous genes that are being transferred together into the genome to be improved 
(Delwaide 2014).

Cisgenic breeding is useful for modifying the expression level of a trait that has 
limited allelic dissimilarity and variation within the sexually compatible gene pool 
(Schaart et al. 2016). Moreover, abiotic and biotic stress resistance genes from a 
crossable donor can be used to develop cultivars resistance to disease with obvious 
economic and environmental advantageous (Vanblaere et al. 2014).

Furthermore, cisgenes and intragenes basically involve exploitation of the breed-
ers’ gene pool. Cisgenes are natural genes and intragenes consist of functional com-
ponents of natural genes from the crop plant itself or from sexual compatible 
species. Cisgenesis combines the applications of cisgenes with marker-free trans-
formation, which basically represents a linkage drag free introgression breeding in 
a single step. Applications of cisgenesis and intragenesis strategies have been 
reported for a variety of crops (Jacobsen and Schouten 2009).
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Food safety is another important privilege of cisgenesis. For example, wild species 
of Solanum was used as source of genetic variability to bring back various glycoalka-
loids lost through breeding process (van Gelder 1989). Therefore, wild species can be 
a source of genetic variation for re-introduction of beneficial compounds that have 
been removed due to breeding and domestication (Jacobsen and Schouten 2008).

However, there are several drawbacks and risks associated with cisgenesis such 
as unknown insertion site and mutation at insertion site. A potential issue is the fact 
of having unforeseen risks because cisgenes are inserted into random places into the 
plant genome. The random insertion phenomenon of alien DNA pieces into the 
plant genome actually also occurs in conventional plant breeding. Induced translo-
cation breeding in wheat (Friebe et al. 1996; Jacobsen and Schouten 2008) is one of 
the most prominent examples. In addition, this random insertion of one or more 
genes in the genome is also susceptible to the effect on expression by the genes 
located close to the insertion site or vice versa. de Cock et al. (2006) and Russell and 
Sparrow (2008) also highlighted that, contrary to what Schouten et  al. (2006a) 
argued, cisgenic breeding may still result in adding novel traits to the cisgenic prod-
uct and therefore give rise to novel hazards. The mutation made at the insertion site 
of the cisgene and the unexpected phenotypic changes resulting from this is another 
theoretical drawback of cisgenesis (Jacobsen and Schouten 2008).

9.8  �Issues Associated with Genetic Modification

Precisely, cisgenic breeding is a particularly efficient method to improve plants with 
a long reproduction cycle for which the conventional breeding can be extremely long 
(Schaart and Visser 2009). Crop improvement could be accomplished by the intro-
duction of the genes of interest or alleles only through genetic modification without 
co-insertion of undesirable genes (Jacobsen and Schouten 2007; Joshi et al. 2009).

Maintaining of the genetic makeup of proven cultivars is another advantage of 
genetic modification. For example, apple is a heterozygous and self-incompatible 
plant and conventional breeding can never fully be used to restore the genetic 
makeup of proven cultivars in the progeny. Introduction of the required genetic 
modifications remained a time- and labour-demanding process, as each individual 
alteration requires a cycle of breeding, selection and confirmation (Mans et  al. 
2015). Nevertheless, in the case of intragenesis and cisgenesis only one or a few 
genes of interest are attached to an existing cultivar.

9.9  �Chimeras

9.9.1  �Occurrence of Chimeras

Regeneration of multiple cells constituting both transformed and untransformed 
ones or after transformation of one cell in existing multicellular shoot meristem or 
embryogenic region can produce chimeras. A chimera consists of parts or tissues 
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that differ in genetic composition (Joshi et al. 2009). Chimerism was observed in 
transformants of lime (Domínguez et al. 2004), sweet orange, pineapple, citrange 
(Domínguez et al. 2004; Ballester et al. 2007) and strawberry (Schaart et al. 2004) 
obtained from selectable marker-free transformation technologies. In plants that 
propagated vegetatively without fixation by a sexual phase, chimerism can be a 
problem (Ahuja 2013). Identifying of chimeras after genetic modification and 
regeneration is often difficult and generally not performed.

Recombination may also cause chimerism. The chimeras after the recombina-
tion consist of both cells free from selectable marker and non-recombined cells 
containing marker. These recombined cells and non-recombined cells can be identi-
fied through molecular characterization (Joshi 2010). Non-recombined cells may 
not be used further and may be discarded. This requires careful screening of the 
putative marker-free plants. Loss of function in mutation of the transgene, intragene 
or cisgene itself also may cause chimerism. This kind of chimerism may be found 
during marker-assisted selection to select for GM plants. In the cisgenic concept, all 
cells of a cisgenic plant have to be free from selectable marker genes (Joshi et al. 
2009; Joshi 2010).

There are possible ways to minimize chimerism such as optimization of the pri-
mary regeneration process or subjecting the confirmed transformant to regenera-
tion, grafting or budding and again testing for the presence and absence of the target 
gene and the selectable marker gene, respectively (Joshi et al. 2009). This method is 
good to identify chimeras in perennial crops such as apple which in natural situation 
may take years. The marker-free system pMf-1 was used by Schaart et al. (2004) but 
they did not experience any kind of somaclonal variation or chimerism. It is gener-
ally believed that an efficient binary vector system will not give rise to chimerism.

9.9.2  �Identification of Chimeras

Reporter genes such as β-glucuronidase (gus) (Jefferson et  al. 1987), luciferase 
(Koncz et al. 1990), green fluorescent protein (GFP) (Chalfie 1994), red fluorescent 
protein DS-RED E-5 (Mirabella et al. 2004) or MdMYB10 (Espley et al. 2007) can 
help identify chimeras. These reporter genes can place between recombination sites. 
Evaluation of transformants for chimerism can be conducted through positive selec-
tion for uniform production of red colour of MdMYB10, green or red-light emission 
of GFP and blue colour of gus, respectively, after transformation followed by uni-
form non-appearance of these colours in cisgenic plants after recombination 
(Schaart and Visser 2009). Faize et al. (2010) confirmed the identification and quan-
tification of the chimeras in transformed apricots using quantitative real time PCR 
(qRT-PCR). Hence, qRT-PCR is also a reliable molecular technique to identify and 
quantify chimeras.
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9.10  �Stacking Genes or Alleles

The possibility to add more cisgenes into plants that have obtained cisgenes earlier 
can be considered as one of the important and significant privileges of cisgenesis 
and therefore marker-free technology (Joshi 2010). The absence of selectable 
marker genes enables the use of optimized selection system continually for cisgenic 
plant in secondary genetic modifications like stacking of genes. Marker-free plant 
production is essential for the successive stacking of genes in an elite cisgenic line 
(Righetti et al. 2014). Three ways to conduct gene stacking have been reported. The 
first method is by insertion of all the target genes at once to enable stacking of genes 
in a binary vector prior for the transformation event. The second approach is by 
insertion of the target genes successively through retransformation. In the third way 
two different transgenic lines are crossed and consequently the progeny harbours 
the desirable combination of introduced genes.

Through cisgenesis approach, Jo et al. (2014) introduced two broad spectrum 
potato late blight R genes, Rpi-sto1 and Rpi-vnt1.1 from two crossable species, 
Solanum stoloniferum and Solanum venturii, respectively, into different varieties of 
potato. The construct that they used for transformation contained both cisgenic late 
blight R genes, Rpi-vnt1.1 and Rpi-sto1, without the bacterial kanamycin resistance 
(nptII) selectable marker gene, was introduced into three selected potato varieties 
using Agrobacterium-mediated transformation. In their experiment, they screen the 
gene transfer events via PCR among regenerated shoots. They pursued the screen-
ing and narrowing down the selection to eight independent events through subse-
quent analyses including greenhouse morphological observations, responsiveness 
to Avr genes and late blight resistance in detached leaf assays. Finally, these cis-
genic events were chosen based on the broad spectrum late blight resistance due to 
the combined activities of both introduced R genes.

9.11  �Conclusion and Future Prospects

This chapter describes cisgenesis, intragenesis and strategies for generating marker-
free plants through these concepts as efficient alternatives to introduce and domesti-
cate agriculturally important genes in improved existing varieties in one step. New 
parents can also be produced to be used for future crosses in producing new varieties. 
Future developments of generating and commercializing cisgenic and intragenic 
crops will be contingent on willingness to exert less severe regulation to these crops 
throughout the world (Holme et al. 2013). Breeders in small-scale breeding and seed 
companies are in need of helpful backings such as a less stringent regulation of cis/
intragenic crops and reducing the costs for approval to gain an additional tool for crop 
improvement as well as to increase the number of cis/intragenic crops developed 
(Holme et  al. 2013). Efforts towards modification of plants employing constructs 
assembled exclusively from DNA sequences derived from the same or sexually 
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compatible plant species, cisgenics, have been going on in recent years (Schouten 
et al. 2006a). It is anticipated that the public acceptance of cisgenic plants will be 
without hesitation and reluctance in the future, and the technique will complement 
breeding programmes to pursue the introgression of desirable traits that were lost 
during domestication of wild crop species (Schouten et al. 2006a; Hou et al. 2014).

Several procedures can be employed to generate cisgenic or near-cisgenic plants 
such as using genome editing tools and homologous recombination of desirable 
genetic material (Hou et  al. 2014) or Agrobacterium-mediated transformation of 
constructs containing cisgenic DNA (Schouten et al. 2006a). Among the genome 
editing technologies like chimeric DNA/RNA gene repair oligonucleotides (Gamper 
et al. 2000), zinc-finger nucleases (Townsend et al. 2009), homing endonucleases 
(Hafez and Hausner 2012), transcription activator-like effector nucleases (TALENs) 
(Bogdanove and Voytas 2011) and clustered regularly interspaced short palindromic 
repeats (CRISPR)/Cas9 (Shan et al. 2013), CRISPR/Cas9 holds many advantages 
and may be a more efficient choice in its application to generating cisgenic plants 
(Schaeffer and Nakata 2015).

Traditional Agrobacterium-mediated transformation procedures generate stable 
transgenic plants. Such procedures can develop plants harbouring bacterial-derived 
T-DNA borders which potentially disrupts a gene or regulatory DNA at the site of 
insertion. While, randomly insertion of a cisgene in the genome results potentially in 
having both native homologue in the same plant and a cisgene (Schouten et al. 2006a).

The CRISPR/Cas9 gene replacement (gene knock-in) technique has inherent 
privileges compared to Agrobacterium-mediated transformation systems as it allows 
the control of transgene copy number, introduction of only cisgenic material, has 
the ability to eliminate native genes to be replaced with a cisgene and perform site-
specific genome integration events. This technique may perhaps be used to replace 
native regulatory regions for possible alteration of the spatial and temporal expres-
sion level, and/or the manner of expression of any given gene or set of genes. 
Moreover, specific genes, part of genes including the regulatory regions, introns, 
exons and targeting signals, or even SNPs can be introduced, modified or replaced 
through this approach.
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Chapter 10
Use of dsRNA in Crop Improvement

Lau Su Ee, Purabi Mazumdar, Pooja Singh, and Jennifer Ann Harikrishna

10.1  �Introduction and Discovery of RNA Silencing

RNA silencing, also referred to as RNA interference (RNAi), is a gene silencing 
phenomenon that results in inhibition of gene expression or protein synthesis 
induced by the presence of double-stranded RNA (dsRNA). Before the discovery of 
RNA silencing pathways, RNA-mediated gene silencing was reported as co-
suppression in Petunia hybrida (Napoli et  al. 1990), post-transcriptional gene 
silencing (PTGS) in tobacco (Lindbo et al. 1993; Béclin et al. 1998) and quelling in 
the fungus Neurospora crassa (Romano and Macino 1992). The phenomenon of 
RNA silencing was probably first reported as early as 1928, where tobacco plants 
infected with tobacco ringspot virus showed symptoms only on the initially infected 
leaves (Wingard 1928). Newly emerging upper leaves of the plants had somehow 
became immune to the virus, were asymptomatic and resistant to secondary infec-
tion. At the time the apparent recovery of the plants was a mystery, as there was no 
obvious way to explain the specificity of the resistance to secondary infection, how-
ever the practical application of infecting plants with a mild strain of virus to protect 
them from a more virulent strain, known as cross-protection, has been widely used 
in agriculture (Ogwok et al. 2012; reviewed in Syller 2016).

Many years later and after the establishment of reliable plant transformation sys-
tems, researchers introducing transgene copies of the flower pigmentation gene, 
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chalcone synthase (CHS) into Petunia hybrida flowers with an aim to produce a 
more intense purple colouration, found instead some variegated and some com-
pletely white flowers rather than the hypothetical intense purple flower (Napoli 
et al. 1990). The mechanism was still not understood, but was reproducible and was 
termed “co-suppression”. A phenomenon similar to the co-suppression observed in 
petunia was described in the fungus Neurospora crassa and termed “quelling” 
(Romano and Macino 1992). In 1993, Lindbo et al. transformed tobacco plants with 
a gene sequence with homology to the Tobacco etch virus coat protein (TEV CP), 
to confer TEV resistance. The transformed tobacco plants managed to outgrow TEV 
infection at approximately 3–5 weeks after inoculation and the leaves were reported 
to be resistant to TEV, while still susceptible to a control virus, Potato virus X 
(PVX). Further molecular analyses of the recovered leaf tissue revealed that TEV 
mRNA failed to accumulate even though the introduced TEV sequences were 
actively transcribed. This study explained the PTGS mechanism in a sequence-
specific context (Lindbo et al. 1993). A few years later, Ratcliff, working with David 
Baulcombe, showed that a cytoplasmic RNA trigger was responsible for both virus 
resistance and homology-dependent gene silencing in plants (Ratcliff et al. 1997). 
In 1998, Fire et al. initiated the term “RNAi” on discovery that dsRNA was more 
effective than antisense single-stranded RNA (ssRNA) at inducing gene silencing in 
the nematode, Caenorhabditis elegans and confirming that a similar mechanism 
was likely responsible in nematodes and plants. This was quickly followed by fur-
ther reports from the Baulcombe group that showed presence and sequence specific-
ity of 21–25 nt small RNA (sRNA) species in plants during co-suppression of an 
endogenous gene following homologous transgene insertion; during PTGS; during 
systemic silencing of a transgene and in plants infected with virus PVX (Hamilton 
and Baulcombe 1999). The authors also showed correlation between the level of 
sRNA accumulation and the silencing efficiency conferred by each of these systems 
(Hamilton and Baulcombe 1999). Subsequently, endogenous small RNA species 
[small interfering RNA (siRNA) and microRNA (miRNA)] were discovered in 
plants as a natural mechanism of negative gene regulation (Llave et  al. 2002; 
Reinhart et al. 2002) and as suppressors of mobile genetic elements (reviewed in 
Borges and Martienssen 2015). Following this, the major frameworks related to the 
biogenesis of genome-derived siRNAs and miRNAs as genetic regulators and in 
response to virus infections have been well established and reviewed (reviewed in 
Borges and Martienssen 2015; Dalakouras et al. 2015).

Since the discovery of the RNA silencing mechanism and pathways, the technol-
ogy to employ RNA silencing using exogenous constructs to regulate endogenous 
nucleic acids has been developed and applied via the genetic engineering of plants 
to alter secondary metabolite profiles, alter nutritional content and to provide resis-
tance or tolerance to various biotic and abiotic stresses. Crop improvement through 
RNA silencing can be established through the steps of target gene(s) identification, 
followed by development of suitable RNA silencing constructs, introduction to 
whole plants or plant tissue and finally phenotypic evaluation. This chapter provides 
a review of techniques used for inducing dsRNA-mediated silencing (RNAi) in 
plants and the application for crop improvement.
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10.1.1  �Mechanism of dsRNA-Mediated Silencing in Plants

RNA silencing is catalytically triggered by long dsRNAs or short-hairpin RNA 
(shRNA) precursors, which are homologous in sequence to the targeted gene. These 
arise naturally in plants from endogenous miRNA and siRNA trans- and cis-loci, but 
the potential to exploit RNA silencing by deliberate introduction of dsRNA was soon 
realised (Baulcombe and Hamilton 2012). RNA silencing mediated by dsRNA has 
been widely explored in plants as a process of homology-dependent inhibition of gene 
expression, at the transcriptional and post-transcriptional levels (Tables 10.1 and 10.2).

The presence of endogenous dsRNAs (from miRNA genes and siRNA generat-
ing genetic elements including transposable and repetitive elements) or the intro-
duction of exogenous dsRNAs (either from infection by RNA viruses or laboratory 
manipulated genes) act as an initiator for gene silencing. RNAse III enzymes 
belonging to the DICER-LIKE (DCL) family process dsRNA molecules into typi-
cally 21–25  nt length sRNAs called siRNAs (Bernstein et  al. 2001; reviewed in 
Chen 2009). siRNA can also arise by the action of RNA-dependent RNA polymer-
ases. Together with proteins from the ARGONAUTE (AGO) family, siRNA form 
various versions of an RNA-induced silencing complex (RISC) which (depending 
on the siRNA and the other specific components of the RISC) will effect gene 
silencing either as PTGS (Fig.  10.1a) or transcriptional gene silencing (TGS) 
(Fig. 10.1b). In PTGS, an mRNA with sequence complementarity to the siRNA is 
either cleaved (Baumberger and Baulcombe 2005) or prevented from binding with 
a ribosome so that translation is inhibited (Brodersen et al. 2008). The dsRNA that 
triggers PTGS is derived from nuclear gene expression by RNA polymerase II (Pol 
II) and synthesis by RNA-DEPENDENT RNA POLYMERASE 6 (RDR6), or by 
exogenous dsRNA or hairpin RNA (hpRNA) treatments (Fig. 10.1a). The dsRNA is 
processed by RNAse III enzymes belonging to the DICER-LIKE family 
(DCL1/2/3/4) into 21–25 nt siRNAs with two-base overhangs on the hydroxylated 
3′ ends. The short siRNAs duplexes are protected from degradation by 
2′-O-methylation at both 3′ termini by methyltransferase HUA ENHANCER 1 
(HEN1) after which endonucleases from the AGO family (AGO1/2/7/10) catalyse 
the unwinding of the siRNA duplex. Once the siRNAs are unwound, the passenger 
(sense) strand is degraded by an RNA-induced silencing complex (RISC) while the 
guide (antisense) strand is incorporated into RISC in association with AGO and 
effector proteins to target mRNAs with sequence complementarity to the guide 
siRNA (reviewed in Borges and Martienssen 2015).

TGS (Fig. 10.1b)  involves the methylation of cytosine bases in nuclear DNA by 
RNA-directed DNA methylation (RdDM), which prevents transcription of the tar-
geted gene (Jones et al. 1998; Mette et al. 2000; Wassenegger et al. 1994; Bond and 
Baulcombe 2015). In plants, TGS initiates from dsRNA transcription by RNA poly-
merase IV (Pol IV) and synthesis by RNA-DEPENDENT RNA POLYMERASE 2 
(RDR2). The dsRNA is processed by DICER-LIKE family RNAse III, DCL3 into 
21–25 nt siRNA. The short siRNAs duplexes are 2′-O-methylated at both 3′ termini 
by methyltransferase HUA ENHANCER 1 (HEN1). Endonucleases from the AGO 

10  Use of dsRNA in Crop Improvement



220

Ta
bl

e 
10

.1
 

E
xa

m
pl

es
 o

f 
ds

R
N

A
-m

ed
ia

te
d 

in
te

rf
er

en
ce

 in
 p

la
nt

s 
(s

ta
bl

e 
tr

an
sf

or
m

at
io

n)

Te
ch

ni
qu

e 
us

ed
 to

 
in

du
ce

 s
ile

nc
in

g
Pl

an
t

Si
le

nc
in

g 
ta

rg
et

Pr
om

ot
er

 o
r 

co
di

ng
 r

eg
io

n 
ta

rg
et

ed
Pe

rc
en

ta
ge

 o
f 

si
le

nc
in

g
T

ra
it

R
ef

er
en

ce

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

B
ar

le
y

B
ar

le
y 

ye
llo

w
 d

w
ar

f 
vi

ru
s-

PA
V

 (
B

Y
D

V
-P

AV
)

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

ba
rl

ey
 y

el
lo

w
 d

w
ar

f 
vi

ru
s 

(B
Y

D
V

)

W
an

g 
et

 a
l. 

(2
00

0)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

C
ot

to
n,

 
A

ra
bi

do
ps

is
Δ1

2 
de

sa
tu

ra
se

, Δ
9 

de
sa

tu
ra

se
C

od
in

g 
re

gi
on

80
%

, 6
0%

H
ig

h-
st

ea
ri

c 
an

d 
hi

gh
-o

le
ic

 a
ci

d 
co

nt
en

t i
n 

se
ed

 o
il

W
es

le
y 

et
 a

l. 
(2

00
1)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

C
ot

to
n

Δ1
2 

de
sa

tu
ra

se
, Δ

9 
de

sa
tu

ra
se

C
od

in
g 

re
gi

on
53

%
, 6

0%
H

ig
h-

st
ea

ri
c 

an
d 

hi
gh

-o
le

ic
 a

ci
d 

co
nt

en
t i

n 
se

ed
 o

il

L
iu

 e
t a

l. 
(2

00
2)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ic

e
G

lu
te

li
n 

B
 g

en
e 

G
lu

B
C

od
in

g 
re

gi
on

60
–1

00
%

L
ow

 g
lu

te
ni

n 
co

nt
en

t
K

us
ab

a 
et

 a
l. 

(2
00

3)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

O
pi

um
 p

op
py

C
od

ei
ne

 r
ed

uc
ta

se
C

od
in

g 
re

gi
on

10
0%

 (
bu

t 
un

st
ab

le
 a

nd
 

no
t h

er
ita

bl
e)

H
ig

h-
yi

el
d 

ac
cu

m
ul

at
io

n 
of

 
no

nn
ar

co
tic

 a
lk

al
oi

d 
re

tic
ul

in
e

A
lle

n 
et

 a
l. 

(2
00

4)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

O
ils

ee
d 

ra
pe

, 
A

ra
bi

do
ps

is
B

-t
yp

e 
M

A
D

S 
bo

x
C

od
in

g 
re

gi
on

22
.6

%
H

ig
h 

se
pa

l c
on

te
nt

B
yz

ov
a 

et
 a

l. 
(2

00
4)

L.S. Ee et al.



221

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

C
of

fe
e 

be
an

T
he

ob
ro

m
in

e 
sy

nt
ha

se
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
D

ec
af

fe
in

at
ed

 
va

ri
et

ie
s

O
gi

ta
 e

t a
l. 

(2
00

4)

T
G

S 
vi

a 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

M
ai

ze
M

al
e 

st
er

ili
ty

 f
ac

to
r 

45
, 

di
hy

dr
ol

 fl
av

en
ol

 r
ed

uc
ta

se
, 

cy
to

ch
ro

m
e 

P4
50

Pr
om

ot
er

78
–9

0%
M

al
e-

st
er

ile
 p

la
nt

s 
fo

r 
st

ud
yi

ng
 a

nt
he

r-


sp
ec

ifi
c 

ge
ne

 f
un

ct
io

n

C
ig

an
 e

t a
l. 

(2
00

5)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

To
m

at
o

D
E

T
1

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

C
ar

ot
en

oi
d 

an
d 

fla
vo

no
id

D
av

ul
ur

i e
t a

l. 
(2

00
5)

PT
G

S 
by

 p
ar

tic
le

 
bo

m
ba

rd
m

en
t

W
he

at
Ve

rn
al

iz
at

io
n 

ge
ne

 V
R

N
-1

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

E
ar

ly
 fl

ow
er

in
g

L
ou

ko
ia

no
v 

et
 a

l. 
(2

00
5)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

To
ba

cc
o

C
ha

lc
on

e 
is

om
er

as
e

C
od

in
g 

re
gi

on
10

0%
 (

le
ve

l o
f 

si
le

nc
in

g 
w

as
 

re
po

rt
ed

 to
 b

e 
va

ri
ab

le
 w

ith
 

di
ff

er
en

t 
co

ns
tr

uc
t)

Fl
av

on
oi

d 
an

d 
flo

w
er

 
co

lo
ur

N
is

hi
ha

ra
 e

t a
l. 

(2
00

5)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

To
m

at
o

A
C

C
 o

xi
da

se
C

od
in

g 
re

gi
on

27
–8

7%
D

ec
re

as
ed

 e
th

yl
en

e
X

io
ng

 e
t a

l. 
(2

00
5)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

Po
ta

to
G

ra
nu

le
 b

ou
nd

 s
ta

rc
h 

sy
nt

ha
se

 I
C

od
in

g 
re

gi
on

48
–8

7%
In

hi
bi

tio
n 

in
 a

m
yl

os
e 

pr
od

uc
tio

n
H

ei
le

rs
ig

 e
t a

l. 
(2

00
6a

) (c
on

tin
ue

d)

10  Use of dsRNA in Crop Improvement



222

Ta
bl

e 
10

.1
 

(c
on

tin
ue

d)

PT
G

S 
an

d 
T

G
S 

vi
a 

ag
ro

ba
ct

er
iu

m
-

m
ed

ia
te

d 
tr

an
sf

or
m

at
io

n

Po
ta

to
G

ra
nu

le
 b

ou
nd

 s
ta

rc
h 

sy
nt

ha
se

 I
Pr

om
ot

er
 a

nd
 

co
di

ng
 r

eg
io

n
50

%
In

hi
bi

tio
n 

in
 a

m
yl

os
e 

pr
od

uc
tio

n
H

ei
le

rs
ig

 e
t a

l. 
(2

00
6b

)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

W
he

at
St

ar
ch

 b
ra

nc
hi

ng
 e

nz
ym

e 
II

a,
 tr

an
sm

em
br

an
e 

pr
ot

ei
n

C
od

in
g 

re
gi

on
92

%
, 3

3%
H

ig
h-

am
yl

os
e

R
eg

in
a 

et
 a

l. 
(2

00
6)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

C
ot

to
n

D
el

ta
-c

ad
in

en
e 

sy
nt

ha
se

C
od

in
g 

re
gi

on
99

%
R

ed
uc

tio
n 

of
 to

xi
c 

te
rp

en
oi

d 
go

ss
yp

ol
Su

ni
lk

um
ar

 e
t a

l. 
(2

00
6)

PT
G

S 
by

 p
ar

tic
le

 
bo

m
ba

rd
m

en
t

W
he

at
P

hy
to

en
e 

de
sa

tu
ra

se
 (

P
D

S)
C

od
in

g 
re

gi
on

78
%

In
hi

bi
tio

n 
of

 th
e 

ca
ro

te
no

id
 

bi
os

yn
th

es
is

 a
nd

 
ph

ot
ob

le
ac

hi
ng

T
ra

ve
lla

 e
t a

l. 
(2

00
6)

PT
G

S 
by

 p
ar

tic
le

 
bo

m
ba

rd
m

en
t

W
he

at
N

A
M

/N
A

C
 tr

an
sc

ri
pt

io
n 

fa
ct

or
C

od
in

g 
re

gi
on

29
%

G
ra

in
 p

ro
te

in
, z

in
c,

 
an

d 
ir

on
 c

on
te

nt
U

au
y 

et
 a

l. 
(2

00
6)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

To
ba

cc
o

Sp
li

ci
ng

 fa
ct

or
 a

nd
 in

te
gr

as
e

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

PP
N

 (
M

el
oi

do
gy

ne
 

in
co

gn
it

a)

Y
ad

av
 e

t a
l. 

(2
00

6)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

M
ai

ze
Va

cu
ol

ar
A

T
Pa

se
 (

V
-A

T
Pa

se
A

)
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
R

es
is

ta
nc

e 
ag

ai
ns

t 
co

rn
 r

oo
t w

or
m

 
(D

ia
br

ot
ic

a 
vi

rg
if

er
a 

vi
rg

if
er

a)

B
au

m
 e

t a
l. 

(2
00

7)

Te
ch

ni
qu

e 
us

ed
 to

 
in

du
ce

 s
ile

nc
in

g
Pl

an
t

Si
le

nc
in

g 
ta

rg
et

Pr
om

ot
er

 o
r 

co
di

ng
 r

eg
io

n 
ta

rg
et

ed
Pe

rc
en

ta
ge

 o
f 

si
le

nc
in

g
T

ra
it

R
ef

er
en

ce

L.S. Ee et al.



223

PT
G

S 
by

 p
ar

tic
le

 
bo

m
ba

rd
m

en
t

B
ea

n
R

ep
li

ca
ti

on
-a

ss
oc

ia
te

d 
pr

ot
ei

n 
(A

C
1)

 c
od

in
g 

re
gi

on
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
R

es
is

ta
nc

e 
ag

ai
ns

t 
be

an
 g

ol
de

n 
m

os
ai

c 
vi

ru
s 

(B
G

M
V

)

B
on

fim
 e

t a
l. 

(2
00

7)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

C
ot

to
n

C
yt

oc
hr

om
e 

P
45

0 
ge

ne
 

(C
Y

PA
E

14
)

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

co
tto

n 
bo

llw
or

m
 

H
el

ic
ov

er
pa

 a
rm

ig
er

a

M
ao

 e
t a

l. 
(2

00
7)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ic

e
G

ib
be

re
ll

in
20

-o
xi

da
se

 
(O

sG
A

20
ox

2)
C

od
in

g 
re

gi
on

35
–5

3%
Im

pr
ov

ed
 g

ra
in

 y
ie

ld
Q

ia
o 

et
 a

l. 
(2

00
7)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

To
m

at
o

C
ha

lc
on

e 
sy

nt
ha

se
C

od
in

g 
re

gi
on

99
%

Se
ed

le
ss

 f
ru

it
Sc

hi
jle

n 
et

 a
l. 

(2
00

7)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ic

e
Fa

tt
y 

ac
id

 d
es

at
ur

as
e 

O
sF

A
D

7 
an

d 
O

sF
A

D
8

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

ri
ce

 b
la

st
 f

un
gu

s 
M

ag
na

po
rt

he
 g

ri
se

a

Y
ar

a 
et

 a
l. 

(2
00

7)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ap

es
ee

d
Ly

co
pe

ne
 e

ps
il

on
 c

yc
la

se
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
In

cr
ea

se
d 

ca
ro

te
no

id
 

co
nt

en
t

Y
u 

et
 a

l. 
(2

00
7)

PT
G

S 
by

 p
ar

tic
le

 
bo

m
ba

rd
m

en
t

W
he

at
Se

ed
 s

to
ra

ge
 p

ro
te

in
C

od
in

g 
re

gi
on

10
0%

E
la

st
ic

ity
 a

nd
 

vi
sc

os
ity

 o
f 

th
e 

gl
ut

en
 

co
m

pl
ex

Y
ue

 e
t a

l. 
(2

00
7)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

O
ni

on
L

ac
hr

ym
at

or
y 

fa
ct

or
Sy

nt
ha

se
 (

L
F

S)
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
Te

ar
le

ss
 o

ni
on

E
ad

y 
et

 a
l. 

(2
00

8)

(c
on

tin
ue

d)

10  Use of dsRNA in Crop Improvement



224

Ta
bl

e 
10

.1
 

(c
on

tin
ue

d)

T
G

S 
vi

a 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ic

e
H

em
e 

ox
yg

en
as

e,
 R

A
C

 
G

T
Pa

se
 1

, R
A

C
 G

T
Pa

se
 3

, 
R

A
C

 G
T

Pa
se

 4
Pu

ta
tiv

e 
Po

ly
A

 b
in

di
ng

 
pr

ot
ei

n,
 p

ut
at

iv
e 

C
B

S 
do

m
ai

n 
pr

ot
ei

n,
 p

ut
at

iv
e 

ri
bo

so
m

al
 p

ro
te

in
 L

5

Pr
om

ot
er

N
ot

 r
ep

or
te

d
si

R
N

A
 ta

rg
et

s 
en

do
ge

no
us

 
pr

om
ot

er
s 

in
du

ce
 

D
N

A
 m

et
hy

la
tio

n

O
ka

no
 e

t a
l. 

(2
00

8)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

So
yb

ea
n

O
le

os
in

 A
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
M

od
ifi

ed
 o

il 
co

nt
en

t
Sc

hm
id

t a
nd

 
H

er
m

an
 (

20
08

)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ic

e
Fa

tt
y 

ac
id

 d
es

at
ur

as
e 

O
sS

SI
2

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

ri
ce

 b
la

st
 f

un
gu

s 
M

ag
na

po
rt

he
 g

ri
se

a 
an

d 
th

e 
ba

ct
er

ia
l 

bl
ig

ht
 p

at
ho

ge
n 

X
an

th
om

on
as

 o
ry

za
e

Ji
an

g 
et

 a
l. 

(2
00

9)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ic

e
C

-k
in

as
e1

(R
A

C
K

1)
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
E

nh
an

ce
d 

dr
ou

gh
t 

to
le

ra
nc

e
L

i e
t a

l. 
(2

00
9)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

C
ot

to
n

M
yb

 tr
an

sc
ri

pt
io

n 
fa

ct
or

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

E
ar

ly
 fi

br
e 

an
d 

tr
ic

ho
m

e 
de

ve
lo

pm
en

t
M

ac
ha

do
 e

t a
l. 

(2
00

9)

Te
ch

ni
qu

e 
us

ed
 to

 
in

du
ce

 s
ile

nc
in

g
Pl

an
t

Si
le

nc
in

g 
ta

rg
et

Pr
om

ot
er

 o
r 

co
di

ng
 r

eg
io

n 
ta

rg
et

ed
Pe

rc
en

ta
ge

 o
f 

si
le

nc
in

g
T

ra
it

R
ef

er
en

ce

L.S. Ee et al.



225

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ic

e
V

ir
op

la
sm

 m
at

ri
x 

pr
ot

ei
n 

(P
N

S1
2)

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

R
ic

e 
dw

ar
f 

vi
ru

s 
(R

D
V

)

Sh
im

iz
u 

et
 a

l. 
(2

00
9)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n 

(fl
or

al
 

di
p)

C
an

ol
a

Fa
rn

es
yl

tr
an

sf
er

as
e

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

Pr
ot

ec
tio

n 
ag

ai
ns

t 
dr

ou
gh

t
W

an
g 

et
 a

l. 
(2

00
9)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

To
m

at
o

α-
m

an
/β

- 
he

x
C

od
in

g 
re

gi
on

99
%

In
cr

ea
se

d 
sh

el
f 

lif
e

M
el

i e
t a

l. 
(2

01
0)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

R
ic

e
O

ry
za

 s
at

iv
a 

D
el

ay
ed

 s
ee

d 
ge

rm
in

at
io

n 
1 

(O
sD

SG
1)

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

E
nh

an
ce

d 
dr

ou
gh

t 
to

le
ra

nc
e

Pa
rk

 e
t a

l. 
(2

01
0)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

Po
ta

to
SY

N
TA

X
IN

-r
el

at
ed

 1
 (

SY
R

1)
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
R

es
is

ta
nc

e 
ag

ai
ns

t 
la

te
 b

lig
ht

 
P

hy
to

ph
th

or
a 

in
fe

st
an

s

E
sc

he
n-

L
ip

po
ld

 
et

 a
l. 

(2
01

2)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

To
m

at
o

9-
ci

s-
ep

ox
yc

ar
ot

en
oi

d 
di

ox
yg

en
as

e 
(S

lN
C

E
D

1)
C

od
in

g 
re

gi
on

20
–5

0%
In

cr
ea

se
d 
β-

ca
ro

te
ne

 
an

d 
ly

co
pe

ne
 c

on
te

nt
Su

n 
et

 a
l. 

(2
01

2)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-
m

ed
ia

te
d 

tr
an

sf
or

m
at

io
n

To
m

at
o

A
C

C
 s

yn
th

as
e 

(A
C

S)
C

od
in

g 
re

gi
on

30
–5

0%
D

ec
re

as
ed

 e
th

yl
en

e
G

up
ta

 e
t a

l. 
(2

01
3)

10  Use of dsRNA in Crop Improvement



226

Ta
bl

e 
10

.2
 

E
xa

m
pl

es
 o

f 
ds

R
N

A
-m

ed
ia

te
d 

in
te

rf
er

en
ce

 in
 p

la
nt

s 
(t

ra
ns

ie
nt

 tr
an

sf
or

m
at

io
n)

Te
ch

ni
qu

e 
us

ed
 to

 
in

du
ce

 s
ile

nc
in

g
Pl

an
t

Si
le

nc
in

g 
ta

rg
et

Pr
om

ot
er

 o
r 

co
di

ng
 r

eg
io

n 
ta

rg
et

ed
Pe

rc
en

ta
ge

 o
f 

si
le

nc
in

g
T

ra
it

R
ef

er
en

ce

PT
G

S 
by

 p
ar

tic
le

 
bo

m
ba

rd
m

en
t

B
ar

le
y

G
A

M
yb

 tr
an

sc
ri

pt
io

n 
fa

ct
or

, s
le

nd
er

 
pr

ot
ei

n,
 A

B
A

-
in

du
ci

bl
e 

ki
na

se

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

Se
ed

 d
or

m
an

cy
Z

en
te

lla
 e

t a
l. 

(2
00

2)

C
ru

de
 e

xt
ra

ct
s 

ba
ct

er
ia

lly
 e

xp
re

ss
ed

 
ds

R
N

A

N
ic

ot
ia

na
. 

B
en

th
am

ia
na

Pe
pp

er
 m

ild
 m

ot
tle

 
vi

ru
s 

R
N

A
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
R

es
is

ta
nc

e 
ag

ai
ns

t 
pe

pp
er

 m
ild

 m
ot

tle
 

vi
ru

s 
R

N
A

Te
nl

la
do

 e
t a

l. 
(2

00
3)

PT
G

S 
by

 
A

gr
oi

nfi
ltr

at
io

n
W

he
at

Ve
rn

al
iz

at
io

n 
ge

ne
 

V
R

N
2

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

E
ar

ly
 fl

ow
er

in
g

Y
an

 e
t a

l. 
(2

00
4)

V
IG

S 
(b

as
ed

 o
n 

br
om

e 
m

os
ai

c 
vi

ru
s)

 v
ia

 
m

ec
ha

ni
ca

l i
no

cu
la

tio
n

B
ar

le
y,

 r
ic

e 
an

d 
m

ai
ze

P
hy

to
en

e 
de

sa
tu

ra
se

 
(P

D
S)

 a
nd

 G
re

en
 

flu
or

es
ce

nt
 p

ro
te

in
 

(G
F

P
)

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

Ph
ot

ob
le

ac
hi

ng
 

(a
m

en
ab

ili
ty

 o
f 

a 
br

om
e 

m
os

ai
c 

vi
ru

s 
st

ra
in

 a
s 

a 
ge

ne
 s

ile
nc

in
g 

ve
ct

or
 in

 
ri

ce
 a

nd
 m

ai
ze

)

D
in

g 
et

 a
l. 

(2
00

6)

PT
G

S 
by

 p
ar

tic
le

 
bo

m
ba

rd
m

en
t

B
ea

n
R

ep
li

ca
ti

on
-

as
so

ci
at

ed
 p

ro
te

in
 

(A
C

1)
 c

od
in

g 
re

gi
on

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t b

ea
n 

go
ld

en
 m

os
ai

c 
vi

ru
s 

(B
G

M
V

)

B
on

fim
 e

t a
l. 

(2
00

7)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-m
ed

ia
te

d 
tr

an
sf

or
m

at
io

n

W
he

at
M

il
de

w
 lo

cu
s 

O
 

(M
L

O
) 

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

po
w

de
ry

 m
ild

ew
 

B
lu

m
er

ia
 g

ra
m

in
is

 f
. 

Sp
. t

ri
tic

i

R
ie

ch
en

, (
20

07
)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-m
ed

ia
te

d 
tr

an
sf

or
m

at
io

n

Po
ta

to
R

ar
1

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

L
at

e 
bl

ig
ht

 r
es

is
ta

nc
e

B
ha

sk
ar

 e
t a

l. 
(2

00
9)

(c
on

tin
ue

d)

L.S. Ee et al.



227

V
IG

S 
(b

as
ed

 o
n 

cu
cu

m
be

r 
m

os
ai

c 
vi

ru
s)

 
vi

a 
sa

p 
in

oc
ul

at
io

n

So
yb

ea
n

F
la

vo
no

id
 

3′
-h

yd
ro

xy
la

se
C

od
in

g 
re

gi
on

97
.6

%
R

ed
uc

ed
 p

ig
m

en
ta

tio
n

N
ag

am
at

su
 e

t a
l. 

(2
00

9)

V
IG

S 
(b

as
ed

 o
n 

to
ba

cc
o 

m
os

ai
c 

vi
ru

s)
 v

ia
 

A
gr

oi
nfi

ltr
at

io
n

To
ba

cc
o 

an
d 

to
m

at
o

P
hy

to
en

e 
de

sa
tu

ra
se

 
(P

D
S)

 g
en

e
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
Ph

ot
ob

le
ac

hi
ng

 
(o

pt
im

iz
at

io
n 

of
 

sy
st

em
)

V
el

ás
qu

ez
 e

t a
l. 

(2
00

9)

C
ru

de
 e

xt
ra

ct
s 

ba
ct

er
ia

lly
 e

xp
re

ss
ed

 
ds

R
N

A

M
ai

ze
Su

ga
rc

an
e 

m
os

ai
c 

vi
ru

s 
co

at
 p

ro
te

in
C

od
in

g 
re

gi
on

N
ot

 r
ep

or
te

d
R

es
is

ta
nc

e 
ag

ai
ns

t 
su

ga
rc

an
e 

m
os

ai
c 

vi
ru

s
G

an
 e

t a
l. 

(2
01

0)

V
IG

S 
(b

as
ed

 o
n 

br
om

e 
m

os
ai

c 
vi

ru
s)

 v
ia

 
m

ec
ha

ni
ca

l i
no

cu
la

tio
n

B
ar

le
y

P
hy

to
en

e 
de

sa
tu

ra
se

 
(P

D
S)

 a
nd

 U
bi

qu
it

in
 

ge
ne

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

Ph
ot

o 
bl

ea
ch

in
g 

(a
m

en
ab

ili
ty

 o
f 

B
ar

le
y 

st
ri

pe
 m

os
ai

c 
vi

ru
s 

as
 a

 
ge

ne
 s

ile
nc

in
g 

ve
ct

or
 in

 
ba

rl
ey

 (
H

or
de

um
 

vu
lg

ar
e)

 r
oo

ts
, 

B
ra

ch
yp

od
iu

m
 

di
st

ac
hy

on
 a

nd
 A

ve
na

 
sa

tiv
a 

(o
at

)

Pa
ca

k 
et

 a
l. 

(2
01

0b
)

PT
G

S 
by

 
ag

ro
ba

ct
er

iu
m

-m
ed

ia
te

d 
tr

an
sf

or
m

at
io

n

L
em

on
C

it
ru

s 
ph

yt
oe

ne
 

de
sa

tu
ra

se
 (

P
D

S)
 

an
d 

ca
ll

os
e 

sy
nt

ha
se

 
(C

al
S1

) 
ge

ne
s

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

ci
tr

us
 c

an
ke

r 
(X

an
th

om
on

as
 c

it
ri

 
su

bs
p.

 c
itr

i (
X

cc
))

E
nr

iq
ue

 e
t a

l. 
(2

01
1)

V
IG

S 
(b

as
ed

 o
n 

to
ba

cc
o 

ra
ttl

e 
vi

ru
s)

 v
ia

 
ag

ro
ba

ct
er

iu
m

 
in

fil
tr

at
io

n

C
ot

to
n

K
A

TA
N

IN
 a

nd
 

W
R

IN
K

L
E

D
1

C
od

in
g 

re
gi

on
99

%
In

cr
ea

se
d 

fib
re

 le
ng

th
 

bu
t r

ed
uc

ed
 o

il 
se

ed
 

co
nt

en
t

Q
u 

et
 a

l. 
(2

01
2)

10  Use of dsRNA in Crop Improvement



228

Ta
bl

e 
10

.2
 

(c
on

tin
ue

d)

C
ru

de
 e

xt
ra

ct
s 

ba
ct

er
ia

lly
 e

xp
re

ss
ed

 
ds

R
N

A

C
at

tle
ya

C
ym

bi
di

um
 m

os
ai

c 
vi

ru
s 

co
at

 p
ro

te
in

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

R
es

is
ta

nc
e 

ag
ai

ns
t 

cy
m

bi
di

um
 m

os
ai

c 
vi

ru
s

L
au

 e
t a

l. 
(2

01
4)

V
IG

S 
(b

as
ed

 o
n 

ap
pl

e 
la

te
nt

 s
ph

er
ic

al
 v

ir
us

) 
vi

a 
pa

rt
ic

le
 

bo
m

ba
rd

m
en

t

Sw
ee

t c
he

rr
y

P
hy

to
en

e 
de

sa
tu

ra
se

 
(P

D
S)

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

Ph
ot

ob
le

ac
hi

ng
 

(a
m

en
ab

ili
ty

 o
f 

ap
pl

e 
la

te
nt

 s
ph

er
ic

al
 v

ir
us

 a
s 

a 
ge

ne
 s

ile
nc

in
g 

ve
ct

or
 

in
 P

ru
nu

s 
sp

ec
ie

s)

K
aw

ai
 e

t a
l. 

20
16

V
IG

S 
(b

as
ed

 o
n 

fo
xt

ai
l 

m
os

ai
c 

vi
ru

s)
 v

ia
 

A
gr

oi
nfi

ltr
at

io
n

B
ar

le
y,

 w
he

at
 a

nd
 

fo
xt

ai
l m

ill
et

P
hy

to
en

e 
de

sa
tu

ra
se

 
(P

D
S)

, m
ag

ne
si

um
 

ch
el

at
as

e 
in

 b
ar

le
y 

an
d 

PD
S 

an
d 

C
lo

ro
pl

as
to

s 
al

te
ra

do
s1

 in
 w

he
at

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

Ph
ot

ob
le

ac
hi

ng
 

(a
m

en
ab

ili
ty

 o
f 

a 
fo

xt
ai

l m
os

ai
c 

vi
ru

s 
as

 
a 

ge
ne

 s
ile

nc
in

g 
ve

ct
or

 
in

 b
ar

le
y 

an
d 

w
he

at
)

L
iu

 e
t a

l. 
(2

01
6a

)

V
IG

S 
(b

as
ed

 o
n 

to
ba

cc
o 

ra
ttl

e 
vi

ru
s)

 v
ia

 
A

gr
oi

nfi
ltr

at
io

n

To
m

at
o

So
la

nu
m

 
ly

co
pe

rs
ic

um
 

St
re

ss
-r

el
at

ed
 N

A
C

1

C
od

in
g 

re
gi

on
70

%
R

es
is

ta
nc

e 
ag

ai
ns

t g
re

y 
m

ou
ld

 B
ot

ry
ti

s 
ci

ne
re

a
L

iu
 e

t a
l. 

(2
01

6b
)

V
IG

S 
(b

as
ed

 o
n 

cu
cu

m
be

r 
m

os
ai

c 
vi

ru
s)

 
vi

a 
va

sc
ul

ar
 p

un
ct

ur
e 

in
oc

ul
at

io
n

M
ai

ze
P

hy
to

en
e 

de
sa

tu
ra

se
 

(P
D

S)
 a

nd
 

sp
hi

ng
os

in
e 

1-
ph

os
ph

at
e

C
od

in
g 

re
gi

on
N

ot
 r

ep
or

te
d

Ph
ot

ob
le

ac
hi

ng
 

(a
m

en
ab

ili
ty

 o
f 

a 
cu

cu
m

be
r 

m
os

ai
c 

vi
ru

s 
(C

M
V

) 
st

ra
in

 a
s 

a 
ge

ne
 

si
le

nc
in

g 
ve

ct
or

 in
 r

ic
e 

an
d 

m
ai

ze
)

W
an

g 
et

 a
l. 

(2
01

6)

Te
ch

ni
qu

e 
us

ed
 to

 
in

du
ce

 s
ile

nc
in

g
Pl

an
t

Si
le

nc
in

g 
ta

rg
et

Pr
om

ot
er

 o
r 

co
di

ng
 r

eg
io

n 
ta

rg
et

ed
Pe

rc
en

ta
ge

 o
f 

si
le

nc
in

g
T

ra
it

R
ef

er
en

ce

L.S. Ee et al.



229

wfamily (AGO4/AGO6/AGO9) catalyse the unwinding of the siRNA duplex and 
the guide (antisense) strand of the siRNA activates de novo methylation at the tar-
geted promoter region, resulting in transcriptional inhibition of the target gene 
(reviewed in Borges and Martienssen 2015).

As gene silencing is harnessed as a tool for crop improvement, the distribution of 
the silencing effect throughout a plant is of interest. This is especially important if the 
dsRNA is only expressed, or introduced into a single site or tissue. Gene silencing by 
sRNAs has been shown to spread from cell to cell through plasmodesmata (Lucas 
et al. 1995; Kim et al. 2003) and to spread systemically from the site of initiation 
throughout the plant by movement of mobile silencing signals between neighbouring 
plant cells through the vascular phloem tissue of the plant (Yoo et al. 2004; Buhtz 
et  al. 2008). These mobile silencing signal components include sRNA molecules 
operating in a nucleotide-sequence-specific manner (Palauqui et al. 1997; Herr and 
Baulcombe 2004). While the exact details of the mobile signal molecules are still 
under debate, studies have shown that systemic silencing is mediated by both PTGS 
and TGS (reviewed in Mermigka et al. 2015; Pumplin and Vionnet 2013), the latter 
involving DNA methylation (Bai et al. 2011; Bond and Baulcombe 2015).

10.2  �Techniques Used for Inducing dsRNA-Mediated 
Silencing in Plants

RNA-mediated silencing can be induced in plants at the transcriptional and post-
transcriptional levels by a variety of dsRNA forms, including sense/antisense RNA, 
small/long hairpin RNA (hpRNA) and artificial miRNA precursors (reviewed in 
Simon Mateo and Garcia 2011). Induction of gene silencing by TGS involves the 
design of a construct which produces dsRNA that shares homology with the gene 
promoter region of the silencing target (Mette et al. 2000). This type of promoter-
directed RNA silencing is heritable and persists even in the absence of the inducing 
transgene (reviewed in Verdel et al. 2009). On the other hand, PTGS involves silenc-
ing of a target mRNA by introduction of construct producing an inverted repeat with 
homology to an mRNA encoding sequence of the targeted gene (Fig. 10.1a). The 
techniques reported for induction of targeted TGS and PTGS using dsRNA in plants 
are described below.

10.2.1  �Induction of RNA Silencing Using Agrobacterium-
Mediated Transformation

The elucidation of RNA silencing mechanisms coincided with the period of expan-
sion of stable genetic transformation techniques in plants in the 1990s. This pro-
vided the means for researchers to exploit RNA silencing via Agrobacterium 
tumefaciens-mediated transformation, and to silence target genes in a 
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sequence-specific manner for crop improvement and for functional genomic 
research in crop plants. RNA silencing in plants was first described when transgenic 
plants were developed to express sense RNA (earlier termed as co-suppression) 
(Napoli et al. 1990), antisense RNA (Van der Krol et al. 1990; Van Blokland et al. 
1994; Waterhouse et al. 1998; Davuluri et al. 2005) and hpRNA (Smith et al. 2000) 
with a matching targeted gene sequence. Since then there have been numerous 
reports of RNA silencing to produce plants with modified phenotypes, including 
modified metabolite composition; improved stress tolerance; virus resistance; mod-
ified oil content; altered seed storage capacity and improved nutritional value 

Fig. 10.1  Representative pathways for RNA silencing in plants. (a) Post-transcriptional gene 
silencing (PTGS) in plants. dsRNA forms from mRNA transcribed by RNA polymerase II (Pol II) 
with complementary strand synthesis by RNA-DEPENDENT RNA POLYMERASE 6 (RDR6). 
DICER-LIKE family enzymes (DICER) produce siRNAs which are 2′-O-methylated by methyl-
transferase HUA ENHANCER 1 (HEN1). AGO family enzymes unwind the siRNA duplex, then 
the guide (antisense) strand is incorporated into RNA-induced silencing complex (RISC) in asso-
ciation with AGO and effector proteins. Target mRNAs with sequence complementarity to the 
guide siRNA are either cleaved by AGO family RNases and degraded, or their transcription is 
prevented by blocking of ribosomal binding, inhibiting translation into proteins. (b) Transcriptional 
gene silencing (TGS) in plants. dsRNA forms from RNA transcribed by RNA polymerase IV (Pol 
IV) with complementary strand synthesis by RNA-DEPENDENT RNA POLYMERASE 2 
(RDR2). DICER-LIKE family RNAse III enzymes (DICER) produce siRNA which are 
2′-O-methylated by methyltransferase HUA ENHANCER 1 (HEN1). AGO family endonucleases 
(AGO) unwind the siRNA duplex and the guide (antisense) strand of the siRNA activates de novo 
methylation at the targeted promoter region, resulting in transcriptional inhibition of the target 
gene
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(Tables 10.1 and 10.2). RNA silencing has been shown to be effective for producing 
stable and heritable silencing of targeted traits in various crop plants. In addition to 
Agrobacterium-mediated transformation, particle bombardment (Yue et  al. 2007) 
and electroporation (Akashi and Miyagishi 2004) have been used to introduce RNA 
silencing constructs into plants (Tables 10.1 and 10.2). However, the introduction of 
RNA silencing traits into plants via plant transformation is time consuming, labori-
ous, costly and faces biosafety regulatory hurdles for field testing and commercial 
application, thus other approaches have been developed and are particularly useful 
for research.

10.2.2  �Virus-Induced Gene Silencing (VIGS)

A popular alternative for inducing RNA silencing in plants is the virus-mediated 
silencing method commonly known as VIGS.  In VIGS, recombinant phyto-
pathogenic viruses containing target gene silencing sequences are used to inoculate 
host plants (Gammon and Mello 2015). The inoculated plant silences the target 
genes as part of the defence mechanism of the plant perceiving a virus infection. 
The main advantage of the VIGS technique is that the response of the plant is rapid, 
with results obtained within 3–4 weeks after inoculation. This technique offers an 
alternative for plant species which are recalcitrant to Agrobacterium-mediated 
transformation, as VIGS also can be induced by a sap inoculation method (Lu et al. 
2003) or via particle bombardment (Krenz et  al. 2010). The first VIGS vector 
reported was based on the RNA virus, Tobacco mosaic virus (TMV), and was used 
to silence Phytoene desaturase (PDS) mRNA in Nicotiana benthamiana (Kumagai 
et al. 1995). Since then several RNA and DNA viruses have been modified to design 
VIGS vectors (Liu et al. 2016a) and applied for gene silencing in several crop spe-
cies including tomato, soybean, barley, rice and maize (Tables 10.1 and 10.2). A 
major limitation of the VIGS approach is the restriction of the host range of the 
viruses for which VIGS vectors are available, for example, there are limited options 
for monocot crops, however VIGS constructs have been reported based on some 
viruses that can be used in some monocot species, these include Barley stripe 
mosaic virus (Pacak et al. 2010a), Brome mosaic virus (Ding et al. 2006), Bamboo 
mosaic virus (Liou et al. 2014), Foxtail mosaic virus (Liu et al. 2016a) and Cucumber 
mosaic virus (Wang et al. 2016) .

10.2.3  �RNA Silencing via Bacterially Expressed dsRNA

Bacterially expressed dsRNA is perhaps the most simple and cost-effective 
approach for inducing RNA silencing in plants. In this approach, crude extracts 
from bacteria expressing a specific dsRNA are directly applied or sprayed on 
plant tissues to induce silencing of a targeted gene. Similar to gene silencing 
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methods used in nematodes, the direct application of dsRNA by mechanical inoc-
ulation of in vitro synthesized dsRNA on tobacco leaves resulted in sequence-
specific gene silencing (Tenllado and Díaz-Ruíz 2001). The treated plants showed 
effective resistance against Tobamovirus, Potyvirus and Alfamovirus. However, 
the researchers noted that the technique would be costly and laborious to apply on 
a large scale, so was unsuitable for commercial application (Tenllado and Díaz-
Ruíz 2001). To overcome this problem, they developed a cost-effective technique 
using bacteria to biosynthesize dsRNA in vivo, and then used crude extracts of the 
bacteria to directly inoculate plant tissue. This was able to produce resistance to 
Tobamovirus and Potyvirus (Tenllado et  al. 2003). Several studies successfully 
induced RNA silencing in crop plants via bacterially expressed dsRNA (Tables 
10.1 and 10.2). However, in contrast to the stable and heritable resistance that can 
be achieved in a transgenic plant, direct application of dsRNA is unable to confer 
long-term protection for the maintenance of RNA silencing, so continuous or 
repetitive treatments with dsRNA are required, if the desired trait requires long-
term silencing.

10.3  �Application of dsRNA-Mediated Silencing for Crop 
Improvement

RNA-induced gene silencing has been found to be a very effective approach for the 
development of plants with loss-of-function phenotypes that result in improved crop 
traits and also to target plant pest and disease agents. The following sections and 
tables provide examples of dsRNA for crop improvement. Tables 10.1 and 10.2 list 
representative examples of RNA silencing methods that have been explored in crops 
and Table 10.3 lists some key RNA silencing events in crops that have been approved 
for field release.

10.3.1  �dsRNA-Mediated Silencing for Crop Protection

After the discovery of the involvement of RNA silencing as a natural mechanism 
of plant host protection against viruses, there was rapid development of RNA 
silencing based methods against not only viruses, but also against other major 
plant pests and disease causing organisms. Considering that many crops are 
intended for food or animal feed, most RNA silencing approaches are designed 
to target mRNA that are distinct in sequence from, or have no equivalent gene, in 
humans and animals (Casacuberta et al. 2015). The next section describes some 
of the examples where RNA silencing has been developed towards crop 
protection.
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10.3.1.1  �Virus Resistance

Plant viruses generally cause undesirable effects on plant phenotypes by generating 
a wide range of symptoms, including discolouration and distortion of flowers and 
leaves, and loss of vigour and yield. Pathogen-derived resistance (PDR), as the 
name suggests, derives resistance from sequences of the genome of the pathogen 
being targeted (Sanford and Johnston 1985; reviewed in Yeam 2016). PDR was vali-
dated in 1986 when tobacco plants transformed to contain a TMV CP showed 
delayed symptom development, with 10–60% of the plants resistant to TMV infec-
tion (Abel et al. 1986). A few years later, transformation of tobacco plants with TEV 
CP conferred resistance to TEV (Lindbo and Dougherty 1991, 1992). The discovery 
of the involvement of virus-derived siRNA as triggers of RNA silencing (Ratcliff 
et al. 1997) paved the way for more precise use of PDR via RNA silencing in plants 
(Tenllado and Llave 2004; reviewed in Baulcombe 2004). PDR via RNA silencing 
had a major impact in rescue of the papaya crop in Hawaii from Papaya ringspot 
virus in 1992 (Ferreira et al. 2002) and has been successfully demonstrated to pro-
duce virus resistance in several other plants by targeting viral genes in a sequence-
specific manner using in vivo or in vitro transcribed siRNAs; through plasmid-encoded 
shRNA and by direct application of dsRNA (Lau et  al. 2014). Among all RNA 
silencing-mediated traits in crops that have been approved for field release, virus 
resistance is the most prominent (Table 10.3).

The direct application of crude extracts of bacteria expressing dsRNA onto plant 
surfaces, without plant transformation showed high efficacy against Tobamovirus 
and Potyvirus infection and was shown to have effects in cells far distant from the 
initial site of dsRNA delivery (Tenllado et al. 2003). The in vivo or in vitro produc-
tion of virus CP dsRNA has been applied for resistance in a number of crops, includ-
ing sugarcane (Sugarcane mosaic virus; Gan et al. 2010), potato (Potato virus Y; 
Sun et al. 2010), orchid (Cymbidium mosaic virus; Lau et al. 2014) and pea (Pea 
seed borne mosaic virus; Šafářová et al. 2014).

10.3.1.2  �Insect and Other Pest Resistance

Insects and other pests, such as nematodes, cause huge losses in crop production 
and genetic modification strategies can help address this issue, with the advantage 
of reducing the exposure of farm workers and the environment to pesticides. The 
ideal targets for an RNA silencing approach are mRNA from genes for which 
expression is essential in the insect or pest and with no similar target in the host 
plant or in beneficial herbivores or humans. Since widespread and repeated spraying 
of dsRNA on crops is not economically feasible, there is an obvious advantage to 
expressing dsRNA in the plant parts on which the targeted pest feeds, generally the 
leaf, root or plant sap.

Several studies on insect feeding showed effectiveness of dsRNA in controlling 
insect infestation by silencing insect regulatory genes such as acetylcholinesterase 
gene (ace), aminopeptidase P-like gene (APP-like), Cathedrin receptor gene 
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(Cad1b), Ryanodine receptor genes (RyR) (reviewed in Kim et al. 2015) and osmo-
regulatory genes expressed in the gut including systemic RNA interference deficient-
1 (SID1), sucrase, aquaporin and sugar transporter genes (Tzin et al. 2015). Once it 
had been established that insect and other pests could be inhibited by feeding on 
dsRNA targeting the expression of gut enzymes and other key metabolic targets. 
Several research groups began to develop transgenic plants expressing such dsRNA 
sequences (reviewed in Kim et al. 2015).

Baum et al. (2007) developed transgenic corn producing a Vacuolar ATPase gene 
(v-ATP) dsRNA from the Western corn rootworm, Diabrotica virgifera virgifera 
LeConte. Rootworm feeding on the transgenic plants showed delayed larval devel-
opment and increased mortality. Mao et  al. (2007) targeted a cytochrome P450, 
CYP6AE14, a midgut-associated gene found to detoxify gossypol (secondary 
metabolite in cotton plant) in the cotton bollworm, Helicoverpa armigera. A cyto-
chrome P450, CYP6AE14 dsRNA was expressed in Nicotiana tabacum and 
Arabidopsis thaliana, and larvae fed on either of the transgenic plants showed 
retarded growth. In 2012, Bhatia et al. showed that feeding on transgenic A. thaliana 
expressing serine protease dsRNA decreased the protease activity (31%) and 
reduced numbers of progeny of the green peach aphid, Myzus persicae.

More recently, Zhang et al. (2015) demonstrated the concept of expressing long 
dsRNA in plastids for conferring crop protection. This addressed the concern that 
dsRNA-mediated silencing can be hampered by the endogenous plant RNA silenc-
ing machinery in which dsRNA is processed as siRNA, resulting in reduction in 
siRNA levels and also availability (as the siRNA will be bound to RISC in the plant 
cells). Chloroplasts lack RNA silencing machinery and hence expressing long 
dsRNA in chloroplasts protect against dicer activity and other nucleases in the cell. 
Transplastomic potato plants producing dsRNA against the β-actin of Colorado 
potato beetle, Leptinotarsa decemlineata showed dsRNA accumulation up to 0.4% 
of the total cellular RNA in the chloroplast. Larvae fed on the plants showed retarded 
growth, supporting the technique to have potential for crop protection.

Xiu-Ming et al. (2016) developed transgenic cotton expressing NADH dehydro-
genase (ubiquinone) flavoprotein 2 (NDUFV2) dsRNA. NDUFV2 is a subunit of 
mitochondrial complex I and catalyses NADH dehydrogenation in the respiratory 
chain in insects. Cotton bollworm, Helicoverpa armigera fed on the transgenic 
plants showed mortality up to 80% within 5 days and complete elimination of the 
insect occurred within 7 days post feeding because of altered mitochondrial struc-
ture and activity. In a similar study, transgenic expression of hpRNA was applied to 
develop tobacco and tomato plants targeting chitinase mRNA in cotton bollworm. 
Continuous feeding on the leaves of transgenic lines affected the overall growth and 
development of the insects (Mamta et al. 2016).

In another recent study, Murphy et  al. (2016) engineered genetically modified 
yeast, Saccharomyces cerevisiae expressing dsRNA of a Drosophila suzukii, γ-tubulin. 
Yeast naturally grows on the surface of fruit crops and attracts Drosophila; the study 
relied on symbiotic interaction between the Drosophila, fruit crop and yeast. The natu-
rally attractive yeast biopesticide expressing dsRNA was observed to be effective to 
reduce the numbers and locomotor skill of larvae and reproduction in adults.

L.S. Ee et al.
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In addition to insect and pests, plant parasitic nematodes (PPN) are major causes 
of crop yield loss (Sinha 2010). Yadav et al. (2006) first demonstrated the successful 
use of dsRNA-mediated silencing against the PPN, Meloidogyne incognita in tobacco 
by targeting integrase and splicing factor mRNA, which was lethal to the nematode. 
Klink and Matthews (2009) reported expression of four embryonic lethal genes in 
Glycine max (soya bean) roots. The expression of dsRNA targeting ribosomal protein 
3 and 4, synaptobrevin and a spliceosome SR protein reduced infection by Heterodera 
glycines. In 2013, Iberkleid et al. developed tomato hairy roots expressing hpRNA of 
Meloidogyne javanica fatty acid and retinol binding protein mj-far-1 which led to an 
80% reduction of the nematodes in the transgenic tomato plants. Likewise several 
studies in plants have demonstrated the delivery of dsRNA and target potential genes 
for inhibiting crop destruction caused by PPN (reviewed in Dutta et al. 2015).

10.3.1.3  �Bacterial and Fungal Resistance

Bacterial and fungal diseases are major threats to crop production. Many of these 
diseases spread rapidly through crop plants, often via insect vectors, and are difficult 
to control. Hence, in addition to other crop protection strategies, RNA silencing has 
been explored towards reducing the severity of bacterial and fungal infections in 
plants or to develop crops resistant to these diseases. In 2009, Jiang et al. reported an 
RNA silencing approach to reduce expression of fatty acid desaturase gene OsSS12 
in rice to confer resistance against the bacterial pathogen Xanthomonas oryzae pv. 
Oryzae and the rice blast fungus, Magnaporthe grisea. Another example of dsRNA-
mediated silencing against bacterial infection was the silencing of two tumour for-
mation bacterial genes (iaaM and ipt) which was able to reduce crown gall tumours 
induced by Agrobacterium tumefaciens by 98.5–100% in A. thaliana and 75.8–100% 
in Lycopersicon esculentum (Escobar et al. 2001). Examples that have shown prom-
ising results for RNA silencing-mediated control of fungal pathogens have been 
demonstrated in plants including transgenic Arabidopsis lines that silenced fungal 
pathogenicity related Fusarium oxysporum Wilt 2 (FOW2), F-box protein Required 
for Pathogenicity 1 (FRP1) and 12-oxophytodienoate-10, 11-reductase gene (OPR) 
mRNA in Fusarium oxysporum, resulting in a significant reduction in the level of 
infection in transgenic plants (Hu et al. 2015); and transgenic tobacco plants express-
ing a chitin synthase (chs) hpRNA construct to inhibit cell wall formation and reduce 
infection by Sclerotinia sclerotiorum (Andrade et al. 2015).

10.3.2  �dsRNA-Mediated Interference for Improved Crop 
Quality

As RNA silencing is a negative regulator, this limits application in crop improve-
ment to traits where a reduction in gene expression can provide a desirable change 
in phenotype. Good examples of this have been demonstrated for several quality 
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traits in various crops including the manipulation of nutritional or chemical content 
and the alternation of colour in flowers and fruits, as described in the following 
sections.

10.3.2.1  �Crop Improvement for Shelf Life

The visual appearance, flavour, texture, and the nutritional value of fruits and veg-
etables are factors critical to consumer acceptance. For optimal flavour, fruits and 
vegetables must be harvested at or close to maturity; however, rapid ripening after 
harvesting is responsible for short shelf lives and product spoilage, which are major 
causes of economic loss for farmers and the fruit industry. Ripening of climacteric 
fruits requires ethylene, so delaying ethylene activity can enhance shelf life. The 
first genetically modified plant product to be commercialized, the FlavorSavr® 
tomato was based on “antisense” technology, prior to full understanding of RNA 
silencing mechanisms. Tomato engineered to produce an antisense (reverse compli-
ment) polygalacturonidase mRNA showed delayed ripening of fruit (Sheehy et al. 
1988). Later, dsRNA-mediated silencing of 1-Aminocyclopropane-1-carboxylate 
(ACC) oxidase (responsible for the oxidation of ACC to ethylene) was reported to 
suppress the ethylene production and extend the post-harvest storage of tomato 
(Xiong et al. 2005) and papaya (Sekeli et al. 2014). Shelf life in tomato fruits (Meli 
et  al. 2010) was also observed to be enhanced by 30  days via silencing of two 
ripening-specific enzymes, α-mannosidase and β-acetyl hexosaminidase. The fruits 
obtained were approximately 2.5 fold firmer from the α-mannosidase (α-Man) 
silenced lines and twofold firmer from the β-acetyl hexosaminidase (β-Hex) silenced 
lines. Similarly, in capsicum, RNA-mediated gene silencing of α-Man and β-Hex 
yielded fruits that were two times firmer compared with the control fruit and shelf 
life was extended by approximately 7 days (Ghosh et al. 2011). In a study on banana 
fruit ripening, Elitzur et al. (2016) functionally characterized two banana E class 
SEPALLATA3 MADS box genes, MaMADS1 and MaMADS2, homologous to the 
tomato RIN-MADS ripening gene. Transgenic banana plants generated to silence 
either gene via RNA-mediated silencing showed delay in fruit ripening and enhanced 
shelf life phenotypes, including delayed colour development and softening.

10.3.2.2  �Crop Improvement for Nutrition and Health

Genetic modification for crop improvement related to nutritional value as food or 
feed relies on two key points, the first is enhancement of desirable nutrient compo-
nents and the second is a reduction in the anti-nutrient/toxic components. Of these, 
the more obvious for an RNA silencing approach is the down-regulation of gene 
expression of undesired proteins (anti-nutrients). As the most common targets for 
modified nutritional content are the fruit and seeds of plants, the use of tissue-
specific promoters can restrict the knock-down effect to these specific tissues 
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avoiding “off-target” silencing in other parts of the plant that might impact normal 
development or defence mechanisms (Sunilkumar et al. 2006; Tang et al. 2007).

Starch, a plant-derived carbohydrate constituting amylopectin (75–80%) and 
amylose (20–25%) polysaccharides, is the major source for human and animal calo-
ries from “staple” food and feed crops (Maskarinec et al. 2006). Non-starch poly-
saccharides and resistant starch are the chief components of dietary fibre and help 
in faecal bulking as well as laxative processes. Amylose is known to reduce the gel 
strength of starch and therefore amylose-free starch is preferred for industrial and 
food processing purposes as a thickener, water binder, emulsion stabilizer and gell-
ing agent. Regina et al. (2006) used RNA silencing to reduce the expression of two 
isoforms of the starch-branching enzyme (SBE) II (SEB2a and SEB2b) in wheat 
endosperm (Triticum aestivum) to increase the amylose content. The silencing of 
isoform SEB2a alone had no significant effect on the amylose content, while silenc-
ing of both SEB2a and SEB2b resulted in a 70% increase in amylose content. 
Feeding of the RNA silenced high amylose wheat grain to rats improved their diges-
tion and bowel movement, supporting the potential of high amylose wheat grain to 
improve human digestive health. In a similar study, Anderson et  al. (2006) used 
RNA silencing to inhibit starch-branching enzymes encoded by Sbe1 and Sbe2 in 
potato. Constructs were made with either 100 bp or 200 bp segments of both branch-
ing enzyme genes, cloned as inverted repeats and controlled by a granule-bound 
starch synthase promoter (GBSSI). The construct with the two, 200  bp inverted 
repeat segments produced higher yielding amylose tubers in more than 50% of the 
transgenic potato lines.

Apart from being a good source of carbohydrates, rice is known to be one of the 
richest sources of dietary protein. Endosperm protein, glutelin the major component 
of rice seeds, is encoded by GluA and GluB gene subfamilies (Takaiwa et al. 1991). 
Kusaba et al. (2003) reported a rice mutant line LGC-1 (Low Glutelin Content), 
which was the first report of a commercially useful cultivar developed by using 
hpRNA-mediated silencing. This low glutelin rice was reported to be useful for the 
patients with diseases requiring a protein-restricted diet (like diabetes and kidney 
diseases). It was observed that this dominant mutant produced hpRNA from an 
inverted repeat for two glutelin genes. The resulting RNA-mediated silencing sup-
pressed expression of the chief seed storage protein glutelin to lower glutelin con-
tent in the rice grains. This mutant trait was observed to be stable for 20 
generations.

Plant seed oils are another key source of calories and an important component of 
the human and animal diet. Triacylglycerol (TAG), a main component in seed oils, 
consists of glycerol backbone with three esterified fatty acid groups, the most com-
mon of which are palmitic acid (C16:0), oleic acid (C18:1) and linoleic acid (C18:2) 
(Cagliari et al. 2011). While a high polyunsaturated fatty acid content is considered 
good for health, this is less desirable in processed foods as they have a higher oxida-
tion rate than saturated and monounsaturated fatty acid, which reduces shelf life 
(Ebenezer et  al. 2015). RNA silencing of omega-3 fatty acid desaturase led to 
decreased linolenic acid content in transgenic soybean and silencing was observed 
to be stable across multiple generations (Flores et al. 2008). Similarly in flax, RNA 
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silencing of fatty acid desaturase 2 was observed to increase the oleic acid up to 
80% of TAG in 69 RNA silenced lines and was found to be stable across successive 
generations with oleic acid up to 77% of TAG in homozygous T3 progeny (Chen 
et al. 2015). In a similar study, cotton seed rich in palmitic acid was developed by 
RNA silencing of cotton β-ketoacyl-ACP synthase II (ghKAS2), the enzyme respon-
sible for converting palmitoyl-ACP to stearoyl-ACP and oleoyl ACP (Liu et  al. 
2017).

Other than the macronutrient-rich components, including carbohydrates, oils, 
fats and proteins, other biochemical compounds that are found in lower levels are 
also important components in various food crops. One of the essential components 
in both coffee (Coffea arabica) and tea (Camellia senesis) is caffeine. However, due 
to the sometimes undesired metabolic effects of consuming coffee, there is a size-
able demand for caffeine-free coffee, mostly produced using chemical decaffein-
ation, a process which adds costs and may use strong solvents. In 2004, Ogita et al. 
reported an RNA silencing method for producing decaffeinated coffee plants. Their 
study of the biosynthetic pathway in coffee suggested that three different 
N-methyltransferases, namely xanthosine methyltransferase (XMT), 
3,7-dimethylxanthine methyltransferase (DXMT; caffeine synthase) and 
7-N-methylxanthine methyltransferase (MXMT; theobromine synthase), are key 
components for caffeine synthesis. RNA silencing by dsRNA was able to suppress 
theobromine synthase (CaMXMT1) expression with transformed tissues showing 
reduced transcript levels for all the three N-methyltransferases and reducing the caf-
feine content by 100% in embryogenic tissues and 70% in the plantlets. This report 
showed the feasibility of dsRNA for the development of decaffeinated varieties of 
plants such as coffee and tea.

Phytonutrients such as carotenoids and flavonoids are known for their various 
health benefits. Tomato fruit is a good source of carotenoids and flavonoids. Genetic 
manipulation by overexpression of genes encoding biosynthetic enzymes, or regula-
tion of the related transcription factors, was reported to be suitable techniques for 
enhancing the levels of phytonutrients independently (Niggeweg et  al. 2004). In 
2005, Davuluri et  al. used an RNA silencing approach to elevate the nutritional 
value in tomato, using a fruit-specific promoter to suppress an endogenous photo-
morphogenesis regulatory gene (DET1). The transgenic fruits had low transcript 
levels of DET1, which led to significant increase in the carotenoid and flavonoid 
contents, while other qualities of the fruit remained unaffected.

Another interesting example of loss-of-function by RNA silencing in plants 
addressed the problem of eye irritation and tearing when chopping fresh onions 
(Allium cepa). When onions cells are damaged during cutting, an enzyme allinase is 
released. Allinase cleaves sulphurous secondary metabolites in the onion into sul-
phenic acids and volatile sulphur compounds, which are responsible for providing 
flavour to onion. However, this group of volatile compounds also include lachryma-
tory factor (LF), which causes the eye irritation and tearing experienced when cut-
ting onions. Eady et al. (2008) used RNA silencing to prevent the conversion of 
1-propenyl sulphenic acid to LF by targeting the mRNA encoding the enzyme, lach-
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rymatory factor synthase (LFS). The levels of the enzyme were reduced up to 1544-
fold and produced onion with lower levels of LF (Eady et al. 2008).

Many crops are used for multiple downstream products. In addition to the valu-
able fibres of the plant, cotton seeds are rich in oil (21%) and protein (23%), which 
can serve as a nutrient rich source of food and feed. However, wild-type cotton 
plants often contain a toxic terpenoid metabolite gossypol, which is induced as a 
defence response to biotic stress related to microbial infection or infestation by 
insects (Lusas and Jividen 1987; Hedin et al. 1992). Gossypol-free cotton glandless 
mutants were produced and commercialized (McMichael 1960) and the seed of 
such varieties are considered safe for consumption for monogastric animals and 
humans (Hedin et al. 1992). However, under field conditions, the glandless cotton-
seed varieties were very susceptible to pathogen attacks, as they lacked protective 
terpenoids (Jenkins 1995). Gossypol is a sesquiterpene derived from (+)-δ-cadinene 
via δ-cadinene synthase. In 2006, Sunilkumar et al. used seed tissue-specific RNA 
silencing of δ-cadinene synthase mRNA to disrupt terpenoid biosynthesis and pro-
duce gossypol-free cottonseeds. As the dsRNA expression was limited to seed, gos-
sypol and related plant protective terpenoids were able to be produced in other parts 
of the plants for maintaining the defensive barrier against pathogens. Recently, 
Zhongping et al. (2016) used RNA silencing to increase the oil accumulation in cot-
tonseeds via down-regulation of phosphoenolpyruvate carboxylase 1 (GhPEPC1). 
The cottonseed oil content in the transgenic lines increased by up to 16.7% without 
exhibiting any observed undesired phenotypic changes to the plants. Use of RNA 
silencing for functional genomic studies and trait improvement in cotton Gossypium 
sp. has been recently reviewed by Abdurakhmonov et al. (2016).

Tobacco is consumed primarily in the form of cigarettes. People become addicted 
to tobacco because it contains the chemical nicotine, which is a para-sympathomimetic 
alkaloid and is a stimulant drug (Chakraborty et al. 2014). Tobacco leaves (N. taba-
cum) contain nicotin, nornicotine, anabasine and anatabine alkaloids, where nico-
tine represents ∼90% of the total alkaloid pool (Cai et al. 2012). During the tobacco 
curing processes, nitrosamines (TSNAs), a class of carcinogenic toxicants, are 
formed by nitrosation of these tobacco alkaloids (Cai et al. 2016). RNA silencing 
has been applied to produce tobacco with low nicotine via suppression of nicotine 
demethylase, which produced a sixfold decrease in nicotine content relative to con-
trol plants (Lewis et  al. 2010). In another study, down-regulation of a tobacco 
plasma membrane-localized nicotine uptake permease (NUP1) was reported to 
reduce total alkaloid levels in tobacco plants (Hildreth et al. 2008).

10.3.2.3  �Modification of Flower and Fruit Pigmentation

The colours of flowers and fruits are important quality traits and have long been 
manipulated by plant breeders in the horticultural field. Conventional breeding 
using genetically related species and natural or induced mutants have been widely 
applied and successful, however some desirable traits, for instance blue roses and 
carnations, could not be achieved, due to the lack of genes encoding 
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delphinidin-based anthocyanins (reviewed in Nishihara and Nakatsuka 2011). The 
development of genetic engineering using transgenic approaches was able to address 
this gap, and eventually both blue roses (Katsumoto et al. 2007) and blue carnations 
(Fukui et al. 2003) were developed and commercialized.

The colour of plant organs such as flowers and fruits arise from three main groups 
of secondary metabolites, the flavanoids, betalains and carotenoids (reviewed in 
Tanaka et al. 2010). Of these, flavonoids are the most straightforward targets for 
genetic manipulation, as their role is not critical for plant survival. In contrast, carot-
enoids not only have important light harvesting and photoprotective roles, but are 
also precursors for the synthesis of plant hormones including abscisic acid, strigo-
lactone and gibberellins (reviewed in Grotewold 2006; Tanaka et al. 2010; Nishihara 
and Nakatsuka 2011). Due to this, selection of tissue-specific promoters is again 
important to avoid “off-target” effects. RNA silencing (then known as antisense 
suppression) was reported by van der Krol et al. (1988) producing white flowers in 
petunia and tobacco by constitutive expression of an antisense CHS gene. White and 
pale-coloured shades of flowers were similarly produced in other plants such as 
Gentiana sp. (Nishihara et  al. 2006) and Fragaria ananassa (Lunkenbein et  al. 
2006). After the discovery of the RNA silencing mechanism, comparison of the 
effectiveness of antisense (ssRNA with the complementary mRNA strand) and of 
RNA silencing technology (dsRNA) in Torenia plants showed that dsRNA-mediated 
silencing of the anthocyanidin synthase (ANS) gene resulted in higher frequency of 
white flowers and better stability than the expression of sense and antisense ANS 
gene (Nakamura et al. 2006). Other reports using dsRNA-mediated silencing of the 
ANS include production of a paler blue Gentian sp. flower (Nakatsuka et al. 2008) 
and white Torenia flower (Nakamura et al. 2006). In other reports, dsRNA-mediated 
silencing of flavonoid 3′,5′-hydroxylase caused the modification of flowers of 
Gentian sp. from blue to magenta (Nakatsuka et al. 2008), while dsRNA-mediated 
silencing of chalcone synthase (CHS) successfully produced flowers with colour 
modified from the wild-type reddish-purple, to white and pale blue in Tricyrtis sp. 
(Kamiishi et al. 2012) and from the wild-type blue to white in Gentian sp. (Nakatsuka 
et al. 2008).

Improved knowledge on the genetic regulation of plant pigment biosynthesis has 
provided a greater number of potential targets for colour manipulation using RNA 
silencing. A complex formed from three plant transcription factors, R2R3-MYB, 
basic helix loop helix (bHLH) and WD4-repeat protein (MBW complex), coordi-
nates control of the metabolic flux and activates the transcription of flavonoid and 
anthocyanin biosynthesis genes (Gonzalez et al. 2008; reviewed by Xu et al. 2015). 
Examples of studies using RNA silencing to alter plant phenotypes by reducing 
expression of transcription factors include the dsRNA-mediated silencing of NtAn2 
(R2R3-MYB) in tobacco which resulted in white flower colour and the inhibition of 
the late pathway genes (Pattanaik et al. 2010). Further investigation showed that 
silencing of NtAn2 prevented the activation of the promoters of CHS and dihydro-
flavonol reductase, which are two main flavonoid pathway genes, thus by silencing 
this activator, the downstream genes were also effectively silenced (Pattanaik et al. 
2010). An example where a repressor (rather than activator) was a target of gene 
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silencing is the transient dsRNA-mediated silencing of FcMYB1 in white Chilean 
strawberry producing fruit with a more intense fruit colour than the wild-type fruit 
(Salvatierra et al. 2013). The silencing of the negative regulator, FcMYB1, resulted 
in higher expression of the ANS (compared to controls) and a strong down-regulation 
of anthocyanidin reductase and leucoanthocyanidin reductase (Salvatierra et  al. 
2013). In addition to the presence of various pigments, flower colour can be influ-
enced by the shape of epidermal cells (Kay et al. 1981; Baumann et al. 2007). A 
recent study by our group targeted DhMYB1 in Dendrobium hybrida by the direct 
application of dsRNA (to wild-type plants) to observe the effect on cell shape and 
flower phenotype. While there was no percievable change in flower colour, the 
direct application of dsRNA successfully changed the phenotype of floral epidermal 
cells with the epidermal cells on the flower lip becoming much flatter compared to 
those of untreated control flowers (Lau et al. 2015).

10.4  �Conclusions and Future Prospects

Over the last century, the global population has dramatically increased. According 
to Census (2012) we may reach a human population of 9.1 billion by 2050. The 
resulting increase in demand for food, feed, fibre and renewable energy, while 
competing for arable land and water against growing urbanization and climate 
change, brings many challenges, which must be addressed at least in part by crop 
improvement. The development and application of dsRNA to crops to date, indi-
cate that this is a promising technology, not only to assist in discovery research, 
such as function validation of novel gene sequences, but also to develop genetically 
modified crops and for the transient inhibition of mRNAs that may have various 
and useful field applications. While it is certain that any single type of technology 
alone will not be able to address every need, among the currently available tech-
niques, RNA silencing approaches have shown their potential as cost-effective and 
sustainable technologies for crop improvement, as elaborated in this chapter. The 
mechanism of dsRNA-mediated silencing has been shown to offer promising solu-
tions for combating crop pests (including insects and nematodes); important crop 
diseases (viral, bacterial and fungal); to improve nutritional and heath related traits 
and to manipulate useful commercial traits such as flower colour. There remain a 
number of challenges for the widespread development and deployment of dsRNA 
crops and crop protective products based on dsRNA. These include stability of the 
RNA and stability of transgene expression, optimization of the delivery of dsRNA 
from plant host to external pest, and the development and harmonization of regula-
tory procedures governing release of dsRNA-based crops and products across dif-
ferent legislative districts (at state, country and international levels). In each area, 
there is active research and collaboration in academia and industry towards pro-
ducing the data and knowledge needed to address the issues and, together as inte-
grated approaches to crop improvement, it seems certain that many more dsRNA 
crops will be seen in the future.
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Chapter 11
Alternative Strategy in Crop Protection: 
Protease Inhibitors from Turmeric   

Chan Seow-Neng, Norliza Abu Bakar, Maziah Mahmood, Ho Chai-Ling, 
and Noor Azmi Shaharuddin

11.1  �Introduction

Agriculture is one of the essential components for economy development of a coun-
try. In order to achieve high production yields, most of the crop plantations are 
conducted in a gigantic scale. However, one of the major challenges in maintaining 
and increasing the production yield is the spoilage of the crops due to pest and 
pathogen infestations. If left unattended, the situation could cause a major loss of 
profits to the planters and eventually the producing country. Instead of using chemi-
cal pesticides which could be harmful to the environment and consumers, the pro-
duction of crop plants with enhanced traits through biotechnology technique is one 
of the alternatives to overcome these problems.

Advancement in technology has enabled the production of genetically engi-
neered crop plants where the crops acquired beneficial defensive genes from other 
plants (Dunaevsky et al. 2005). One example of these beneficial genes responsible 
in natural plant protection is genes coding for protease inhibitors (PIs). PI genes 
have been identified from plant genome and some are being utilized in the produc-
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tion of genetically engineered plants that express phytoprotection characteristic 
towards certain pest infestation (Christou et  al. 2006; Dunaevsky et  al. 2005; 
Lawrence and Koundal 2002; Schlüter et  al. 2010). In addition, PIs or the 
recombinant protein of PIs could also be utilized as active compounds in biopesti-
cides. Their anti-pathogenic properties were proven in direct test assays whereby 
pest insects showed a profound reduction in body size when the PIs were ingested 
(Cruz et al. 2013; Haq et al. 2004; Macedo et al. 2010).

Nonetheless, over the course of time, pest insects and pathogens are con-
stantly changing their pathogenesis strategy and adapting to the hosts’ defensive 
response (Habib and Fazili 2007; van Wyk et al. 2016). Haq et al. (2004) pro-
posed that one of the necessary preparations to overcome the adaptability and 
resistance towards crop protections was by developing a second generation of 
PIs from novel sources, such as non-host plants. Therefore, it is postulated that 
pest or pathogens that have not been exposed to novel PIs are not likely to estab-
lish resistance towards the PIs.

In line with the idea, turmeric plant could serve as a suitable source for the dis-
covery of novel PIs. Turmeric (Curcuma longa) is a well-known traditional medi-
cine and is commonly used as spices in culinary arts in country like India, Malaysia, 
Thailand and other Asian countries. In this chapter, plant pathogenesis, the involve-
ment of pathogenic protease and general plant defence mechanism are briefly dis-
cussed. Current findings on plant protease inhibitors were reviewed including their 
classification, regulations, characteristics and applications in the industry.

11.2  �Plant Pathogenesis

Pathogenesis is a mechanism where diseases are developed and transmitted in sus-
ceptible hosts for the mediation and sustenance of diseases (Newton et al. 2010). 
Plants are in a constant battle to defend themselves against the attacks of their natu-
ral predators that include insects and microorganisms, notably fungi, bacteria, 
viruses and nematodes (Habib and Fazili 2007; Odjakova and Hadjiivanova 2001). 
Pathogenesis and predation are common occurrences in plants mainly due to the 
fact that plants are the primary food producer. Plants also serve as a shelter and host 
for disease mediation. During pathogenesis, a host–pathogen interaction begins 
with pathogens attacking the host to extract nutrients from the host. The targeted 
host usually react by developing resistance responses to prevent damages or being 
killed by the pathogens and at the same time restrict the availability of their nutri-
ents to the pathogens (Schaible and Kaufmann 2005).

In general, bacteria that are involved in plant pathogenesis are mainly from 
Gram-negative bacteria which include Agrobacterium, Erwinia, Pseudomonas, 
Xanthomonas, Ralstonia and Xylella species, while the common Gram-positive 
bacteria includes Clavibacter and Streptomyces (Alfano and Collmer 2001; Vranova 
et al. 2013). A report by Mansfield et al. (2012) has ranked Pseudomonas syringae 
as the most economically important plant diseases causing bacteria, followed by 
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Ralstonia solanacearum and Agrobacterium tumefaciens. These bacteria reside in 
the intercellular spaces between cells and are usually facultative parasites.

Similarly, fungal pathologists have ranked Magnaporthe oryzae as the most sci-
entifically and economically important fungal pathogens, followed by Botrytis 
cinerea, Puccinia spp. and Fusarium graminearum (Dean et al. 2012). As for pest 
insects, orders classification that affect the most economically to the crops plants 
are identified as Lepidoptera, Diptera and Coleoptera such as Tribolium confusum, 
Manduca sexta and Sesamia inferen (Habib and Fazili 2007; van Wyk et al. 2016).

11.2.1  �Protease in Plant Pathogenesis

Proteases, also identified as peptidase or proteinases, are proteolytic enzyme that 
can be found in all living organisms including in the natural predators of plant 
(Dunaevskii et  al. 2008; Ingmer and Brøndsted 2009; Shen and Chou 2009). 
Proteases are divided into two groups: exo- and endo-proteases. However a more 
detailed classification based on their reaction mechanisms further divides proteases 
into six different types. They are aspartic, cysteine, glutamic, metalloprotease, ser-
ine and threonine (Rawlings et al. 2015). Being a proteolytic enzyme, the funda-
mental activity of protease is to break down proteins by cleaving peptide bonds. 
Therefore proteases play major biological processes in the synthesis, modification 
and destruction of proteins (Seife 1997; Shen and Chou 2009). While proteases are 
beneficial to the living organisms, they also can be harmful to the host if excessive 
amount of proteases are accumulated and left unregulated in the body.

There have been numerous studies reported that one common feature of pathogen-
esis reaction, including plant pathogenesis, is the utilization of digestive proteases 
(Dunaevskii et al. 2008; Ingmer and Brøndsted 2009; Li et al. 2012; Polya 2003). 
Among the digestive proteases involved in pathogenesis is serine proteases, cysteine 
proteases and aspartic proteases (Habib and Fazili 2007; Vranova et al. 2013). During 
plant pathogenesis, proteases released by pathogen are used to degrade plant proteins 
into small compounds (Li et al. 2012; Seife 1997; Shen and Chou 2009), which facili-
tate nutrients absorption. The pathogens utilize the nutrients for growth and prolifera-
tion inside the host cell. In addition, the secreted proteases are used to disrupt the 
activation of the cascade reactions by protein activator and inactivation of protease 
inhibitors inside the host plant (Travis et al. 1995; Lantz 1997). The attacks would 
lead to serious damages and even death to the host plant if it is left uncontrolled.

Plants are usually resistant to most of the pathogen attacks as some plants are 
considered non-host for the pathogens. However for some host plants, they con-
tain resistance genes that recognize specific pathogens elicitors (Scheel 1998; 
Schulze-Lefert and Panstruga 2011; Sels et al. 2008). When the plant is being 
attacked, it will elicit several defensive responses which can be broadly classified 
into pre-formed defences and inducible defences. Pre-formed defences are 
defensive measurement present in plant even before the attack, such as physical 
and chemical barriers. Inducible defences are resistance activated after pathogen 
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attack and can be further divided into two categories: qualitative and quantitative 
resistance (Chen 2008; Zhang et al. 2013). Qualitative resistance involved activa-
tion of defence response which only combat against a specific pathogen race 
while quantitative resistance is defence response contributed and controlled by 
multiple genes, which combat against a wide range of pathogens (Chen 2008; 
Zhang et  al. 2013). It has been reported that quantitative resistance is a more 
durable defensive response as compared to qualitative resistance (Parlevliet 
2002). Due to the important role played by digestive proteases in pathogenesis, 
plant produce a diversity of protease inhibitors as a type of quantitative resis-
tance response and it is one of the major defence mechanism elicited by plant 
against pathogen attacks (Koiwa et al. 1997; Habib and Fazili 2007; Chen 2008; 
Sels et al. 2008; Zhang et al. 2013).

11.3  �Protease Inhibitors

The existence of protease inhibitors (PIs) were firstly reported at the end of the 
nineteenth century by Fermi and Pernossi where they discovered the presence of 
‘anti-trypsin activity’ in serum. During the 1930s and 1940s, M. Kunitz pioneered 
the work of isolation, identification and characterization of these PIs and he had 
introduced numerous fundamental concepts regarding proteases and their inhibi-
tors interactions (Birk 2010). Since then, research on PIs has attracted the attention 
of researchers from a variety of disciplines mainly due to their clinical 
applications.

In general, PIs are termed as molecules that are responsible in inhibiting the 
proteolytic activity of proteases, either intracellular or extracellular proteases. In 
plant, PIs generally play an important role as regulator of intracellular proteases 
(Brady 2003; Koiwa et al. 1997; Schlüter et al. 2010) as the overexpression of pro-
teases can be detrimental to the plant. Thus, digestive proteases such as chymotryp-
sin, pepsin and trypsin are often produced in the form of inactive zymogen and are 
activated only after secretion and proteolytic processing.

Most of the time, a wide range of PIs with different inhibition activity can be 
found inside a single source (organism). A single PI could have inhibitory activ-
ities specifically on one enzyme or on several different specific enzymes 
(Benchabane et  al. 2008; Liener 1970; Lomate and Hivrale 2012). PI that is 
having strong inhibition effect towards a particular enzyme found in one source 
might not have the same inhibition effect on the same enzyme found in other 
sources (Huang et al. 2010; Mallory and Travis 1975). The varied characteristic 
of different PIs from different sources has made it difficult for grouping and 
classification. Previously, one of the common criteria used to group PIs was 
based on their average weight. For example, PIs between 3 and 25  kDa are 
grouped under the same types of protease that they inhibit (Birk 2010). However 
since then, there have been few systematically methods being introduced for PIs 
classification.
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11.3.1  �Classification of Protease Inhibitors

In the early 1980s, Laskowski and Kato classified PIs based on their activity towards 
certain protease and the PIs were named after their sources. For example, PIs identi-
fied from pancreas and that were capable to inhibit trypsin were grouped as ‘pancre-
atic trypsin inhibitor’. However, this nomenclature system is sometimes confusing 
and unfit as some of the PIs contain multiple active inhibitory domains towards 
different types of protease. Therefore, Rawlings et  al. (2015) suggested a new 
nomenclature system where PIs are classified into 48 families based on the similar-
ity of amino acid sequences on the inhibitory domain or ‘inhibitory unit’. Inhibitory 
unit is defined as a segment of amino acid sequences contained in the single reactive 
site after the removal of other unrelated amino acid sequences which do not contrib-
ute to the inhibitory activity of the PI (Rawlings et al. 2015; Rawlings and Barrett 
1999). Therefore PIs with different inhibitory unit are grouped under a different 
family although they are functionally similar. According to this nomenclature sys-
tem, PIs in 31 families are further grouped into 26 clans based on the similarity of 
their three-dimensional structures. This nomenclature system has been implemented 
in the MEROPS peptidase database (database containing information on proteinase 
or protease and their respective inhibitors) although the common families name is 
still widely used (Rawlings et al. 2015).

Throughout the study of plant PIs, there are PIs families that receive more atten-
tion and in-depth studies from researchers as compared to the other families. This is 
due to their applicable potentials in the agricultural and pharmacological industries 
(Habib and Fazili 2007; Haq et al. 2004; Shamsi et al. 2016). These PIs are from the 
families commonly known as serpin, Bowman Birk inhibitors, Kunitz family, 
Squash inhibitors, Cereal trypsin/α-amylase inhibitors, Mustard trypsin inhibitor 
(MSI), Potato type I and II, Cystatin superfamily, Aspartyl and metallocarboxypep-
tidase inhibitors, as listed in Table 11.1 (Habib and Fazili 2007; Shamsi et al. 2016).

11.3.2  �Protease Inhibitors in Plant Defence Mechanism

The PIs in plant contribute to about 10–15% of the total protein content and are the 
major constituents found in seeds and storage organs (Jongsma and Bolter 1997; 
Lawrence and Koundal 2002; Shamsi et al. 2016). The amount of PIs found in plant 
is far more excessive than it is required to regulate intracellular proteolysis. Besides 
being responsible for the regulation of key plant biological processes such as seed 
maturation, programmed cell death and responses against stresses, the PIs are also 
suggested to take part in plant defence mechanism (Dutt et  al. 2012; Habib and 
Fazili 2007; Jongsma and Bolter 1997; Li et al. 2008; Shamsi et al. 2016).

A few observations of PIs in plant have led to this suggestion. Firstly, during 
pathogen infections, proteases released by pathogens and the digestion products 
induce the expression of various types of PIs along with other resistance responses. 
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In fact, the concentration of PIs in plant are reported to increase tremendously at the 
site of attack and later on spread systemically to other parts of the plant when there 
are presences of extracellular proteases, attacks or mechanical injuries detected on 
the organs of the plant (Bangrak and Chotigeat 2011; Koiwa et al. 1997; Ryan 1990).

Secondly, the accumulated plant PIs after pathogenesis are reported to be capa-
ble of controlling and inhibiting the activity of a wide range of extracellular diges-
tive protease secreted by the pathogens (Bergey et al. 1996; Dunaevskii et al. 2008; 
Hildmann et al. 1992; Schlüter et al. 2010). The inhibition activities of PIs are anti-

Table 11.1  Examples of protease inhibitors’ source and their target proteases based on their 
common family name and MEROPS family, as suggested by Rawlings et al. (2004)

MEROPS 
family Common name Source Target protease

I12 Bowman-Birk Glycine max
Arachis hypogaea
Helianthus annuus

Trypsin, Chymotrypsin
Trypsin, Chymotrypsin
Trypsin, Cathepsin G
Elastase, Chymotrypsin
and thrombin

I3A Kunitz Family Glycine max
Hordeum vulgare
Psophocarpus 
tetragonolobus
Solanum tuberosum

Trypsin, Chymotrypsin
Subtilisin, α-amylase
α-Chymotrypsin
Cysteine proteases

I3B Sagittaria sagittifolia
Canavalia lineate
Solanum tuberosum
Acacia confusa

Trypsin, Chymotrypsin,
Kallikerin, Subtilisin-type
Microbial serine protease
Cathepsin D, Trypsin
Trypsin, α-chymotrypsin

I7 Squash inhibitors Momordica charantia
Momordica charantia
Momordica 
cochinchinensis
Cucumis sativus

Pancreatic elastase
Trypsin
Trypsin
Trypsin

I6 α-Amylase 
Inhibitors

Eleusine coracana
Hordeum vulgare
Triticum aestivum
Zea mays

α-Amylase
α-Amylase, Trypsin
α-Amylase, Trypsin
Mammalian trypsin, activate 
hageman factor

I18 Mustard Trypsin 
Inhibitors (MSI)

Sinapis alba
Brassica hirta
Brassica napus

β-Trypsin
Bovine β-trypsin, 
α-chymotrypsin
Trypsin, Chymotrypsin

I13 Potato Type I Solanum tuberosum
Momordica charantia
Hordeum vulgare
Triticum aestivum

Chymotrypsin, Trypsin
Glu S. griseus protease
Subtilisin
Subtilisin, Chymotrypsin
B. lichenoformis subtilisin, 
α-chymotrypsin

Adapted from Habib and Fazili (2007)
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microbial and anti-inflammatory in nature as the effects from the inhibition of pro-
teases showed reduction in microbial growth and activities (Kim et al. 2005, 2009). 
In the case of insects attack, plant PIs function inside the gut of insects as anti-
metabolic compound. In the beginning, wounds made on the plant during the attack 
induce the accumulation of PIs around the wound area (Chen 2008; Cruz et  al. 
2013; Koiwa et al. 1997). As feeding continues, PIs produced by the plant are taken 
into the gut of the insects where digestion of proteins and nutrient absorption takes 
place. From there, inhibition of digestive proteases by plant PIs occurs and thus 
reduces the efficiency of protein digestion of insect in the gut (Jongsma and Bolter 
1997). Furthermore, a healthy mature plant has a very low amount of PIs (Bergey 
et al. 1996; Jongsma and Bolter 1997; Oliva et al. 2010). However, the concentra-
tion of PIs increases rapidly during wounding.

11.3.3  �Overproduction of Protease Inhibitors in Plants

The production of plant PIs is dependent on the efficacy of effectors involved in the 
resistance, while the efficiency of plant defence mechanism is dependent on an effec-
tive production of PIs together with the types of PIs being produced. In other words, 
the concentration of PIs is paramount for an effective inhibition. Overproduction of 
PIs in plant is a tightly controlled process and their activation undergoes a series of 
biochemical reactions involving several intermediates and signalling compounds. 
Once a wound or insect attack has been made, the accumulation of PIs can be found 
not only at the injury area (locally) but subsequently at distal locations away from the 
site of injury of the plant (Bangrak and Chotigeat 2011; Koiwa et al. 1997). It is 
believed that overexpression of PIs is strategized to be induced in the whole plant to 
prevent further spreading of the digestive proteases and provide an overall defence 
system. The PIs overproduction is activated through signal transduction pathways 
where signal molecules from predation and insects attack are transduced as wound 
response in plant cells (Koiwa et al. 1997; Lomate and Hivrale 2012). The response 
would then initiate the PIs synthesis through two types of signalling pathways, com-
prising local and systemic signal pathways (Fig. 11.1).

In local signal pathway, wounds inflicted on plant elicit the release of pectin 
oligosaccharide fragments by endopolygalacturonases from the cell wall. This 
compound, together with chitosan oligomers of the fungal cell wall during patho-
genesis, is presumed to be the elicitor of the pathway which leads to the expres-
sion of genes coding for PI (Bergey et al. 1996; Lawrence and Koundal 2002). As 
for the systemic signal pathways, different types of systemic signals have been 
proposed in transducing the wound signal but only a few of them have been of 
interest. They are systemin, abscisic acid (ABA), hydraulic potentials and electri-
cal signals.

Systemin are polypeptides that are found to be an inducer to PIs gene expression 
and was first isolated from a wounded tomato (Bergey et  al. 1996; Chen 2008; 
Moura and Ryan 2001). It has been proposed that vascular tissues such as phloem 
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and xylem are responsible as the medium for the transmission of the signals. 
Research has shown that once a wound is made, the activities of the four systemic 
signals can be found on the area surrounding the wound, in phloem and xylem and 
later at other parts of the plant (Habib and Fazili 2007; Koiwa et al. 1997; Lawrence 
and Koundal 2002). It is also suggested that multiple alternative pathways are pres-

Local wound signals Systemic wound signals
Oligosaccharide elicitors Physical signals Systemin

Volicitin
(Insect oral secretion) ABA

extracellular
intracellular

ABA

Volicitin Linolenic acid

HPOTrE

Allene oxide Octadecanoid 

Pathway

12-oxo-PDA

Jasmonic acid

Transcription factor

Protease inhibitor gene expression

Lipase Receptor Receptor

Fig. 11.1  PI gene expression pathway in plants. The pathway includes local and systemic signals 
as the elicitor of abscisic acid (ABA) inside the plant cell. ABA stimulates the breakdown mem-
brane lipases into linolenic acid and activates the octadecanoid pathway. Volicitin, an oral secretion 
which are having a similar structure with linolenic acid also activates the octadecanoid pathway. 
The pathway produces jasmonic acid and leads to the mRNA expression of PIs (Adapted from 
Koiwa et al. 1997)
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ent in order to allow redundancy in the systemic signals transduction and providing 
a comprehensive defence mechanism.

Both of the signal pathways then activate another pathway known as octadec-
anoid pathway by using ABA as an intermediate compound (Kim et  al. 2009; 
Koiwa et al. 1997; Lomate and Hivrale 2012). The activated octadecanoid path-
way was reported to produce a large amount of jasmonic acids, starting with the 
breakdown of membrane lipases into linolenic acid (Fig. 11.1). Volicitin, a struc-
turally similar compound to linolenic acid, which originates from the oral secre-
tion of insects, may also breakdown to increase the concentration of jasmonate 
through the activation of octadecanoid pathway. It is believed that jasmonate 
would lead to mRNA expression and accumulation of PIs transcripts. Furthermore, 
research also showed that ethylene may play similar function as jasmonate in 
producing PIs as inhibited ethylene action also led to inhibition of PIs mRNA 
accumulation (Dutt et al. 2012; Kang et al. 2002; Koiwa et al. 1997). However 
to-date, the pathway downstream from jasmonate until to the PI mRNA expres-
sion is not well defined yet.

11.3.4  �Modes of Protease Inhibition

The inhibition and regulation of proteases by PIs is achieved through the formation 
of a protein complex. The complex formed between the PIs and the target protease 
resulted in a less active or a fully inactive protease (Habib and Fazili 2007; Haq 
et al. 2004). There are a few different inhibition modes used by the PIs for the com-
plex formation (Habib and Fazili 2007; Shamsi et al. 2016). The magnitude of incre-
ment in the PI concentrations produced by the plant for complete inhibition is 
dependent on the Km values of the complex. In some cases, a low concentration of 
PIs is sufficient while for others, 100 folds of PIs concentration against the concen-
tration of the protease are needed (Jongsma and Bolter 1997).

The most common mode of inhibition of the PI complex is through direct 
blockage to the active centre by mimicking the structures of the substrates of the 
target protease. It is a competitive inhibition reaction and is the canonical inhibi-
tion for trypsin, serine, cysteine and aspartyl proteinase (Habib and Fazili 2007; 
Haq et al. 2004). Other mode of inhibition used by PIs is through indirect block-
age where the PIs cover the active site of the protease without having to mimic the 
structure of the substrates. The third inhibition mode is through the binding of PIs 
on the adjacent site or exocite binding site, which is located next to the active site, 
and this binding would cause the target protease to be inactivated. Lastly is the 
allosteric interaction between PIs and the protease. The binding of PIs on the 
allosteric site changes the conformation of the active site of protease and leads to 
inactivity (Habib and Fazili 2007).
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11.4  �Applications of Plant Protease Inhibitors in Industry

To date, numerous plant defence-related proteins with anti-pathogenic properties 
(including PIs) have been identified and applied into various industrial uses especially 
in the field of agriculture (Johnson and Pellecchia 2006; Shamsi et al. 2016). In fact, 
the applications of plant defence-related proteins (such as Bt toxins and PIs) and the 
genes coding for them in the respective applied field have proven to be effective in 
defending against pathogens. While the application of defence-related proteins is 
highly feasible, it is also expected to face challenges such as the development of resis-
tance and insensitivity to the pathogens after a period of application (Benchabane 
et al. 2010; Habib and Fazili 2007; Haq et al. 2004; Rawlings and Barrett 1999).

11.4.1  �Candidate for Genetic Engineering in Phytoprotection

Different classes of plant PIs have been characterized from a variety of plants and 
commonly used to produce genetically engineered crop plants. Generally, genes 
coding for the plant PIs that have inhibitory activity against pathogens are identified 
and transformed into the genome of important crop plants (Benchabane et al. 2008). 
During pathogen attack, the transgene PIs will be activated and provide protection 
to the plant. This biotechnology technique helps to improve the traits and the genetic 
make-up of the crops and enhance their survivability against the deadly attacks of 
their predators. This is important, as plant pathogens such as fungi and bacteria are 
deleterious and often are able to cause massive damage to the crop plant.

Transgenic plant that confers enhanced protection towards specific pathogens is 
not new and have been proven to be effective as shown by Bacillus thuringiensis 
(Bt) entomotoxic protein which was genetically engineered into plants for protec-
tion against a wide range of insect pests (Haq et  al. 2004; Schlüter et  al. 2010). 
Similarly, plant PIs genes with anti-pathogenic activities can be used as an alterna-
tive or can be expressed together with the currently available phytoprotection genes 
(Habib and Fazili 2007; Haq et al. 2004; Schlüter et al. 2010; Shamsi et al. 2016). 
Previous researches had proved that transgenic plants that expressed serine PIs or 
cysteine PIs exhibited an enhanced resistance to predation by insects as most of the 
insects contained digestive protease such as serine and cysteine (Johnson et  al. 
1989; Urwin et al. 1995). Other researchers have reported that tobacco that carried 
tomato’s serine protease inhibitor II gene successfully showed insecticidal activity 
(Zhang et al. 2004). Other examples of genetically engineered crop plants with PIs 
are summarized in Table  11.2 (Falco and Silva-Filho 2003; Morton et  al. 2000; 
Schlüter et al. 2010).

Genetically engineered plants with PIs increase yields of the crops indirectly as 
the plants gained better survival advantages and at the same time reduce the usage 
of chemical pesticides. With fewer chemicals usage or uses not only this would help 
in improving health of the farmers and consumers, but at the same time it also leads 
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to cost reduction in the plantation of the important crops (Shamsi et al. 2016; van 
Wyk et al. 2016). So far there is no report on the negative side of PIs genes that were 
transformed into crops and ingested by mammals. In fact it has even been suggested 
that the introduction of PIs help to improve the nutritional values of the crops (Haq 
et al. 2004; Christou et al. 2006).

Table 11.2  Examples of successfully genetically engineered plants expression plant PIs

Genetically 
engineered plant Plant protease inhibitor

Target (insects, nematodes, 
pathogens)

Insects
Alfalfa Oryzacystatin II Phytodecta formicata

Apple Nicotiana alata PI Epiphyas postvittana

Arabidopsis Mustard Trypsin Inhibitor 2 Plutella xylostella

Oilseed rape Mustard Trypsin Inhibitor 2 Plutella xylostella

Peas Bean α-amylase Inhibitor 1 Bruchus pisorum

Potato Multidomain cystatin fusions Frankliniella occidentalis

Barley cystatin, HvCPI Leptinotarsa decemlineata

Rice Barley trypsin inhibitor Sitophilus oryzae

Soybean trypsin inhibitor Nilaparvata lugens

Cnaphalocrocis medinalis

Maize protease inhibitor Chilo suppresssalis

Cowpea trypsin inhibitor Cnaphalocrocis medinalis

Sugarcane Soybean Kunitz trypsin inhibitor Diatraea saccharalis

Soybean Bowman-Birk inhibitor Diatraea saccharalis

Tobacco Brassica juncea Trypsin inhibitor Spodoptera litura

Mustard Trypsin Inhibitor 2 Spodoptera littoralis

Sporamin and Taro cystatin Helicoverpa armigera

Buckwheat serine protease 
inhibitor

Trialeurodes vaporariorum

Root parasitic nematodes
Alfalfa Oryzacystatin I Pratylenchus penetrans

Potato Oryzacystatin I Meloidogyne incognita

Globodera pallida

Tomato Taro cystatin Meloidogyne incognita

Wheat Potato proteinase inhibitor 2 Heterodera avenae

Pathogens
Potato Buckwheat serine proteinase 

inhibitor
Pseudomonas syringae

Clavibacter michiganensis

Rice Potato carboxypeptidase inhibitor Magnaporthe orzyae

Fusarium verticilliodes

Tobacco Buckwheat serine proteinase 
inhibitor

Pseudomonas syringae

Clavibacter michiganensis

Sporamin and Taro cystatin Pythium aphanidermatum

Adapted from Schlüter et al. (2010)
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11.4.2  �Food Preservation Industry

PIs have been applied in the field of food preservative especially for seafood indus-
try. The usage of PIs is an effective way to preserve many types of seafood like 
salted fish as it inhibits the deteriorative processes of protease during food process-
ing and preservation (Bijina et al. 2011; Reppond and Babbitt 1993). It has been 
suggested that PIs can become an alternative and natural method in preserving food. 
The application of PIs in preserving food is of advantage and beneficial because 
approximately, as much as 25% of food spoilage worldwide is reported to be due to 
microbial activity (Bijina et al. 2011; Lund et al. 2000) and the usage of PIs could 
replace the use of chemical preservations in food. Bijina et al. (2011) reported that 
PIs isolated from matured leaves and seeds of Moringa oleifera possessed potential 
to be used as seafood preservative as it could prevent proteolysis from occurring in 
a commercially valuable shrimp, Penaus monodon, during its storage. The activity 
of PIs from Moringa oleifera was shown to be effective and had high inhibitory 
activity towards serine protease thrombin, elastase, chymotrypsin and cysteine pro-
tease cathepsin B and papain. Other than seafood, PIs have also been used in pre-
serving foods for export.

11.4.3  �Resistance Development Against Engineered Protection 
in Industry

In a plant–pathogen relationship, pest insects and pathogens are constantly chang-
ing its pathogenesis strategy and adapt to the hosts’ defensive response in order to 
achieve a successful invasion (Habib and Fazili 2007; Haq et al. 2004). For instance 
in agriculture, pest insects are reported to acquire immunity against genetically 
engineered crops which expressed PI genes and they adapted by secreting new 
digestive proteases which are insensitive to the expressed PIs or by increasing the 
secretion of other types of digestive proteases than the ones which are being inhib-
ited (Habib and Fazili 2007).

Haq et al. (2004) stated in their review that one of the necessary preparations to 
overcome the adaptability and resistance towards crop protection (expression of 
PIs) portrayed by pest insects and pathogens are by developing a second generation 
of PIs (novel PIs) from novel sources. Owing to the novelty, PIs with inhibitory 
activity from novel sources (such as non-host plant) have not been exposed to the 
target pest and pathogens before, and hence there are none or less resistance being 
established by the target pest and pathogens. The incorporation of novel PIs from 
novel sources in addition to the currently available insecticidal protein did not just 
overcomes the resistance development by the pest insects, but also enhances the 
overall protection efficacy (Shamsi et  al. 2016; Schlüter et  al. 2010; Habib and 
Fazili 2007; Haq et al. 2004). The discovery of novel PIs is crucial to ensure a con-
tinuous effective protection against the pathogens.
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11.5  �Turmeric as Novel Source of PIs

Turmeric (Curcuma longa) is a type of perennial plant which belongs to the family 
of Zingiberaceae and in the genus of Curcuma. The plants have an average height of 
1 m tall with a short, underground stems and rhizomes. The shapes of the rhizomes 
are usually ovate, oblong, pyriform and often short-branched (Eigner and Scholz 
1999) (Fig. 11.2). The distribution of turmeric is mainly in India, China, Malaysia 
and other Asian countries (Amalraj et  al. 2017; Govindarajan 1980). Commonly 
found used in food preparations, rhizomes of turmeric are made into powder form 
and it is added to food as aromatic spices, flavouring and preservatives (Govindarajan 
1980; Krup et al. 2013).

As a member of the Zingiberaceae family, turmeric is a type of herb and medici-
nal plant. It is widely used as folk medicines, especially in India’s Ayurvedic medi-
cine, to treat various infectious diseases. Medicinal properties such as antibacterial, 
antifungal and especially antiviral properties have been identified from turmeric 
crude extracts (Mukhtar et al. 2008).

Traditionally, turmeric is applied internally as stomachic, tonic and blood puri-
fier and externally for the treatment of skin diseases (The Wealth of India 2001). 
Turmeric is also reported to be effective against biliary disorders, anorexia, coryza, 
cough, diabetic wounds, hepatic disorders, rheumatism and sinusitis (Ammon et al. 
1992; Krup et al. 2013). As time progresses, more research have been carried out on 
turmeric to expose its medicinal potential. The major medicinal values reported to 
date includes antioxidant activity, anti-protozoal activity, antimicrobial activity, 
antivenom activity, anti-HIV, antitumour activity and anti-inflammatory activity 
(Amalraj et al. 2017; Araújo and Leon 2001; Bhat et al. 2016; Jayaprakasha et al. 
2005). Turmeric also helps in lowering cholesterol, suppressing diabetes, enhancing 
wound healing, modulating multiple sclerosis and Alzheimer’s disease and blocking 
HIV replication (Amalraj et al. 2017; Okada et al. 2001).

With all these reported medicinal properties, turmeric is suitable to be developed 
to replace or to be integrated into current conventional medicines. In addition, 
besides posing as a cheaper alternative of medication, there are strong supports from 
developed countries to integrate plant-based products into the current healthcare 
systems (Mukhtar et al. 2008).

11.5.1  �Protease Inhibition by Zingiberaceae Family

In year 2005, a study conducted by Sookkongwaree et al. showed that methanol and 
aqueous extracts of eight members of Zingiberaceae family, including Curcuma 
longa, are able to inhibit viral proteases from human immunodeficiency virus type 
1 (HIV-1), hepatitis C virus (HCV) and human cytomegalovirus (HCMV). This 
study also showed that extracts of turmeric possessed potent inhibitory effects on 
the replication of viruses (Sookkongwaree et al. 2006). However identification of 

11  Alternative Strategy in Crop Protection: Protease Inhibitors from Turmeric



266

the active compound responsible for the protease inhibition in Curcuma longa was 
not conducted in the study.

One of the major active ingredients that are responsible for the pharmaceutical 
and medical properties of turmeric is curcuminoids. Curcuminoid is a compound 
that gives the yellow pigment to turmeric (Bhat et  al. 2016; Chiou et  al. 1983; 
Moken et  al. 1984). Curcuminoids consisted of diferuloylmethane (curcumin I), 
demethoxycurcumin (curcumin II), bisdemethoxycurcumin (curcumin III) and 
recently-discovered member, cyclocurcumin (Goel et  al. 2008). Curcumin I is a 
phenylpropanoid compound and it might be a non-protein type of plant protease 
inhibitors, grouped under metallopeptidase inhibitors. The specific proteases inhib-
ited by this curcumin are those grouped under aminopeptidase (Polya 2003).

Although curcuminoids have been widely reported to provide various medicinal 
properties in turmeric, a few have suggested that curcumin is responsible only for 
anti-inflammatory properties and not the antimicrobial properties (Apisariyakul 
et al. 1995; Lantz et al. 2005). Apisariyakul et al. (1995) proved that curcumin actu-
ally had no antifungal activity on fungi and molds whereas compound that showed 
antifungal activity was turmeric oil rather than the curcumin itself. Besides, crude 
and unfractionated chemical extracts in turmeric has shown a better biological 
activity as compared to fractionated and sub-fractionated curcuminoids (Lantz et al. 
2005). However, the exact active compound which gives the anti-pathogenic prop-
erties in turmeric is still unknown.

Fig. 11.2  Rhizome of turmeric, Curcuma longa. The shape of the turmeric’s rhizome is oblong 
with root-like branches
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11.6  �Conclusion and Future Prospects

Currently we have identified and characterized two novel PI genes from turmeric 
belonging to the phytocystatin superfamily (CypCl) and Kunitz trypsin inhibitor 
family (ClKTI), respectively. Both the genes sequence has been deposited in the 
GenBank of National Center for Biotechnology Information (NCBI) with the acces-
sion number KF545954.1 for CypCl and KF889322.1 for ClKTI. Based on our 
results, it is suggested that ClKTI involved in the plant defence mechanism as its 
expression was induced by the treatment of methyl jasmonate which are known to 
mimic and elicit plant defence genes expression (Chan et al. 2017). PIs found in 
turmeric might have played pivotal role in providing anti-protease and anti-
pathogenic properties as it is one of the secondary metabolites released to fight 
against pathogens.
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Chapter 12
Sustainable Supply Chains: Utilisation 
of Whole Crops for New Product Development
             

Rebecca Smith

12.1  �Introduction

Food security is well defined by the FAO food security brief (FAO 2006) as ‘when 
all people, at all times, have physical and economic access to sufficient, safe and 
nutritious food that meets their dietary needs and food preferences for an active and 
healthy life’. In order for this to occur, food supply chains need to be well balanced 
and tailored to the requirements of individual regions and countries. In 2014, there 
were one billion people undernourished, one billion who were hungry and two bil-
lion who were overweight or obese (United Nations 2014b), showing how unbal-
anced the current food supply chain is and how far away from food security we 
currently are. As the population is set to rise from seven billion in 2016 to nine bil-
lion in 2050 (United Nations 2014b), this problem is only going to get worse if we 
make no changes to the way our food is produced, processed, supplied and con-
sumed. Reducing avoidable waste, closing the loop on supply chains, and making 
use of all the food and by-products that are produced is one of the ways we can 
contribute towards making the food supply chain more sustainable.
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12.2  �The Scale of Food Waste

In 2015, the United Nations Sustainable Development Goals came into action, 
setting targets for countries to achieved by 2030 to ‘end poverty, protect the planet 
and ensure prosperity for all’ (United Nations 2014a). Goal 12, to ensure sustain-
able consumption and production patterns, includes a target to halve per capita food 
waste by 2030 along the entire supply chain. There is, however, no universal defini-
tion for food wastage. The Food Agricultural Organization (FAO 2011) splits the 
definition of food wastage into two categories: food loss and food waste. Food loss 
is any decrease in food mass in the part of the supply chain that specifically leads to 
edible food for human consumption. Food losses, therefore, take place in the pro-
duction, post-harvest and processing stages of the supply chain. Food waste takes 
place later in the supply chain at retail or consumption where a behavioural decision 
leads to food being discarded. The FAO definition of food wastage generally disre-
gards unavoidable or inedible waste in this definition. The EU includes both edible 
and inedible parts of food in its definition of food wastage, but like the FAO, only 
includes that which the current user intended or reasonably expected to be part of 
the food supply chain (FUSIONS 2014). Although the EU definition does include 
unavoidable food waste such as crop left in the field due to lower than expected 
demand, or of a quality lower than that required upstream in the supply chain, it 
does not include crop residues such as straw or the outer husks of corn or nuts. 
Whichever definition of food waste is used, it is generally agreed that loss from the 
supply chain should be avoided, or where unavoidable be recovered or utilised back 
into the food supply chain or into other industries.

12.2.1  �Volumes of Waste

With no agreed definition on food wastage and with countries differing in the way 
they collect and record this information, if at all, it is difficult to get a figure for 
global food waste. There are also hidden areas of the supply chain, within field crop 
residues and unharvested crops generally not recorded. The most widely quoted 
figures, and those adopted by large organisation such as the FAO and UN, are that 
the total world food wastage is estimated to be 1.6 billion tonnes, of which 1.3 bil-
lion tonnes is from edible parts (FAO 2013). This volume of edible food waste is 
21% of the total world domestic agricultural production, inclusive of non-food 
commodities, and is generated along the whole supply chain (FAO 2013). The lev-
els of food wastage differ between high-income industrialised and low-income 
regions. Total per capita waste volumes for Europe and North America are 95–115 kg 
per year, whilst in sub-Saharan Africa and South and Southeast Asia this is signifi-
cantly lower at 6–11 kg per year (FAO 2011). The differences in the volumes of 
food waste are related to the general availability of food, with higher waste in coun-
tries where food is abundant. The relationship consumers and stakeholders in the 
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supply chain have with food and the types of food in the supply chain will affect the 
volume and format of the waste produced, with higher-income regions producing 
more processing waste during the manufacturing of luxury food items and fresh, 
ready-to-eat foods.

As previously mentioned, the FAO do not include crop residues in their defini-
tion of food wastage. Although crop residues are not intended to enter the human 
food supply chain, they are a by-product of the industry which is not entirely uti-
lised and a potential source of materials and compounds for both inside and out of 
the food supply chain. According to calculations by Vaclav Smil (1999) for the mid-
1990s, the global annual output of crop residues was 1.4 times the annual aggregate 
harvest at 3.75 billion tonnes. This calculation does not include crop processing 
residues which would substantially increase the total. A proportion of crop residues 
are harvested and sold as animal feed, bedding and building materials, and in recent 
years more and more crop residues are being used to generate energy in anaerobic 
digesters. In 2014, around 150 anaerobic digester plants were sited on UK farms, 
growing from just under 25  in 2005 (ABDA 2015). Although sustainable energy 
production is beneficial, the potential ingredients and products that could be devel-
oped from these residues should also be investigated.

12.2.2  �Origin and Causes of Wastage in the Supply Chain

The causes of wastage in the supply chain are diverse, Table 12.1 lists each stage of 
the supply chain and some of the main waste causes. Some causes are specific to 
that stage of the supply chain, for example, processing produces large quantities of 
its waste through extracting the desired product and discarding biomass or waste 
water, whilst a portion of agricultural waste is crop residues in the field. Other driv-
ers of waste span larger portions of the supply chain; quality and specifications are 
usually set by the end user or retailer, with the processors and in turn primary pro-
ducers having to work to those specifications and deal with the resulting waste 
themselves. Finding answers to the problem of food wastage is therefore not going 
to be a one-size-fits-all answer, the cause of the waste needs to be understood and 
each stakeholder involved in the chain engaged in the solution.

The food supply chain can be split into ‘upstream’; agricultural production, post-
harvest handling and storage, and ‘downstream’; processing, distribution and con-
sumption. Currently, 54% of global food waste is produced upstream in the supply 
chain, with 46% produced downstream (FAO 2013). However, the type, reason for 
and weighting of waste volumes vary depending upon the region of the world pro-
ducing the waste. As Fig. 12.1 shows, industrialised regions produce more of their 
waste downstream in the supply chain and lower-income regions produce more 
waste upstream in the supply chain. The reason for this difference can be explained 
by both behavioural relationships of consumers with food, but also the financial and 
structural investment in all areas of the supply chain. In low-income regions popula-
tions tend to be more rural, with the consumer closer to the site of production 
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resulting in shorter supply chains. Food losses are largely due to structural, technical 
and financial limitations in agricultural techniques, transport infrastructure and 
storage in often difficult climate conditions. Downstream in the supply chain wast-
age is low due to the high value placed on food by consumers. In industrialised 
regions, large portions of the population live in urbanised towns and cities away 
from agricultural production. To support this type of society the infrastructure and 
distribution chain are robust and tailored to the requirements of perishable food 
items, and agricultural techniques are advanced which limits losses downstream in 
the supply chain. Upstream in the supply chain, the consumer and, to some extent, 
the retailers are removed from food production. The ease of access to relatively 
cheap, fresh food throughout the year often results in a low value being assigned to 

Table 12.1  Causes of plant-based food waste at each stage of the supply chain

Stage of supply chain Cause of waste

Agricultural production Not meeting market specifications
 � –	 Adverse weather damaging crop
 � –	 Faster than expected growth
 � –	 Pest/disease damage
 � –	 Weeds in harvest
 � –	 Lower nutritional/functional quality
Residues (stubble, husks, stems)
Fluctuation in demand—no outlet for sale

Post-harvest handling and storage Pest/disease damage—unsuitable for sale
Dehydration
Storage facility breakdown
Quality/functional deterioration
Grading out
Trimming
Mishandling

Processing Grading out
Rejections (not to specification)
Fluctuations in demand
Peeling
Cutting/slicing
Discarded biomass
Wash or processing water

Distribution Infrastructure limitations
Storage facility breakdown
Break in the chill chain
Fluctuations in demand
Past best-before/use-by date
Change in pack format/marketing

Consumption Over purchasing
Low value given to food
Quality deterioration
Food preparation waste
Leftovers
Past best-before/use-by date
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food and consequently high volumes of waste. As previously mentioned the volume 
of waste across the whole supply chain is high in industrialised regions; populations 
are able to afford more luxury and perishable food items with high quality expecta-
tions. This leads to high waste levels across the supply chain, with more processing 
waste and losses at production due to crops not meeting specifications for often 
aesthetic reasons.

12.3  �Pressures on Supply Chains

For the majority of the industrialised world, it is difficult to see food wastage as a 
problem. Unless your local supermarket has a broken-down refrigerator, there is 
rarely a time when you cannot get the food you want, when you want. For less 
affluent regions of the world, the relationship to food is very different, eating what 
the land can produce and when it can produce it. With one billion people under-
nourished, one billion who are hungry, two billion who are overweight or obese 
(United Nations 2014b) and 21% of agricultural production ending up as waste, the 
food supply chain is already unbalanced. The World Resources Institute estimated 
that if all the food calories available in 2009 were distributed amongst the expected 
population in 2050 without any losses along the supply chain, each person would 
fall short of the daily recommended calorie intake by 200 kcal (Searchinger et al. 
2013). If the same level of waste was to be present in the supply chain in 2050 as 
in 2009 this would increase to 900 kcal; to close this gap with current levels of 

Fig. 12.1  Estimated waste for plant-based commodity groups upstream and downstream in the 
supply chain (in the percentage of the total entering each stream) (Data taken from FAO 2011)
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waste the global agricultural production would need to increase by 103% 
(Searchinger et al. 2013). This gap in food supplied and food required by future 
populations coupled with the global shifts in population dynamics, population size 
increasing and climate change clearly indicates that the current state of food supply 
chains is unsustainable.

The term ‘the perfect storm’ was coined by Sir John Beddington in 2009 to 
describe the relationship of global pressures on future food security (Beddington 
2009). The global population is set to rise to one billion people by 2050, and accord-
ing to UN figures, 66% will reside in urbanised environments compared to 54% in 
2014 (United Nations 2014b). This increase will add 2.5 billion people to urban pop-
ulations, with 90% of this increase accounted for by Africa and Asia (United Nations 
2014b). With the increase in global population requiring the levels of food to be 
produced increased by the levels stated above, it is easy to see what impact reducing 
the current 21% of agricultural products that end up as food waste could have on 
making global food supply chains more sustainable. The shift in population dynamics 
will also add pressure to food supply chains; urbanised societies typically have much 
larger and more complex food supply chains, relying on robust infrastructure to move 
food from the site of production in rural areas to the urban environment where the 
population resides. Where growth in urban environments is fast and unplanned with-
out the investment in transport, road or market infrastructure, this will have a negative 
impact on the ability to bring food to these areas and on the amount of waste gener-
ated in the supply chain (Parfitt et al. 2010). As the world population increases, so will 
the economic status of those regions of growth which in turn impacts upon the types 
of food consumed. The consumption of basic commodities such as grain tends to be 
higher is less affluent regions (Bennett 1941), with increasing levels of meat, dairy 
and fruit and vegetables as populations shift to greater levels of middle-income peo-
ple. This shift to shorter-life food products again requires a robust food supply chain 
to be able to move products quickly and under controlled storage conditions.

12.4  �Food Waste Utilisation

The problem of food waste needs to be tackled at all points in the supply chain. The 
first option to explore should always be prevention. Investment in infrastructure, 
agricultural techniques, novel control for pest and disease and process engineering 
will lower the levels of preventable waste upstream in the supply chain. Education 
and engagement with consumers on the practical ways food waste can be prevented 
will also help alleviate the waste at the final point in the supply chain. Even with 
these prevention strategies in place, there will always be by-products of processing 
and waste on the farm which are rich sources of potential functional and nutritional 
ingredients, as well as fibres, enzymes and pigments for use both in food, but also 
outside of the food industry. Food waste at the farm and processing level is typically 
ploughed back into the land or sent for animal feed or fuel production, often at a 
cost to the waste producer. With increasing financial pressures to bring down the 

R. Smith



277

cost of food for consumers and the cost of labour and inputs increasing, primary 
producers and processors are having to find ways to make their operations more 
efficient and generate ‘added-value’ to by-products of production which are cur-
rently treated as waste.

12.4.1  �Product Development from Plant Food Waste

In recent years there has been an increase in fundamental research and product 
development using by-products and waste from the food industry. All sectors of the 
food supply chain are facing increasing pressures on the need to produce high qual-
ity goods for low prices, at the same time as the cost of raw materials and labour 
costs are putting financial strain on the businesses involved. This financial sustain-
ability, alongside legislative pressures, is a driving force in the increased focus the 
industry has seen in closing the loop in supply chains. One of the major hurdles to 
utilisation of plant waste is the high water content and perishability of the raw mate-
rial. Water content of fresh vegetables and fruits ranges from 70 to 100% of the total 
mass (Russ and Meyer-Pittroff 2004), transporting this water significantly increases 
costs, whilst removal of the water presents the problem of disposal of the waste 
water which will have a high level of biological material and therefore a high bio-
logical oxygen demand. This water will require treatment before it can be returned 
to the normal water supply. Depending upon the processing steps the plant waste 
originates from, there will be high levels of bacteria and other microorganisms pres-
ent which will act on the material to reduce the functionality, quality and safety. 
Enzymatic activity in the plant material will also impact upon the functionality and 
quality of the plant waste. Waste utilisation therefore needs to take these factors into 
account, by either processing the waste into its final form or stabilising the waste 
without compromising on quality or functionality at source.

12.4.1.1  �Format NPD

A large proportion of fruit and vegetable waste consists of unharvested or graded out 
produce that is edible and fit for human consumption, but is either surplus to market 
demands or does not meet the aesthetic or size quality specifications required for 
sale. This produce usually retains the flavour, colour and nutritional value, with the 
format of the product becoming the barrier to use and sale. In field grown herbs, an 
additional 20% of crop is grown in order to meet programmed sales due to expected 
shortfalls in specification of the final crop (Valley Produce 2016). In addition to this, 
around 30% of potential yield is not utilised. This potential yield consists of older 
plant growth left in the field when the top 15 cm of young growth is harvested, as 
well as second growth of plants after harvest which is tougher than the first growth 
and therefore not utilised for fresh sales (Valley Produce 2016). Figure 12.2 displays 
the levels of volatile flavour and aroma compounds in coriander at three stages of 
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maturity. Although there are significant differences in some compounds, this is actu-
ally lower than the seasonal differences for the same coriander plant (data not 
shown). Therefore, if the colour and/or flavour of herbs is required, a change in 
format of the out of specification crop would enable utilisation of the entire grown 
crop and a more sustainable production practice for the primary producer.

A successful example of a waste problem being solved by changing the format of 
the raw material into juice is ‘B-Fresh’ Cold Pressed juices. Phillip Maddock, the 
owner of B-Fresh, had an entire spinach crop damaged by a hailstorm resulting in 
the crop being unsuitable for sale and therefore wasted (Briggs 2015). Two years of 
research later the ‘B-Fresh’ juices were born, utilising lower specification crop 
grown on the farm in the UK and through partner producers and ensuring sustain-
able production in the future. In addition to unharvested waste at the farm gate, 
vegetable and fruit trimmings and grade-outs from further up the supply chain in 
processing and manufacturing represent a potential source of raw material which 
retains the flavour, colour and nutrient value of the fresh whole produce. Processing 
out of specification fruit and vegetable waste and trimmings into juices is a relatively 
simple way to remove the boundary to sale of aesthetic imperfections. The company 

Fig. 12.2  Flavour and aroma volatiles in coriander at different stages of maturity as measured by 
SPME-GCMS. Coriander of the same variety was harvested at commercial maturity (first cut), 
beyond commercial maturity (first cut—mature) and the second cut after harvest (second cut). 
Letters indicate significant differences in volatile levels between maturities (P < 0.05). Volatile 
levels are expressed as relative peak areas compared to an internal standard. Average values taken 
from three replicate samples
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Provalor started trading in vegetable juices made from waste vegetable trimmings in 
2005 (Waldron 2009; Provalor 2016). The process of producing the juices itself 
generates waste in the form of de-watered pulp with a high dry matter content. 
Provalor have developed processes to extract further ingredients and high-value 
products from this pulp and in 2015 sold the juicing arm of the business in order to 
continue development in this field. The company is actively involved in EU research 
funding on the valorisation of waste under project titled RESFOOD and NOSHAN 
with the aim of extracting maximum value from vegetable waste streams and mak-
ing vegetable supply chains more sustainable. Research into the valorisation of fruit 
and vegetable waste into added-value products and ingredients is high on the agenda 
of most national and continental funding bodies agendas. Successful commercialisa-
tion of technologies and processes to utilise this waste, and potential waste streams 
to be exploited will be outlined in the following sections.

12.4.1.2  �Fibre and Cell Wall Material

The majority of plant-based food waste contains fibre from the cell wall material 
(CWM). Dependent upon the source of the fibre there will be varying levels of lignin, 
cellulose, hemicelluloses and polysaccharides such as pectin. These fibres have uses 
as functional ingredients in foods. A review by Foster (2011) bought together the 
emerging science on the use and application of CWM as structuring agents within 
the manufacture of soft solid composites such as ice cream and sauces. This review, 
along with articles by Appelqvist et al. (2010) and Redgwell (2010), reports that as 
well as providing a sustainable structuring material, CWM can also add to the nutri-
tional value of the foods as added fibre or essential vitamins and minerals. Research 
into improved raw CWM and the properties that can be gained from them has spurred 
studies into how they could be used in food products to replace current structuring 
agents or high energy processing techniques. Sánchez et al. (2003) studied the ‘add-
ing back’ of tomato slurry to tomato sauces, which is usually removed during the 
processing of tomato pastes. This addition of particulate tomato matter resulted in 
improved rheological properties. Another study by McCann et al. (2011) used carrot 
CWM to stabilise yoghurts and found that the CWM occupied the void space within 
casein particle network, aiding in the gelation and rheological properties of the net-
work. As well as a structuring functional role, fibre can also be used for nutritional 
purposes in foods. Orange pomace left over from the juicing industry added back 
into orange juice increased the satiating level in healthy adults to levels comparable 
of whole oranges (Dong et al. 2016). Carrot pomace and cauliflower trimmings have 
also been utilised in a novel extruded snack, resulting in a product with a higher than 
average protein (10.25  g/100  g) and fibre (0.84  g/100  g) content than standard 
extruded snacks and high acceptability in consumer sensory analysis (Mohammed 
et al. 2016). Carrot pomace has also been successfully commercialised in the form of 
KAROPRO by the company FoodSoutionsTeam (FST 2016). FST developed a pro-
cess to produce a powder from dried carrot pomace which can act as a binding agent 
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in many foods. The same company are researching product developments from other 
sources of food waste.

Fibres from plant waste streams also have a potential functional use outside of 
the food industry. The company Cellucomp based in the UK has successfully bought 
to market the product ‘Curran’ which utilises the properties of cellulose nanofibres 
extracted from vegetable residues such as sugar beets and carrots. The fibres bring 
structuring properties to bio-composites, improve the rheological properties of liq-
uid materials and reinforce dried paints and resins (Cellucomp 2016). Cellulose 
nanofibres can also be utilised by the packaging industry to produce sustainable and 
biodegradable food packaging. Sugarcane bagasse, the residue left over from sugar 
processing, contains around 40–50% cellulose and was investigated by Ghaderia 
et al. (2014) as a sustainable source of cellulose for packaging, the resulting films 
produced were of comparable tensile strength to other biodegradable and non-
biodegradable films. The company LondonBioPackaging makes packaging from 
sugar cane bagasse alongside more traditional bio-packaging formats from plant 
starch and recycled paper and wood, demonstrating the commercial viability of this 
concept. The EU-BADANA project is another example of product development 
success from waste. The consortium successfully developed a process to extract 
fibres from banana residues for use as a sustainable reinforcement polymer compos-
ite in moulded products (Pickering 2015). In a truly closed loop approach to busi-
ness operations, the company Solidus solutions has developed a procedure to 
produce solid board from tomato plants mixed with waste paper, which is now used 
to package tomatoes (Solidus Solutions 2016). This innovative solution utilises 
85,000 tonnes of plant crop residues which becomes available every year after a full 
cycle of tomato harvest has been completed from one grower in the Netherlands.

12.4.1.3  �Polyphenols and Bioactive Compounds

Annually around 5.5 million tonnes of solid waste are produced by the juicing 
industry (Panouillé et al. 2007). The amount of waste varies depending upon the 
fruit or vegetable being processed but averages at around 30–50% of the raw mate-
rial (Panouillé et al. 2007). This type of food waste is an unavoidable part of pro-
cessing which if not utilised represents a disposal problem to the processor. Fruit 
and vegetables are a rich source of phenolic compounds; there is increasing evi-
dence for their role in the prevention of coronary heart disease and cancer (Crozier 
et al. 2007; Tomás-Barberán and Espín 2001), and they are widely accepted as hav-
ing health-promoting properties. The pomace left over from processing into bever-
ages which consists of seeds, peels, pulp and stones represent a sustainable source 
of these compounds. In fruit and vegetable pomace antioxidants are often found 
with high levels of dietary fibre; this led to the concept of Antioxidant Dietary Fibre 
(ADF) being used as an ingredient in food products as a nutrient rich source of 
dietary fibre (Saura-Calixto 1998). The benefit of utilising fruit and vegetable wastes 
in this way is that there is relatively little preparation and processing required to 
produce a value-added product. To stabilise the pomace for storage and inclusion in 
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a wide variety of foods, the water needs to be removed by drying before grinding to 
a fine powder. ADF from a variety of waste sources have been investigated, includ-
ing grape wine pomace in yoghurts and dressings (Tseng and Zhao 2013), apple 
pomace in cake (Sudha et al. 2007), carrot pomace in pasta (Gull et al. 2015) and 
extruded snacks (Alam et al. 2016), to improve the functional properties and nutri-
tive value of the food.

Polyphenols, carotenoids and antioxidant compounds can also be extracted from 
fruit and vegetable wastes as ingredients in their own right. Vesna et  al. (2016) 
added microencapsulated sour cherry extract, a by-product from the juicing indus-
try, to cookies. The resulting product had improved nutritional value both in poly-
phenolic content and antioxidant activity which remained stable during storage, due 
to the encapsulation technique. A similar microencapsulation technique has also 
been employed on beetroot pomace extract (Šaponjac et al. 2016), a source of sig-
nificant levels of polyphenols and flavonoids, to be used as a potential food additive 
in the food and pharmaceutical industries. Pomegranates are another high waste 
producing fruit when processed into juice, with around 50% of the weight resulting 
in waste. Goula et al. (2017) used ultrasound to extract the carotenoid compounds 
directly into vegetable oils to produce an enriched oil as an ingredient for the food 
industry. The method resulted in 85–93% extraction efficiency of carotenoids but in 
a much greener and clearer method than traditional solvent methods of extraction. 
The kernel and peel of mango fruits are also a significant source of polyphenols and 
carotenoids, with the seed making up 20–60% of the mango fruit and the kernel 
45–75% of the whole seed this is a good potential source of bioactive compounds 
(Asif et  al. 2016). A comprehensive review of the therapeutic potential of these 
compounds has been conducted by Asif et  al. (2016), highlighting the potential 
therapeutic, antibacterial and antifungal properties of bioactive compounds that 
have been isolated from this plant waste source. The author highlighted the need to 
optimise the extraction techniques before they can be fully utilised. The EU funded 
project BERRYPOM is a consortium of European researchers aiming to analyse the 
value of and optimise the extraction of bioactive compounds from berry pomace, 
with the aim of incorporating the resulting processed berry pomace into cereal-
based foods. A recent review of the potential processing techniques and characteri-
sation of the polyphenols was conducted by one of the consortia members, again 
highlighting the requirement for pilot scale testing and optimisation of processing 
techniques (Struck et  al. 2016) before the technology and ingredients can be 
commercialised.

12.4.1.4  �Pigments

The trend for natural colourants in food is increasing, with plant wastes as a 
potential source of these compounds. Carotenoids can be sourced from carrot 
pomace, orange peel and tomato pomace (Oreopoulou and Tzia 2007). Grape 
pomace left over from the wine making industry is a good source of anthocya-
nins for use as pigments (Mazza and Francis 1995), with these compounds also 
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being extracted from banana bracts, a by-product of the banana growing industry 
(Pazmiño-Durán et al. 2001). Red pigments, for example, betacyanin, have also 
been extracted from prickly pear pulps and seeds, with the extraction efficiency 
enhanced through using ‘green’ pulsed electric field and ultrasound technology 
(Koubaa et  al. 2016). Betalain, another red pigment with higher pH stability 
than anthocyanins, is found in high quantities in red beet stalks, a by-product of 
beetroot farming and processing. Destro dos Santos et al. (2016) investigated 
the use of filtration techniques to improve the stability of this pigment extracted 
from beet stalks and found that this process improved the intensity, clarity and 
stability; demonstrating that added-value could be gained from this by-product 
of red beet processing. Pigments can also be obtained from microbial fermenta-
tion, and with the medium for fermentation representing 38–73% of the total 
production costs, the utilisation of plant wastes is a potentially cost-effective 
and sustainable alternative (Panesar et  al. 2014). A recent review by Panesar 
outlined successful pigment mediums from plant wastes such as corn steep 
liquor, a by-product of the corn milling industry, jackfruit and Durian seeds, 
grape pomace, tomato pomace and various crop residues including husks and 
pea pods.

12.4.1.5  �Proteins

Plant proteins are becoming ever more popular as a more sustainable and animal 
free source for use as a functional ingredient in foods. Plant residues, waste and 
by-products are being increasingly investigated as a raw material for protein 
manufacture. The EU project BIORICE, a consortium of 7 SMEs and research 
institutes and companies, aims to investigate rice protein by-product pre-treat-
ment, peptide isolation and bioactivity and safety testing, with the aim of pro-
ducing peptides and other bio-actives for use in nutraceuticals, cosmetics and 
functional foods (BIORICE 2016). The raw material being utilised is the waste 
stream from rice-starch processing. Rice starch is itself extracted from broken 
rice grains which are a by-product of the rice production industry; however, the 
process to extract the starch results in wastewater with a high protein content. 
This waste water costs businesses around 100,000 Euros a year to discard 
(Tassoni 2015). Producing added value ingredients from this waste water would 
therefore make the businesses more financially sustainable, but also reduce the 
environmental pressures of waste-water disposal and generate a sustainable and 
cost-effective set of ingredients for the food, cosmetic and pharmaceutical 
industries. Another EU project APROPOS was successful in extracting bioac-
tive peptides and proteins from rapeseed cake, a by-product of the rapeseed oil 
processing industry, on a lab and pilot scale. The technology to scale this up to 
industrial processing is, however, not yet available but the fact the concept and 
pilot processes have now been proven should mean that the step to production 
of these ingredients is now possible (APROPOS 2014).
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12.4.1.6  �Substrates

The annual global volume of spent coffee grounds (SCG) left over from the brewing 
process is approximately 6 million tonnes (Asmita et al. 2016). Like many waste 
materials, spent coffee grounds (SCG) have been investigated for their use as bio-
mass for fuel production. Vardon et al. (2013) used a three-step process to not only 
produce biodiesel and biofuel to recognised standards, but also to produce ‘biochar’ 
for use as a fertiliser. When used as a fertiliser on sorghum-sudangrass seedlings the 
biomass increased by twofold compared to controls. The antioxidant capacity and 
carotenoid levels in lettuce have also been increased when cultivated with fresh 
SCGs which the author attributed to increased stress levels of the plants (Cruz et al. 
2013). SCGs have also been used to remove heavy metal ions from waste water 
(Tokimoto et al. 2005), a study by Asmita et al. (2016) used bioelastomeric foams 
containing 60 wt% of SCG and 40 wt% of a silicone elastomer to remove Pb2+ and 
Hg2+ ions from wastewater with an overall removal efficiency of 80%.

12.5  �Conclusions and Future Prospects

This chapter has highlighted some of the ways by-products from the current sup-
ply chains can be utilised through new product development. With food sustain-
ability targets on the United Nations agenda, there is now a focus on food waste 
and sustainable food production in national and regional funding programmes, 
which are available for both business and academia. Stand-alone research into 
new methods of waste valorisation, identification of waste streams and examina-
tion of the what exactly various plant wastes and by-products are made of is a 
useful mine of information for businesses and organisations who have a waste 
problem. However, to be able to make production of food a truly closed loop sys-
tem, there needs to be a systems-based approach. The reasons for food waste are 
often complex and affected by decisions and changes further up or down the 
chain. As well as valorisation of waste, the whole supply chain needs to come 
together to ensure there is no avoidable waste produced, and unavoidable waste 
has a way to be utilised.
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Chapter 13      
Food Losses in Rice Milling
                                  

Ye Aung

13.1  �Introduction

Our world is approaching the inevitable food scarcity problem as food insufficiency 
is becoming eminent in certain parts of the world, mainly in Africa, Asia, and South 
America (Buerkle 2006). Furthermore, for major cereal crops of the world, there has 
been a steady decline in the rate of growth in yield (FAO 2015). This may lead to 
food chaos that could possibly occur within the next 30 years if food security-related 
issues are not properly addressed. Among the many reports on this issue, the report 
from the United Nations’ Food and Agriculture Organization is more precise. 
According to the report, world’s population is expected to exceed 9 billion people by 
2050 and it was affirmed that agricultural output needs to increase by 70% in 40 years 
to feed the global population, therefore countries of the world were urged to reverse 
a 20-year decline in investment and put back into agricultural section (FAO 2009).

Rice is one of the main staple foods for the people of the world. More than half 
of the global population consumes it. Demand for it is steadily increasing along 
with the population growth. It is interesting to note that rice demand in the 
European countries has risen up recently (Ferrero and Tinarelli 2007). Fresh data 
are showing that internationally traded volume of the rice has increased more than 
10 million tons compared to the time when our world was turning into the twenty-
first century (The World Bank 2014). This rising trend seems to be continuing at 
least for some time.

The surge of demand also highlights the loss that occurs presently in the posthar-
vest sector of rice. The loss has already reached to an alarming level if carefully 
calculated. In 1975, the United Nations in its 7th Special Session stressed for efforts 
to reduce postharvest food losses in developing countries to be given priority.
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While the world body is keeping caution on the quantity, more losses came from 
the corner of quality. The interest in milling quality rice has increased since then. 
Instead of focusing on waste-control as a response to the world body, the industries 
had shifted its focus to the beauty of rice which leads to more rice losses. With an 
awareness of this trend, one food monitoring organization has announced in 1978 
the importance to focus on recommendation for the efficiency of rice production 
system and to reduce losses (National Academy of Sciences, Washington DC, 
1978). However, the thirst for beauty still goes on.

13.2  �State of the Paddy at Harvest

Rice originated from a wild grass called Oryza sativa. It is a seasonal crop and usu-
ally grown in tropical countries which receive sufficient sunshine. The plant can be 
grown on muddy soil with little water dwelling on it. The plants are of various 
heights producing numerous leaves and branches. Paddy grains are developed on a 
long and thin panicle hanging out from the branch. A panicle can carry many grains 
and there are a number of panicles on a plant.

Most paddy varieties mature just over hundred days and ready for harvesting. 
Harvesting is carried out by cutting upper part of the plant where the panicles are 
hanging out. Manual harvesting uses sickle or a special knife cutter that cuts a hand-
ful amount of the branch batch by batch. Harvested branches are bound into bundles 
for threshing. Modern combined harvester can deliver threshed paddy simultane-
ously in the time of harvesting (Liang et al. 2017). Deciding the right time to harvest 
is very important to avoid immature and cracked grains. Early harvest may collect 
more immature grains while late harvest will collect cracks.

Threshing of harvested branches is required to receive paddy seeds separately. 
Traditional threshing method is carried out by beating the bundles across a grate or 
stamped over by a team of buffalos. Paddy seeds are collected always with plant 
parts like stems, leaves, panicles, and also with earth pieces. Hence, cleaning of 
threshed paddy is required. Farmers themselves clean it to a certain extent by man-
ual or natural winnowing. Along the steps, losses occur and the amount is from 5 to 
15%. Manual harvesting leads to more losses than mechanical harvesting.

13.3  �Deconstructing a Rice Grain

Outer piece of the rice is the husk formed by two leaves covering the entire rice 
(caryopsis) loosely. The two has joined at opposite sides by overlapping folds 
extending the entire length (Figs. 13.1 and 13.2). The leaves are mostly fiber and 
supported by hard spines. Short or long tiny hairs are always found on the surface. 
Hairs are somehow hard, straight, and pointed. Therefore rice is called spikelet in 
the botanical term.
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Inside the husk lies  a seed called rice containing a reproductive organ called 
germ. Based on the color, the rice is called brown rice. Germ is the most nutritious 
part of rice and people prefer to consume it. The rice is traded under the name of 
cargo rice. However, the germ is crushed and thrown out as by-product during the 
milling. The bran layers are brown in color which is second to germ in terms of 
nutrition. Again, these nutritious parts are removed during whitening. Based on the 
properties, bran layers are divided into three groups:

	1.	 Pericarp layer: It is the outermost layer of the brown rice; a thin fibrous hard cell.
	2.	 Tegmen layer: Just beneath the pericarp layer and less fibrous than pericarp; but 

relatively richer in oil. A small amount of protein also exists.

Awn

Hairs

Husk

Bran layer

Germ

Endosperm

Fig. 13.1  Paddy rice

Bran layers

Endosperm

HuskFig. 13.2  Cross section of 
a paddy seed
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	3.	 Aleurone layer: Innermost layer in the bran groups and genuine bran layer bor-
dering with the endosperm. Richest in protein, vitamins, minerals, and fat.

Having different properties, the layers show off the different hardness. The outer 
is the hardest and gradually softer inside. There is no definite boundary between the 
bran layers and the endosperm. By the constituents, bran is considered empty when 
the weight loss of peripheral removal has reached to 8% from the initial brown rice 
weight. Ancient people learned to be healthier than today’s rice eaters by eating 
brown rice as it is.

13.4  �Drying of Paddy

By nature, freshly harvested paddy contains high moisture content. Generally, the 
content ranges from 22 to 26% depending on the regional condition around the 
harvesting time. Especially during rainy period, the moisture content is higher. 
However, rice millers will not process the paddy with this moisture range. Paddy 
must be dried down to 14% which is the norm and proven level of safe storage and 
standard milling results. Paddy with moisture content over 14% is weak to respond 
to the milling impacts and deteriorated in the storage. Long-term storage needs the 
moisture content to be a bit lower than this. Therefore, drying of harvested paddy is 
an unavoidable task.

Sun-drying is popular around the world and still being practiced widely. However, 
large and commercial rice mills prefer artificial (mechanical) dryers for quick and 
spaceless drying (Okeke and Oluka 2017). Any drying method can crack the paddy 
if correct procedures are not followed. Sun-drying comparatively offers less control 
than mechanical drying and as such infamous for sun-cracks. Drying cracks are 
serious issues for the milling because once cracked, rice is readily broken even 
when subjected to a light milling process.

Harvested quantity of the rice will drastically reduce by weight after drying as 
water evaporated away during drying. The drying loss was observed and found to be 
around 14% if the paddy of 26% moisture content was dried down to 14% 
(Wimberley 1983).

13.5  �De-husking or Hulling

13.5.1  �Cleaning

Paddy is always mixed with a certain quantity of impurities whenever the paddy 
arrived at the rice mills. The sort of impurities includes both organic and inorganic 
items. At the rice mills, the impurity contents range between 2 and 6%, requiring a 
series of cleaning processes. These include removal of seedless and very light 
immature grains. Impurities can block the inlet and outlet of the machine, quite 
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often, the impurities block the screens. Even if they do not damage the machines, 
they can jeopardize the performance of the machines. In the worst case, they shorten 
the lifespan of the machinery parts.

As the impurities are of different kinds, different technologies are required in 
eliminating them. The standard cleaning practice is to carry out the impurity elimi-
nation process in two stages. Large and coarse impurities are first removed and the 
fines are removed in the second stage. The first cleaning work is called pre-cleaning, 
usually carried out just after receiving the paddy. The second time is in the milling 
line before any major operations and is called secondary cleaning. Secondary clean-
ing uses more précised and complicated technologies. Some people called the pro-
cess fine cleaning.

13.5.2  �Hulling Machine (Huller)

De-hulling or hulling is the first operation in which rice is broken for the first time. 
In earlier days, de-hulling is carried out by disc huller made of iron with partial 
stone coating (Bhattacharya and Ali 2015). Stones are emery grains firmly coated 
around circumferential areas of the discs. There are two discs in one machine 
assembled in parallel by keeping stone coated surfaces inside. Lower disc is attached 
to a shaft and rotates during operation while the upper one is fixed and remained 
stationary. Paddy is fed through the hole made at the center of the upper disc and let 
spread onto the lower disc. Fed paddies spread in all directions by the influence of 
the rotating surface and reach between the stone coated areas. By the rough surface, 
the stones crush the paddy and husks are split into pieces. The admixture of brown 
rice, husks, and unhusked paddies instantly reach out of the discs after hulling. The 
products are first dropped through an aspiration box to blow the husks out and the 
rests are sent to another machine called paddy separator.

Later, rubber-rolls are used to replace the iron discs (Bhattacharya and Ali 2015). 
Hulling breakage significantly reduced since then. Rolls are cylindrical-shaped rub-
ber shoes lying in parallel with different rating speeds. One roll is movable forward 
and backward enabling adjustment of the clearance between the two. Paddy is fed 
into the clearance and the husk is sheared off by the different speeds. Hulled rice are 
pushed out simultaneously along with the husks.

Working principle of the rubber roll was invented in view of exploiting loosened 
wrapping and joining pattern of the husk leaves. Overlap-folding of the husks indi-
cates the way of sliding them (Fig. 13.2). Elasticity of the rubber, clearance between 
the husk and rice, and the folding pattern, all contribute in the removal of the husks 
with little damage to the rice.

The machine was modified subsequently by adding a feeding system in which 
paddies are guided to dive into the rolls vertically (Bhattacharya and Ali 2015). The 
invention further improves the performance of the machine both in efficiency and 
capacity.

Whatever the model and type, performance of a huller is always judged by 
the two fractions in its output, the unhusked paddies and the broken ones. 
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Lesser unhusked paddies translates into a high degree of hulling requirement while 
small amount of broken rice means good performance as well as good rice quality. 
A huller is considered the best if the percentages of both unhusked paddies and 
broken rice it produced is the lowest. The weight contributed by the husks to the 
paddy at 14% moisture stands from 18 to 23% depending on the variety. Most long 
grains show 21% husk content at the said moisture.

13.5.3  �Separating Unhusked Paddies

It is a common understanding that not all of the paddies fed to a huller will have the 
husk removed. A certain quantity will always be left unhusked. Unhusked paddies 
are in fact thin grains that escaped out of the clearance set for the majority of the 
grains. The amount of unhusked paddy is high when hulling is done on early-
harvested paddy. Timely harvested paddy will have the minimum amount. This is 
because not all paddies matured at the time of harvest. In the real situation, paddies 
are not uniformed even on the same panicle as they do not flower at the same time. 
There are always early and late bloomers on a paddy plant. Hence, the stock con-
tains immature grains. Therefore, hulling is always set for the majority of the grains 
and the thin grains are let to go free. When it is set for thin grains, the majority of 
the grains are likely to be broken in a massive quantity.

Unhusked paddies are not allowed to proceed for further processing, especially 
to the whitening machines for fear of wear and tear. Whitening machine works with 
compressive force in which paddy with its abrasive nature could erode machine 
parts. Paddy separator segregates the paddies and brown rice by exploiting different 
surface properties between the two. Paddy is rough and brown rice is smooth. 
Separated paddies are discharged separately and sent back to the hulling section 
while brown rice including broken rice is being forwarded to the whitening section. 
Purity of the products is adjustable by changing machine inclination, number of 
frequency, and length of the stroke. Determination is done by examining the prod-
ucts especially in brown rice fraction.

13.5.4  �Recovery of Brown Rice

Keeping record of brown rice recovery is uncommon in small and conventional rice 
mills. However, the practice is necessary for large and commercial-scale mills 
because the data highlights the impurity content after hulling and also the losses 
during whitening. Based on the husk weight from the standard content and brown 
rice weight, content of the impurity can be easily discovered by deducting brown 
rice recovery from the input paddy quantity. Modern rice mills include a weighing 
machine before whitening for this purpose.

In most major rice producing countries, 75% of brown rice recovery is generally 
accepted (Baradi and Elepaño 2012). This leaves impurity content at 5% including 
dusts, chaffs, seedless grains, and very light immature grains. However, the data 
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should be considered as a bottom line as some rice mills that count starting from 
cleaned paddy take 78% as the acceptable brown rice recovery.

Actual weight of the husk is occasionally checked in some rice mills where fre-
quent variety changes take place. Standard procedure is comparing 1000-kernel 
weight between the paddy and brown rice, whole grain. The same method is some-
times applied for determining the loss of moisture content.

Brown rice is usually checked for head rice and broken rice contents, so that 
necessary adjustments can be done to salvage the broken rice.

13.6  �Whitening

13.6.1  �Brown Rice and Digestibility

Whitening became a principal part in the rice milling since people ate white rice. 
Whitening is not part of the primitive milling method but the primitive way includes 
hulling. Rice milling in the ancient time involved pounding the paddies in a mortar by 
a pestle. The primary objective then was only to remove the husk. Pounding was 
stopped because only a small amount of paddy was able to be unhusked. A lot of bro-
ken rice was produced after pounding. If the amount was deemed too much, the stock 
was screened out in a bamboo tray before consumption, otherwise, taken as it is.

Nowadays, a rice mill without a whitening machine is not regarded as a rice mill. 
Some countries even issued regulations for the inclusion of this machine. One ratio-
nale is that eating quality of the brown rice is inferior to white rice. However new 
studies showed that brown rice contain more essential nutrients compared to milled 
rice (Pan et al. 2017).

Whitening operation changes the brown color into white. The degree of white-
ness increases with the whitening time as more bran is being removed. Exposure of 
the endosperm indicates that the whiteness has reached the highest level.

13.6.2  �Structure of a Whitening Machine

Whitening of rice is performed by the abrasion produced on the rice surface using 
the stone specially fabricated for this purpose. The rice is rubbed with the stone by 
which abrasion is created that is just sufficient for dismantling the rice surface. The 
rubbing speed supports the effectiveness of the abrasion. The stone is made of 
emery grains with crystalized multiple corners forming sharp edges. Stones made of 
larger emery grains produced rough abrasion whereas smaller grains are for fine 
abrasions. Whatever the degree of abrasion that is made, uniformity of the grains is 
important in order to prevent the rice from breaking.

Stone made for conventional whitening machine is conical in shape and made in 
one solid piece. Modern machines use smaller discs and a number of discs are used 
in one machine. The discs are assembled on a single shaft that rotates all the stones 
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simultaneously. A cylindrical screen surrounds the stones with a distance from the 
stone surface providing the space for rice to come into. The clearance of the space 
was predetermined citing whitening effects. Then, circular hollow area is formed 
into segments by inserting vertical bars (brakes). The brakes are in equal distances 
and attached to the screen leaving a narrow gap towards the stones. The configura-
tion in cone-type machine is the same. Both models have openings at the top and 
bottom for rice feeding and discharging, respectively. However, discharging rate is 
controllable based on the desired period for the rice to be maintained inside the 
machine.

While the machine is running, the rice is fed from the top and guided to fall 
equally into each chamber. Disc type uses mechanical feeding whereas cone type 
uses gravity feeding. The rotation process enables the running stones to rub the rice 
while slowly moving downwards and being blocked by brakes from running around. 
Surface of the rice is scratched and bran layers are removed. The brans that are dis-
integrated into pieces are screened under the influence of the rotation of the stone. 
Residual period is regulated by the discharge apparatus. Rice whitening cannot be 
carried out without breaking the rice because the brans are integral parts of the rice 
(caryopsis) and bound organically to the endosperm.

13.6.3  �Heat and Breakage

Rice is always warm during whitening and if the warmness is high, self-breaking of 
the rice occurs leading to high whitening breakage. Rice temperature increases 
along with the time of whitening and the pressure applied on it. Once warmed, lat-
eral pressure increased and creates thermal stress inside the rice causing cracking. 
Cracked rice could not withstand the milling stresses and breaks easily. Thermally 
stressed rice breaks easily though cracks are yet to be visible. In order to minimize 
breakage, the whitening operation is carried out in multiple passes to minimize heat 
generation.

The most popular concept is the 3-pass whitening system corresponding to the 
number of bran groups. Stones are set as coarse, medium, and fine starting from the 
first pass. The same way is applied for the peripheral speeds, which are fast, medium, 
and slow. By having intervals between the passes, it is possible to limit the level of 
warmness leading to reduction in breakage.

13.7  �Polishing

Polishing is the follow-up process to the whitening as a complementary work to 
make the rice attractive. Rice looks coarse after abrasive whitening due to the 
scratches inflicted by the stone. Polishing sealed it by filling with loose bran parti-
cles on the rice. The rice becomes neat and tidy after the scratches have disappeared. 
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Friction polisher gives better surface finish to the milled rice (Koga 1969). Further 
passes of polishing hardens the fillets and smoothens the surface.

This kind of facial improvement misled the rice millers to apply more passes of 
polishing with the hope of having a better look to fulfill the consumers’ demand. In 
fact, polishing is simply a beauty-making process and no evidence has been found 
that rice gives better taste by intensive polishing.

13.7.1  �Structure of a Polishing Machine

Unlike the whitening machine, polishing machine works horizontally. The rice is 
fed from one end and discharged at the opposite end. Being a horizontally working 
machine, rice is fed mechanically and moved forward by the feeding force. There is 
a counter force from the discharge side to hold the rice tightly. The working cham-
ber is formed by screen-baskets keeping cam-rotor in the middle. Unlike the whit-
ening machine, the screens are folded in design to create resistance to the rice which 
is supposed to be moving around with the cam-rotor. While rotating, the tips of the 
cam beat the rice enabling rice kernels to be displaced repeatedly. The moment of 
displacement together with the tightly packed conditions prompts the rice to rub 
each other. This is called self-frictioning and the polishing machine is called fric-
tioning machine. Rice is warmer than when it was in the whitening machine.

Subsequently, the polishing method was further developed to include water addi-
tion. Water mist is blown in during the operation via a central shaft and openings of 
the cam. The rice is wet and the surfaces are softened by the water. Polishing heat 
cooks the rice immediately resulting in the surface layer to form a coating. The coat-
ing is very thin and looks like a silk layer. The rice from wet polisher is called silky 
rice. The rice kernels are brighter than that produced by dry-polishing.

13.8  �Losses

13.8.1  �Physical Losses

White rice that has been subjected to a high degree of polishing produces slippery 
surface and better reflective quality that stands better in today’s market. These attri-
butes are only determined by personal judgments, and as such there are frequent 
disputes. For fear of disputes, millers often carry out the whitening and polishing 
processes to a greater extent. Unfortunately, the practice intensifies further the 
losses that occur.

Food loss is particularly boosted during the smoothening process in which rice 
parts are cut off. If we look at the cross section, it can be seen that the rice body is 
uneven and undulating. There are six numbers of ridges and furrows (Fig. 13.3a). 
The undulating body is due to the grooves on the rice surface that formed during 
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growth of the seeds (Bhattacharya 1980). The depth of the grooves varies from 1 to 
88 μm (Bhashyam and Srinivas 1984) depending on the growing location.

Smoothening rice surface requires flattening the ridges to the level of the furrows 
(Fig. 13.3b). In this procedure, rice with deep grooves requires more grinding; how-
ever, this leads to additional losses.

In order to get rid of the ridges, whitening must be aggressive, prompting rice to 
be broken extraordinarily. In this scenario, whitening operation eventually becomes 
a size-reduction process (Fig. 13.4). Massive rice parts are found in the discarded 
bran in this kind of whitening condition (Fig. 13.5).

An analysis of the size reductions on a Thai premium rice that has been milled 
until 11% of weight loss from brown rice.

Reduction in length: 4.5%,
Reduction in breadth: 5.1%, and
Reduction in thickness: 6.9%

Higher reduction on the thickness is observed because of the fact that rice mostly 
has kernel whose shape is somewhat flat. Among them, the length reduction is the 
most risky finding as rice could be broken when its tips are trimmed. Besides, 

Fig. 13.3  (a) Cross section of rice. (b) Cross section of grounded rice

Fig. 13.4  Brown rice and 
the smaller highly polished 
rice
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shorter length could bring down the price it usually fetches. Overall volume loss in 
such case amounted to 15% which could lead the people to consume more rice for 
satisfaction.

13.8.2  �Nutritional Losses

Apart from physical losses, overly milled rice lost nutrition too. Proteins, fats, vita-
mins, and minerals are present in greater quantity in the germs and outer layers than 
in the starchy endosperm (Heinemann et al. 2005). The rates of nutritional reduction 
are further examined on the white rice. White rice that has been milled at 7–8% bran 
removal showed nutrient losses as 29% proteins, 79% fat, 84% lime, and 67% iron. 
Towards these findings, FAO published this notification in its publication, “Highly 
polished rice produced in modern mills further increases the incidence of beriberi 
and other deficiency diseases such as keratomalacia, stomatitis, glossitis, cheilosis, 
and hepatic cirrhosis” (FAO 1948). Rates of the losses seem more critical now with 
respect to the higher degree of milling (Abbas et al. 2011).

13.9  �Grading

The responsibility of the grading operation is to fix the broken rice in the finished 
rice as per specifications. The operation selects the correct sizes of broken rice that 
are present. Sizes of the broken rice in a rice quality measurement are generally 
identified by decimal numbers on tenth basis of the rice length. For example, 0.8, 
0.75, 0.65, 0.5, 0.4, 0.3, 0.2, and 0.1. Some use fractional whole numbers by eighth 
basis such as 10/10, 9/10, 8/10, 7/8, 6/8, 5/8, 4/8, 3/8, 2/8, and 1/8. In general, 3/4 

Fig. 13.5  Rice cells in the bran after aggressive whitening
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of the rice length is regarded as head rice. However, top quality long grain types of 
rice are always larger than this ratio. As accuracy of content and size are very criti-
cal in price negotiation, grading is carried out in several steps in a specified sequence 
by using different methods of segregation.

13.10  �Recovery of Head Rice in the Milled Rice

The rice received after whitening and polishing is called milled rice representing the 
whole mass including the broken rice. Of the two, head rice is the deciding factor for 
the final yield of finished rice. The ratio of the head rice must be the highest possible 
in the milled rice. The type and design of the milling machinery influence the milling 
results (Bhattacharya and Subba 1966; Appiah et al. 2011). However, other factors 
such as plant design, processing method, and ambient conditions also play a role and 
affect the rate of broken rice. From the material side, immature grains and cracked 
kernels are serious factors and effectively bring down the head rice recovery.

13.10.1  �Double Losses in High Quality Rice

Every time when high-quality rice is produced, the process involves a certain rate of 
bran removal followed by consequential damages leading to production of broken 
rice. In the past, so-called high-quality rice are made up of 7–8% bran removal (7–8% 
weight loss from input paddy). Nowadays at 11% weight loss, the head rice recovery 
in the milled rice has reduced substantially, much lower than that of the past (Fig. 13.6). 
In today’s milled rice, head rice is hardly found at 65% while in the past it was 75% 
or more (Table 13.1). The disappearance of 10% head rice in the milled rice is the 
clear reason for the yield loss for the same quality of milling in the current scenario.

13.11  �Rice Specifications

Rice specification describes details what a certain rice quality wants and what are 
not part of its specification. The contents of head rice and broken rice are the main 
criteria. A rice quality is formed based on these two components in which the for-
mer is the principal fraction and stands as the higher portion. The higher the quality 
grade, the higher is the content of the head rice. Given below are important quality 
descriptions which affect the price and consumers’ perception.

	1.	 Content of head rice
	2.	 Content of whole kernel (part of head rice)
	3.	 Content of broken rice
	4.	 Size of broken rice permitted
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In the past Present Time

75%

25%

Impurity-5%

Husk-20%

Bran-8%

Milled rice-67%

Paddy-100%

96%

4%

Yield-48%

65%

35%

Paddy-100%

Impurity-5%

Husk-20%

Bran-11%

Milled rice-64%

96%

4%

Yield-43%

Head Rice

Broken rice

Head Rice Head Rice

Broken rice

Head Rice

Broken rice

Broken rice
Rice Quality

Fig. 13.6  Yield comparison between milled rice from the past and present

Table 13.1  Head rice recoveries for the same high-quality rice in the past and at present

Input paddy (%)
Impurity 
(%)

Husk 
(%)

Bran 
(%)

Milled 
rice (%)

Broken rice (%) in 
milled rice

Past 100 % Rice Quality 4.0 21.0 6.5 68.5 75 (25)a

Present 100% Rice Quality -Same- -Same- +11.0 65.0 65 (35)a

aRatio of broken rice in the milled rice the two figures make 100%.

Qualities of the rice are named based on the content of the broken rice. The sys-
tem enables immediate determination to compare the price and quantity of broken 
rice in finished rice. This is because the broken rice is a cheaper item compared to 
the head rice.

13  Food Losses in Rice Milling
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Universally known rice qualities are:

	1.	 100% rice, meaning full of head rice. However, the rice still allows 4 to 6% bro-
ken rice of the largest sizes.

	2.	 5% rice, 10% rice, 15% rice, 25% rice, and 35% rice. All the percentages mean 
broken rice contents.

Table 13.2 provides the specimens of specification illustrating contents and 
permitted sizes of all fractions included in the specific quality grade of rice. The top 
two qualities, 100% and 5% rice are regarded as high-quality rice and being pro-
duced under similar degree of milling. However, the 15% grade rice is produced 
under a lower degree of milling but it possesses whiteness high enough to attract the 
consumers. Comparatively, the content of the head rice is lower compared to the 
former two higher quality grades of rice and it allows higher content of broken rice. 
Therefore, the yield of the rice is higher (Table 13.3).

Although the contents of head rice and broken rice are more important for the pric-
ing, the criteria to be considered first and of the utmost importance is the milling 
degree. Milling degree descriptions are given below for the respective quality grade but 
some degrees are entitled for two or three quality grades which are very close together.

	1.	 “Ordinarily well-milled,” for the three lowest qualities including 25% lower 
grade. There are 25% and 45% rice lower than 25% rice.

	2.	 “Reasonably well-milled,” from super grade of 25% rice to 15% quality.
	3.	 “Well-milled,” for the rice of 10% and 5% grades.
	4.	 “Extra well-milled,” for three grades of 100% rice such as grades, A, B, and C.

The definitions are vague and not specified by any type of measurements, there-
fore, over-milling usually occurs.

Table 13.2  Specifications of three high-quality grades of rice

High-quality grade
Head rice 
(%)

Broken rice 
(%)

Size of broken rice (of average length, 
whole kernel)

Rice grade, 100% +96 −4 0.5–0.8
Rice grade, 5% +93 −7 0.4–0.8
Rice grade, 15% +83 −17 0.3–0.7

Notification of Commerce, Thailand B. E 2540 (1997)

Table 13.3  Finished rice yields and the percentages of extracted broken rice

Bran 
removal

100% Rice 5% Rice 15% Rice
Yield 
(%)

Broke rice 
extracted (%)

Yield 
(%)

Broken rice 
extracted (%)

Yield 
(%)

Broken rice 
extracted (%)

8.0 50.0 14.0 52.0 12.0 55.0 5.0

11.0 41.0 22.0 43.0 19.0 51.0 10.0

Remark: Bran removal rate of 15% rice grade is generally at 7% (paddy basis)
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13.12  �Yield of Finished Rice

The term yield in the rice milling refers to the quantity of finished rice in relation to 
the input paddy usually shown in percentages. Some countries have their own local 
descriptions but still convertible to percentages.

Yield can be fluctuated by the following factors regardless of the quality grade.

	1.	 Recovery of milled rice after whitening and polishing
	2.	 Content of head rice in the milled rice
	3.	 Content of head rice in the finished rice

13.13  �Summary

Harvested paddy should not be estimated as actual food available for the people’s 
consumption because the quantity slides down even before milling through drying 
and handling losses. The amount is reduced by around 20% when it is ready for 
conversion into edible rice.

Further irrelevance is the ready-reckoners used for converting paddy into rice. 
The data 60 or 65% are in fact replica of milled rice recovery, not finished rice. 
Consumers’ trend that tend to not eat broken rice should be drawn into consider-
ation, as well as the actual practice of removing broken rice from milled rice. About 
10–25% of input paddy quantity is being thrown out in the milling as broken rice 
resulting in the average yield to be less than the existing converting figure of 60%. 
One cause of reduction is today’s milling degree which is higher than in the past. 
Rice eaters should know that increased whitening and polishing do not necessarily 
give superior eating quality (Roya et al. 2008).

The illustration below shows how much of rice disappeared from human con-
sumption from the same quality grade comparing past and at present time. This is 
the present scenario. Out of this, the rice volume loss and the feedable number of 
population can be estimated as given below.

World paddy production 650 million per year
Standard conversion rate 0.60
Milled rice availability 390 million tons per 

year
Estimated high-quality rice (assumed 20% of milled rice) 78 million tons
By the average yield of 43%, paddy consumed for 84 million ton rice 
would be

181 million tons

If 181 million tons of paddy was milled to the same quality by the 
past bran removal rate of 8% and the yield, 48%, white rice would be

87 million tons

So, extra rice is (87–78) 9 million tons
Number of people that can be fed by extra rice at the rate of per 
capita consumption of 150 kg

60 million people for 
1 year

13  Food Losses in Rice Milling
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13.14  �Conclusion and Future Prospects

Practically, it is impossible to change the consumer’s preference for white rice. 
However, the craving for rice-beauty seems to be changeable if they are convinced 
by the losses and the incoming food shortage. Nutritional losses and the diseases 
associated with highly polished rice could also be helpful. Possible reduction of the 
price by the lower power consumption if qualities are brought down to standard 
level can be considered.

On the other hand, technical solution should be sought by focusing on the breed-
ing of thin-husked paddies and shallow undulating varieties so that weight and 
material losses would be less even though the present thirst for rice-beauty persists. 
At the same time, regulatory bodies concerning the rice quality standards should 
also include eating values in its regulations and standardization programs by high-
lighting the benefits. Therefore, optimum degree of milling could be determined on 
the basis of eating quality which will in turn reduce the losses.

On the other hand, eating of low-quality rice is not uncommon practice, because 
some countries had exercised the practice when they were facing food shortages. 
Government of India had once recommended 4 to 5% bran removal only (Bhole 1976).

Citing these examples, suggested efforts to save the food in the time of eminent 
food insufficiency would not be vain attempts. Otherwise, governments would face a 
time when they have to punish their own people whose behavior seems to be wasting 
food, even for a tiny amount. However, this kind of regulatory actions would create 
social instabilities and eventually diminish the peace and harmony of the world.
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Chapter 14 
Elicitors and Their Roles in Plant Defence 
Against Pathogens Particularly 
Basidiomycetes 

Sathyapriya Hamid and Mui-Yun Wong

14.1  �Introduction

Microbes in nature establish mutualistic or harmful interactions with plants 
depending on their lifestyles. While beneficial microbes enhance defence responses 
of host plants towards pathogens, pathogens affect the plant physiology in detri-
mental ways (Zeilinger et al. 2015). These interactions often involve recognition of 
microbial signals by plant receptors. These signals are generally termed as elicitors 
and have become a major area of interest within the field of plant–microbe 
interactions.

Typically, bioactive signals such as pathogen-associated molecular patterns 
(PAMPs), microbe-associated molecular patterns (MAMPs) or danger-associated 
molecular patterns (DAMPs) are perceived by surface-localised pattern recognition 
receptors (PRR) of plants (Zipfel 2014). PRRs are often coupled with other recep-
tors particularly receptor-like kinases (RLKs) or receptor-like proteins (RLPs) to 
form molecular complexes to facilitate ligand recognition, signal transduction or 
regulation PRR-triggered immunity against pathogens (Monaghan and Zipfel 
2012). Within minutes, PAMP-PRR perception triggers the first level of inducible 
defences including accumulation of reactive oxygen species (ROS) in plasma mem-
brane (Boller and Felix 2009). This plant defence response is known as PAMP-
triggered immunity (PTI). Failure to overcome these defence mechanisms results in 
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activation of effective PTI and prevention of pathogen proliferation in the apoplast 
(Gohre and Robatzek 2008). In general, successful pathogenic fungi deliver various 
effectors (race-specific elicitors) into host cells to suppress the PTI components. 
Upon perception of these effectors by resistance (R) proteins of plants, a second 
layer of defence known as effector-triggered immunity (ETI) is actuated (Wiesel 
et al. 2014). Consequently, localised cell death (hypersensitive response) takes place 
to kill both the invading pathogen and infected plant cells (Jones and Dangl 2006).

Elicitor compounds are remarkably important in the development of local and 
systemic resistance in plants. In general, plants utilise systemic acquired resistance 
(SAR) or induced systemic resistance (ISR) to initiate systemic immunity during 
their interactions with elicitors. SAR which relies on salicylic acid (SA) signalling 
pathway (Gao et al. 2015) provides robust and long-term protection against an array 
of pathogens. It is typically associated with programmed cell death that is confined 
to the infected area and accumulation of pathogenesis-related (PR) proteins (Durrant 
and Dong 2004). In contrast, ISR depends on jasmonic acid (JA) and ethylene (ET) 
pathways and is not associated with programmed cell death (Wiesel et al. 2014).

14.2  �Plant Defence Elicitors

Elicitors are fast becoming the key instruments in plant disease control due to their 
competence in activating or inducing resistance in plants. The term “elicitor” was 
initially used only for molecules capable of inducing the phytoalexin production in 
plant cells (Keen et al. 1972; Ebel and Cosio 1994). However, it is now often used 
for any signal-inducing compounds recognised by the innate immune system 
involved in priming and/or induction of defence responses regardless of its origin 
(Walters et al. 2013; Wiesel et al. 2014).

In general, elicitors comprise both microbe- or plant-derived compounds and 
synthetically made substances such as acibenzolar-S-methyl (ASM) and beta-
amino-butyric acid (BABA) mimicking plant-derived compounds. Microbe-derived 
compounds, the exogenous elicitors are often regarded as pathogen- or microbe-
associated molecular patterns (PAMPs or MAMPs) depending on the nature of the 
microbes (Maffei et  al. 2012). On the other hand, plant-derived compounds, the 
endogenous elicitors are released within plant cells after attacks from herbivores or 
microbes, and thus termed as damage- or danger-associated molecular patterns 
(DAMPs) (Mazzota and Kemmerling 2011; Henry et al. 2012).

Typically, these compounds can be divided into two groups, namely general elic-
itors or race-specific elicitors based on the specificity of elicitation of defence 
responses in plants. While general elicitors induce defence responses both in host 
and non-host plants, race-specific elicitors which are better known as effectors trig-
ger defence responses only in specific host plant species (Montesano et al. 2003). 
Avirulence (avr) genes encoding effectors from certain race of pathogens and their 
corresponding resistance (R) genes in specific host cultivars have been identified as 
major contributing factors for gene-for-gene resistance whereby the absence of 
products produced by any of these genes can cause disease (Cohn et al. 2001).
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Elicitors are structurally distinct and can be grouped into diverse classes of 
compounds mainly oligosaccharides, proteins, glycoproteins and lipids. Montesano 
et  al. (2003) have reviewed various classes of plant defence and defence-like 
responses-eliciting compounds that are present in plant pathogenic microbes. Here, 
we have listed oomycete-, fungal- and bacteria-derived elicitors which have been 
extensively studied for their defence-eliciting capability on various plant species 
(Table 14.1). According to Wiesel et al. (2014), elicitors provide a signal of potential 
pathogen attack to the host plant irrespective to their nature and origin. In many 
cases, elicitor compounds exist as structural components of the microbes. These 
include chitin, glucan and mannoprotein fragments from fungi (Wiesel et al. 2014), 
flagellin from the Gram-negative bacteria (Felix et al. 1999) and viral coat protein 
from tobacco mosaic virus (Culver and Dawson 1989; Wahlroos and Susi 2015). On 
the other hand, pathogen-derived elicitors such as harpins secreted through type III 
secretion system in certain Gram-negative bacteria and pectic enzymes which 
degrade plant cell walls including endopolygalacturonases and pectate lyases from 
several phytopathogenic bacteria have been reported as crucial virulence factors in 
some plant–pathogen interactions (Montesano et al. 2003; Choi et al. 2013; Benali 
et al. 2014). The latter examples are able to release plant cell wall fragments particu-
larly oligogalacturonides (OGs) which act as DAMPs within plant cells upon infec-
tions (Boller and Felix 2009; Galletti et al. 2009; Vorhölter et al. 2012; Ferrari et al. 
2013). Interestingly, plants are able to recognise PAMPs and MAMPs as “non-self” 
or DAMPs as “damaged or infectious self”-signals using specialised receptors 
(Monaghan and Zipfel 2012; Heil and Land 2014; Zipfel 2014). As a result, defence 
signalling pathways leading to stimulation of plant basal immunity are triggered.

14.3  �Elicitor Perception Systems in Plants

Bioactive signal molecules (PAMPs, MAMPs or DAMPs) produced or released 
during plant–microbe interactions are usually recognised by PRRs located in the 
plasma membrane of plants. Among these PRRs, the role of RLKs and RLPs in PTI 
has been well studied (Monaghan and Zipfel 2012). RLKs comprise an ectodomain 
of leucine-rich repeats (LRRs) which is involved in the perception of conserved 
microbial molecules, and an intracellular kinase domain which is involved in signal 
transduction through mitogen activated protein kinase (MAPK) cascades (Jones and 
Dangl 2006; Coll et al. 2011). Meanwhile, RLPs are lacked of a cytoplasmic signal-
ling domain, thus may require a protein kinase as their signalling partner to initiate 
downstream signalling in plants (Liebrand et al. 2014). This was exemplified in the 
studies undertaken by Liebrand et al. (2013) and Zhang et al. (2013a, b).

The role of LRR-RLK as PRR in Arabidopsis was first demonstrated using for-
ward genetic screen by Gómez-Gómez and Boller (2000). In their ground-breaking 
study, they identified Flagellin Sensing 2 (FLS2) of Arabidopsis thaliana as the 
receptor involved in the recognition of flg22, a bacteria-derived elicitor flagellin. 
Since then, many studies have concentrated on identifying LRR-RLK receptors in 
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various plants to better understand the mechanisms of PRRs and their roles in 
PTI. Besides, flg22/FLS pair, Ax21/XA21 (Lee et al. 2008, 2009) and elf18/26 pep-
tides/ EFR1 (Zipfel et al. 2006) also have been well studied. To date, several puta-
tive plant PRRs have been recognised and their molecular-recognition mechanisms 
have been described (Zipfel 2014; Trdá et al. 2015). Here, we have listed the well-
characterised PRR proteins involved in perception of PAMPs/MAMPs/DAMPs 
from selected model plants, namely rice, Arabidopsis and tomato (Table  14.2). 
PRRs containing extracellular lysin (LysM) motifs including chitin oligosaccharide 
elicitor-binding protein (CEBip) and chitin elicitor receptor-like kinase (CERK1) 
are highly sensitive to chitin and have been reported to involve in the perception of 
fungal-derived chitin in rice (Miya et  al. 2007; Shimizu et  al. 2010). However, 
Zipfel (2014) has highlighted the differences in chitin recognition mechanism of 
rice and Arabidopsis. Interestingly, OsCERK1 has been found to be important for 
both peptidoglycan (PGN) and chitin signalling initiated by two chitin- and PGN-
sensing proteins, namely OsLYP4 and OsLYP6 in rice (Ao et al. 2014).

With regard to LRR-RLPs, tomato Cf proteins which correspond to the avirulence 
proteins encoded by Avr genes of tomato leaf mold disease-causing pathogen, 
Cladosporium fulvum have been vastly reported (Jones et al. 1994; Wulff et al. 2001; 
Rooney et al. 2005; van den Burg et al. 2006). More recently, BRI1-ASSOCIATED 
KINASE 1/SOMATIC EMBRYOGENESIS RECEPTOR KINASE 3 (BAK1/
SERK3) was shown to be essential for Cf-4-mediated resistance of tomato against C. 
fulvum (Postma et al. 2016). Besides, ethylene-inducing xylanase (EIX)/ LeEix1 and 
LeEix2, and Ve1/ Ave1 pairs have been reported in tomato–fungus interaction (Ron 
and Avni 2004; de Jonge et al. 2012). In addition, receptors involved in detection of 
a proteinaceous fungal PAMPs as well as fungal endopolygalacturonase have been 
reported in Arabidopsis (Jehle et al. 2013; Zhang et al. 2013a, b, 2014).

Perception of DAMPs by plant PRRs has been well-reviewed (Heil and Land 
2014; Zipfel 2014). Oligogalacturonides (OGs) released from plant cell walls dur-
ing infection or wounding are perceived by wall-associated kinase 1 (WAK1) which 
contains epidermal growth factor (EGF) motif (Brutus et al. 2010; Zipfel 2014). In 
addition, AtPep peptides (DAMPs) have been found to be perceived by AtPEPR1 
and AtPEPR2 in Arabidopsis and this perception is crucial for stimulation of sys-
temic immunity in plants (Yamaguchi et al. 2006, 2010). More recently, Choi et al. 
(2014) have identified DORN1/LecRK-I.9, a plant receptor for extracellular ATP 
(eATP), a DAMP released on cell rupture during infection or wounding (Zipfel 
2014). Expression of DORN1/LecRK-I.9 has improved resistance to Phytophthora 
infestans in tobacco and potato (Bouwmeester et al. 2014).

14.4  �Activation of Plant Immunity by Elicitors

Upon perception of a bioactive signal molecule (PAMP, MAMP or DAMP) by its 
cognate receptor, PTI is activated (Jones and Dangl 2006). PTI is typically associ-
ated with calcium influx, accumulation of reactive oxygen and nitrogen species, 

S. Hamid and M.-Y. Wong
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synthesis of phytoalexins, expression of PR proteins, activation of MAPK pathways 
and cell wall modifications. These basal defence responses are produced to confine 
the growth of pathogens (Wiesel et al. 2014) while activating systemic resistance in 
plants that provides boosted protection against pathogens in subsequent attacks 
(Henry et al. 2012).

In most cases, adapted pathogens counteract the plant’s basal defence responses 
by secreting effector proteins into the plant cells (O’Leary et al. 2016). Successful 
suppression of PTI often results in effector-triggered susceptibility (ETS) as illus-
trated in the “zigzag” model by Jones and Dangl (2006) where the plants become 
susceptible to diseases. Nevertheless, effector-triggered immunity (ETI) is activated 
when a particular effector protein is recognised either directly or indirectly by its 
cognate resistance (R) protein in plants (Jones and Dangl 2006; Liu et al. 2013). ETI 
is an accelerated and augmented response (Coll et al. 2011) which typically results 
in HR, a localised cell death at the site of infection that kills both the invading patho-
gen and infected plant cells (Newman et al. 2013). Consequently, SAR in the host is 
activated (Jones and Dangl 2006) where the host plant becomes resistant to subse-
quent attacks from obligate biotrophic or hemibiotrophic pathogens. ETI is ineffec-
tive against necrotrophic pathogens (Glazebrook 2005). Several studies have shown 
that necrotrophic pathogens secrete a specialised group of necrotrophic effectors 
which are known as host-specific toxins (HSTs) that confer susceptibility to the 
pathogen upon recognition by host PRRs and leads to HST-induced programmed 
cell death (Friesen et al. 2008a, b; Oliver and Solomon 2010).

14.5  �Roles of Fungal- and Oomycete-Derived Elicitors 
in Plant Defence Against Pathogens

14.5.1  �Saccharides

Chitin, chitosan and chitooligosaccharides are among the well-studied fungal-derived 
oligosaccharide elicitors which trigger defence responses both in monocots and 
dicots. However, the molecular mechanisms by which plants recognise and transduce 
the signals of oligosaccharide elicitors remain elusive (Trouvelot et al. 2014). Chitin, 
a linear β-1,4 linked homopolymer of N-acetyl-d-glucosamine (GlcNAc), and chito-
san, a deacetylated form of chitin, occur in fungal cell walls (Bowman and Free 2006; 
Pawlowski et al. 2016). Many chitin-binding proteins designated as CEBiP or CERK1 
and its analogues have been reported in both monocotyledons and dicotyledons (Yin 
et al. 2016). In rice, chitin has been reported to induce the expression of defence-
related genes encoding PR proteins, WRKY transcription factors, and R proteins 
(Wan et al. 2008). However, some pathogenic fungi have developed some strategies to 
suppress chitin-induced PTI in plants. For instance, Colletotrichum graminicola, 
Puccinia graminis f. sp. tritici and Uromyces fabae convert surface-exposed chitin to 
chitosan, a poor elicitor, by de-N-acetylation to reduce PAMP and protect themselves 
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against fungal cell wall degradation by host chitinases (El Gueddari et al. 2002). On 
the other hand, chitin-binding lectin Avr4 in C. fulvum specifically binds to the fungal 
cell wall and protects the chitin against hydrolysis by host endochitinases during 
infection (Gohre and Robatzek 2008). Besides, extracellular protein 6 (Ecp6), a con-
served LysM effector of C. fulvum sequesters chitin oligosaccharides released from 
invading fungal hyphae to avoid activation of host immunity through recognition of 
chitin by CEBip (de Jonge et al. 2010). Likewise, Slp 1, a chitin-binding protein with 
two LysM domains from Magnaporthe oryzae competitively inhibited CEBiP and 
suppressed chitin-induced immune responses in rice (Mentlak et al. 2012).

On the other hand, chitooligosaccharides (COSs) are released from fungal cell 
walls when plant chitinases act on chitins upon fungal infection (Wan et al. 2008). 
It has been reported that long-chain COSs (degree of polymerisation = 6–8) are 
strong inducers of plant innate immunity (Liang et al. 2014). Besides, COSs larger 
than hexose have also been reported to trigger expression of several defence-related 
genes, extracellular alkalinisation and ion efflux, changes in protein phosphoryla-
tion, transient membranes depolarisation and generation of ROS in suspension-
cultured rice cells (Mishra et al. 2012). In addition, a carbohydrate moiety elicitor 
from Blumeria graminis f. sp. tritici has been reported to exhibit elicitor activity by 
inducing thaumatin-like proteins in a broad range of cereals (Schweizer et al. 2000).

Apart from that, the roles of oligosaccharide elicitors derived from the β-glucans 
of pathogenic oomycetes, such as P. sojae in plant defence, have been well reviewed 
(Shibuya and Minami 2001; Montesano et  al. 2003; Fesel and Zuccaro 2016). 
However, least is known about fungal β-glucans cognate PRRs, the recognition as 
well as signal transduction in plants. The β-1,3-glucan fragments from Magnaporthe 
grisea, the rice blast pathogen induced production of phytoalexins in rice suspension-
cultured cells (Yamaguchi et al. 2002). In general, several fungal pathogens and root 
endophytic fungi employ several strategies to avoid or attenuate β-1,3-glucan-
activated resistance in plants during invasion. For example, Oliveira-Garcia and 
Deising (2013) reported that the expression of β-1,3-glucan synthetase, GLS1, in 
hemibiotrophic fungus, Cl. graminicola was tightly regulated in a temporal and 
spatial manner during infection of maize plants to prevent β-1,3-glucan-triggered 
immunity. Furthermore, a study done on two β-1,3-glucan synthesis genes, namely, 
KRE5 and KRE6 in biotrophic hyphae of Cl. graminicola also demonstrated that 
downregulation of production and prevention of exposure of branched β-1,3-β-1,6-
glucan are essential to attenuate PTI in maize (Oliveira-Garcia and Deising 2016). 
Apart from that, Fujikawa et al. (2009, 2012) have reported that modulation of cel-
lular surface by α-glucan apposition in M. oryzae prevented the fungal cell wall 
degradation and delayed PTI during invasion in rice. On the other hand, fungal-
specific β-glucan-binding lectin, FGB1 secreted by root endophyte, Piriformospora 
indica was reported to alter fungal cell wall composition and suppress glucan-
triggered reactive oxygen species (ROS)  production in Arabidopsis, barley and 
tobacco, resulting in effective fungal colonisation (Wawra et  al. 2016). Besides, 
laminarin, a non-defined β-1,3-glucan with β-1,6-glycosidic side branches from a 
marine brown alga, Laminaria digitata, was reported to be able to elicit an array of 
defence responses such as medium alkalisation, H2O2 production, salicylic acid 
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accumulation and PR genes induction in several plants as reviewed by Fesel and 
Zuccaro (2016). However, sulphated laminarin did not induce SA-signalling but 
specifically activated expression of PR1 in A. thaliana ecotype Columbia-0 (Col-0) 
(Ménard et al. 2004) and the reason for this remains elusive.

14.5.2  �Xylanases

Endo-β-1,4-xylanases which are present both in pathogenic and non-pathogenic fungi 
show elicitor activities in plants. For instance, the ethylene-inducing xylanase (EIX) 
from Trichoderma viride, which binds to two putative membrane receptors, LeEix1 
and LeEix2 can trigger defence in specific cultivars of tomato and tobacco (Ron and 
Avni 2004). Besides, EIX was reported to induce ROS accumulation and activation of 
OsMPK6, a MAPK in rice cells along with hypersensitive cell death (Kurusu et al. 
2005). Kurusu et al. (2010) have reported that xylanase from T. viride (TvX)/EIX trig-
gers mitochondrial dysfunction and hypersensitive cell death in rice. They also found 
that two Calcineurin B-like protein-interacting protein kinases (OsCIPK14/15) are 
essential for regulation of defence signalling pathway in rice cell cultures. Besides, 
endo-β-1,4-xylanase from Botrytis cinerea, Xyn11A has been found to induce necrosis 
that facilitates its infection process in tomato plant tissues (Noda et  al. 2010). 
Interestingly, several studies have indicated that the defence elicitation and xylan-
degrading activity of EIX protein are independent properties. For example, site-directed 
mutation of glutamic acid residue in xylanase II from T. reesei did not alter its elicitor 
activity in leaves of tobacco and tomato (Enkerli et al. 1999). Likewise, substitution of 
the pentapeptide TKLGE to VKGT on β-strand of the EIX protein inhibited the elicita-
tion activity but not the β-1-4-endoxylanase activity in tobacco (Rotblat et al. 2002).

14.5.3  �Sterols

Ergosterol, a 5,7-diene oxysterol is the main sterol present in most fungal cell mem-
branes. It is often perceived as a general defence signal followed by activation of lipid-
based signalling pathway in plants (Klemptner et  al. 2014). To date, the exact 
mechanism by which ergosterol is recognised by plants and signal transduction path-
way induced upon ergosterol recognition have not been reported yet. However, 
Granado et al. (1995) have proposed that plants have specialised receptors for ergos-
terol recognition based on elicitation of extracellular alkalinisation by ergosterol puri-
fied from spores of C. fulvum as compared to endogenous plant sterols, namely, 
campesterol, stigmasterol and sitosterol in tomato cells. This hypothesis was also sup-
ported by Amborabé et al. (2003) who reported the induction of different early events 
at the plasma membrane level by ergosterol as compared to chitosan in Mimosa 
pudica. Ergosterol has been reported to induce changes in membrane potential, gen-
eration of active oxygen species in addition to production of phytoalexins (Rossard 
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et al. 2006; Klemptner et al. 2014) as well as modifications of H+ fluxes in plants 
(Rossard et al. 2010). Interestingly, sterol was reported to be important in elicitation 
of defence responses including Ca2+, extracellular alkalinisation and SAR by crypto-
gein, the proteinaceous elicitor from Phytophthora spp. in tobacco (Osman et  al. 
2001). On the other hand, involvement of signalling molecules, namely, nitric oxide 
and calmodulin-dependent protein kinases and SA were reported to activate defence-
related genes following ergosterol treatment in tobacco (Dadakova et al. 2013).

14.5.4  �Pectolytic Enzymes

Pectolytic enzymes degrade pectin, the constituent of plant cell wall releasing 
endogenous elicitors within plant cells upon infections. Endopolygalacturonases 
(EndoPGs) from Colletotrichum lindemuthianum have been shown to hydrolyse 
homogalacturonan domains of pectic polysaccharides resulting in cell wall disinte-
gration and tissue maceration followed by induction of active oxygen species and 
β-1,3-glucanase activity in tobacco (Boudart et  al. 2003). Besides, a functional 
study done on two endoPG-coding genes (Tvg1 and Tvg2) from T. virens revealed 
the potential of endoPGs in eliciting ISR while establishing mutualistic interaction 
with tomato plants (Baroncelli et al. 2016). In addition, Herron et al. (2000) reported 
that PelC, a pectate lyase secreted by Erwinia chrysanthemi which cleaves the pec-
tate component of plant cell walls is recognized as a virulence factor.

14.5.5  �Peptaibols

Peptaibols are antibiotics and regarded as a novel class of fungal proteinaceous elici-
tors. For instance, chrysospermin, a 19-mer peptaibol from Apiocrea chrosospermin 
has been reported to reduce tobacco mosaic virus infection in tobacco plants through 
activation of plant resistance (Kim et al. 2000). Besides, alamenticin from T. viride was 
reported to trigger defence responses by synthesising SA and volatile compounds in 
lima bean (Engelberth et al. 2001) and A. thaliana (Viterbo et al. 2007) when applied 
exogenously. Viterbo et al. (2007) also reported the action of an 18-residue peptaibol 
from T. virens on cucumber plants against Pseudomonas syringae pv. lachrymans. This 
peptide was found to trigger plant defence through up-regulation of genes encoding 
peroxidase, hydroxyperoxide lyase and phenylalanine ammonia lyase.

14.5.6  �Cerato-platanins

Cerato-platanins (CPs) which are exclusively present in fungi are also potent elici-
tors of primary defence responses. Cerato-platanin was first identified in Ceratocystis 
fimbriata f. sp. platani, an aggressive fungal pathogen causing canker stain on plane 
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trees and was reported as a new phytotoxic protein (Pazzagli et al. 1999). To date, 
many studies have been carried out to elucidate the roles of CPs in plant defence and 
several of them are presented in Table 14.1. It includes Sm1 from T. virens (Djonovic 
et al. 2006; Salas-Marina et al. 2015), Pop1 from Cr. populicola and CP from Cr. 
platani (Lombardi et al. 2013), Epl1 from T. atroviride (Salas-Marina et al. 2015), 
MgSM1-CP-like protein from M. grisea (Yang et al. 2009), necrosis- and ethylene-
inducing peptide (Nep1) from Fusarium oxysporum (Bae et al. 2006), MoHrip pro-
tein from M. oryzae (Chen et al. 2014), BcGs1 from B. cinerea (Zhang et al. 2015) 
as well as Snodprot1 from Phaeosphaeria nodorum, MpCP1 from Moniliophthora 
perniciosa and Sp1 from Leptosphaeria maculans (de Oliveira et al. 2011).

14.5.7  �Avirulence Proteins

Activation of ETI by race-specific protein products of avirulence (Avr) genes from 
a number of phytopathogenic fungi has also been reported. Among Avr2, Avr4, 
Avr4E and Avr9 from C. fulvum which are recognised by the corresponding Cf R 
proteins in tomato, only Avr2, a cysteine protease inhibitor, and Avr4, a chitin 
armour, exhibited virulence functions through suppression and avoidance of host 
defences (Rooney et al. 2005; van den Burg et al. 2006). Interestingly, functional 
ortholog of C. fulvum Avr4 has been reported in Mycosphaerella fijiensis, the causal 
agent of black Sigatoka disease of banana (Stergiopoulos et al. 2010). Six1 and Six3 
effectors were required for full virulence of F. oxysporum f. sp. lycopersici (Fol) 
during infection in tomato plants (Houterman et  al. 2007). Meanwhile, Fol Six4 
(Avr1) was involved in suppression of I-2- and I-3-mediated resistance to establish 
infection in tomato (Houterman et al. 2007). Several studies have also proposed the 
virulence functions of AvrLm1d and AvrLm4-7 from L. maculans in plants (Huang 
et al. 2006, 2010). The mechanisms by which oomycete Avr effectors, the RXLRs 
suppress host defence have been critically reviewed by Stassen and Van den 
Ackerveken (2011). Other than that, Avr-Pii from rice blast fungus was found to 
target OsExo70-F3 and exocytosis pathway is crucial for ETI in rice (Fujisaki et al. 
2015). Furthermore, the interactions between five blast Avr effectors, namely 
AvrPita, Avr-Pik, AvrPiz-t, Avr-Pia and AVr1-Co39 and their cognate rice R pro-
teins have been reviewed in Liu et al. (Liu et al. 2013a, b) and Liu and Wang (2016).

14.6  �Roles of Elicitors in Plant Defence 
Against Economically Important Basidiomycetes

During the past 20 years, many reviews concentrated on the potential of using biotic 
and synthetic elicitors in activating immune responses in various plants against a 
wide range of plant pathogens. However, most literatures primarily focused on the 
efficiency of elicitors against an array of bacterial pathogens as well as fungal 
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pathogens from the phylum Ascomycota. This section focuses on the studies which 
have been made to elucidate the effects of several elicitors in inducing resistance in 
plants against several economically important basidiomycetes which affect the pro-
ductivity of food crops and plantation crops globally.

14.6.1  �Benzothiadiazole

Since 1996, a great number of studies have reported the potential of the synthetic 
elicitor, benzothiadiazole (BTH; trade name, BION®), synonymous ASM, a func-
tional analogue of SA which is a secondary signalling molecule of plant origin, in 
inducing SAR in various plants against a wide range of pathogens including basid-
iomycetes. Typically, the triggered immune responses in plants include synthesis of 
PR protein mostly PR-1 proteins through activation of MPPK3 (Beckers and 
Conrath 2007), accumulation of phytoalexins and strengthening of cell walls. To 
date, BTH has attracted attention of many researchers due to its high competence in 
disease control against a wide array of pathogens (as reviewed in Iriti and Faoro 
2003) besides posing low or zero toxicity to plants, animals and the environment 
(Tomlin 2001).

In a study on Eucalyptus plants, BION® and autoclaved preparation made from 
Saccharomyces cerevisiae were found to increase the activity of chitinase, peroxi-
dase and phenylalanine ammonium lyase (PAL) enzymes together with the induction 
of a HR in both susceptible and resistant cultivars that resulted in an enhanced resis-
tance against Puccinia psidii (Boava et al. 2009). In a different study, Boava et al. 
(2010) reported higher expression of gene encoding chitinase in the leaves of 
Eucalyptus pre-treated with ASM and challenged with Pc. psidii suggesting the pre-
conditioning effect of ASM in plants. Besides, Han et al. (2012) demonstrated that 
disease resistance to Pc. striiformis f. sp. tritici (Pst) which lasted for at least 60 days 
was induced in mature wheat plants pre-treated with BTH. Furthermore, alterations 
in peroxidase and PAL activities as well as in total phenol content revealed the ability 
of BTH in inducing resistance against Pst in Tamuz-2 (moderately susceptible) and 
AL-8/70 (susceptible) wheat genotypes, mimicking the function of β-aminobutyric 
acid (BABA), indole acetic acid (IAA) and SA (Al-Maaroof et al. 2014).

The findings of Iriti and Faoro (2003) highlighted the efficiency of a single appli-
cation of BTH in preventing rust infection caused by U. appendiculatus on French 
bean plants. Consistent with this finding, Maffi et  al. (2011) found that 0.3 mM 
BTH was able to induce oxidative burst in 24 h and altered PAL expression for sev-
eral days in bean plants providing protection against rust disease. In the case of 
Coffea arabica, which is prone to coffee leaf rust disease caused by Hemileia vas-
tatrix Berk, a study has been conducted to understand the effects of the resistance 
inducing formulas, namely, “Greenforce CuCa” (formulation based on a by-product 
of coffee and citrus industries, developed in UFLA) and Bion® on its resistance 
(Possa et  al. 2014). Initial reports found that these elicitor formulas affected the 
types of protein being accumulated in the coffee leaves at cellular level (Possa et al. 
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2014). More recently, the findings of Barilli et al. (2015) highlighted the role of 
BTH in reducing pre- and post-penetration of rust pathogen, U. pisi through priming 
of phytoalexins accumulation (scopoletin, pisatin and medicarpin) in pea leaves. 
However, they have also suggested that the response mediated by BTH was 
genotype-dependent as compared to DL-BABA.

In vitro assessment demonstrated that 0.025 and 0.05 g/L of ASM (BION® 50 
WG) were neither fungicidal nor fungistatic against Ganoderma boninense, a noto-
rious fungal pathogen that causes basal stem rot (BSR) disease of oil palm 
(Table 14.3, unpublished data). On the other hand, in a preliminary in planta study, 
both spraying (50 mg/L) and drenching (25 mg/L) of ASM on G. boninense infected 
oil palm seedlings were effective in reducing BSR disease incidence (DI) through 
the activation of PR genes (chitinase and glucanase) on the seedlings compared to 
the untreated oil palms (Wong and Sariah 2007) suggesting that ASM could be used 
to induce resistance of oil palm for BSR disease management.

14.6.2  �Silicon

Silicon (Si), an inorganic elicitor has been gaining popularity as a plant elicitor due 
to its prophylactic role in increasing plant defence mechanisms against plant patho-
gens. Si possibly induces defence responses similar to SAR (Cai et al. 2009). The 
dual actions of Si as a physical barrier and resistance activator cause an increased 
production of phenolic compounds, phytoalexins and lignin, increased activity of 
defence enzymes as well as transcription of genes associated with defence in vari-
ous plants (Pozza et al. 2015; Rodrigues et al. 2015). Si application has been used 
in many different plants, including soybean, to protect against soybean rust (SBR). 
Foliar application of Si was found to reduce the intensity of SBR in soybean caused 
by the fungus Phakopsora pachyrhizi (Rodrigues et  al. 2009). Delayed onset of 
SBR and reduction in area under disease progress curve (AUDPC) for treated soy-
bean plants with Si under glasshouse and field conditions have also been reported 
(Lemes et al. 2011). Moreover, Arsenault-Labrecque et al. (2012) have highlighted 
the potential of Si in protecting soybean plants particularly cultivar Hikmok sorip 
against SBR through mediated resistance which was associated with 
HR. Furthermore, Cruz et al. (2013) have reported an increased activity of chitinase 

Table 14.3  Effect of different concentrations of BION® on in vitro mycelial growth inhibition of 
G. boninense based on each day after inoculation (DAI)

BION® Treatment
DAI 3 DAI 7 DAI 9 DAI 10 DAI 13
PIRG (%)

T1 (ddH2O) 0 0 0 0 0a

T2 (0.05 g/L) 19.26 17.65 4.86 4.65 0a

T3 (0.025 g/L) 0.88 0.74 0 0 0a

aPIRG percent inhibition of radial growth. Values show the means of seven replications for each 
treatment. Means with the same letter is not significant at LSD at P ≤ 0.05
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in the onset of Asian soybean rust (ASR) symptoms on plants grown in soil amended 
with calcium silicate, a source of Si, compared to ASM and JA suggesting the 
important role of Si in ameliorating SBR severity.

Apart from soybean, several studies have been carried out to determine the 
potential of Si in enhancing rice resistance against Rhizoctonia solani, the causal 
agent of sheath blight. Zhang et al. 2013a, b reported that Si application improved 
resistance against R. solani particularly in Ningjing 1, a susceptible cultivar and the 
resistance was associated with increased production of phenolics, flavonoids and 
lignin, and increased polyphenoloxidase (PPO) and PAL activities. Similarly, 
increased activities of PAL, PPO, chitinase and peroxidases (PO) were observed in 
the leaf sheaths of susceptible rice plants of BR-Irga 409 resulting in reduced sheath 
blight development (Schurt et al. 2014). Najihah et al. (2015) have tested the effi-
cacy of silicon oxide, potassium silicate, calcium silicate, sodium silicate and 
sodium meta-silicate at different concentrations against BSR disease in oil palm and 
found that treatment with 1200 mg/L of sodium silicate was most effective in sup-
pressing BSR by 53%. Moreover, foliar spray of potassium silicate was reported to 
be able to reduce the severity of coffee leaf rust caused by H. vastatrix (Carré-
Missio et al. 2012). These studies have highlighted the potential of Si in controlling 
diseases caused by basidiomycetes; however, it is essential to provide information 
on biochemical and molecular aspects of resistance induced by Si and its signalling 
pathways in treated plants.

14.6.3  �Saccharin

In recent years, there has been an increasing interest in using saccharin, a metabolite 
of probenazole (PBZ), as defence activator in several plants. For example, Srivastava 
et al. (2011) have highlighted the potential of this compound in activating SAR of 
soybean in response to its pathogen Ph. pachyrhizi. An augmented level of resis-
tance was recorded 1  day after application of saccharin as a root drench and 
increased systemic protection against rust infection until 15 days after treatment. 
Saccharin also reduced the number and diameter of pustules, sporulation of bean 
rust and rust severity in the susceptible bean plants cultivar Guará inoculated with 
U. appendiculatus (Delgado et al. 2013).

In another study, saccharin was shown to induce systemic resistance when 
applied as a soil drench to Vicia faba L. cv. Aquadulce at three-leaf stage, against U. 
viciae-fabae, the rust fungus (Boyle and Walters 2005). Ahmed et al. (2013) have 
proposed that rust disease control in broad beans applied with saccharin was due to 
wyerone acid, the phytoalexin which was formed by host tissues and it increased 
with gradual increasing of saccharin concentration. However, understanding the 
biochemical or molecular mechanisms employed by saccharin in triggering resis-
tance in plants is necessary to explore the potential of this elicitor in controlling 
diseases caused by basidiomycetes.
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14.7  �Conclusions and Perspectives

Elicitors of biological and non-biological origins play crucial roles in establishing 
beneficial or pathogenic interactions with plants. To date, elicitors which are able to 
control plant pathogens by activating plant innate immunity are being extensively stud-
ied due to their great potential for crop protection and environmental compatibility. 
However, it is crucial to note that the mechanism of several elicitors is highly depen-
dent on their origins and plant species. Thus, more detailed studies on the plant defence 
elicitation mechanisms by elicitors and practical applications in the field are essentially 
required for the development of biopesticides against pathogens, particularly basidio-
mycetes, in the near future. Taking into account the advantages of elicitors to the farm-
ers, consumers and environment, both biotic and abiotic elicitors have the potential to 
be used as a component of integrated pest management in agriculture.
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Chapter 15
Induction of Systemic Resistance for Disease 
Suppression

Kalaivani K. Nadarajah

15.1  �Introduction

Plants are dependent on nutrient acquisition from soil. Plant roots secrete a consid-
erable measure of chemicals into the rhizosphere which influences growth, develop-
ment, and acclimatization to environmental stresses (Vallad and Goodman 2004; 
Van Loon and Glick 2004). The microbial population within the rhizospheric region 
will similarly contribute chemical constituents that affect the microbial population 
as well as the plant. The dynamic nature of the rhizospheric microflora allows for an 
interplay between pathogenic and beneficial microorganisms. This therefore results 
in the organisms interacting via synergistic or antagonistic interactions (Beardon 
et al. 2014) where signals are being exchanged between the microorganisms and the 
root systems that effectively form an active belowground association (Weller et al. 
2002; Van Loon and Bakker 2005). These belowground interactions are functional 
as long as the microbial–plant systems are kept alive to buffer the activity in the 
rhizospheric environment. These root microbe interactions can result in variation in 
effect against soil pathogens, microbial propagation, and colonization of the roots 
(Somers et al. 2004; De Vleesschauwer et al. 2009).

Beneficial organisms such as PGPR and plant growth promoting fungi (PGPF) 
control plant diseases through suppression of pathogenic soil organisms and induc-
tion of host systemic resistance. The presence of these  organisms consistently 
induces resistance in the host beyond basal levels which acts to protect against a 
host of non-beneficial organisms in its surrounding. Acinetobacter, Azospirilium, 
Rhizobium, Pseudomonas, and Bacillus have been reported as efficient inducers of 
systemic resistance in leguminous and nonleguminous plants. In addition, 
Trichoderma spp., Penicillium simplicissimum, Piriformospora indica, Phoma sp., 
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non-pathogenic Fusarium oxysporum, and arbuscular mycorrhizal fungi have been 
listed as PGPF that have successfully suppressed diseases in several plant systems 
(Bakker et al. 2013).

While a large number of these strains interact and produce beneficial outcomes 
on varying hosts, certain strains have shown specificity indicating that the plant–
microbial interaction are regulated by host variety, soil conditions, and microbial 
populations. Certain rhizospheric organisms produce determinants such as lipo-
polysaccharides, siderophores, lytic enzymes, exopolysaccharides, lipopeptides, 
and others (Nadarajah 2016a). These determinants trigger pathways that result in 
the activation of defense-related genes and responses downstream. Jasmonic acid 
(JA) and ethylene (ET) regulate rhizobacterial-induced systemic resistance (ISR), 
while systemic acquired resistance (SAR) is controlled by SA (Van Loon and Glick 
2004; Haas and Défago 2005). Though both mechanisms induce host systemic 
resistance, they remain distinct.

While an array of microorganisms have been identified as potential biocontrol 
agents, only a handful have had their mechanisms elucidated (Heil and Bostock 
2002; Choudhary et  al. 2007). Mutants have proven to be a wonderful tool in 
studying the role of determinants in the mechanism of disease suppression as seen 
in the repression of F. oxysporum f. sp. raphani by P. putida WCS358 (Raaijmakers 
et al. 1995). Similarly cucumber plants challenged with Colletotrichum orbicu-
lare showed inhibition of anthracnose symptoms post inoculation with several 
strains of PGPR (Wei et al. 1991). These experiments imply that the area of antag-
onistic influence of PGPR is not confined to the rhizosphere, but develops from 
below ground into above ground defense elicitations. Hence various studies and 
experimentations have concluded that the heightened level of resistance in planta 
was mediated through an immune response that was activated in response to rhi-
zobacteria-ISR.  As extensive reviews of these organisms have been presented 
elsewhere (Van Loon et  al. 1998; Pozo and Azcon-Aguilar 2007), this chapter 
ventures to present the mechanisms, signaling pathways, comparisons between 
ISR and SAR, in addition to differences between these defense mechanisms that 
collectively work to defend plants against their hostile environment (Kloepper 
et  al. 2004; Van Loon and Bakker 2006; De Vleesschauwer et  al. 2008, 2009; 
Walters et al. 2013).

15.2  �Induced Systemic Resistance (ISR): The Mechanism

ISR and SAR are two major players in induced plant resistance. While both contrib-
ute towards resistance, one major difference between these systems lies in the 
inducers, where contrary to ISR, SAR is induced in response to pathogens which 
results in subsequent protection from infections against a broad host of attackers 
(Walters et al. 2013; Pieterse et al. 2014). Further ISR and SAR are not just expressed 
within the locality of induction but are transmitted to distant tissues through sys-
temic spread of signal molecules (Van Loon et al. 2008). ISR like SAR is regulated by 
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signaling pathways that are interlinked and regulated by signal molecules/hormones 
(Pieterse et al. 2012). In the following segments, ISR and the contribution of ISR in 
agricultural practices, specifically in disease suppression, will be discussed.

15.3  �Pathogen-Induced SAR

SAR has been studied locally and systemically in various plant systems. The local 
response includes the production of physical and chemical responses such as struc-
tural modification to the cell walls, production of phytoalexins and pathogenesis-
related (PR) proteins, and hypersensitive response (HR) (Hunt and Ryals 1996; 
Lamb and Dixon 1997; Van Loon 1997; Van Loon and Van Strien 1999; Métraux 
2002; Durrant and Dong 2004; Conrath et al. 2006). Although HR is produced in 
both compatible and incompatible gene-for-gene interactions (Hammond-Kosack 
and Jones 1997; Ellis et al. 2002), at the molecular and cellular level, HR is dis-
persed through uninfected tissues to trigger systemic resistance in the whole plant 
(Stone et al. 2000). While changes such as lignification and callous deposition are 
brought about post infection, the systemic transmission results in PR protein pro-
duction prior to infection (Sticher et al. 1997; Dong 2004). This rapid response of 
distant tissue is referred to as conditioning which involves systemic signal 
molecule(s) such as SA.  SA and other related inducers (2,6-dichloroisonicotinic 
acid [INA] or benzothiadiazole [BTH]) are able to promote superoxide production 
in the cell resulting in the production of reactive oxygen species (ROS), which ulti-
mately activates downstream host defense enzymes such as phenylalanine ammonia-
lyase (PAL) and lipoxygenase (LOX) (Katz et al. 1998; Thulke and Conrath 1998; 
Kauss et al. 1999; Conrath et al. 2002). Another player in the induction of pathogen-
derived resistance, β-aminobutyric acid (BABA), retains effective induction even in 
plants with impaired SA, JA, and ET pathways (Zimmerli et al. 2000). However 
BABA is only able to protect mutants insensitive to JA and ET but remains ineffec-
tive in rescuing mutants defective in SAR signaling.

15.3.1  �SAR Signaling

Endogenous SA has been experimentally proven to induce SAR (Van Loon and 
Antoniw 1982; Van Loon et al. 2008) resulting in increase of SA post induction 
in local and distant tissues through phloem transport (Malamy et al. 1990; Métraux 
et al. 1990; Verberne et al. 2003; Durrant and Dong 2004; Van Loon et al. 2008). 
The salicylate hydrolase defective mutant, NahG, that reduces SA to catechol leav-
ing it incapable of inducing SAR was used to study the role of SA in SAR. The lack 
of SAR in these plants may be “rescued” through the application of exogenous INA 
and BTH (Ryals et al. 1996; Sticher et al. 1997; Conrath et al. 2002). Subsequently 

15  Induction of Systemic Resistance for Disease Suppression



338

in establishing the mobile signal(s) involved in SAR, there are two possibilities: (1) 
SA is not the mobile signal as the rootstock-scion experiment showed induction of 
SAR despite no accumulation of SA in the NahG rootstock; and (2) SA as a versa-
tile signal that is transported to distal tissues ensuing SA generation in distant tis-
sues. Further, the presence of SA in the phloem of plants has been linked to the 
transport of this signal molecule within the plant to distal organs thus lending 
towards SAR. The overexpression of salicylate hydroxylase focused in phloem tis-
sue of tobacco resulted in diminished SAR thus supporting a role for SA in systemic 
signaling (Mur et  al. 2000). Another compound, methyl salicylate (MeSA) was 
observed in tobacco to elicit defense response. As such, MeSA was proposed as a 
component that acts with SA in in planta communication and signaling. It is there-
fore likely that SA as well as other systemic signals (azelaic acid, diterpenoid dehy-
droabietinal, glycerol-3-phosphate-dependent factor, pipecolic acid) could be 
involved in SAR (Shulaev et al. 1995; Seskar et al. 1998; Pieterse et al. 2014). The 
effective function of SA is dependent on the presence of an ankyrin protein that 
changes the oligomeric state of NPR1 to monomers (Cao et al. 1997). Pathogenesis-
related (PR) proteins are produced from the interaction between NPR1 and tran-
scription factors (Dong 2004). PR proteins are affected by SAR and therefore are 
suitable markers to study induced resistance (Kessmann et al. 1994) and remain the 
hallmark of SAR induction.

15.3.2  �SA Mode in SAR

Catalase and ascorbate peroxidase act as SA-binding proteins that result in the for-
mation of phenolic radicals involved in lipid peroxidation. Lipid peroxidation 
remains a crucial process in ensuring defense gene activation (Farmer and Mueller 
2013), hence requiring the proper execution of its production at the right location and 
time. Other SA-binding proteins (SAPs) that demonstrate a higher affinity for SA 
and its analogs were identified (Bakker et al. 2014). While the biological significance 
of these SAPs remains unresolved, they provide an interesting view in comprehend-
ing the method of SA activity. SA- and pathogen-inducible protein kinase (SIPK), a 
MAP kinase member was isolated and studied in tobacco (Zhang and Klessig 1997; 
Zhang et al. 2002). Various studies have focused on the upstream regulatory sequences 
(URS) of PR-1 promoter, one of the terminating reactions in SAR. The TGACG 
sequence in the URS of PR-1 is perceived by a bZIP family TGA transcription factor 
(Lebel et al. 1998). TGAs were likewise found to interact with the NPR1 protein, 
providing a connection between NPR1 and SA-induced PR-1 expression (Lebel et al. 
1998; Zhang et al. 1999; Després et al. 2000; Zhou et al. 2000). PR expression is 
suppressed when SNI1 (negative regulator) binds to the DNA or transcription factors 
(Li et al. 1999). Other research groups have looked into a SA- and pathogen-induc-
ible WRKY DNA-binding elements that recognize specific sequences on the pro-
moter sequence of chitinase gene in tobacco. This study discovered that protein 
phosphorylation is essential for the function of WRKY DNA-binding components, 
thus underscoring the function of kinases in SA signaling (Yang et al. 1999).
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15.3.3  �SAR-Signaling Network

Ding et al. (2015) conducted a genetic screen of SA mutants via biosensor tech-
nique (Marek et  al. 2010) which identified upstream (EDS1, PAD4, NDR1) and 
downstream components (e.g., NPR1), transcription factors (CBP60g, SARD1), and 
metabolic enzymes (EPS1, PBS3) that are crucial for SA signaling (Cao et al. 1997; 
Ryals et al. 1997; Jirage et al. 1999; Zhang et al. 2010; Wang et al. 2011; Yezhang 
et al. 2015). These screens identified two leucine rich repeats (LRR—NBS; LRR 
and TRI:NBS:LRR) as effectors of signal transduction post infection by avirulent 
pathogens (Glazebrook 1999). These pathways in the end merge at the DND1 pro-
tein which controls the development of HR cell death (Clough et al. 2000) (Fig. 15.1). 
In the event of being induced by a virulent pathogen, PAD4 is activated resulting in 
phytoalexin production (Jirage et  al. 1999). This activation further results in the 
downstream activation of SID1 and SID2 that controls SA generation (Nawrath and 
Metraux 1999). Studies on the SID1 gene has shown that it is associated with the 
SOS response of the cell. The SOS response is elicited upon introduction of stress 
into the cell system. While EDS5/SID1 expression is independent of SA, EDS5/SID2 
genes encode a MATE transporter and an ICS1 enzyme which are crucial in the SA 
synthesis (Ding et al. 2015) (Fig. 15.1). The sln mutants together with eds5, sid2, 
and pad4 are involved in SA accumulation (Ryals et al. 1997; Jirage et al. 1999; 
Nawrath and Métraux, 1999; Nawrath et al. 2002; Ding et al. 2015). NPR1 acts as a 
feedback inhibitor of SA biosynthesis following accumulation of SA in response to 
infection and infestation in NPR1 gene mutants. In addition to components upstream 
of SA biosynthesis (Clarke et  al. 2000; Zhang et  al. 2010), NPR1-independent 
defense responses is triggered by EDS5, PAD4, SID2, and SLN genes (Glazebrook 
1999, 2001). The sln1 mutant influences the PR protein expression; hence this goes 
against the proposed involvement of SA-independent pathway in the regulation of 
PR gene expression.

15.4  �Rhizobacteria-ISR

The microorganisms within the rhizosphere of the soil have an important role in the 
general well-being and health of plants. The bacteria and fungi within the rhizo-
sphere can either be in a beneficial relationship or negatively affect the plant or 
microbial population (Nadarajah 2016a, b). Among the functions attributed to 
these organisms are the ability to participate in the nutrient cycles, nutrient acquisi-
tion, and management of biotic (Bakker et al. 2007; Van der Heijden et al. 2008; 
Khan et al. 2009; Kraiser et al. 2011; Berendsen et al. 2012) and abiotic stresses 
(Yang et al. 2004). These functions are associated with a staggeringly dynamic and 
complex microbiome within the rhizosphere (Berendsen et  al. 2012; Hartmann 
et al. 2009; Raaijmakers et al. 2009). Through the utilization of molecular tech-
niques, it is expected that the repertoire of microbiome identified that are in 
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Fig. 15.1  Schematic representation of the components involved in the activation of SAR and 
ISR. These protein perceive and transmit the signal in SAR and ISR. Solid lines and arrows are 
confirmed connections. Dashes imply further study required. Solid arrows indicate the transmis-
sion from local site of elicitation to distant tissue transmission. Abbreviations: NB-LRR Nucleotide-
Binding-Leucine-Rich Repeat, PCD Programmed Cell Death, PRR Pattern-Recognition Receptor, 
PTI PAMP-Triggered Immunity, SA Salicylic Acid, TF Transcription Factor, PAD Phytoalexin 
Deficient, EDS Enhanced Disease Susceptibility, SID SA Induction-Deficient, DND Defense, No 
Death, NDR Non-Race Specific Disease Resistance, DIR Defective In Induced Resistance, FMO 
Flavin-Dependent Monooxygenase, NPR Non-Expressor PR, TGA TGACG-binding protein (TF), 
MYB Myeloblastosis (TF), and MYC TF regulator
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interaction with plants and associated with ISR against biotic and abiotic stresses 
will increase. Studies will not be limited to only identification of new rhizospheric 
microorganisms but to the mechanisms, key players, and pathways involved in 
these processes.

15.4.1  �Beneficial Microbes and the SAR Pathway

While SAR is a complex mechanism of systemic resistance in plants, ISR prompts 
a more complex defense in response to non-pathogenic rhizobacteria. Due to the 
systemic response elicited by ISR, it was at one point assumed to be SAR. This 
misconception was debunked by Hoffland et al. (1995) who established that ISR 
against F. oxysporum was induced by P. fluorescens WCS417r in radish without the 
trademark PR production as seen in SAR.  Similar findings were described by 
Pieterse et  al. (1996) in Arabidopsis. This was further corroborated when NahG 
resulted in an ISR response post treatment with WCS417r-ISR, indicating the 
involvement of an SA-independent pathway and separating this process from SAR 
(Pieterse et  al. 1996). The same is seen in response to P. putida WCS358r 
(Raaijmakers et al. 1995; Van Wees et al. 1999) and Serratia marcescens 90-166 
where the loss of SA production induced resistance against Colletotrichum orbicu-
lare and P. syringae pv. tomato (Press et al. 1997). However when strain 7NKS2 
was used in treatment of NahG mutants in Arabidopsis and tomato, ISR was abol-
ished against TMV and Botrytis cinerea (De Meyer et al. 1999a; Audenaert et al. 
2002). Ryu et al. (2003) also encountered similar findings in Arabidopsis, with B. 
pumilus SE34 against P. syringae pv maculicola. Further, Maurhofer et al. (1998) 
observed SA-dependent SAR elicitation post treatment with P. fluorescens P3 over-
expressing SA biosynthesis gene cluster of P. aeruginosa PAO1. Additionally P. 
fluorescens SS101, Paenibacillus alvei K165 (Tjamos et al. 2005; Van de Mortel 
et al. 2012), and Trichoderma PGPF (Mathys et al. 2012; Martínez-Medina et al. 
2013) were also reported to induce SA-dependent SAR. The requirement for SA in 
7NKS2 was substantiated through utilization of bacterial mutants defective in SA 
production (De Meyer and Höfte 1997; De Meyer et  al. 1999b; Audenaert et  al. 
2002). However following this finding, further experiments were conducted by Van 
Loon and Bakker (2005) who inferred that SA-independent pathways is the main 
regulatory pathway in rhizobacteria-mediated ISR (De Meyer et  al. 1999a). 
Although some PGPR produce SA but it is still not the main signal involved in elici-
tation of ISR (Ran et al. 2005; Djavaheri et al. 2012). The SA produced however 
binds with siderophores in iron-limiting condition and thus is not directly involved 
in SAR. Meanwhile, in cases where SA is produced by PGPR, ROS is an elicitor 
required to activate SAR. Further these responses are not dependent on accumula-
tion of SA but rather on increasing the sensitivity of tissue to SA (Van Loon and 
Bakker 2003).
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15.4.2  �NPR1 as a Common Component of ISR and SAR

Transmission of SAR to distal organs requires mediators. The transmitted SAR sig-
nal is chaperoned by one such mediator, Defective In Induced Resistance1 (DIR1) 
(Champigny et al. 2013) which assist Flavin-Dependent Monooxygenase 1 (FMO1) 
in receiving and amplifying signals for long distance SAR signaling (Mishina and 
Zeier 2007) (Fig. 15.1). The well-characterized transcriptional co-regulator, NPR1, 
plays a role in SA accumulation and in the SAR-signaling pathway (Dong 2004; Vlot 
et al. 2009; Pajerowska-Mukhtar et al. 2013). Pieterse et al. (1998) had implicated 
NPR1 in ISR through studies conducted on Arabidopsis. In studying the activation of 
ISR post treatment with P. fluorescens WCS417r and numerous other PGPR and 
PGPF, Pieterse et  al. (1998) found a connection between NPR1 and the JA/
ET-signaling pathways (Lavicoli et al. 2003; Ryu et al. 2003; Stein et al. 2008; Weller 
et al. 2012). This therefore demonstrates that SA signaling in response to either an 
avirulent pathogen or rhizobacteria can activate NPR1. While the role of NPR1 in SA 
signaling has been connected to nuclear function, recent studies have provided infor-
mation that the NPR1 component of the JA/ET signaling is within the cytosol (Spoel 
et al. 2003; Stein et al. 2008; Ramirez et al. 2010). Both ISR and SAR defense mech-
anisms have additive effect within the host. At this juncture, it is difficult to ascertain 
the specific molecular mechanism involved in the NPR1 mediated JA/ET based ISR 
induction in host (Van Wees et al. 2000). Pieterse et al. (2014) reported that plant 
roots expressed high levels of NPR1, NPR3, and NPR4 suggesting a crucial role for 
these genes in belowground interactions. Both NPR3 and NPR4 together with Cullin 
3 (CUL3) ubiquitin E3 ligase are involved in the degradation of NPR1. NPR3 
degrades NPR1 when the levels of SA are high causing localized cell death during 
effector triggered immunity (ETI), while at lower SA levels, NPR4 maintains NPR1 
during pathogen-associated molecular patterns triggered immunity (PTI) and thus 
results in PR expression (Fig. 15.1). In ISR, NPR1 itself acts to mediate the systemic 
response together with MYC and TFs and the JA/ET pathways. Though NPR1 is a 
shared component of ISR and SAR, the mechanism downstream of NPR1 perception 
is different as SAR results in PR accumulation while ISR does not. This could per-
haps be due to lower levels of SA-induced ISR that perhaps was insufficient to result 
in PR production. Studies with the npr1 mutant plants that did not express ISR post 
cultivation with WCS417 indicated that the expression was dependent on regulation 
and sensitivity and not towards the SA levels within the host. However, further 
research is required to understand the role of NPR1 and the possible involvement of 
other regulatory factors in the SA-NPR1 interaction in ISR (Pieterse et al. 2012).

15.4.3  �Other Pathways That Control ISR

As mentioned in the above sections, the JA/ET-signaling pathway is crucial in the 
induction of ISR in plants. Arabidopsis JA (jar1, coi1, jin1) and ET (ein2, etr1, eir1, 
ein3) mutants were utilized to establish the function of JA/ET in the plant immune 
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system (Thomma et  al. 2001). When these mutants were treated with PGPR 
(Pseudomonas CHA0, P. fluorescens WCS417r–ISR, P. syringae pv. maculicola, P. 
fluorescens Q2-87, S. marcescens 90–166) (Pieterse et al. 1998; Ryu et al. 2003; 
Pozo et al. 2008) and PGPF (P. indica, Penicillium sp. GP16-2, Trichoderma harzia-
num T39) they failed to induce ISR confirming the role of JA and ET in ISR (Ryu 
et al. 2004, Stein et al. 2008, Weller et al. 2012; Pieterse et al. 2014). Similar obser-
vations were also made in other plant systems, thus supporting the notion that in 
SA-independent ISR, JA/ET are the main regulators of plant immunity (Yan et al. 
2002; De Vleesschauwer et al. 2008; Van der Ent et al. 2009). These pathways are 
also effective against necrotrophs and herbivores (Van Loon et al. 2008; Van Wees 
et al. 2008; De Vleesschauwer et al. 2009; Ding et al. 2015; Yezhang et al. 2015).

The Jar1 gene encodes JA-amino acid synthetase which activates the JA signal-
ing. Treatment of wild-type plants with meJA and the ET precursor1-
aminocyclopropane-1-carboxylate (ACC) did elicit a response similar to 
rhizobacterial colonization in plants. However, when treated with these beneficial 
organisms, endogenous JA levels did not increase which led to the conclusion that 
the signaling was dependent on JA responsiveness (Pieterse et al. 2000; Staswick 
and Tiryaki 2004; Van Loon and Bakker 2005). Further, Knoester et al. (1999) using 
ethylene insensitive mutants demonstrated impaired ISR implicating the require-
ment of complete and functional ET pathway for proper ISR function.

15.5  �Elicitor Molecules in Rhizobacteria-ISR

The organisms that result in ISR do not cause any damage to host. Hence this has 
resulted in the early conclusion that the chemical compounds resulting in ISR and 
those resulting in SAR/HR are different. Unlike SAR, ISR is not dependent on 
localized cell death but rather on the production of elicitors/determinants that trig-
ger the mechanism (Ebel and Mithöfer 1998). A host of chemical determinants have 
been identified as capable of inducing resistance either individually or in combina-
tion (Bakker et al. 2003). These determinants however seem to share similarities in 
the defense reaction elicited within the host (Gómez-Gómez 2004; Nürnberger et al. 
2004). For instance, crude cell wall extracts and lipopolysaccharides (LPS) of P. 
fluorescens WCS358 resulted in the activation of defense-associated reactions in 
Arabidopsis (Raaijmakers et al. 1995; Van Wees et al. 1999; Meziane et al. 2005; 
Nadarajah 2016a) and reduced disease symptoms in pathogen challenged plants. 
Mutant analysis displayed a redundancy in elicitors as the lack of either O antigenic 
side chains in Lipopolysaccharide (LPS) or flagellin in these mutants still resulted 
in induced resistance, as the presence of either one elicitor compounds was suffi-
cient to elicit a response. However, not all strains of P. fluorescence can elicit resis-
tance in Arabidopsis or other plants (Van Wees et al. 1997). This variation may be 
due to differences in the chemical composition or structure of their determinants. 
For instance, it was reported that the O-antigenic side-chain of LPS differs from 
strain to strain probably resulting in perception specificity towards different plant 
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species. Examples of specificity can be seen in application of LPS from Burkholderia 
cepacia against Phytophthora nicotianae strain ASP B 2D in tobacco (Coventry and 
Dubery 2001) and the efficient control of the nematode, Globodera pallida with 
LPS from Rhizobium etli strain G12 in potato (Reitz et al. 2002). Different species 
or strains of these rhizobacteria resulted in either induction or no response in the 
host.

Siderophore is another determinant that is involved in the induction of ISR. As 
there is a redundancy of determinants in rhizobacteria, ISR may be induced by dif-
ferent components in different plant species as exhibited by 7NSK2  in bean and 
tomato where SA and siderophores were implicated in the response (Audenaert 
et  al. 2002). As siderophores are produced under iron-limiting conditions, it not 
only inhibits the pathogens within the soil but also induces systemic reaction within 
the host. However, while all siderophores are able to utilize iron, not every sidero-
phore elicits ISR due to the differences in their chemical structure. Some sidero-
phores produced by the rhizobacteria are pseudomonine, pyochelin, and 
pseudobactin (Nadarajah 2016a). Some examples of siderophore utilizing rhizobac-
teria are WCS374 (Leeman et al. 1996; Djavaheri et al. 2012), P. aeruginosa 7NSK2 
(Audenaert et al. 2002), Serratia marcescens 90-166 (Press et al. 1997), and P. fluo-
rescens CHA0 (Maurhofer et al. 1994; Weller et al. 2004).

Antibiotics play dual function in the rhizosphere as a microbial antagonist and a 
defense activator (Fernando et al. 2005). PGPR have been associated with produc-
ing more than one antibiotic which relates to its usefulness against phytopathogens 
(Glick et  al. 2007). Diffusible (e.g., phenazines, pyoluteorin, pyrrolnitrin, cyclic 
lipopeptides (CLP)) and volatile (HCN) antimicrobial products are classified into 
six groups and interact effectively against microorganisms, nematodes, and plants 
(Haas and Défago 2005; Raaijmakers et al. 2010). The pyocyanin and pyochelin 
siderophore from 7NSK2 elicit ISR in conjunction with the 2,4-diacetylphloroglucinol 
(DAPG) antibiotic (Lavicoli et  al. 2003) in tomato. DAPG likewise acts as an 
inducer in Q2-87 and CHA0 inducing resistance in tomato against Meloidogyne 
javanica (Siddiqui and Shaukat, 2003; Weller et al. 2004). These reports on DAPG 
suggest that there may be other rhizobacteria and antibiotics capable of eliciting 
ISR in plants. Pyrrolnitrin produced by the P. fluorescens (BL915) prevents 
damping-off by Rhizoctonia solani in cotton while phenazine producing pseudomo-
nads possess redox potential with the ability to suppress various pathogens (Chin-
A-Woeng et al. 2003). Phenazine-1-carboxamide that was isolated and studied from 
roots of tomato was able to mobilize iron from soil (P. chlororaphis PCL1391) 
(Haas and Défago 2005). A large number of Pseudomonads and Bacillus  spp. have 
been reported to produce various antimicrobial compounds that have selective effect 
against various host and environments (Beneduzi et al. 2013).

Studies have shown that the interaction between these rhizobacteria and plant 
roots are dependent on plant variety, environmental conditions, and soil community 
(Ton et al. 1999; Nadarajah 2016b). While certain strains are perfect inducers of 
resistance in various plant species, most show tight specificity to root cell surface 
receptors (Van Loon et al. 1998). For example, WCS358 stimulates resistance in 
tomato, Arabidopsis, and bean (Raaijmakers et  al. 1995; Meziane et  al. 2005), 
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and fails to do so in carnation or radish (Leeman et al. 1995). Other strains such as 
WCS374 induced a powerful response in radish (Leeman et al. 1995) while another, 
WCS417, could successfully elicit a response in all the above five species of plants 
(Leeman et  al. 1995; Bakker et  al. 2013, 2014). Over the course of the last two 

Table 15.1  Example of beneficial microbes and their determinants involved in disease suppression

Host Pathogen Beneficial microbe Determinant Reference

Arabidopsis Erwinia 
caratovora

B. amyloliquefaciens 
IN937a

2,3-Butanediol Ryu et al. (2003, 
2004)

P. syringae pv 
maculicola

B. substilis GB03 2,3-Butanediol Lavicoli et al. 
(2003)

B. pumilus SE34;T4 SA Weller et al. 
(2004)

P. fluorescens CHA0 2,4-DAPG Meziane et al. 
(2005)Peronospora 

parasitica
P. fluorescens Q2-87 2,4-DAPG

P. syringae pv 
tomato

P. putida WCS358 LPS, 
siderophore

Tobacco TNV P. fluorescens CHA0 Siderophore Maurhofer et al. 
(1994)

Peronospora 
tabacina

B. pumilus SE34 SA De Meyer et al. 
(1999a)

TMV P. aeruginosa 7NKS2 SA De Meyer et al. 
(1999b)

Tomato Botrytis cinerea P. aeruginosa 7NKS2 Pyochelin, 
pyocyanin

Audenaert et al. 
(2002)

Meloidogyne 
javanica

P. fluorescens 
CHA0, P. putida 
WCS358

2,4-DAPG, 
LPS, 
siderophore

Siddiqui and 
Shaukat (2003)
Meziane et al. 
(2005)

P. syringae

Bean P. syringae P. aeruginosa 7NKS2 SA De Meyer et al. 
(1999a)

P. putida WCS358 LPS, 
siderophore

Meziane et al. 
(2005)

P. putida BTP1 Iron regulated 
metabolite, 
hexanal

Rice Magnaporthe 
oryzae

P. aeruginosa 7NSK2 SA, LPS, 
siderophores

De Vleesschauwer 
et al. (2006, 2008, 
2009)Rhizoctonia 

solani
P. fluorescens 
WCS374r

LPS, 
siderophores

Serratia plymuthica 
IC1270

SA, LPS, 
siderophores

Magnaporthe 
oryzae

Cochliobolus 
myiabeanus
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decades, many ISR determinants have been identified in certain rhizobacterial spe-
cies. Some examples are provided in Table 15.1.

15.5.1  �Key Early Root-Specific Regulator in ISR

Although signaling for ISR starts at the root–microbe interface, not much research 
has been done to investigate the signaling components involved at eliciting ISR at 
the root level. Knoester et al. (1999) in studying the root interaction in ISR used a 
root ET insensitive mutant (eir1) which exhibited the involvement of ET in the 
transmission of ISR, which was  aided perhaps by some other regulatory elements. 
Further MYB72 was identified as a transcription factor that is involved in the signal 
transduction from the root as observed in response to P. fluorescens WCS417r in 
Arabidopsis (Verhagen et al. 2004; Pieterse et al. 2014). MYB72 shows high levels 
of expression in PGPR-induced roots and no expression was detected in the phloem 
of uninduced plants. PGPR (P. putida WCS358, P. fluorescens WCS417r) and 
PGPF (Trichoderma spp.) treated mutant MYB72 plants showed no ISR response 
hence indicating a significant role for this factor in ISR (Segarra et  al. 2009). 
However, these studies showed that an overexpression of MYB72 did not result in 
enhanced ISR but rather is dependent on iron-limiting conditions making a connec-
tion between iron equilibrium and ISR induction (Van der Ent et al. 2008; Palmer 
et al. 2013). Treatment with ISR-inducing Pseudomonas strains resulted in the co-
regulation of iron deficient marker genes (FRO2, IRT1) and MYB72 in Arabidopsis 
(Zamioudis et al. 2013). Transcriptome profiling of mutant myb72 and wild-type 
Arabidopsis provided evidence that iron deficiency response genes were the most 
dominant species found in roots. PGPR and PGPF however are known to produce 
siderophores which result in iron uptake from environment therefore resulting in 
the iron deficient environment. In order to establish if the siderophores are respon-
sible for the deficiency, a siderophore mutant was utilized which exhibited normal 
MYB72, FRO2, and IRT1 gene activity confirming the role of these microbes in iron 
deficiency. This interaction requires further study for a better understanding of the 
connection between iron limitation and siderophore function in ISR (Zhang et al. 
2007).

15.6  �Expression of ISR

The consequence of ISR expression leads to reduced disease incidence as well as 
severity post treatment. While ISR executes its defense from belowground, SAR 
spreads its defense to distal organs from site of pathogenic infection. While both 
share some overlap in the mechanism of defense moderation, their signals differ. 
Studies have also shown that due to these differences in signals and moderation, 
SAR is more effective against biotrophic pathogens while ISR are active against 
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necrotrophs (Bakker et  al. 2013). Therefore through the activation of JA and 
SA-dependent pathways, plants defends themselves against different pathogens in 
different plant species. This preparatory state of the plant to defend against invasion 
is called “priming” where there is enhanced level of cellular defense resulting in 
improved resistance (Van Wees et al. 2008). Various studies conducted on PGPR 
and PGPF have shown a role for priming in ISR defense (Van Loon and Bakker 
2005; Wang et al. 2005). Priming is an important biological and chemical process 
that is fit and cost effective in adapting plants to its hostile environment (Pozo et al. 
2008; Conrath 2011). In addition to the chemical changes observed within the 
plants in defense, there are structural changes such as callose deposition observed 
at the site of pathogen entry as seen in P. fluorescens WCS417r treated Arabidopsis 
(Van der Ent et al. 2009). Abscisic acid (ABA) has been indicated as essential in 
primed response against insects and pathogens in ISR (Corné et al. 2013; Vos et al. 
2013). Besides callose deposition, Bacillus subtilis FB17 was observed to aggregate 
around the roots of plants infected by P. syringae. The presence of this organism 
induced stomatal closure and thence reduced the potential of invasion by foliar 
pathogens through the stomata (Walters et al. 2008). Transcription factors have a 
responsibility in signaling and regulating the primed state. These factors remain 
inactive in a non-induced stage but are rapidly activated when the host is affected by 
pathogens or insects. One transcriptional factor that has been linked to regulation 
and signaling of ISR is a member of the AP2/ERF family (Van der Ent et al. 2009). 
These factors have been linked with JA/ET regulated genes and are directly linked 
to ISR expression (Verhagen et al. 2004). Promoter region analysis of these ISR-
related genes revealed the presence of cis-acting G box motif. These motifs are 
linked to a regulator of JA dependent response, MYC2 (Pozo et al. 2008; Stein et al. 
2008) (Fig. 15.1) which is required for proper execution of this pathway. Out of the 
genes expressed in Arabidopsis, only ~1% of these genes are expressed at the root 
level and there is no constancy in the expression level observed in the distal leaves 
(Verhagen et al. 2004).

15.7  �Disease-Suppressed Soil

Disease suppressive soil has been described as soil that shows suppression of patho-
gen through competition for nutrient, antagonism, lytic enzymes, quorum sensing, 
and various other means by which a non-beneficial microbial population is kept at 
check (Weller et al. 2002; Loper et al. 2012; Philippot et al. 2013). Through these 
belowground activities, damage is reduced significantly to the host or the establish-
ment of disease becomes less important over time in a particular soil (Mazzola 
2002). Beneficial microbes have been used to control agriculturally significant 
organisms such as Gaeumannomyces graminis var. tritici through the production of 
DAPG on Take All Disease. Over successive events of take all in a particular loca-
tion, the soil eventually became suppressive towards the pathogen. This has been 
seen in events where monocultures were grown over a period of time resulting in 
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inhibition of the pathogen due to eventual multiplication and high dosage levels of 
the beneficial microbes (Pseudomonas fluorescens) within the soil (Weller et  al. 
2002). This disease suppressive soil can also be used in amending condusive soil to 
reduce disease incidences (Raaijmakers and Weller 1998). Another example in dis-
ease suppresiveness is against Fusarium wilt (Alabouvette 1999), and Rhizoctonia 
solani infestations (Mendes et al. 2011). The competition for nutrient and the pro-
duction of phenazines appear to reduce the wilt symptom in infected soil (Mazurier 
et al. 2009). In each incident, it has been reported that while there may be a dominant 
microbe facilitating this suppression, in most cases it will involve a consortium. This 
consortium may be made up of microbes from the groups: Azospirillum, Bulkholderia, 
Comamonas, Gluconacetobacter, Pseudomonas, and Sphingomonadaceae genus 
(Kyselkova et al. 2009). Through Chip technology, 17 taxa of β and γ-proteobacteria 
and firmicutes were linked to disease suppressiveness (Mendes et al. 2011). Most 
often, disease suppressiveness has been linked to antibiosis (Raaijmakers et  al. 
2002), siderophore producing Pseudomonaceae (Duijff et  al. 1998; Zhang et  al. 
2007) and ISR (Bakker et al. 2007) subsequently resulting in reduced disease inci-
dence and severity (Pieterse et al. 2013).

15.8  �Concluding Remarks and Future Prospects

Much research has been devoted towards understanding the role of beneficial 
microbes in the elicitation of plant immunity and its specific role in ISR since its 
discovery more than two decades ago. The plant immune system is unique in a way 
that it is activated to fend off enemies while it remains suppressed to support benefi-
cial interactions. Both these interactions of the plant immune system are in play in 
ISR to benefit the host. It remains to be deciphered how a phenomenon that enhances 
plant immunity towards both biotic and abiotic stresses can at the same time con-
tribute towards improved growth and development in the host. One would expect 
that the initial approach would be to try and determine or understand the “message” 
transmitted at the point of contact and how this message is then amplified and trans-
mitted to the rest of the plant. We should also look at how both the ISR and SAR 
mechanisms overlap and what are the shared or different points of regulation 
between these mechanisms in incurring an effective immune response in host. The 
perception of the signal by the receptors as well as the regulators involved in the 
long distance signaling and perception of the signal in both ISR and SAR is still not 
completely understood. We believe through the use of the “omics” platforms, a 
wealth of information will surface not only to enable us to better understand the key 
players in these processes but to add on and gap fill on issues such as regulators, 
receptors, signal molecules, pathways, and other participants of the complex system 
of plant–microbe interactions in ISR and SAR. While we may have acquired suffi-
cient knowledge on how the soil microbiomes improve plant heath and develop-
ment, we are still vague on how the host is able to shape the microbial community 
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surrounding the roots to best benefit it. Likewise, while we may know the key pro-
cesses involved in the perception and signaling of SAR in plant, there are still gaps 
in our knowledge with regards to the signals, the regulation, the perception and the 
mode of transmission of signals long distance.

As a major societal challenge is producing sufficient agricultural produce to 
meet the market and population demands, any development in science that lends 
towards this is a positive contribution. In this chapter, we see how both SAR and 
ISR are two main contributors of the plant defense mechanism and how a better 
knowledge and understanding of these can assist us with the challenge. ISR has 
been used in the past decades as biocontrols and in soil amendments all with the 
hope of reducing disease incidence and severity and at the same time contributing 
towards better yield and development. A better understanding of SAR on the other 
hand will likewise contribute towards the knowledge to enhance plant immunity 
through external stimuli, breeding and the utilization of transgenics towards gener-
ating crops with heightened defense mechanisms.

Some answers that may assist with obtaining a clearer and more well-defined 
picture of SAR and ISR in plants may  arise from addressing the following 
questions:

	1.	 How does the plant facilitate the colonization of a suitable community to enhance 
growth and immunity? How do these communities play a dual role in growth and 
immunity?

	2.	 What are the long distance signal(s) involved in both ISR and SAR? How are 
they transmitted and how do they trigger ISR/SAR?

	3.	 Are there any other regulators than MYB72 in the root for ISR?
	4.	 Are there any other transcription factors or regulators that are involved in ISR 

and SAR? What are their function and contribution in these processes?
	5.	 Is there a role for autoregulation of mutualism in ISR?
	6.	 How exactly does NPR1 regulate ISR?
	7.	 What are the differences and similarities in genes triggered by ISR and SAR in 

plants?

While the above questions are not the only areas left with gaps to fill, the con-
stant inquisition on the above mechanisms will only increase our knowledge. 
However there is always a possibility that with new knowledge comes new ques-
tions and new issues to address.
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16.1  �Introduction

Plants are believed to be among the first living organisms to be present on the earth 
(Biello 2009). Therefore, due to their existence the earth is called a green planet. Their 
presence is inevitable for clean air, food, and water. Without plants, the ecosystem and 
human life on this earth cannot exist (Laurent et al. 2017). Therefore, we grow plants 
in our homes, buildings, gardens, farms, and by the roadsides. People from many coun-
tries rely on plant products for their livelihood and income (Dash et al. 2016) which 
indirectly contribute to the economy of the local community. Plant contributes signifi-
cantly to food and nutritional security as well as poverty alleviation in the world (Passos 
et al. 2013). Hence, the relationship between plants, people, and the environment is so 
much interlinked that we cannot separate them (Laurent et al. 2017). However, a major 
constraint for plants is the infection by plant pathogens (Dean et al. 2012; Yim et al. 
2014). There are various types of plant diseases like blights (Kheiri et al. 2017), rots 
(Nicosia et al. 2016), cankers (Cimmino et al. 2017), wilts (Gayatridevi et al. 2012), 
and rusts (Shabana et al. 2017) that have been reported. All of these diseases are fatal 
to the plant if they are not detected early. Usually at the earlier stage, plants react to the 
pathogen attack through activation of defense response genes (Table 16.1).

Plants employ two channels of defense mechanism: local immunity which is 
nearby the pathogen infected spot (Gayatridevi et al. 2012) and systemic immunity 
which is further away from the pathogen infected site (Dempsey and Klessig 2012). 
The best way to save a plant is either to prevent the infection (Pscheidt and Ocamb 
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2002) or to detect the infection at the local immunity stage (earlier stage) by utilizing 
various detection tools (Feau et al. 2009). Tools such as scoring analysis (Mak et al. 
2001), quantitative real-time PCR analysis (Hao et  al. 2013), DNA macroarray, 
enzymatic and antibody assays (Madadkhah et  al. 2012) and sophisticated tools 
such as RNA sequencing (Yang et al. 2017) can be used to detect plant infection at 
the earlier stage.

16.2  �Types of Plant Disease

16.2.1  �Blights

Blight is a symptom of an infection by pathogenic organisms on the infected plant 
(Basim et  al. 2017). It involves chlorosis and browning of the tissues. The early 
appearance of lesions on leaf tissues of plants suffered from blight rapidly spread to 
the surrounding tissues (Schumann 2017). The lesion will expand to kill the entire 
area and reach the plant organs such as the leaves, branches, twigs, or floral organs 
followed by the death of the whole plant (da Silva et al. 2017). There are a few types 
of blights:

•	 Late blight (Whisson et al. 2016)
•	 Fire blight (Sharifazizi et al. 2017)
•	 Early blight (Singh et al. 2017)
•	 Leaf blight (Santha Lakshmi Prasad et al. 2017
•	 Fusarium head blight (Dweba et al. 2017)

Table 16.1  Candidate defense response genes during microbial pathogen attack in plant

Protein
Gene 
abbreviation Pathway involved References

Catalase CAT Metabolic Gayatridevi et al. (2012), 
Amoako et al. (2015)

Thaumatin THAU Plant resistance
Plant defense

Singh et al. (2013)

Pectin acetylesterase PAE Metabolic Vercauteren et al. (2002)
Chitinase CHI Plant defense Punja and Zhang (1993), 

Sharma et al. (2011), Gupta 
et al. (2013)

Relative glucose 
content

RGC Primary metabolism Lecompte et al. (2017)

Elongation factor EF Protein elongation Hwang et al. (2015)
WRKY factors WRKY Plant defense Eulgem (2006), Pandey and 

Somssich (2017)
Phenylalanine 
amino lyase

PAL Phenylpropanoid 
biosynthesis

Huang et al. (2010)

Glucanase Glu Plant defense Gupta et al. (2013)
Abscisic acid ABA JA and SA signalling Lecompte et al. (2017)
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Usually, the naming of blights referred to their causative agent, such as 
Colletotrichum blight is based on the fungi Colletotrichum capsici (Shenoy et al. 
2007) while Phytophthora blight refers to the water mold Phytophthora parasitica 
(Babadoost and Islam 2002).

16.2.2  �Cankers

Canker appears as a small area and grows slowly around the dead tissues (Schumann 
2017). The majority of canker-causing organisms such as fungi (Cortinas et  al. 
2006) and bacteria (Zhao et al. 2015) are bound to unique host species or genus, 
however a few attack a wide range of plants. There are different types of cankers, for 
examples, Colletogloeopsis zuluensis (Wingfield et al. 1997) causes a serious can-
ker disease on Eucalyptus stem (Cortinas et al. 2006), Pseudomonas syringae pv. 
Actinidia causes canker on kiwifruit (Prencipe et al. 2016). Canker also tends to 
attack fruit trees (Wicaksono et al. 2017) and vegetables (Kasselaki et al. 2011). 
Although fungicides or bactericides can treat some cankers, often the only available 
treatment is to destroy the canker infected plants (Sosnowski et al. 2009).

16.2.3  �Rots

Rot or decay is caused by soil-borne bacteria (Lei et al. 2017) and fungi (Malcolm 
et al. 2013) such as Penicillium digitatum, Penicillium italicum, Geotrichum citri-
aurantii, Xanthomonas campestris (Liu et  al. 2015), Sclerotinia sclerotiorum 
(Elsheshtawi et al. 2017), and Fusarium (Zhou et al. 2017). They are characterized 
as plant decomposer and appears as hard, dry, spongy, watery, mushy, or slimy char-
acters in any plants or plant parts (Agrios 2005). Plants such as cucumber (Zhou 
et al. 2017), peanut (Thiessen and Woodward 2012), and blueberry (Haralson et al. 
2013) are some of the examples that was reported on rot disease.

16.2.4  �Rusts

Rusts are mainly caused by the fungal pathogen of the order Pucciniales (Shabana 
et  al. 2017). A single species of these fungi is able to produce several spore-
producing structures such as spermagonia, aecia, uredinia, telia, and basidia via the 
successive reproductive stages (Callan and Carris 2004). Rust typically affects 
healthy plants, and the infection is confined to certain plant parts such as leaves and 
stem (Pretorius et al. 2012). The systemic mechanism of infection that causes rusts 
may lead to deformities such as growth retardation, development of galls, or hyper-
trophy of the affected tissues (Robert-Seilaniantz et  al. 2011). Severely infected 
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plants may appear stunted, chlorotic (yellowed), or discolored (Martinez and 
Woodward 2015). The fungus that causes rust sporulates on the affected plant parts 
which are often observed as colored powder, consisting of tiny aeciospores while on 
vegetation they produces pustules or uredia (Mueller et al. 2004). During late spring 
or early summer, yellow, orange, or brown hairlike or ligulate structures called telia 
grow on the leaves or appear from woody hosts barks. These telia produce telio-
spores which will germinate into aerial basidiospores for dispersal and causing fur-
ther infection (Crawford et al. 2014). Some examples of plant infected with rusts 
disease are rye, wheat, and cabbage (Pretorius et al. 2012; Liu et al. 2015).

16.2.5  �Wilts

Wilts disease is mainly caused by Fusarium (Sutherland et al. 2013). Its mycelium 
invades the vascular tissue through the roots (Magliano and Kikot 2010) and block 
the xylem vessels by its spores (Di Pietro et al. 2003). This infection may occur at 
any age of the plant by causing discoloration and wilting symptom finally resulting 
in the collapse of the infected plant (Nel et al. 2007; Wu et al. 2010). Fusarium is a 
soil-borne pathogen and its complex pathogenic structure enables it to infect a wide 
range of plant hosts (DeVay et al. 1997). It usually attacks many crops including 
cotton (DeVay et al. 1997), watermelon (Tziros Georgios et al. 2007), tomato (Singh 
et al. 2010), lettuce (Cabral and Reis 2013), and guava (Amadi et al. 2014).

16.3  �Tools for Plant Disease Detection

Disease development in plants is influenced by many factors including genotypes of 
the plant and pathogen, the plant age during infection, environment (e.g., soil and 
water source), weather (e.g., temperature, wind, and rain), or types of infection 
which is either single or mixed infections. Due to variation inherent in these factors, 
the diagnosis process becomes difficult. Detection at the early stage of pathogen 
infection in the plants as well as at the beginning of an epidemic will at least prevent 
the infected plant from rotting. Therefore, tools are developed to assist in rapid 
assessment at the early stage of plant pathogen infection.

16.3.1  �Scoring Tools

Visual scoring of disease symptoms is used to identify tolerant plant lines. These 
scoring serve as an indirect measurement of the severity of infection by the fungus 
(Ali and McNear 2014). There are many papers reported on the different types of 
developed scoring tools from various laboratories for early detection of the disease 

U. Munusamy and S.N.A. Abdullah



363

infection in plants by Fusarium (Hall 1989; Burkholder et al. 2001; Churchill 2011). 
Therefore, it is important to standardize the scoring tools based on several character-
istics as discussed below and as summarized in Fig. 16.1 (Hall 1989; Churchill 2011).

In the laboratory, during the development of the disease scoring tools, one factor 
that needs to be standardized is the size of the inoculum which should be produced 
under constant condition. For example, 105 to 106 are the economical spores con-
centration in the field, therefore, this range should be used for the development of 
the disease scoring tools (Burkholder et al. 2001). In addition, the mode of applica-
tion should not be changed between experiments and it is best to avoid usage of 
external solvents such as wetting agent as it may affect the real event found in the 
field. An appropriate time period should be set since different duration of spore 
application onto plant material will have different effect on the plant defense mech-
anism (Chen et al. 2015).

In every type of infection, appropriate plant materials should be chosen, for 
example, root should be used for root infection studies while leaf for leaf infection 
studies. This is because different genes are regulated differently in different parts of 
the plant during infection. Furthermore, plants of different ages and developmental 
stages will respond differently towards the infection. For example, disease symp-
toms on the suckers may be different from symptoms on the matured plant while 
tissue culture plantlet may respond differently compared to plant grown in control 
growth room. Clearly, the physiological state and the development stage of the plant 
have a big influence on the phenotypic symptoms (Churchill 2011).

The plants should be grown under conditions with constant temperature, humid-
ity, and light in order to achieve maximum homogeneity. The growth room needs to 
mimic the outdoor conditions and the quality and quantity of applied nutrients such 
as the fertilizer should not be changed. Each plant species should have its own stan-
dardized methods while closely related plant varieties can use a single standard 
protocol (Chen et al. 2015).

Cross confirmation for quality control and assurance in a standardized bioassay 
is critical. Cross confirmation of the data can be carried out by independent labora-
tories as well as among experts in the field. Confirmation of the results by proven 
specialist in the field is the hallmark of good science. The integrity of the findings 
should be strengthened against false positive as well as false negative (Churchill 
2011). The standardized bioassay for detecting the Fusarium infection should be 
considered as a rigidly defined technique so that the standardized steps can accom-
modate samples from a variety of environments (Brunner et al. 2012).

16.3.2  �Quantitative Real-Time PCR Analysis

Quantitative real-time PCR (qPCR) produces specific fluorescent labelled PCR 
product, measures the kinetics reaction at the early PCR stage, and quantifies spe-
cific targets in the test samples. New chemistries and recipes for qPCR are continu-
ously being produced by many scientific companies. These available kits will ease 
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the detection of PCR products separately from nonspecific products (Lifetechnologies 
2012). Many new real-time PCR-based pathogen identification methods were devel-
oped for detecting the presence of particular pathogens (Vandesompele et al. 2002; 
Hao et al. 2013; Yim et al. 2014). Quantitative real-time nucleic acid amplifications 
have two major advantages during the detection of plant disease, (a) the ability to 
detect products as they are being amplified (Smith and Osborn 2009) and (b) the 
potential to design quantitative assays (Valasek and Repa 2005).

Real-time detection is becoming more important than endpoint PCR as detecting 
a signal while a particular nucleic acid is being amplified may speed up the detec-
tion assay whereby in the endpoint PCR, the specific products are detected only 
after the termination of the amplification (Brookman-Amissah et al. 2012). Many of 
the amplicons of qPCR are quite short, ranging from 50 to 200 bases, enabling RNA 
that is significantly degraded to be used as samples for the analysis (Romero et al. 
2014). However, degradation of the target environmental RNA samples caused by 
nucleases, low number of targets, or reagent problems may in certain circumstances 
produce false positive/negative results (Schrader et  al. 2012). For assessment of 
RNA degradation level, the RNA integrity number (RIN) value is required. The 
RNA integrity of 25S, 18S, and 16S rRNAs acts as indicators of RNA quality 
(Fleige and Pfaffl 2006).

Besides, as mentioned above, the problem with mutation at the annealing site of 
the primer generating false negative results is usually encountered when environ-
mental samples are assessed (Broeders et al. 2014). Therefore, an internal positive 
control is necessary. This is achieved by including amplification of a housekeeping 
gene in the assays (Schena et al. 2013). With Normfinder, the selection of the house-
keeping genes can be validated through optimal reference gene algorithms 
(Vandesompele et al. 2002). The stability of a reference gene is measured based on 
the M values. The lower the Mvalue, the better it is. Therefore, the best reference gene 
to normalize the targeted gene shall have the lowest Mvalue. In addition, primers are 
selected based on their ability in producing single peaks in the melting curve analy-
sis conducted at 85 °C (the standard temperature) (Hao et al. 2013). A single species 
of DNA molecule in the reaction is represented by a single peak in melting curve 
analysis while primer dimer or nonspecific amplification will produce double or 
multiple peaks (Balcells et al. 2011). Primers chosen from this method offer results 
that are highly specific and reproducible in the qPCR assay (Lin et al. 2014).

The contamination of nucleic acids from external sources, such as exogenous 
DNA from cultures or from previous experiments, is a potential risk as the unwanted 
PCR products will accumulate as well (Okubara et al. 2010). This contamination 
risk can be minimized by using negative control, positive control, and reagent con-
trol in each PCR run. This problem can be overcome through melting curve analysis 
as mentioned above. This technology enables rapid, specific, and sensitive detection 
of nucleic acid with potential application in identifying pathogenic microorganisms 
infection in the environments that are normally difficult and/or laborious to culture 
(Ahmed and Huygens 2008). The application of real-time PCR to identify and 
quantify fungal and oomycete pathogens in biological samples such as tomato was 
described by Lievens et al. (2003).
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16.3.3  �DNA Macroarray

Macroarray is also known as reverse dot blot hybridization (RDBH) (Xiong et al. 
2006). The term macroarray is used to refer to a larger array with fewer spots 
(Narayanasamy 2011) in contrast to microarray which contains a few thousands 
spots. This technique was originally developed as a method for clinical studies 
(Trad et al. 2004) but now it has also been successfully applied in plant pathology 
studies (Sholberg et al. 2005). DNA macroarrays have been successfully used to 
discriminate and identify DNA samples from specific oomycete, nematode, fungi, 
virus, and bacterial cultures from complex environmental samples without the need 
for isolation in culture (Tsui et  al. 2011). In DNA macroarray, the non-labelled 
pathogen-specific oligonucleotide probes are fixed on a filter or membrane such as 
a nitrocellulose/nylon membrane (Goel et  al. 2004). Whereas the target labelled 
DNA or PCR product is provided in a buffer that will enhance binding with the 
complementary non-labelled oligonucleotide on the membrane through hybridiza-
tion under different stringency conditions (Lievens et al. 2003).

Several reports on the applications of this technique for screening and identifica-
tion of plant pathogens have been reported. He et  al. (2012) uses species-specific 
DNA macroarray based on rDNA-ITS to study pathogenic and nonpathogenic fungi 
and bacteria in an apple orchard. They reported successful detection of major micro-
bial species simultaneously and the technique appeared to be a robust tool to monitor 
apple phyllosphere microbial community under specific disease management or cer-
tain environmental condition. The data generated provided useful information on 
antagonistic and cooperative interactions between specific pathogens in the orchard. 
Zhang et  al. (2007) reported detection of Solanaceous pathogens in the Fusarium 
solani species using DNA macroarray. They were able to perform a highly specific 
detection of both inoculated plant materials as well as infected plant samples from the 
field through optimizing the length of the DNA probe and hybridization temperature.

The sensitivity offered by the macroarray technology is high enough to detect 
pathogens at densities in which they are likely to occur in the field (Zhang et al. 
2007). In comparison to PCR-based method, it produces more rapid result as it does 
not require separation of DNA fragments through electrophoresis. Besides that, 
DNA macroarray also allows rapid detection in a single assay with high accuracy 
that even one single-nucleotide polymorphism (SNP) difference in the target DNA 
can be discriminated (Lievens et al. 2003).

16.3.4  �RNA Sequencing

Early detection of pathogen infection on plants is possible through RNA sequencing 
analysis (Petre et al. 2012). The key strength in RNA sequencing is that it enables 
efficient and comprehensive analysis of the transcriptome to discover alternate tran-
scripts, gene fusions, and allele-specific expression even from partially degraded 
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sample. It delivers highly accurate quantification of gene and transcript abundance, 
captures both known and novel features, and provides an informative biomarkers for 
a range of phenotypes (Kimbrel et al. 2011; Illumina 2014; Conesa et al. 2016).

The exploration of eukaryotic gene expression has been revolutionized by the 
advent of RNA sequencing as it provides novel insights of expression levels that 
occur during development, disease, and stress conditions. It allows the elucidation 
of gene and protein function and interactions. It also enables identification of tissue 
and developmentally specific sets of RNA transcripts produced by a plant or micro-
bial genome (Martin et al. 2013). RNA-seq based transcriptome analysis of Musa 
and its bacterial pathogen during infection produces a robust and sensitive detection 
that allows access to identification of specific cues in host defense mechanism (Guo 
et al. 2014). However, sometimes low percentage of mapping against the plant ref-
erence genome makes this important analytical step becomes difficult (BGI 2015). 
This happens due to the increase in the level of infection by the pathogen; hence a 
greater proportion of pathogen RNA molecule than plant RNA is present in the 
sample. On the other hand, low level of expression may suggest that only a few cells 
are expressing the genes or the genes somehow are subjected to tight regulation or 
perhaps they are involved in more specialized role in metabolism or development 
upon infection (Zhao et al. 2014).

RNA-seq provides several advantages over hybridisation-based approaches 
because it offers higher sensitivity and reproducibility, has lower technical variation, 
and is not limited by prior knowledge of the organism genome (Wang et al. 2009) 
making it particularly attractive for non-model organisms (Unamba et al. 2015) and 
RNA-seq data obtained is considered unbiased (Zheng et al. 2011). Until today, RNA 
sequencing has provided new insights into a broad range of studies from complex 
disease (Costa et al. 2013) to the ripening process of grapes (Guo et al. 2014). It can 
be applied to a wide scope of scientific questions through comparing gene expression 
profile between samples (Yang et  al. 2017) such as pathogen infected and non-
infected tissues (Sun et al. 2013). RNA-sequencing is well-established as a valuable 
platform with expanded applications in plant biology research (Illumina 2014). The 
recent development in sequencing technologies, which include increase in read 
lengths and numbers of reads per run, as well as advancement in computational tools 
for sequence assembly, analysis, and integration with orthogonal data sets further 
enhanced RNA-seq applications (Conesa et al. 2016).

16.3.5  �Enzyme and Antibody Assays

Enzymatic activities have been utilized in disease resistance and in plant defense 
mechanism (Anusuya and Sathiyabama 2014). Different types of enzymes from the 
plant defense response pathway are targeted for monitoring plant disease develop-
ment. Plant lignin biosynthetic enzymes (Moerschbachkr et al. 1988), chitinase (CHI), 
protease, polyphenol oxidase (PAL), and peroxidase (Madadkhah et  al. 2012) are 
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some of the examples. Traditional enzyme assays are time consuming (Hammerschmidt 
et al. 1982). But enzyme assay kits such as the peroxidase assay (Nandi et al. 2013), 
PAL activity assay, and catalase assay (Iwase et al. 2013) offer the opportunity for 
plant pathology studies to be carried out more conveniently and faster.

However, in general enzyme assay is still relatively laborious (Fernando and 
Soysa 2015), slow (Kumar Panda 2012), needs a relatively large amount of samples, 
and difficult for high throughput analysis (Fernando and Soysa 2015). Therefore, 
next generation enzyme assay using specific antibodies against the protein (enzyme) 
for plant disease monitoring is preferred. This is carried out using the well-known 
method known as the enzyme linked immunosorbent assay (ELISA) (Lacroix et al. 
2016). The advantages of ELISA include the ability to screen a large number of 
samples, high sensitivity, and fast speed of reaction. ELISA was successfully used 
to detect infection on tomato (Sevik and Kose-Tohumcu 2011), potato (Boonham 
et al. 2003), kiwifruit (Cimmino et al. 2017), and on field trees (Martin et al. 2000).

Antibody-based detection of pathogens has undergone rapid development and 
various innovative ideas for field applications have been reported. For example, 
one-step lateral-flow tests were developed for detection and identification of plant 
viruses in the field. In this assay, specific monoclonal and polyclonal antibodies 
were used in an immunochromatographic format, incorporating antibody-coated 
latex particles. Disease diagnosis within 3 min with 100% accuracy when tested on 
Potato Y potyvirus and Potato X potexvirus was achieved through this method 
(Danks and Barker 2000; Sastry 2013; Shibaei et al. 2017).

16.4  �Overlapping Cellular Responses upon Plant Pathogen 
Attack

16.4.1  �Differential Gene Expression

In response to pathogen infection, plants have evolved complex signalling network 
and various defense pathways. The first line of defense includes the physical barriers 
such as cuticles and cell wall in the plant. Lignification is one of the primary channels 
in restricting pathogen development, and it occurs early in the host pathogen interac-
tion and should be localized near the infection site of the pathogen (Ebrahim et al. 
2011). While, chemical barriers such as phytoanticipins, phenols, defensins, and 
peptides represent the second line of defense (Kunkel and Brooks 2002).

The expressed genes that were annotated basically fall in three different catego-
ries which are cellular component, molecular function, and biological process. Each 
gene demonstrated a specific pattern of expression during infection. Published find-
ings in many plants showed that pathogen responsive 10 (PR10) are induced as early 
response just upon microbial attack. This is to enhance the defense response in the 
plant (Hoffmann-Sommeergruber 2002; Dolezal et  al. 2014). The hypersensitive 
response functions to curb the spread of the infection by the plant pathogen. This is 
induced by PR proteins and rapid cell death at the site of pathogen invasion (Yadav 
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et al. 2016). The PR proteins exhibit strong antifungal activities and are essential 
during pathogen attack (Yadav et al. 2016). In plants there are many PR proteins such 
as PR1, PR3, PR4, and PR10. PR1 shows antifungal properties at micromolar levels 
against various pathogenic fungi. While, PR3 proteins destroy the chitin polymer in 
fungal cell wall to inhibit further fungal growth. PR4 inhibits the fungal spread by 
binding to the β-chitin in the cell wall of attacking fungi (Yadav et al. 2016).

Van Den Berg et al. (2007) reported that catalase (CAT) gene expression was 
enhanced in infected tolerant and susceptible plantlets. Increase in the production of 
PAL is also a way to inhibit the penetration of fungal through the cell wall of banana 
roots (Mohd Fishal et al. 2010). Furthermore, release of CHI causes degradation of 
the fungal cell wall. This is because once attacked by pathogen, plant will release 
CHI to degrade fungal cell wall that mostly consists of chitin (Chen et al. 2015). In 
certain reported data PAL and CAT are downregulated even though they are vital 
enzymes in phenolic biosynthesis which links primary metabolism (shikimic acid 
pathway) to secondary metabolism (Sun et al. 2013; EL-Khallal 2007). Therefore, 
early detection at the level of pathogen infection measured by the up/downregula-
tion of these genes can provide real-time data. This will allow us to determine the 
seriousness of the infection for further remedial actions.

16.4.2  �Ethylene Activated Signalling Pathway

Plants will respond to pathogen infection by inducing broad spectrum resistance sys-
tem called systematic acquired resistance (SAR). Induction of systemic acquired resis-
tance includes the production of ethylene (Ecker 1995; Ecker and Guo 2004). In plant, 
ethylene is involved in physiological and development processes (Ouaked et al. 2003). 
Systemic acquired resistance is triggered by normal wounding and through pathogen 
infection and these correlate with the induction of an array of PR proteins (Huot et al. 
2014). During early infection, ethylene plays a role in responding towards pathogen 
attack while at the later stage of infection ethylene stimulates synthesis of Acetyl-CoA 
carboxylase (ACC) synthase enzyme which thereby provide a means for autoregula-
tion of the defense mechanism (Ouaked et al. 2003). By quantifying ethylene gas pro-
duced by the infected plant sample we can identify the stage of infection, for example, 
a decrease in ethylene emission from an infected tomato after attaining maximal 
expression correlated with an advanced fungal infection stage (Cristescu et al. 2002).

16.4.3  �Transcription Factor

Transcription factors have been used as an indicator for the activation of plant 
defense mechanism. Hong et al. (2013) assayed the expression of transcription fac-
tors during Colletotrichum gloeosporioides infection for 9 days. It was found that 
the ethylene response factor (ERF) functions as a transcription factor that integrates 
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signals from the ethylene and jasmonic acid pathways. The ERF1 and EF belongs 
to a large family of APETALA2-domain-containing transcription factors that bind 
to a GCC-box present in the promoters of many ethylene inducible and defense 
related genes (Guo and Ecker, 2004). While, WRKY transcription factor that was 
identified in the transcriptome data set (Phukan et al. 2016) belongs to a large family 
of transcription factors. It regulates the expression of the defense genes that contain 
sequence specific DNA binding site. The transcripts of many WRKYs are strongly 
induced by abiotic and biotic stresses coupled with salicyclic acid or hydrogen per-
oxidase (Ren et al. 2010). Jiang et al. (2016) reported that WRKY45 was responsi-
ble for inducing SA responsive gene. However, WRKY transcription factors 
functioned within a short period of time upon infection in order to provide a rapid 
response towards the infection by the pathogen (Jiang et al. 2016).

16.4.4  �Jasmonic Acid and Abscisic Acid

Jasmonic acid (JA) responses are initiated by necrotrophs organism such as Fusarium 
(Thakur and Sohal 2013; Yi et al. 2014). Jasmonic acid was proposed as the systemic 
signal for SAR (Dampsey and Klessig 2012). Studies have been reported that the JA 
level will increase upon infection (Fu and Dong 2013) and its deficiency will increase 
the susceptibility of the plant to pathogens (Thaler et al. 2004). PLANT DEFENSIN1.2, 
THIONIN2.1, HEVEIN-LIKE PROTEIN CHI, CAT and PAL genes expression serves 
as markers for JA level (Kunkel and Brooks 2002; Sun et al. 2013). Jasmonic acid also 
will trigger many PR proteins (El-Khallal 2007) and moderate many differential gene 
expression either negatively or positively with the availability of other plant hormones. 
On the other hand, abscisic acid is able to enhance resistance to fungal infection by 
stimulating callose deposition in the apoplast that inhibits pathogen entry. However, 
interpretation of abscisic acid is always complicated as it works together with JA, sali-
cylic acid, and ethylene (Finkelstein 2013). Abscisic acid promotes early defense 
responses but is likely to inhibit late defense responses by suppressing salicyclic acid 
dependent responses and modulating JA and ethylene dependent defense (Fujii 2014). 
This demonstrates that plants hormonal response to one stress influences its responses 
to additional stresses (Thaler et al. 2004). Interaction between pathogen and host can 
be identified through the detection of abscisic acid as it is the best moderator during any 
plant pathogen interaction. This result will provide some insights on the different stages 
of the infection process (Ulferts et al. 2015).

16.4.5  �Wounding

Wounding response is usually identified in the infected wounded plant root. Minimal 
expression of glutathione S-transferase (GST) can be detected in the wounded plant 
(Mayer et al. 2017). The mechanical wounding itself will trigger healing process of 
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the damaged tissues to prevent further deterioration by activating other defense 
mechanisms (León et al. 2001). In addition, GSTs is important in the suppression of 
necrosis due to pathogen attack by detoxifying organic hydroperoxides of fatty 
acids generated from peroxidation of membranes (Mayer et al. 2017). Even though 
wounding is another type of environmental stresses, during this event, pathogen will 
easily penetrate and infect into plant cell (Ouaked et al. 2003). According to Mayer 
et al. (2017), the highest level of GST gene expression was measured in mycorrhizal 
infected plants during high temperature stress. These earlier triggered responses 
will block the pathogen to penetrate further.

In addition, there are other structurally different molecules that play regulatory 
roles in wound signalling such as oligopeptide system and plant hormones such as 
JA, ethylene, and abscisic acid (León et al. 2001). Simultaneous action of different 
signals and regulators is essential for the wound responses, however the way the 
integration is achieved may vary among plant species (Nguyen et  al. 2016). 
Therefore, transcriptome or any sort of experimental data for each and every infected 
plant species need to be generated in order to determine the pattern and stage of 
infection which can be utilized in further analysis.

16.4.6  �Oxidative Stress

Oxidative stress is another outcome of the cellular responses following pathogen 
infection. This involves the production of reactive oxygen species. The hydrogen 
peroxidase (H2O2) and oxygen (O2) are the important elements to measure the oxi-
dative stress level (Sun et al. 2013). Both of these compounds will accumulate in 
order to give the plant enough time to mobilize various other defense response 
mechanisms (EL-Khallal 2007). However, high accumulation of this compound 
will damage the plant cellular membrane until other defense mechanism takes place 
(Sun et al. 2013). Oxidative stress is measured based on GST6 and GST3 expression 
and both of these genes are overexpressed during the early infection stage. GSTs 
appear to play a wider role in plant–microbe interactions, as expression of at least 
one GST is enhanced by infection with various types of fungi, including mycorrhi-
zal species (Dalton et al. 2009).

16.5  �Conclusion and Future Prospects

In this article, we reviewed the different types of plant disease and the molecular 
tools that can be used to detect the infection at an early stage. The pathogen or the 
selected plant defense response gene expressed during the early stage of infection 
chosen as a marker can be detected with the available molecular tools. This early 
detection could serve as a guide for plant disease management before phenotypic 
symptoms can be observed, as there is no single solution to overcome plant 
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infection apart from performing continuous monitoring. Only through early detec-
tion, infected plant could be saved from deleterious scenario. New technology and 
innovations on sensors, chip or robotic may replace current tools for efficient early 
detection. This sophisticated tool will enable aerial monitoring and effective early 
warning on potential outbreak.
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