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Preface

Most of the plant breeding programs aim to increase yield, disease and insect 
 resistance, abiotic stress tolerance and to improve quality characteristics. The value 
of new plant breeding products and varieties in increasing food production has been 
demonstrated time and again. To meet growing need of ever increasing human 
population, we need to enhance food production for sustaining food supply. 
Furthermore, several biotic and abiotic stresses continue to threaten crop productiv-
ity. Moreover with urbanization, land for cultivation is shrinking and several envi-
ronment concerns involving excessive use of fertilizers and agro-chemicals, soil 
and water pollution including water scarcity are key issues in increasing crop pro-
ductivity and food sustainability. Plant breeders therefore, has the major challenge 
how to increase crop productivity with limited land, limited water, limited chemi-
cals and limited labour particularly in the context of global climate changes. In the 
genomics era, advances in molecular biology have opened new opportunities to 
accelerate plant breeding processes and in overcoming some of the above con-
straints limiting crop productivity. Molecular markers have become important tools 
in the hands of plant breeders in marker assisted breeding and for enhancing the 
selection efficiency for various agronomic traits in precision ‘plant’ breeding. The 
isolation, cloning and moving of genes from diverse biological sources into plant 
genomes holds promise to broaden the gene pool of crops and develop new plant 
varieties for specific traits that determine yield, quality, and resistance to biotic and 
abiotic stresses. New genomics tools will be of great value to support conventional 
breeding for sustainable food production especially under the climate change and 
meet demand of ever growing human population.

The first edition of this book, “Molecular techniques in crop improvement” 
published in 2002 covered various topics related to molecular markers and their 
application in plant breeding. Since then, major advances have been made in 
molecular tagging of genes/QTLs governing complex agronomic traits, identifica-
tion of candidate genes and in applying marker assisted breeding for tolerance to 
biotic and abiotic stresses and quality traits. Recent advances in transgenic tech-
nologies, genome sequencing and functional genomics offer tremendous opportuni-
ties to support plant breeding programs. Therefore, we are encouraged to cover 
recent advances and come out with the second edition of this book. In this edition 
we have included 31 chapters, which are divided into four parts. Part I is on Plant 



vi Preface

Breeding in the genomic era and has four chapters. Part II deals with Molecular 
Markers and their application and contains six chapters. Eleven chapters dealing 
with different aspects of Genomics are covered in Part III. The remaining ten chap-
ters dealing with Transgenic Technologies are dealt in Part IV. Some of the major 
topics covered in this book are on: QTL analysis, comparative genomics, functional 
genomics, bioinformatics, gene-based marker systems, automation of DNA marker 
analysis, molecular markers for abiotic and biotic stresses as well as for germ 
plasm conservation, gene pyramiding, gene stacking, gene silencing, TILLING, 
CISGENESIS, microarray, metablomics, proteomics, transcriptomics, microRNAs, 
marker-free transformation, Plant RNAi, and floriculture genetic engineering. All 
manuscripts were peer reviewed and revised accordingly. We are thankful to all 
reviewers for sparing precious time to review manuscripts, and that certainly helped 
to improve their quality.

This edition will certainly benefit plant breeders, biotechnologists, and molecu-
lar biologists, and an excellent source to provide advanced knowledge of molecular 
biology to post graduate students involved in biotechnology and plant breeding 
research.

We take this opportunity to express our gratitude to Springer publisher for giving 
us this opportunity to bring out the second edition of this book.

S. Mohan Jain
D.S. Brar
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Abstract To maintain the quality of life on earth, agriculture has to colonize mar-
ginal areas and decrease its dependence on pesticides, herbicides, fertilizers and 
water. Plant breeding should integrate the latest innovations in biology and genetics 
to better face this challenge. Quantitative trait loci (QTL) analysis allows the loca-
tion and effect-estimation of the genetic elements controlling any trait by the joint 
study of segregation of marker genotypes and of phenotypic values of individuals or 
lines. QTL analysis is now seen as a procedure to fill the gap between “omics” and 
the field. This chapter is focused on recent advances of three applications of QTL 
analysis in plants: (1) the genetic integration of agronomical, physiological and gene 
expression related traits (the scientific value of QTL analysis); (2) Marker-assisted 
selection (MAS) in breeding programs and (3) the utilization of wild germplasm to 
improve quantitative traits with breeding tomato for salt tolerance as an example.

1.1  Introduction

The general goal of plant breeding is the improvement of plants for human benefit, 
fulfilling the needs of both producers and consumers. However, the exponential 
growth of human population, the effects of the global warming on the crop environ-
ments and the need to stop the negative impact of agriculture on the ecosystems, 
are demanding new and urgent specific goals (of particular social value) to main-
tain the quality of life on earth. In short, a more sustainable and environmental 
friendly agriculture that increases crop yield taking into account the tolerance to 
biotic and abiotic stresses and the efficiency of water and nutrient uptake. This will 
allow colonizing marginal areas for agriculture and decreasing its dependence on 
pesticides, herbicides, fertilizers and water. The great scientific advances of twenty-
first century should help to pace these new challenges.

Chapter 1
QTL Analysis in Plant Breeding

Maria J. Asins, Guillermo P. Bernet, Irene Villalta, and Emilio A. Carbonell

M.J. Asins (*), G.P. Bernet, I. Villalta, and E.A. Carbonell 
IVIA, Apdo. Oficial, 46113, Moncada, Valencia, Spain 
e-mail: mjasins@ivia.es
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Plant breeding has a long history of integrating the latest innovations in biology and 
genetics to enhance crop improvement (Moose and Mumm 2008). The large advance 
in science has stimulated shifts in funding at public institutions to enhance intellectual 
capacity and infrastructure for molecular genetics and genomics, often, ironically, at 
the expense of conventional plant breeding (Knight 2003; Brummer 2004). Likely 
linked to this, plant breeding has often moved from public institutions to commercial 
companies. There is a need of research linking molecular methods with breeding 
objectives to fully realize the potential of recent advances in biotechnology and 
genomics (Guimarâes and Kueneman 2006; National Research Council 2008)

Nowadays, there are two different strategies for molecular improvement depending 
on the origin of genetic variability: hybridization of genotypes (the classical one), and 
genetic transformation and TILLING (Targeting Induced Local Lesions in Genomes, 
Slade et al. 2005) of an elite genotype. The former uses natural genetic variability, and 
allows the obtaining of multiple combinations integrated by multiple variants of (usu-
ally) small effect each. The latter obtains new forms yielding few variants that contain, 
in the case of transformation, one or few copies of a functionally important gene or DNA 
fragment (supposedly of large effect on the phenotype) and in the case of TILLING, a 
mutated allele of the gene of interest. Both alternatives manage very different amounts 
of genetic variability (large and small, respectively) and provide complementary infor-
mation (from forward and reverse genetics, respectively). Although the latter, if success-
ful, might seem more attractive due to the rapid genetic gain in the trait of interest, 
breeding programs must cope with multiple agronomic traits (yield, quality, timing, 
resistance …), most of them controlled by multiple genes (some of them linked or with 
pleiotropic effects) and interactions (with other genes and the environment). Therefore, 
at least the knowledge of the position of the genes controlling these traits is relevant.

Only by the joint analysis of segregation of marker genotypes and of phenotypic 
values of individuals or lines, it is possible to detect and locate loci affecting quan-
titative traits (“quantitative trait loci” or “QTLs”). QTLs are, a priori, difficult to 
identify due to the lack of discrete phenotypic segregation and because the pheno-
typic effect of each gene associated with a complex trait is relatively small. QTL 
analysis in segregating populations, involves selecting and hybridizing parental 
lines that differ in one or more quantitative traits and analyzing the progeny in order 
to link the QTL to known DNA markers. A breeder can use this knowledge to 
advantage, for instance by using indirect selection. When selection is (partly) based 
on genetic information retrieved through the application of molecular markers this 
is called marker-assisted selection (MAS). It can be employed to enhance plant 
breeding efforts and to speed up the creation of cultivars. Also, it unveils masked, 
interesting wild alleles and makes for an easier introduction of genetic material 
from related and unrelated wild species, without the drawbacks (“linkage drag”) 
that are associated with the introduction of “wild genes” through conventional 
methods, facilitating germplasm enhancement and pre-breeding.

QTL analysis is usually seen as the methodology of choice to study quantitative 
traits, which show continuous variation and are theoretically controlled by many 
genes. But, a priori, any trait (not only the quantitative traits) can be controlled by 
more than one gene what makes QTL analysis an universal tool to obtain information 



51 QTL Analysis in Plant Breeding

on the number and position of genes controlling it. We may detect just one QTL in 
a given segregating population but by using this genomic scanning tool, other 
hypothesis (more than one locus) can be tested, too.

QTL analysis has clear limitations that have been reviewed by several authors 
(Doerge and Rebai 1996; Beavis 1994; Kearsey and Farquhar 1998; Doerge 2002; 
Asins 2002; Melchinger et al. 2004; Holland 2007). A major problem, pointed by 
Göring et al. (2001), come from the fact that the chromosomal position and geno-
type-phenotype relationship of a locus cannot both be reliably estimated by the use 
of a single data set of currently realistic size, at least for loci of small effect size. 
An approach put forward by Sen and Churchill (2001) breaks the QTL problem into 
two distinct parts: the relationship between the QTL and the quantitative trait, and 
the location of the QTL. So the initial focus is placed on estimation of the unknown 
QTL genotypes and then on allowing the search for different models and their 
comparisons with the information gained from completing the QTL genotype infor-
mation (Doerge 2002). Other improvements concerning the experimental design 
(segregating populations from multiple parents and environments) and the develop-
ment of new statistical methodologies for locating multiple QTLs (reviewed by 
Zou and Zeng 2008) will enhance our capability of detecting more QTLs per trait, 
including those of small effect. Besides, recent advances in statistical methods to 
control the QTL false-discovery rate should provide a better balance between 
declaring too many false-positive QTL and sacrificing power to detect those that 
have smaller effects (Benjamini and Yekutieli 2005).

Advances in the application of QTL analysis to plants are also becoming evident.
The most obvious are marker-assisted selection (MAS) in breeding and pre-breeding 

and QTL cloning. Other areas where QTL analysis is contributing decisively are: 
(1) understanding of complex but agronomically important traits such as plant-pathogen 
interaction and adaptability to marginal areas (genotype-environment interaction); (2) 
plant genomics, providing information on candidate polymorphisms by connecting the 
QTLs that control phenotypes, metabolites, proteins, genes and regulatory elements; 
and (3) germplasm enhancement allowing its efficient utilization in pre-breeding 
through genotyping for candidate polymorphisms. All of them, and particularly MAS, 
have been a major impetus to quantitative genetics research and breeding.

The present chapter focuses on recent advances of three applications of QTL 
analysis in plants: (1), the genetic integration of agronomical, physiological and 
gene expression traits (the scientific value of QTL analysis) (2) MAS in breeding 
programs and (3) utilization of wild germplasm to improve quantitative traits, with 
breeding tomato for salt tolerance as an example.

1.2  The Scientific Value of QTL Analysis

QTL analysis has become the methodology of choice for the genetic dissection of 
any trait in plant and animal species. QTL cloning is usually the next objective. 
The list of cloned QTLs has been expanded in the past few years (Paran and Zamir 
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2003; Morgante and Salamini 2003; Salvi and Tuberosa 2005; Price 2006). A cloning 
approach starts by searching for functional candidates, i.e. genes that have been 
shown, or are suspected, to have a functional role in the phenotype of interest. 
Then, the most promising candidates are selected from a large number of functional 
candidate genes, by testing their linkage to the QTLs for the trait of interest, thereby 
identifying positional candidates (genes co-locating with QTLs) (Pajerowska et al. 
2005). This approach is particularly useful for discarding candidates as shown by 
Villalta et al. (2008) using sequences coding for proteins involved in Na + transport 
as functional candidates for salt tolerance in terms of fruit yield. Most QTLs have 
been cloned using a positional cloning approach. It requires to assign a QTL to the 
shortest possible genetic interval (QTL fine mapping) and to identify the corre-
sponding interval on the DNA sequence (QTL physical mapping) where candidate 
genes are selected for evaluation (Salvi and Tuberosa 2005). The availability of a 
full-genome sequence is a helpful tool in filtering through genes in the interval, 
because the examination of annotation can often suggest which of the genes in the 
QTL interval might be likely candidates (Hansen et al. 2008). The candidate 
approach somehow bypasses the tedious procedures of positional cloning. Besides, 
although the size of the QTL confidence interval might be a limitation because of 
the large number of candidate genes included in a minimum of 10 cM, the position 
of the maximum significance for the QTL detection might be a good indication of 
the position of the responsible gene (Price 2006). A possible complication may 
arise when functional candidates are organized in clusters, such as defense-related 
genes and genes participating in cell-wall integrity frequently are (Vergne et al. 2008). 
Interestingly, these authors found that these clusters are not always co-regulated 
and individual paralogs can show specific expression patterns. Therefore, the 
identification of suitable candidate genes and the elucidation of their function can 
be facilitated by combining different approaches and high-throughput platforms 
applied to the target crop and/or to model species.

Although gene-expression analysis and its results provide valuable information 
towards understanding gene function, these results are not helpful in relating gene 
function to complex traits, because they do not address anything other than the 
relative change in gene expression across treatments (Doerge 2002). A major step 
forward in QTL cloning has occurred via the application of microarray technology 
to obtain genome-wide expression profiling from individuals in a RIL population. 
This enables the mapping of QTLs controlling the transcript level for each gene 
(expression QTLs, eQTLs) and, thereby, the study of the relationship between 
genome and transcriptome. These eQTLs can be utilized to search for associations 
between gene expression polymorphisms and a phenotypic QTL to identify candi-
date genes controlling phenotypic variation for an agronomic trait (Hansen et al. 
2008). Moreover, if the expression level of single genes involved in a process 
(metabolic pathway, development, defense response …) is converted into a 
common measure (z scaling or mean shifting) then, their QTL analysis will reveal 
network eQTLs; i.e. QTLs controlling gene expression networks or polymorphisms 
upstream in the process or pathway (Kliebenstein et al. 2006). Results from eQTL 
analysis can also be used to generate networks using either correlation of expression 
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patterns or colocalization of eQTL positions to identify clusters or networks of genes 
(Lan et al. 2006). Then, trans eQTL can be identified for these novel networks, and 
subsequently these genetic loci can be searched for regulatory genes containing cis 
eQTLs (Sun et al. 2007). This “systems biology” approach to natural variation 
using the same fixed segregant populations may eventually allow to link metabolites 
in a biosynthetic network with network eQTLs for the biosynthetic genes towards 
the understanding of the molecular basis of phenotypic QTLs (Hansen et al. 2008; 
Lisec et al. 2008).

Among the different platforms available for mass-scale profiling at the tran-
scriptome, microarrays have been frequently used to study the changes in gene 
expression elicited by exposure to biotic or abiotic stresses. Because the functional 
basis of a number of cloned plant QTLs have been found to regulate differences in 
the level of gene expression (Salvi and Tuberosa 2005), QTL cloning may in some 
cases be facilitated through a direct profiling approach to suitable genetic materi-
als (Wayne and McIntyre 2002; Hazen et al. 2003). In this context, the QTL analy-
sis of the level of gene expression (eQTL analysis) is a promising application of 
transcriptome analysis. More recently, cDNA-AFLPs have been used as an alter-
native to microarrays to identify eQTLs in Arabidopsis (Vuylsteke et al. 2006). 
Important drawbacks of the latter strategy are the limited coverage of the tran-
scriptome and the identification of differential genes which requires purification 
and sequencing of individual AFLP fragments. The main drawback of the former 
strategy is the high cost for profiling RNA samples of an entire population but a 
benefit of eQTL analysis is that the same arrays can be simultaneously used for 
genetic mapping and expression quantification (Luo et al. 2007; West et al. 2006). 
With recent advances in genomics, the bottleneck in QTL and marker-trait associa-
tion analysis will be the phenotyping and not the genotyping (Melchinger et al. 
2004; Xu and Crouch 2008).

Since the number of publications reporting QTL analysis is continuously grow-
ing, it would be desirable to integrate information from different QTL mapping 
experiments to get a more realistic and complete view of the genetic control of 
traits. Some agronomic traits are so important that numerous QTL studies using 
multiple segregating populations have been published. One early example integrat-
ing QTL analyses of fruit size and shape in tomato was reported by Grandillo et al. 
(1999) giving a wide view of the location and consistency (and/contribution) of the 
approximately 28 QTLs that control fruit weight. This information was important 
to focus the subsequent QTL cloning experiments of the group. Another approach 
to enhance the inference space of QTL studies is meta-analysis, whereby the results 
of multiple studies are summarized and evaluated statistically (Chardon et al. 2004; 
Wisser et al. 2006; Ballini et al. 2008). As Holland (2007) has pointed out, these 
studies provide useful summaries of genetic architecture; however, they are com-
plicated by ascertainment bias, by differences in experimental techniques, statisti-
cal analysis and environments (grennhouse, field …). Besides, they implicitly 
assume QTL additivity while epistasis, particularly, less than additive epistasis has 
been reported for some traits (in tomato, for instance, Lecomte et al. 2004; Causse 
et al. 2007; Estañ et al. 2008).
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An example of further level of information integration has been provided by 
Vergne et al. (2008) who cross-referencing defense gene expression (more than 
2,500 genes corresponding to the rice defense arsenal) and resistance QTL informa-
tion have identified some candidates (overall pathogenesis-related genes and disease 
regulators). Obviously, this level of integration is only possible on model, fully 
sequenced, crops where the genetic map is anchored to a physical map, facilitating 
the assignment of genes, by function and position, to QTLs. After this, linkage 
disequilibrium studies are expected to facilitate validation and map-based cloning 
of genes (Gupta et al. 2005; Salvi and Tuberosa 2005).

Therefore, QTL analysis allows connecting phenotypic variation with allelic 
variation at a position in the genome, and then through fine mapping and/or linkage 
disequilibrium or association mapping to pinpoint the “functional” nucleotide 
polymorphism or haplotype best explaining germplasm variability (Veyrieras et al. 
2007). Association mapping provides an alternate route to identifying or validate 
QTL that have effects across a broader spectrum of germplasm. It requires identifying, 
within a set of genotypes such as germplasm accessions and cultivated varieties,  
a statitistical association between allelic variants at marker or candidate loci and the 
mean of the analyzed trait. A very simple example of marker validation has been 
recently reported by Bernet et al. (2008). They used seven markers linked to QTLs 
involved in Citrus tristeza virus (CTV) accumulation, leaf miner resistance and 
apomictic reproduction to characterize 64 sour orange (C. aurantium L.) accessions 
from three national collections in order to identify a representative core in which the 
resistance behavior against two CTV isolates was studied. Most of the C. aurantium 
accessions fell into three main groups based on three multilocus genotypes. Only 
those selected accessions from the major group presented CTV resistance. When 
the haplotype diversity at three CTV accumulation QTL-linked markers that defined 
those groups was further studied by sequence analysis, only allelic diversity at one 
of them tightly linked to Ctv-R

2
 in Poncirus trifoliata (L.) Raf., matched the plant-

CTV interaction types reported among Poncirus and Citrus species.
Thus, finally, the huge scientific advances due to QTL mapping and “omics” 

resources, after validation are expected to be translated into heritable assays that are 
more effective and efficient than phenotypic assays to enhance germplasm and 
plant breeding (Beavis et al. 2007).

1.3  QTL Analysis for MAS

Breeding objectives always involve consideration of multiple traits, even in situa-
tions where output of a single feature is dominant. While animal breeders have 
formalized the procedure of multiple trait selection, commercial plant breeders use 
non-formal ways of combining selection pressure on various traits, which are not 
published (Sölkner et al. 2008). The longer generation intervals and, more impor-
tantly, the lower reproductive rates of animals emphasize procedures of simultaneous 
selection whereas crops are developed in multiple stages, emphasizing different 
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traits at different generations. Thus, selection for traits with high heritability is 
usually performed at early generations. If a kind of pre-selection based on QTL 
linked markers might be carried for one or more traits at seedling stage, fewer 
generations would be needed. Long juvenility species would greatly benefit from 
this. However, to ensure the success of MAS, QTL mapping results, particularly 
QTL estimates, must be further investigated by cross validation and biometrical 
methods (Melchinger et al. 2004), even including Bayesian approaches (Meuwissen 
et al. 2001). Even so, there will always be QTLs of minor effects (and epistatically 
masked QTLs) that will be missed, making selection of favorable QTL alleles 
alone unable to reach the full genetic potential and the ultimate limits to selection 
(Kearsy et al. 2003).

There are two important genetic factors, epistasis and genotype by environ-
ment interaction (G × E) that limits our understanding of agronomic traits. In this 
sense, the use of marker-assisted selection (MAS) can be inefficient if the effects 
of G × E and epistasis cannot be anticipated (Openshaw and Frascaroli 1997; Moreau 
et al. 2004). Moreover, Bernardo and Charcosset (2006) showed that poor esti-
mates of allele effects within the selected population, even when genes are 
known, reduced MAS efficiency. Therefore, when G × E and epistasis are impor-
tant we should regularly re-estimate QTL effects within the breeding program 
(Podlich et al. 2004).

Significant G × E makes statistically impossible to interpret G and E main 
effects and to predict genotypic performance across changing environments. In its 
simplest form, G × E may rise from heterogeneous genetic variances among envi-
ronments. Thus, genetic variance at one QTL may be sufficiently large in one 
environment, in comparison to non-genetic effects, to allow its detection here, but 
not in other environment (salinity, for instance). If it happens in one or more QTLs 
for the same environment, it will cause just a scaling effect but it will not alter the 
ranking of genotypes. But, if the variance heterogeneity affects different QTLs 
depending on the environments, a re-ranking of genotypes will happen which is a 
major concern to breeders, particularly those devoted to increase crop adaptability 
to abiotic stresses.

To determine genetic factors responsible for G × E, agronomic data must be 
collected on a mapping population in multiple environment trials. Then, compari-
son of QTL detection across environments is carried out by analysis of variance to 
test marker locus × environment interactions (Sari-Gorla et al. 1997; Villalta et al. 
2007). Quantitative trait loci by environment interaction can also be evaluated by 
the regression of marker genotype mean on an environmental index to discern if 
the linear regression coefficients are significantly different (Campbell et al. 2003). 
QTL mapping results (e.g. Patterson et al. 1991; Stuber et al. 1992; Lu et al. 1996; 
Monforte et al. 1997b; Villalta et al. 2007) have shown that some QTLs can be 
detected in all tested environments while others are detected in some of them. 
However, in the absence of G × E, a QTL may be detected in one environment but 
not in others due to sampling or experimental error. On the other hand, G × E may 
exist even when QTL are detected in multiple environments (Yan et al. 1999). 
Noteworthy, Villalta et al. (2008) found that the position of maximum LOD for a 
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leaf area QTL (and also for dried leaf weight) on Solanum chromosome 5, changed 
few cM when control and salinity growing conditions were compared. Only QTLs 
detected under control condition showed significant G × E interaction. Is it a mat-
ter of random errors or the presence of two QTLs in tandem, one conditioning the 
trait just under control and the other under both control and salinity conditions? 
Unfortunately, random errors cannot be discarded given the overlapping of confi-
dence intervals.

Due to the cost of utilizing several QTLs, only markers that are tightly linked to 
no more than three QTLs are typically used for MAS (Ribaut and Betran 1999), 
although there have been reports of up to five QTLs being introgressed via MAS 
(Lecomte et al. 2004). The cost of using MAS compared to conventional plant 
breeding varies considerably between studies and need to be considered in a case-
by-case basis. And, as Collard et al. (2005) have pointed out these studies did not 
include the large initial cost in their development. An estimate for the cost to 
develop a single marker was 51,140 € (Langridge et al. 2001). Model crops, where 
genomic tools and most QTL analysis are being developed have a clear advantage 
with regard to applications of QTL mapping. Fortunately, comparative mapping 
could be used to infer QTL position between related species what could be particu-
larly important in “orphan” (or neglected) crops.

Markers tightly linked to loci controlling difficult, laborious and expensive but 
breeding-targeted traits are valuable tools to assist selection at seedling stage dur-
ing the breeding program of a long-lasting juvenility crop or forest species. Thus, 
MAS have been most frequently used (or reported) to discard putative disease 
susceptible plants in the early generations and to introgress disease resistance 
genes into high-quality well adapted elite cultivars. The greatest efficiency of 
MAS is in early generations due to the increasing probability of recombination 
between the marker and QTL; the major disadvantage is the cost of genotyping a 
large number of plants given that it is applied at the beginning of the program 
(Collard and Mackill 2008). The continuously growing marker technology and 
availability of high-throughput equipment for DNA extraction and genotyping 
(for a review see Gupta et al. 2008) is expected to make MAS less expensive in 
the future.

A successful strategy to minimize the failure of marker-trait association is to 
maximize the efficiency of QTL mapping in tandem with the MAS process itself 
(Young 1999). Additionally, to cover a wider range of allelic diversity, multiparen-
tal populations (like those commonly used by breeders) have shown to be better 
than biparental populations. Thus, Blanc et al. (2006) have recently shown by simu-
lation that addressing a broader diversity, multiparental designs increase the power 
of QTL detection, which reinforces their superiority over biparental designs for 
MAS. As Melchinger et al. (2004) concluded, for routine applications of QTL map-
ping in plant breeding programs, it is mandatory that we move away from the 
analysis of large segregating populations of biparental crosses and develop new 
QTL methods and software, which are directly applicable to the genetic materials 
routinely tested by plant breeders.
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1.4  QTL Analysis for Pre-Breeding

Wild species are mostly used for the introgression of disease resistance genes. In 
general, they are hardly used to improve quantitative traits in breeding programs. 
The main difficulties come from, in theory, the large number of genes involved, 
most of them with small effects, and the high costs of recovering the genetic back-
ground of the receptor cultivar. Can QTL analysis of agronomic traits provide the 
necessary information to find an efficient breeding strategy using wild relatives?

To uncover and access desirable alleles from wild relatives, Tanksley and Nelson 
(1996) proposed a breeding strategy that seemed to maximize the efficiency of QTL 
mapping in tandem with MAS process itself. Bernacchi et al. (1998a,b) demonstrated 
how effective the advanced backcross QTL analysis strategy could be in a population 
of more than 300 lines derived from an initial cross between S. hirsutum and an elite 
tomato cultivar. Their results demonstrated that the wild parent carried several desir-
able alleles for the traits of interest, even though its own phenotype was nearly always 
poorer. Also reinforcing the interest on information provided by QTL analysis in 
advanced populations, Villalta et al. (2007) found that (1) non-correlated traits may 
present QTL(s) that are associated with the same marker, being responsible of 
correlated response, and (2) concerning the relevant genes involved, the genetic con-
trol of a trait may change in absence of significant G × E interaction. Similar results 
were found by Malmberg et al. (2005) for fitness-related traits using Arabidopsis 
RILs because although the total number of significant additive and epistatic QTLs 
was similar under the two growth conditions (field and greenhouse), the map loca-
tions were largely different. In addition to the detection of favorable QTL alleles in 
the wild germplasm, knowledge on favorable (and unfavorable) epistasis and their 
dependence on the environmental conditions should be considered.

The need for integrating information from multiple traits and environments makes 
fixed segregant populations important in QTL analysis. Three kinds of fixed seg-
regant populations are generally used for this purposes: NIL (near isogenic lines, the 
final products of the above mentioned advanced backcross lines when wild genome 
fragments are covering the whole genome in separate lines), DHL (doubled haploid 
lines) and RIL (recombinant inbred lines). DHL and RIL mainly differ in the number 
of recombination cycles (making a large difference in mapping resolution) and the 
need to use tissue culture protocols to obtain plants (DHL) from F1 gametes.

A disadvantage of advanced backcross design is that this kind of populations is 
not useful for detecting epistatic QTL (Tanksley and Nelson 1996; Asins 2002) since 
every backcross generation greatly reduces the number of genotypic combinations 
because the donor genotype is being recovered. Similarly to advanced backcross 
lines, near-isogenic lines (NIL) are less powerful to detect epistatic QTLs and show 
lower localization resolution than RIL (Keurentjes et al. 2007). An experimental 
design that facilitates the study of epistasis using wild germplasm to increase adapta-
tion might be important for several reasons. At the biochemical level, epistatic 
interactions are regulating metabolic pathways (Rowe et al. 2008). At phenotypic 
level, two studies in Arabidopsis (Malmberg et al. 2005) and rice (Mei et al. 2005) 
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suggest that epistatic QTL effects are more important than additive QTL for fitness 
traits. By contrast, studies in maize revealed that epistasis was of little or only mod-
erate importance which following Holland (2007) might be explained in part to the 
relative importance of epistatic effects in autogamous versus allogamous species, 
and in part to differences in modeling procedures. Noteworthy, Estañ et al. (2008) 
found no common additive QTL but only one with epistatic effects for fruit yield 
when comparing two populations of Solanum RILs as rootstocks. In a previous 
study, Villalta et al. (2007), also comparing these two populations of RILs that share 
the female progenitor, found remarkable differences in the QTL location of the target 
traits, under both control and salinity conditions. These results reinforce the idea that 
connected populations enlarge the scope of natural QTL allelic diversity under study 
for agronomic traits, which is a good choice for future germplasm utilization.

Nevertheless, the RIL design present several problems. Thus, the development of 
a sufficiently large population of RILs is not equally easy for all autogamous species. 
Two populations of F

6
 lines from crosses of S. lycopersicum var. cerasiforme as 

female parent with S. pimpinellifolium (P population) and with S. cheesmanii (C 
population) as male parents were developed by single seed descent from 300 or 400 
F

2
 individual plants (Monforte et al. 1997a), respectively, with no conscious selection 

at any generation, under greenhouse or screen house conditions. In spite of starting 
with 100 F

2
 plants more, the number of F

6
 lines was smaller in the C population (115) 

than in the P population (142). Main differences found between F
2
 and F

6
 populations 

were: (1) the large increment of genotypic segregation distortion from generation 2 to 
6 and (2) the origin of this distortion was an excess of homozygotes (for P or L 
alleles) in F

2
 while in the F

6
, the distortion was mostly due to an excess of heterozy-

gotes (Villalta et al. 2005). Therefore, as the number of generations of self-pollination 
increased, the viability and/or fertility of homozygotes (at any genomic location) 
decreased making allele fixation difficult. Reduction of the frequency of the wild 
allele and/or the maintenance of a high level of heterozygosity as found in the C 
population had also been observed in the development of other advanced populations 
of tomato interspecific crosses involving S. cheesmanii (Paran et al. 1995), S. peruvi-
anum (Fulton et al. 1997) and S. hirsutum (Monforte and Tanksley 2000). Since line 
genotyping is usually carried out using DNA from pooled individuals, the high level 
of heterozygosity complicates the QTL analysis. Thus, Villalta et al. (2007) found 
that results on QTL detection changed if heterozygous class was considered or not. 
Additionally, a major problem arose when interval-mapping methodology was used 
allowing dominance because new QTLs appeared that were not significant under 
strict additivity or using methodologies based on one marker at a time. In addition to 
the unusual level of heterozygosis and the deviation from the completely additive 
QTL model, the distribution of most traits deviated from normality. Since violating 
the normality assumption has an impact on the distribution of the statistic used to test 
for a QTL, it makes also standard statistical procedures potentially inaccurate (Doerge 
2002), and other, non-parametric tests for QTL detection were used (Kruglyak and 
Lander 1995) loosing precision in the location.

Another disadvantage of RIL population, pointed out by Keurentjes et al. (2007), 
is that smaller-effect QTL could be detected in the NIL population although the 
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localization resolution was lower. In fact, a limitation of the RIL design is that link-
age disequilibrium affects much shorter genomic regions than in other segregating 
populations that are based on fewer recombination cycles such as F

2
, DHL or even 

NIL. Therefore, for a similar marker density, fewer QTLs are expected to be 
detected in the RIL population (Villalta et al. 2007). Will higher mapping resolution 
also affect the estimates of QTL contribution? The cumulative recombination along 
the inbreed generations changes some genetic parameters of quantitative traits. It is 
well known (Falconer 1960) that the reduction of heterozygosis with inbreeding 
causes a redistribution of genetic variance in terms of genetic differentiation 
between lines and genetic uniformity within lines. Thus, when inbreeding is com-
plete and the interaction of genetic variance arising from epistasis is neglected, the 
genetic variance in the population as a whole is doubled, and all of it appears in the 
between line component. Therefore, if QTLs detected at F

2
 correspond to single 

genes (and not to blocks of genes), we should expect higher PVEs in F
7
 than in F

2
. 

Since we observed that estimated PVEs at F
7
 are the lowest, at least one of the 

assumptions (single genes instead of blocks of genes, and lack of epistasis) must 
fail. Numerous significant epistatic interactions were found that varied depending 
on the wild species and the level of salinity (Asins et al., unpublished results) but 
they are very difficult to evaluate in comparison to the contribution of single 
additive QTL effects for the sample size used and the level of heterozygosis found. 
On the other hand, how often a QTL represent a block of genes? In studies with 
model organisms (Cohen et al. 2000; Blumenthal et al. 2002; Lercher et al. 2002) 
functionally interacting genes are often closely located and tightly linked on a chro-
mosome. In tomato, Monforte et al. (2001), and Chen and Tanksley (2004) have 
reported QTLs likely to be composed of multiple linked genes. But, on the other 
hand, several single genes have already been identified as responsible of QTLs 
(Korstanje and Paigen 2002; Morgante and Salamini 2003; Paran and Zamir 2003; 
Price 2006). Another, non-excluding possibility, is that the overestimation contribu-
tions would be related not only to the presence of dominance but also to the low 
mapping resolution (such as in the F

2
 study by Monforte et al. 1997a). If it was so, 

fixed segregant populations, such as DHLs and NILs that have lower mapping reso-
lution than RILs might also induce such biased estimates. This would explain 
results by Keurentjes et al. (2007) who found that the total number of QTLs 
detected did not differ much between NIL and RIL populations but the average 
explained variance of a single QTL was higher in the NIL population.

1.5  An Example of QTL Analyses for Utilization of Wild 
Species to Increase Salt Tolerance in Tomato

Tomato is one of the most important horticultural crops. In terms of human health, 
tomato fruit is a major component of daily meals in many countries and constitutes an 
important source of minerals, vitamins, and antioxidant compounds. However the 
areas for tomato optimal growing conditions are becoming narrower around the world. 
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About 20% of irrigated agricultural land and 2% of dry land agriculture are affected 
by salinity (Yeo et al. 1999). Since salt tolerance, such as tolerance to any abiotic 
stress, means adaptation, breeding for salt tolerance should take advantage of the evo-
lution of Solanum species occurred through adaptation to marginal environments. In 
this sense, two tomato wild species have been considered as possible donors of salt 
tolerance: S. pimpinellifolium L. (Bolarín et al. 1991; Cuartero et al. 1992; Asins et al. 
1993; Foolad and Lin 1997) and S. cheesmaniae (L. Riley) Fosberg (Rush and Epstein 
1976; Tal and Shannon 1983; Mahmoud et al. 1986; Asins et al. 1993). However, in 
spite of the great effort devoted to breed for salt tolerance, only a small number of 
cultivars, partially tolerant to salinity, have been developed (Owen et al. 1994; Al-Doss 
and Smith 1998; Dierig et al. 2001; Steiner and Banuelos 2003). Two major problems 
are encountered: the definition, or selection criteria, for “salt tolerance” and the effi-
cient use of the wild germplasm to increase the salt tolerance of the crop.

Efforts on salt tolerance dissection using tomato experimental populations have 
been carried out taking into account different kinds of traits; however, in the case of 
crop plants, it is ultimately the yield under specific field conditions that will determine 
whether or not a gene or combination of genes (or QTLs) is of agronomic importance. 
In a previous study, we compared QTLs involved in the salt tolerance, in terms of 
fruit yield, of three F

2
 families derived from crosses of the tomato cultivated 

species (Solanum lycopersicum L.) and two wild species S. pimpinellifolium L. and 
S. cheesmaniae (L. Riley) Fosberg (Monforte et al. 1997a, b). Nevertheless, breeding 
for salt tolerance requires breeding for a wide adaptation to different salinity levels, 
because salinity is an abiotic stress factor that varies in time and space. Since the 
possibilities to study the genetics and physiology of adaptation to different salinity 
levels in terms of G × E interaction were found to be very limited in F

2
 populations, 

we developed and genetically characterized two populations of RILs derived from 
those F

2
 populations (Villalta et al. 2005). Besides, a better understanding of the 

whole plant behavior under changing salinity levels was needed to improve salt 
tolerance efficiently. This knowledge should involve not only the trait defined as 
salt tolerance but also other correlated traits because correlated responses may 
constrain the success of breeding programmes. Salt tolerance in terms of fruit yield 
was then studied by QTL analysis using two RIL populations (Villalta et al. 2007) 
and contrary to expected, it was found that the wild allele (i.e. from the wild salt 
tolerant genotype) was advantageous only at one total fruit yield QTL on chromo-
some 10 (tw10.1, near the salt specific fn10.1). In fact, they found that the advanta-
geous allele at all fruit weight QTLs came from the cultivated, salt sensitive, 
species. Moreover, when QTL controlling Na+ and K+ leaf accumulation, as physi-
ological components of salt tolerance, were investigated in these populations, only 
two sodium QTLs (lnc1.1 and lnc8.1) mapped in genomic regions where fruit yield 
QTLs were also located. In both cases, the profitable allele corresponded to the salt 
sensitive, cultivated species. Therefore, other approaches to raising tolerance to salt 
using wild germplasm needed to be considered.

The grafting technique has been used in agriculture since ancient time to improve 
horticultural crops. Nonetheless, the mechanism by which the rootstock affects the 
scion trait remains elusive. In relation to salinity, Estañ et al. (2005) had shown that 



151 QTL Analysis in Plant Breeding

grafting raised fruit yield of a tomato hybrid variety under salinity. This moved us 
to genetically study the rootstock effect on the fruit yield of a grafted tomato variety 
under salinity using as rootstock the same two populations of RILs now at F

9
. Since 

these populations at F
7
, had been previously used for QTL analysis of fruit yield of 

the non-grafted lines allowing the comparison of genetic parameters between grafted 
and non-grafted plants (Estañ et al. 2008). Main results were: (1) there were root-
stock lines from the two populations (up to 65% in the P population) that raised the 
fruit yield of the commercial hybrid under saline conditions; (2) this salt tolerance 
rootstock effect is a heritable trait (h2 near 0.3), governed by at least eight QTLs; (3) 
most detected QTLs corresponded to the number of fruits, in agreement with the 
major relevance of this component among rootstock effects on fruit yield; (4) in 
general, QTL gene effects were medium-sized, with contributions from 8.5% up to 
15.9% at most, and the advantageous allele came from the wild, salt tolerant, species; 
(5) only two fruit yield QTLs on chromosomes P9 and C11 might correspond to fruit 
yield QTLs of the non-grafted lines indicating their root system dependence; and 
(6) no common QTL between population was found but a fruit yield QTL on 
chromosome 3 was acting epistatically in both populations.

The fact that a certain proportion of lines increased the fruit yield of the grafted 
hybrid variety under salinity was promising but since salinity is variable in time and 
space it was important to test the lack of negative effects on yield under non saline 
irrigation. This experiment was carried out with 50 lines from each population and 
two controls: the non-grafted variety (Boludo, Bol) and the self-grafted variety 
(Bol/Bol). As shown in Fig. 1.1, most lines are similar than controls in absence of 
salinity. Therefore, an easy, efficient and profitable utilization of wild germplasm 
can be carried out through the improvement of rootstocks that confer salt tolerance 
in terms of fruit yield to the grafted variety instead of introgression their beneficial 
QTL alleles into the genome of the cultivated tomato.

1.6  Concluding Remarks

The new challenges of plant breeding urge to integrate the latest innovations in 
biology and genetics to enhance crop improvement. QTL analysis fills the gap 
between “omics” and the field. Since most cloned QTLs are elements involved in 
gene regulation, the candidate approach, comparing the position of plant phenotype 
QTLs, gene expression QTLs (eQTLs) and network eQTLs may increase our 
chances to clone QTLs of agronomic traits. This vertical integration of information 
needs the availability of fixed segregant populations. Recombinant inbred line 
populations constitute a valuable experimental design for this purpose because (1) 
their mapping resolution (important to distinguish between linkage from pleiot-
ropy) and (2) they facilitate the study of epistasis. Epistatic QTLs are frequently 
missed when using other experimental designs.

QTL meta-analysis is a horizontal way to integrate information for the same trait 
from different experiments, populations (better if they are connected through com-
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mon parents) and closely related species. Therefore, if statistical limitations are over-
come, it will benefit comparative genomics and it will be a valuable tool to 
complement information obtained from vertical integration. The integration of QTL 
analyses of salt tolerance in tomato using wild relatives as donors of salt tolerance has 
been useful to judge between breeding strategies. Their utilization in rootstock breed-
ing programs seems the most efficient one because most “good-rootstock” QTL 
alleles come from the wild species. Association mapping methods can be used to vali-
date QTLs by testing the effects of linked markers or candidate genes within a large 
set of genotypes such as germplasm accessions or cultivated accessions. These or 
other methods of cross validation of QTL mapping results (particularly, allele effects) 
are absolutely necessary to ensure the success of marker-assisted selection.

Instead of inferring MAS schemes in breeding populations from QTL results in 
experimental (bi-parental) populations, the development of QTL mapping methods 
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Fig. 1.1 Ordered means with standard errors for total fruit weight (in grams) of Boludo (Bol) 
using some lines of the P and the C populations as rootstock under optimal growing conditions in 
comparison to the controls, non-grafted and self-grafted Boludo plants  (Bol and Bol/Bol). Arrows 
indicate the relative position of these controls.
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for multiparental populations is envisaged as a better alternative because it would 
allow to link QTL analysis and MAS in tandem through generations in the breeding 
program itself.
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Abstract Angiosperms evolved from a common ancestral genome that incurred repeated 
duplications and many mutations in succeeding generations to result in the evolution of 
an array of plant species, setting the stage for the application of comparative genomic 
approaches to its descendant modern angiosperms. Presently, much genomic informa-
tion including complete genome sequences from model crops is available, with partial 
genomic information for many other plant taxa shedding light on genome structure and 
gene repertoire. Comparative approaches permit inferences to be made regarding evo-
lutionary consequences including rates of evolution of particular genes or families, dif-
ferential gene loss or retention following duplications, and chromosomal rearrangements, 
collectively contributing to taxonomic, morphological, and physiological variation. The 
expanding genomic information for angiosperms may soon permit us to deduce ancestral 
genome karyotypes for each plant family, and perhaps even for the common ancestor 
of all angiosperms. Future availability of additional sequenced genomes coupled with 
complementary bioinformatics tools may help to redraw the plant phylogeny, identify the 
ancestral gene set for angiosperms and clarify the subsequent evolutionary history of these 
genes, and provide new insight into the causes and consequences of fluctuating genome 
size. Better understanding of relationships among different angiosperm genomes and their 
constituent genes will expedite goals ranging from isolation of genes and determination 
of their functions, to identifying DNA markers useful for marker-assisted breeding.

2.1  Introduction

Variation in different characters of living organisms is the link between DNA and 
phenotype, providing for selection to act to improve fitness in a particular environ-
ment (whether natural or agricultural), and lying at the heart of both the Darwinian 
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evolutionary principles and the Mendelian genetic principles. Comparison of traits 
between two organisms, especially within a plant species, started with the proposition 
of Vavilov’s law of homologous series in variation. In the last two decades,  
especially with the availability of genetic maps and genome sequence information, 
the concept was broadened to include comparisons of genomes structure and func-
tion that are now referred to as comparative genomics.

Key to plant comparative genomic studies is that the locations of some genes has 
remained stable across long evolutionary times, providing a framework useful for 
inferring correspondence among even distantly-related genomes, and among genes 
that have diverged beyond recognition or been relocated (Tang et al. 2008a). However, 
the degree to which the genes remain on corresponding chromosomes (synteny) 
and in corresponding orders (collinearity) over time differs markedly among taxa 
(Coghlan et al. 2005), with angiosperms incurring differential retention of genes and 
or gene families following repeated genome duplications and mobility of DNA 
sequences (Bowers et al. 2005; Tang et al. 2008a). Determining the extent of col-
linearity between model plant species and related crops is valuable for applying 
genomic information to crop improvement.

Much progress has been made in linking plant genomes through comparative 
genetic/physical maps, especially for species belonging to the same family. For 
example, close relationships have been revealed among the genomes of many mem-
bers of the grass family, among the Solanaceae (nightshade) crops, among the 
Brassicaceae (cole) crops, and among several legume crops (Paterson et al. 2000; 
Wu et al. 2006), facilitating reconstruction of ancestral genomes (Blanchette et al. 
2004), phylogenetic studies (Rokas et al. 2003), deciphering of patterns of natural 
selection on coding regions (Bustamante et al. 2005), transferring predictions of 
common gene function between the species (Eisen 1998; Doganlar et al. 2002b) etc., 
and other applications. Integration of sequencing and detailed functional analysis 
of sexually incompatible species is advantageous to both the geneticist and breeder 
for better understanding and improving many understudied crops (Gale and Devos 
1998) which was practically demonstrated on 22 genotypes representing eight dif-
ferent genera of the Poaceae family (Feltus et al. 2006). Comparative alignment of 
chromosomes across the species has shown that quantitative trait loci (QTLs) and 
major genes often occur in corresponding locations (Lin et al. 1995; Paterson et al. 
1995; Pereira and Lee 1995), perhaps helping in isolating candidate genes for cor-
responding QTLs in different species (Lagercrantz et al. 1996).

2.2  Transition in Concept from Wet to Dry Lab

Many foundations of biostatistics are rooted in agricultural sciences, particularly 
agricultural genetics. Exponentially-growing quantities of DNA sequence, gene 
expression, nucleotide variation and other genetic and genomic data have com-
pelled researchers to add new dimensions to systems for analyzing the data. Indeed, 
the availability of enormous data sets via the internet, and their comparison in novel 
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ways, has led to the birth of a new discipline, “bioinformatics”, transitioning away 
from empirical (wet-lab) studies of plant biology to more emphasis on “dry lab” 
studies using computer science, engineering and mathematical methodologies to 
manage, visualize, and analyze voluminous data to discover new patterns and build 
hypotheses and models (Rhee 2005). In angiosperms, bioinformatics has increas-
ingly been used for understanding the evolution of genomes, their structure and 
function, phylogenetic studies and predicting gene function (Paterson and Bennetzen 
2001; Taher et al. 2004).

A number of dedicated genome databases provide repositories for expanding 
genetic information and also allow researchers to choose their preferred organism 
for comparisons and annotations. A few of the more prominent examples are 
described hereafter.

Gramene is a clade-oriented database for grasses (Beavis et al. 2005), using the 
rice genome as a foundation (http://www.gramene.org) (Ware et al. 2002; Jaiswal 
et al. 2006; Liang et al. 2008). Gramene’s core data types include genome assembly 
and annotations, DNA/mRNA sequences, genetic and physical maps/markers, 
genes, QTLs, proteins, ontologies, literature and comparative mappings. The web-
site has received much attention to make it user-friendly and also is regularly 
equipped with new features including rice pathways for functional annotation of 
rice genes; genetic diversity data from rice, maize and wheat to show genetic varia-
tions among germplasm; large-scale genome comparisons among Oryza sativa and 
its wild relatives or other taxa such as maize and sorghum for evolutionary studies; 
and the creation of orthologous gene sets and phylogenetic trees among several 
reference crop and animal species (Liang et al. 2008).

Motivated in part by the completion of the rice genome sequence, several addi-
tional rice-related databases are also available. “The Institute for Genomic Research 
(TIGR) Rice Genome Annotation resource” (http://rice.tigr.org) contains improved 
TE detection systems and gene annotation through incorporation of multiple tran-
script and proteomic expression data sets. Structural and functional annotations are 
viewable through a genome browser. Enhanced data access is available through 
web interfaces, FTP downloads and a Data Extractor tool developed in order to 
support discrete dataset downloads (Ouyang et al. 2007). The Rice Genome 
Automated Annotation System (RiceGAAS: http://ricegaas.dna.affrc.go.jp) is also 
an annotation and database tool for rice genome sequences ranging from 10 kb to 
1 Mb submitted to GenBank (Sakata et al. 2002). Manually curated annotation of 
the Nipponbare genome sequence can be accessed through the Rice Annotation 
Database (RAD: http://rad.dna.affrc.go.jp) (Ito et al. 2005) and the Integrated Rice 
Genome Explorer (INE: http://rgp.dna.affrc.go.jp/giot/INE.html) (Sakata et al. 
2000). Furthermore, INE integrates the genome sequence information with the 
genetic map, physical map, and transcript map of rice. Finally, Oryzabase (http://
www.shigen.nig.ac.jp/rice/oryzabase/top/top.jsp) provides comprehensive informa-
tion about rice development and anatomy, rice mutants, and genetic resources 
especially for wild rice varieties. Several genetic, physical, and expression maps 
with full genome and cDNA sequences have also been corroborated with biological 
data for understanding the life cycle of rice, the relationship between phenotype 
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and gene function, and rice genetic diversity. Moreover, Oryzabase publishes the 
Rice Genetics Newsletter (Kurata and Yamazaki 2006).

There are dedicated websites and databases available for maize. Panzea (http://
www.panzea.org), the public web site, encompasses ‘Molecular and Functional 
Diversity in the Maize Genome’. The most significant data content expansion 
occurred for single nucleotide polymorphisms (SNPs), sequencing, isozyme and 
phenotypic data types. Furthermore, making new software available, improvement 
in the coding system and addition of sections for educational purposes are attractive 
features of the website (Canaran et al. 2008). Similarly, another database 
“maizeGDB” contains information on maize genetics and genomics including 
maps, gene product information, loci and their various alleles, phenotypes (both 
naturally occurring and as a result of directed mutagenesis), stocks, sequences, 
molecular markers, references and contact information for maize researchers 
worldwide (Lawrence et al. 2007). It can be accessed online at http://www.
maizegdb.org. Some other useful databases are http://maize.agron.iastate.edu and 
http://moulon.moulon.inra.fr/imgd that can be accessed for QTL studies.

Sorghum genomic and phenotypic data can be accessed through various online 
resources. The Comparative Saccharinae Genome Resource website http://cggc.
agtec.uga.edu/ (can also be assessed through its original link http://cggc.agtec.uga.edu) 
focuses on comparative and evolutionary genomics of the Saccharinae (sorghum, 
sugarcane and their relatives) (Kresovich et al. 2005; Paterson et al. 2005). Sorghum 
ESTs, genetic/physical map, and polymorphism data can be accessed via web interfaces 
and bulk downloads (Paterson et al. 2005). Complementary web-based resources, 
http://fungen.botanyuga.edu focus on functional genomics of the transcriptome, 
and http://sorgblast2.tamu.edu deals with the genomics of abiotic stress responses 
of sorghum. Finally, online resources from SUCEST (http://sucest.lbi.dcc.unicamp.
br/en/), an exclusive EST project in closely related sugarcane (Vettore et al. 2003), 
are also often of value for sorghum genomics.

The Solanaceae comprises of many important model plant species such as tomato, 
tobacco, potato, eggplant and pepper (Fernie and Willmitzer 2001; Pedley and 
Martin 2003; Giovannoni 2004; Tanksley 2004). For handling the rapidly evolving 
genomic data, the SOL Genomics site (SGN; http://sgn.cornell.edu) is dedicated to 
genetic maps and marker data, handling a large EST collection with computation-
ally derived unigene sets, cataloging and publishing phenotypic information, and 
providing associated tools pertaining to QTLs (Mueller et al. 2005, 2008). The SOL 
homepage provides links to related sites of interest such as Tomato Expression 
Database (TED; Fei et al. 2004) and Tomato Genomics Resource Center (TGRC) 
at the University of California, Davis (http://tgrc.ucdavis.edu) (Mueller et al. 2005). 
Another website SGN is upgraded and provides a comparative viewer for mapping 
data, including genetic, physical and cytological maps. It can also be installed and 
adapted for other websites. Moreover, the viewer allows users to upload their own 
maps and compare them to other maps in the system (Mueller et al. 2008).

CottonDB (www.cottondb.org) link can be used to access information on over 
355,000 gene, ESTs, and contig sequences; genetic and physical map data; 8,000 
DNA primers; and 9,000 germplasm accessions. It facilitates researchers for 
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using CMap viewer (developed by Gramene) for conducting comparative 
genomic analyses (Yu et al. 2008). Another useful database, the Cotton Diversity 
Database (http://cotton.agtec.uga.edu) provides management tools for handling 
phenotypic and genotypic data for drawing inferences related to phylogenetic, 
genetic, and comparative genomic study. The database has a capacity to integrate 
the queries with comparative physical, expression profiling and BAC resources 
(Gingle et al. 2006).

Other useful links pertaining to structural genomic studies are ‘CMD (http://
www.mainlab.clemson.edu/cmd/AboutUs.shtml) provide information about the 
publicly available cotton microsatellites’ and ‘TropGENE-DB (http://tropgenedb.
cirad.fr/en/cotton.html) pertains to a subset of published mapping data’. The websites 
dealing with functional genomic studies are “cotton functional genomics” (http://
cottongenomecenter.ucdavis.edu/) and cotton fiber genomics (http://www.cot-
tongenomics.org/). There are several other useful websites (http://cottonevolution.
info/microarray; http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=cotton; 
http://www.genome.arizona.edu/ and www.plantgenome.uga.edu) which deal with 
dissemination of cotton genome resources to the cotton research community. 
Finally, the Cotton Portal (http://gossypium.info/) provides a convenient point of 
entry into many cotton genomic resources.

The Soybean Genome Database (SoyGD; http://soybeangenome.siu.edu) pro-
vides information on integrated soybean physical maps, bacterial artificial chromosome 
(BAC) fingerprints, and genetic maps associated with genomic data. The diploid, 
tetraploid, octoploid, and homologous regions were highlighted in relation to an 
integrated genetic and physical map. For physical mapping data the most advanced 
build contains 2,854 contigs that encompass 1.05 Gb and 404 high-quality DNA 
markers anchored to 742 contigs (Shultz et al. 2006). Another useful database is 
Soybase (http://soybase.org/) which provides information on genetic, phenotypic, 
and other information about soybean. It is equipped with CMap to provide map 
visualizations.

The PlantTribes database (http://fgp.huck.psu.edu/tribe.html) contains infor-
mation on global classification of genes derived from all five sequenced plant 
genomes (Arabidopsis thaliana, Carica papaya, Medicago truncatula, Populus 
trichocarpa and Oryza sativa). The important feature of this database is that a 
graph-based clustering algorithm MCL (Enright et al. 2002) was used to classify 
all protein-coding genes of these plant species into putative gene families (called 
tribes) at three different clustering stringencies (Wall et al. 2008). The database 
allows one to explore the classification of genes, to place query sequences within 
the classification, and to download results for further study. The database also 
contains unigene sets derived from more than 200 species from the TIGR Plant 
Transcript Assemblies (Childs et al. 2007), which can be instrumental in com-
parative plant genomics.

PlantGDB (http://www.plantgdb.org/) contains information of sequenced data 
for green plants (Viridiplantae) and provides annotated transcript assemblies for 
100 plant species. Other useful features can be traced from the link (Duvick et al. 
2008). For many other plant species including legumes, cole (Brassicaceae) crops 
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and others, additional dedicated databases are accessible from links such as http://
www.geocities.com/bioinformaticsweb/speciesspecificdatabases.htm.

2.3  Dimensions of Comparative Genomics

2.3.1  Comparative Genome Organization

Genomes of flowering plants are complex, containing varying degrees of repetitive 
elements and genes assembled into different sets of chromosomes (Bennett and 
Leitch 2003; Bennetzen et al. 2005). For example, the Arabidopsis genome size is 
140 Mb assembled into five chromosomes, versus 4,900 Mb arranged in seven chro-
mosomes for diploid wheat. Genes are not uniformly distributed across the genomes, 
either large or small, being generally rich in the terminal regions of chromosomes 
and generally poor but not absent in the centromeric regions (Nagaki et al. 2004).

In the well-studied grasses, the size of gene-rich regions in different genomes 
remains similar (Feuillet and Keller 1999). Detailed comparison of the rice sequence 
to a genetically-anchored sorghum physical map showed cytological-distinct euchro-
matin versus heterochromatin to correlate closely with gene versus repeat abundance, pat-
terns of rice-sorghum synteny, and the frequency of recombination (Bowers et al. 
2005). Synteny is highest and retroelement abundance lowest in distal portions of the 
chromosomes, where recombination has generally been greatest per unit DNA. 
Preferential preservation of microsynteny in recombinogenic regions suggests that 
gene rearrangement is generally deleterious, an intuitive hypothesis that has previously 
lacked empirical support. ‘Muller’s ratchet’ (Muller 1932) predicts that deleterious 
mutations may accumulate in, and contribute to degeneration of, non-recombinogenic 
regions, classical examples being mammalian Y chromosomes or incipient plant sex 
chromosomes (Liu et al. 2004). This is consistent with a strong negative correlation 
between repetitive DNA content and recombinational length of rice chromosomes, and 
with the much greater abundance of repetitive DNA than genes in the pericentromeric 
regions (Bowers et al. 2005). Accelerated gene loss in recombination-poor regions of 
wheat (Akhunov et al. 2003), and a propensity for small insertions in centromeric 
regions of mammalian genomes (Bailey et al. 2001), lend further support to this idea. 
Gene evolution can be particularly rapid in telomeric regions of wheat chromosomes 
(See et al. 2006) that yield new genes (Mefford and Trask 2002).

Genome size and gene number are not proportionate in the angiosperms. For 
example, the genome of papaya (372 Mb) is approximately three times larger than 
that of than Arabidopsis (125 Mb) but contains fewer genes (Ming et al. 2008). The 
Arabidopsis genome has incurred two whole-genome duplications that are absent 
from papaya – while most duplicated genes following each of these events were lost, 
enough persisted to account for its higher gene count. Comparison of the genome 
sequences of Arabidopsis, rice, poplar, grapevine and papaya elucidates 13,311 genes 
that appear to comprise a common set among these angiosperms (Ming et al. 2008).
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2.3.2  Gene Prediction

One early goal after getting a draft or finished genome sequence is to explore the 
sequence for its particular set of genes and transcribed genomic sequences (Windsor 
and Mitchell-Olds 2006). Gene sets can be generated either entirely computation-
ally or by a combination of computational and manual annotation. While the former 
is useful in generating preliminary gene sets, manual annotation, though laborious 
to perform, is still necessary for ensuring accuracy and completeness of gene sets. 
In this regard, different gene prediction programs, including EAnnot (Electronic 
Annotation) offers an efficient way to generate an automated gene set. EAnnot 
builds gene models based on mRNA, EST, and protein alignments to genomic 
sequence, attaches supporting evidence to the corresponding genes, identifies 
pseudogenes, and locates poly(A) sites and signals (Ding et al. 2004).

Translation of genetic information from model organisms is extremely useful in 
annotating conserved regions of other genomes. In angiosperms, sequencing of the 
Arabidopsis (Arabidopsis thaliana), rice, papaya, sorghum, poplar, and grape genomes 
has provided a foundation for accelerating prediction of gene families and identifica-
tion of novel genes in other plant taxa. Different computational tools are available for 
analyzing and clustering the genetic information into various functional segments 
(gene families, TE, etc.) based in part on information from such reference genomes.

2.3.3  Synteny and Collinearity

The terms synteny and collinearity have been extensively used to denote the pres-
ence of two or more genes on corresponding chromosomes and in corresponding 
order, respectively. The extent of synteny and co-linearity vary among the flowering 
plant genomes largely due to recurring whole genome duplications followed by 
massive gene loss, with chromosomal rearrangements superimposed on post-
duplication gene loss in breaking the ancestral gene ropes (Bowers et al. 2003b). 
Conventionally, synteny and co-linearity have been estimated by matching one-to-one 
(pair wise) conservation between the species. Recently, multiple way co-linearity 
analyses offer improved resolution for inferring ancestral gene order in angio-
sperms. For example, in Oryza-Arabidopsis comparison, the longest collinear segment 
contains 23 orthologous gene pairs. This is improved twofold to 47 genes by incor-
porating Vitis genome sequence into the comparison (Tang et al. 2008a).

After polyploidization in angiosperms, differential gene loss or retention is a 
very important factor affecting synteny between corresponding regions on different 
chromosomes (Paterson et al. 2006). All these properties coupled with variability 
in DNA substitution rates among plants, make rational of using shared co-linearity 
as a reliable phylogenetic character. Moreover, accurate synteny/collinearity among 
different genomes or subgenomes may help in elucidating the ancestral angiosperm 
genome which will then provide a universal reference point in understanding the 
nature and genes conferring phenotypic diversity across the angiosperms.
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Instances of synteny and or collinearity have been detected in plant taxa that 
diverged from a common ancestor long ago. For example, cotton and Arabidopsis, 
diverged from a common ancestor about 83–86 mya (Benton 1993) revealed appre-
ciable conserved gene order (Rong et al. 2005). Our ability to discern conserved 
gene order is not uniform across a genome – for example, pericentromeric regions 
that are gene-poor and in which repeat-associated rearrangements may persist a 
long time, are notoriously difficult in which to discern conserved synteny. Moreover, 
other genomic regions that went through structural changes may tolerate these 
changes with different frequencies, provoking tantalizing hypotheses for future 
study about whether these rapidly-evolving regions have a disproportionate impact 
on phenotypic divergence or even reproductive isolation between plant taxa.

2.3.4  Comparison of Sequenced Genomes

Comparisons among the sequenced genomes of Arabidopsis, rice, poplar, grape-
vine, papaya and sorghum shed light on ancient gene orders. For example, most 
papaya segments correspond to three or four Arabidopsis segments, which shows 
that two genome duplications have affected the Arabidopsis lineage since its divergence 
from Carica (Ming et al. 2008). Individual Arabidopsis genome segments corre-
spond to only one Carica segment, revealing that Carica has not experienced 
duplication since its divergence from Arabidopsis. Both Vitis and Carica share only 
one duplication event, g, with Arabidopsis, while a and b occurred within the 
Arabidopsis lineage (Tang et al. 2008a).

Large-scale (segmental or complete) genome duplication affects not only gene 
copy number but also substantially fractionates the ancestral gene linkages across 
multiple chromosomes. Recently, this problem was overcome using a robust com-
putational framework that combines information from multiple orthologous and 
duplicated regions to construct local syntenic networks, which is instrumental in 
deducing the footprints of “paleo-hexaploid” before diverging from a common 
ancestor (Tang et al. 2008b). These findings will pave the way for approximating 
the number and arrangement of genes in the last universal common ancestor of 
angiosperms (Tang et al. 2008b).

2.3.5  Conserved Gene Position Does Not Necessarily Mean 
Conserved Function

Genome alignments permit us to deduce positional correspondence between genes or 
groups of genes, but provide no direct information about gene function. Indeed, whole-
genome duplication and the associated adaptation of the new gene set to the duplicated 
state may be closely associated with changes in functionality, particularly of those 
genes that do persist in duplicate. Gene duplication often leads to over expression of 
some genes and silencing of others, as has been found in synthetic allopolyploids 
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of wheat and cotton (Adams et al. 2003; Kashkush et al. 2003). Retention of duplicated 
genes following polyploidy might be due to genomic buffering of dosage-sensitive 
genes (Chapman et al. 2006; Thomas et al. 2006), or to differential expression and/or 
sub-functionalization of other paralogs (Lynch and Force 2000).

Allopolyploidy addition to internal chromosomal rearrangements also changes 
the gene expression in different plant taxa including triticale (Chen 2007). 
Polyploidy is associated with a host of non-additive phenotypes that may be a result 
of changes in gene regulation and expression. For example, each of the allotetra-
ploids B. napus (n = 19) (Udall et al. 2006) and G. hirsutum (Jiang et al. 1998) yield 
more than their diploid progenitors, possibly due in part to a relative increase in 
number of regulators, controlling gene expression in polyploids (Osborn et al. 
2003). Genome-wide expression profiling in synthetic allotetraploid A. thaliana × 
A. arenosa has shown non-additive gene regulation (Wang et al. 2006). Delay in 
flowering time is attributed to epistatic interactions between two loci, one for flow-
ering from A. thaliana and the other from A. arenosa (Wang et al. 2006). There is 
an important need to better understand the radical changes occurring after poly-
ploidization, and their relationship to the evolution of genetic novelty.

2.3.6  Comparative Analysis of Small RNA

Small RNAs (siRNAs), important players in gene regulation, comprise 21–24 long 
nucleotide fragments, that have been most thoroughly studied in Arabidopsis. On 
the basis of their function and maturation, small RNAs have been categorized into 
short interfering RNAs (siRNAs) and micro-RNAs (miRNAs), both are involved in 
gene silencing by targeting complementary mRNA (Bartel 2004). The identifica-
tion of siRNAs has largely been accomplished by comparative methods, which 
detect only conserved families of siRNAs (Rajagopalan et al. 2006). Deep sequenc-
ing of siRNAs permits the discovery of new and small classes of these molecules 
(Henderson et al. 2006).

There is remarkable variation in the size of miRNA populations across plant 
genomes, and the number that are species specific. For example, 114, 164 and 182 
miRNAs has been discovered in Arabidopsis, grapevine and rice respectively 
(Griffiths-Jones 2004; Griffiths-Jones et al. 2006; Jaillon et al. 2007). Microevolution 
and regulation of miRNAs is an attractive subject for further investigation to 
explore the nature of miRNAs, their role in gene regulation, and rate of evolution 
in their target sites.

2.3.7  QTL Comparisons Across Taxa

QTL mapping experiments provide heterogeneous results due to the use of different 
genotypes, environments, and sampling variation. Compilation of QTL mapping 
results yields a more complete picture of the genetic control of a trait than can be 
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obtained in any single study, and reveals the genomic organization of trait variation. 
In an early investigation, QTL for domestication traits in independently-domesti-
cated cereal lineages fell into corresponding intervals of the respective genomes 
more often than could be explained by chance (Paterson et al. 1995). Likewise, 
non-random correspondence of QTLs associated with domestication traits (e.g. 
fruit quality, weight and shape) is also found among tomato, pepper, and eggplant 
(Gephardt et al. 1991; Tanksley et al. 1992; Frary et al. 2000, 2003; Thorup et al. 
2000; Doganlar et al. 2002a; Van der and Tanksley 2003).

The flowering time is conferred by numerous QTLs in maize (Chardon et al. 
2004), and its molecular basis appears to be correlated across the maize–sorghum–
rice lineages (Lin et al. 1995; Salvi et al. 2007) Similarly, conserved QTLs confer 
‘timing of bud burst’ in oak and chestnut tree species (Casasoli et al. 2006) and this 
conservation may aid in the identification of these genomic regions. Non-conserved 
QTLs may have roles in local adaptation and species differentiation (Casasoli et al. 
2006). A particularly extensive meta-analysis of 432 QTLs mapped in one diploid 
and ten tetraploid cotton populations revealed the sub genomic distributions of 
QTLs, identified hotspots for QTLs affecting particular traits, and showed that 
single-gene mutants in fiber characteristics may profoundly alter the QTL landscape, 
suggesting that fiber-related traits may be controlled by a complex gene network 
(Rong et al. 2007).

It is important to emphasize that non-random correspondence of QTL position 
does not necessarily mean that same genes confer the QTLs. For example, QTLs 
associated with the tb1 gene conferring branching in maize, are conserved across 
the Poaceae family, but have a very meager role in foxtail millet (Doust et al. 2004). 
Such non-random QTL distributions could reflect non-random distributions of par-
ticular gene functional groups (i.e. gene clusters).

In isolating genes responsible for QTLs, microcollinearity aids in designing new 
markers from well-studied plant species to be applied to more complex genomes or 
orphan crops. For instance, two wheat QTLs associating with vernalization genes 
(VRN1 and VRN2) (Dubcovsky et al. 1998; Tranquilli and Dubcovsky 2000) were 
cloned in part by designing additional markers based on the rice and sorghum 
genomes. Rice is syntenic to many corresponding regions containing genes 
involved in different developmental processes such as tassel and ear development 
in maize, and has been utilized for cloning these genes. Likewise, sorghum is 
closely related to major cellulosic biofuels crops including Saccharum (sugarcane) 
and Miscanthus, and its sequence is expected to accelerate progress in improvement 
of biofuels crops. Conservation of gene order between rice and barley genomes was 
not found in regions containing disease resistance (Bortiri et al. 2006). However, 
two of the three QTLs associated with clubroot resistance in B. rapa are syntenic 
to a disease resistance gene cluster, also termed as major recognition complexes 
(MRCs, Speulman et al. 1998) on chromosome 4 of Arabidopsis suggesting a pos-
sible common origin of MRCs from an ancestral genome (Suwabe et al. 2006).

Comparison of multiple QTL mapping studies is not only advantageous in molec-
ular breeding experiments but also has increased utility in cloning of the genomic 
regions. A total of 432 QTLs conferring different traits in 11 cotton populations were 
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aligned and projected on a reference map which fosters deducing synteny between 
the cotton and Arabidopsis genomes, revealing non-random distribution of fiber and 
trichome-related genes in the two genomes (Rong et al. 2007). This correspondence 
suggests that the identification of genes for trichome development in Arabidopsis 
may lead indirectly to the identification of fiber-related genes in cotton.

2.3.8  Defining Unification in Biological Terminology

Vavilov’s (1922) law of homologous series in variation foreshadowed the DNA-level 
demonstration of synteny across the genomes of different plant species. More 
recently, microsynteny studies revealed co-linearity at the level of genes between dif-
ferent species belonging to the same family. An early comparative genetic map devel-
oped among members of Solanaceae family highlighted the conserved order of DNA 
markers among genomes with two- to fourfold size variation (Grube et al. 2000). 
Similarly, positional conservation of gene order among the members of family 
Poaceae using cDNA anchor probes has been reported by numerous investigators.

Briefly, comparative genetic mapping has shown extensive co-linearity in differ-
ent genomes belonging to the same family. Thus, the exploitation of genome co-
linearity can help in determining correspondence among chromosomes of species 
belonging to the same tribe or family, which will be instrumental not only in cate-
gorizing chromosomes on the basis of sharing common genetic information but 
also in inferring the set of chromosomes of an ancestral angiosperm genotype.

2.4  Comparative Genomic Studies on Major Crops

Pre-genomic discovery of parallel arrangement in morphological and isozyme 
markers among different taxa rationalized the continuation of such studies at the 
DNA level, revealing significant co-linearity across even divergent plant taxa 
(Bowers et al. 2005; Salse et al. 2008; Tang et al. 2008a). Large-scale genome 
sequencing efforts coupled with strong computational algorithms have provided a 
detailed view of the complex evolutionary forces that shaped the structure of 
eukaryotic chromosomes (Eichler and Sankoff 2003) which are discussed in the 
following sections.

2.4.1  Poaceae

In multiple investigations, conservation in gene order and content were reported 
among the Poaceae (Goff et al. 2002; Sorrells et al. 2003; Bowers et al. 2005; The Rice 
Chromosome 3 Sequencing Consortium 2005; Zhu and Buell 2007; Salse et al. 2008). 
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Genetic maps based on RFLP markers revealed significant macrocollinearity between 
the cereal genomes (Ahn and Tanksley 1993; Paterson et al. 1995; Devos and Gale 
2000; Feuillet and Keller 2002; Devos 2005), and established inter-relationship among 
the homeologous chromosomes of the Triticeae and their relatives (Naranjo et al. 
1987; Chao et al. 1989; Namuth et al. 1994; Devos et al. 1995; Hohmann et al. 1995; 
Marino et al. 1996; Mickelson-Young et al. 1995; Nelson et al. 1995; Van Deynze et al. 
1995; Ming et al. 1998; Paterson et al. 2000, 2004; Salse et al. 2008). Comparative 
mapping using RFLP markers often probed paralogous rather than orthologous 
sequences, leading to underestimation of collinearity using these markers.

The availability of genomic resources such as drafts of the rice and sorghum 
genome sequence and huge collections of ESTs of rice (http://www.gramene.org), 
sorghum (http://cggc.agtec.uga.edu), wheat (http://www.ncbi.nlm.nih.gov/dbEST), 
maize (http://www.panzea.org) and many more, has made it possible to compare 
genome sequences with non-sequenced plant taxa (Ming et al. 2008; Tang et al. 
2008a) to refine our understanding of collinearity, genetic diversity and agricultural 
productivity (Paterson et al. 2003, 2005). For example, the sequences of rice chro-
mosomes 3 and 11 were compared with wheat ESTs (Singh et al. 2004) to increase 
the resolution of comparative mapping. Maize derived ESTs were compared with 
the sequence of rice chromosome 3 (Buell et al. 2005), which showed relatively 
more rearrangements in the cereal genomes.

Whole genome duplication (WGD) occurred before the divergence of cereal 
genomes (Paterson et al. 2004), supported by RFLP markers in rice (Kishimoto et al. 
1994; Nagamura et al. 1995) and sorghum (Chittenden et al. 1994), and the complete 
genome sequences of the japonica and indica subspecies of rice (Goff et al. 2002; 
Yu et al. 2002, 2005; Paterson et al. 2003, 2004; Vandepoele et al. 2003; Guyot et al. 
2004; International Rice Genome Sequencing Project 2005; Wang et al. 2005).

A large scale comparative genomic analysis of rice with four plant genome 
sequence data sets including Arabidopsis (The Arabidopsis Genome Initiative 
2000), poplar (Tuskan et al. 2006), sorghum (Bedell et al. 2005) and maize (Palmer 
et al. 2003; Whitelaw et al. 2003), and transcript assemblies from 185 plant species, 
confirmed 38,109 (89.3%) of the total 42,653 non-transposable element-related 
genes. Out of these, 7,669 genes are lineage-specific which may have a role in spe-
cies diversity (Zhu and Buell 2007). The conservation of short intergenic regions in 
a few genes is attributable to alternative splicing (Wang and Brendel 2006), a com-
mon phenomenon in the genome of rice, sorghum and maize. However, its role in 
biological function is unknown.

In the maize genome, duplications were reported by comparing the orthologous 
loci between rice, sorghum and maize (Swigonova et al. 2004). In another study, 
comparison of 2,600 maize mapped sequence markers with the rice genome 
sequence revealed six duplications between the maize and rice chromosomes (Salse 
et al. 2008) which has been supplemented by developing a high resolution compara-
tive physical map between rice and maize genomes (Wei et al. 2007). However, the 
mechanism of duplications, and discovery of the exact number of basic chromo-
somes of the grass ancestor, is big challenges for researchers. There is inconsis-
tency in the literature about the exact number of ancestral grass chromosomes. Two 
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models have been proposed, exhibiting 5–12 (Gaut 2002; Wei et al. 2007) and five 
(Salse et al. 2008) chromosomes in the ancestral grass genome.

The sorghum genome has not incurred genome duplication since the pan-cereal 
event (Paterson et al. 2004), making it an excellent out group for comparison with 
the duplicated genomes of maize and sugarcane, the worlds leading biofuel crop 
(Bedell et al. 2005; Bowers et al. 2005). Comparative mapping of Sorghum propin-
quum (a closely related species) with sorghum and Oryza longistaminata shed light 
on genes related to domestication (Paterson et al. 1995; Hu et al. 2003). A compara-
tive physical map of sorghum with rice and maize has identified probable euchro-
matic regions in the grass family (Bowers et al. 2005).

A consensus map of Saccharum species and sorghum reveals a high degree of 
conservativeness between the two genomes, which can be instrumental in translat-
ing the genetic information for developing a detailed genetic map (Ming et al. 
2002). Complexity and variable chromosome content of the sugarcane genome are 
major concerns in its whole genome sequencing (Dillon et al. 2007). Comparison 
of sugarcane genetic maps and EST sequences are the major tools utilized for 
understanding its genome, and dissecting traits of interest. Out of 237,954 ESTs 
derived from S. officinarum, two-thirds have recognizable homologs in Arabidopsis, 
and the remainder appear to be monocot specific or perhaps rapidly-evolving 
(Vincentz et al. 2004). Additional EST sequences are needed for comparison with 
the model species to identify genes of potential agronomic value (Vettore et al. 
2003) and new EST-SSRs (Cordeiro et al. 2001) will be useful for developing 
detailed genetic linkage maps.

The Triticeae tribe diverged from rice around 50 mya (Paterson et al. 2004) and 
contains Triticum aestivum species, one of the most important food crops, which 
originated around 10,000 years ago through hybridization of diploid ancestors (A, B 
and D genomes) (Feldman et al. 1995). Over its short evolutionary span, genes 
remain conserved in comparison with those of T. monococcum (derived from T. 
urartu, the A genome progenitor of present day wheat), however, the intergenic 
regions have gone through several changes (Wicker et al. 2003; Isidore et al. 2005; 
Gu et al. 2006). Extensive conservation in intergenic regions was also discovered 
between T. aestivum and T. turgidum (spp. durum), which diverged approximately 
800,000 years ago (Gu et al. 2006). In another investigation, Pm

3
 loci isolated from 

hexaploid wheat (Yahiaoui et al. 2004, 2006), conferring resistance to powdery mil-
dew, have gone through an extremely dynamic evolution which resulted in minimal 
sequence conservation between the A genome species at three ploidy levels. This 
wheat locus evolved more rapidly than its homolog in rice (Wicker et al. 2007).

2.4.2  Solanaceae (Tomato; Potato; Eggplant; Peppers)

The members of the Solanaceae family especially tobacco (Nicotiana tabacum), 
potato (S. tuberosum) and eggplant (S. melongena) have relatively few rearrange-
ments in their genomes. Low-resolution comparative mapping suggests that disease 
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resistance loci (R) are well conserved in the Solanaceae (Grube et al. 2000; Pan 
et al. 2000) while evolving much faster in the crucifer and grass genomes (Gale and 
Devos 1998; Leister et al. 1998; Paterson et al. 2000). The genomic region in the 
long arm of tomato chromosome 11 has been conserved across many members of 
the Solanaceae, and has been investigated for isolation of new R genes using com-
parative genomic approaches (El-Kharbotly et al. 1994, 1996; Lefebvre et al. 1995; 
Ori et al. 1997; Simons et al. 1998; Hanson et al. 2000). The R

3
a gene (confers 

race-specific resistance to the late blight pathogen) was isolated from potato which 
corresponds with the I

2
 complex locus in tomato. After the divergence of potato and 

tomato, the R
3
 locus has gone through a significant expansion in number of genes 

and functional diversification while keeping intact the flanking co-linearity (Huang 
et al. 2004, 2005).

In multiple investigations, different degrees of restructuring within and across plant 
taxa was reported (Lagercrantz and Lydiate 1996; Livingstone et al. 1999; Ku et al. 
2000; Thorup et al. 2000; Fulton et al. 2002; Salse et al. 2002; Bennetzen and Ma 
2003; Nishiyama et al. 2003). For example, within Solanaceae, the genomes of potato 
and tomato differ only by five paracentric inversions (Bonierbale et al. 1988; Tanksley 
et al. 1992; Doganlar et al. 2002a), suggesting a high propensity for intrachromosomal 
rearrangements. Around 30 chromosomal breaks distinguish the genomes of tomato 
and pepper (Prince et al. 1993; Livingstone et al. 1999), a relatively high degree of 
chromosomal rearrangements. Genomic comparison with other plant taxa have shown 
a syntenic relationship of 90 blocks covering 41% of the potato genetic map with 50% 
of the Arabidopsis physical map, indicated that ancient intra- and interchromosomal 
duplications has played a role in potato genome evolution (Gebhardt et al. 2003).

2.4.3  Fabaceae (Leguminosae)

This is the third largest family of angiosperm (650 genera and 18,000 species, 
Polhill and Raven 1981), contributing 27% of world food production in the form 
of edible oil, food and feed (Graham and Vance 2003). Biological nitrogen fixa-
tion is one of the distinctive features of the legumes (Dixon and Sumner 2003). 
In early genetic mapping studies, conserved syntenic blocks were observed 
among the various legumes (Menancio-Hautea et al. 1993; Boutin et al. 1995; 
Lee et al. 2001). Useful degrees of gene linkage conservation have been reported 
between lentil and pea genomes (Weeden et al. 1992); and between mung bean 
and cowpea (Menacio-Hautea et al. 1993). Use of anchor markers, designed on 
the basis of unique gene sequences (Choi et al. 2006), in multiple legume species 
revealed extensive synteny between model and crop legume species (Zhu et al. 
2005; Choi et al. 2006).

Early pioneering studies suggested a simple genetic relationship between  
P. sativum and Lens culinaris (Weeden et al. 1992). Subsequent comparative 
genetic studies using sophisticated DNA markers have clearly shown macrosynteny 
between lentil (n = 7) and M truncatula (n = 8), and also detected syntenic relationships 
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among important domestication traits such as pod indehiscence, flower color, seed 
coat pattern, and Fusarium wilt between the two species. Moreover, moderate level 
of chromosomal rearrangements might be the reason for differences in chromo-
some numbers between the two species (Phan et al. 2007).

Limited genomic studies have been conducted on the genus Arachis because of 
its monophyletic polyploid origin, resulting in little genetic diversity (Burow et al. 
2001). Polyploid speciation triggered significantly the genome restructuring (Song 
et al. 1995; Chen et al. 1998), and may also have influenced Arachis species 
(Burow et al. 2001). Genetic variations in repetitive elements in the genomes of 
diploid progenitors may help to drive speciation in Arachis (Seijo et al. 2007). 
Genome duplication predating the divergence of the diploid progenitors (A&B) has 
been suggested (Burow et al. 2001).

In legumes, two model species Medicago truncatula and Lotus japonicus are 
being largely sequenced (Young et al. 2005), which will be of particular interest 
in cloning of genes involved in symbiosis (Schauser et al. 1999; Endre et al. 
2002; Krusell et al. 2002; Nishimura et al. 2002; Stracke et al. 2002; Madsen 
et al. 2003; Ané et al. 2004; Levy et al. 2004). Partial genome sequences of 100 
Mb each for L. japonicus and M. truncatula revealed a strong conservation of 
genome structures (Cannon et al. 2006). Similarly, syntenic blocks of as large as 
whole chromosome arms have been detected between the chromosomes of these 
two species based on genetic mapping (Young et al. 2005). Low levels of intra-
genomic synteny within each of the genome indicated the occurrence of ancient whole 
genome duplication followed by gene loss and chromosomal changes (Cannon 
et al. 2006). Conservation between M truncatula and L japonicus genomes is 
higher than that of M truncatula and Glycine max (Ku et al. 2000; Choi et al. 
2004).

In other studies, a high level of macrosynteny between the Pisum sativum and 
M. trunctula genomes and long tracts of macrosynteny between M. truncatula and 
Phaseoleae species (soybean and mungbean) enabled the construction of a genome-
wide picture of legume synteny in the form of concentric circles of corresponding 
chromosomes anchored by M. truncatula (Choi et al. 2004).

A number of microsynteny studies between the closely related model species 
(M. trunctula and L. japonicus) and crop species (pea) enabled positional clon-
ing of symbiosis related genes (Endre et al. 2002; Stracke et al. 2002), and have 
been stretched to the more evolutionarily distant soybean showing appreciable 
collinearity and microsynteny among BAC contigs (Yan et al. 2003, Mudge 
et al. 2005). Remnants of synteny were also identified between G. max and A. 
thaliana (Grant et al. 2000; Lee et al. 2001). An extended sequences compari-
son of the tandemly duplicated N-hydroxycinnamoyl/benzoyltransferase 
(HCBT) gene family derived from G. max, M. truncatula and A. thaliana 
revealed a network of synteny within conserved regions, interrupted by gene 
loss and rearrangements (Schlueter et al. 2008). Comparison of model genomes 
with the forthcoming soybean genome (Jackson et al. 2006) will help in further 
clarifying gene order and synteny among the different genomes of the family 
Fabaceae.
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2.4.4  Brassicaceae

The family Brassicaceae, also called the “mustard family” contains the most important 
model species A thaliana and also many important agricultural species including 
three diploids (B. rapa, B. nigra, and B. oleracea) and three tetraploids (B. juncea, 
B. napus and B. carinata) (Schranz et al. 2006). Comparative mapping in 
Brassicaceae has been active since the development of genetic linkage maps using 
DNA markers in the early 1990s (Karp 1998) for major crop species of the genus 
Brassica (Slocum et al. 1990; Landry et al. 1991; Song et al. 1991; Chyi et al. 1992; 
Kianian and Quiros 1992; Figdore et al. 1993; Ferreira et al. 1994; Kowalski et al. 
1994; Teutenico and Osborn 1994; Uzunova et al. 1995; Lagercrantz and Lydiate 
1996; Truco et al. 1996; Lan et al. 2000). These maps showed substantial collinear-
ity interrupted by small inversions (Kianian and Quiros 1992; Lan et al. 2000). 
Extensive genome changes in synthetic polyploids fueled the debate on rapid 
genome changes following polyploidization (Song et al. 1995) which set the stage 
to explore this mechanism (Osborn 2004; Soltis et al. 2004).

The role of A. thaliana (n = 5) in building a Brassicaceae genomics circle is 
marginal because of its derived nature. A total of 38% of the species contain chro-
mosome number n = 8 (Warwick and Al-Shehbaz 2006) and several chromosomal 
rearrangements are unique to A. thaliana (Lysak et al. 2007). The two species  
C. rubella and A. lyrata (Kuittinen et al. 2004; Yogeeswaran et al. 2005) containing 
n = 8 may be better reference points in comparative genomic studies based on sharing 
genomic collinearity, the conservativeness of genomic blocks (Boivin et al. 2004; 
Kuittinen et al. 2004; Yogeeswaran et al. 2005) and similar genome structure (Koch 
and Kiefer 2005) with A. thaliana. Through comparative chromosome painting, the 
pattern of chromosome specific BAC contig probes derived from A. thaliana sug-
gested a common mechanism (pericentric inversion followed by reciprocal translo-
cation/fusion event) of chromosome number reduction in all the species of 
Brassicaceae (Boivin et al. 2004; Kuittinen et al. 2004; Yogeeswaran et al. 2005) 
and position of centromeres in the ancestral karyotype (Lysak et al. 2006), con-
firmed by genetic mapping in A. lyrata (Hansson et al. 2006; Kawabe et al. 2006).

Despite the aforementioned difficulties in comparing the genome of Arabidopsis 
with Brassica species (Koch et al. 2007), 21 conserved syntenic blocks making 
90% of the genome of B. napus (n = 19) were found collinear, having been main-
tained since the divergence of the Arabidopsis and Brassica lineages around 20 
mya (Kowalski et al. 1994; Yang et al. 1999; Koch et al. 2003; Lysak et al. 2005). 
In another study, sequences of a set of five genes (located on a 15 kbp segment of 
A. thaliana chromosome 3) in B. rapa, B. oleracea and B. nigra were physically 
closely linked (Sadowski et al. 1996). A 30 kbp segment of A. thaliana chromo-
some 4 harboring six genes were found in comparable organization in the corre-
sponding regions in B. nigra, however, this region of the genome was considerably 
larger in B. nigra than in A. thaliana (Sadowski and Quiros 1998). The S locus 
region from B. campestris and A. thaliana revealed extensive collinearity in the 
homeologous region (Conner et al. 1998).
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Later, an ancestral karyotype containing 24 conserved blocks (n = 8) was drawn 
based on comparative maps between Arabidopsis and two Camelineae species n = 8 
(Arabidopsis lyrata and Capsella rubella, Lysak et al. 2006) which was aligned with 
the 21 conserved blocks in Brassica to infer the ancestral karyotype (Schranz et al. 
2006). These regions share a common mechanism of genome evolution. Moreover, 
macrosynteny between Boechera stricta (n = 7) and Brassicaceae species helps in clari-
fying the chromosome number reduction in the genus Boechera (Schranz et al. 2007).

2.4.5  Malvaceae

The Malvaceae comprises three main species-rich lineages including Gossypieae (n 
= 10 to 13, Fryxell 1968), Malveae (n = 5 to 21, Bates 1968; Bates and Blanchard 
1970) and a group of taxa belonging to the large genus Hibiscus (n = 12 to around 
144, while n = 14 or 18 is the most prevalent, Fryxell 1968, 1988; Pfeil et al. 2002, 
2004). In comparative genomic investigations, the genus Gossypium belonging to 
the tribe Gossypieae, received much attention because of its paleopolyploid nature 
(Rong et al. 2005), and is the leading natural fiber producer. The genus Gossypium 
includes five allopolyploid and 45 diploid species (Fryxell 1979, 1992) containing 
eight genomes designated A through G and K (Beasley 1940; Phillips and 
Strickland 1966; Edwards and Mirza 1979; Endrizzi et al. 1985).

The allotetraploid cotton species originated through uniting the A and D 
genomes about 1–2 mya (Wendel 1989; Wendel and Albert 1992). Comparative 
maps developed through surveying RFLP markers on four cotton genomes (A, D, 
Dt and At) showed conservation of gene order and synteny (Reinisch et al. 1994; 
Brubaker et al. 1999). Later, detailed STS-based genetic maps reiterated the col-
linearity between the A and D genomes (Rong et al. 2004). The A diploid genome 
can be differentiated from the At genome (representing the diploid A genomes in 
the tetraploid cotton species) by two reciprocal translocations occurred only in At 
genome following allotetraploid formation; and one inversion (Brubaker et al. 
1999; Rong et al. 2004), complementing earlier findings based on conventional 
cytogenetic approaches (Brown 1980; Menzel et al. 1982). Similarly, five inver-
sions identified while comparing the maps of the four genomes, can differentiate 
the D and Dt genomes.

Ancient genome duplication is a very common phenomenon in the evolution of 
many plants. The Arabidopsis and cotton lineages each have incurred ancient dupli-
cation after their divergence, although retaining discernible correspondence in 
genetic loci (Rong et al. 2005). The second tribe of the family Malvaceae is 
“Malveae,” comprised of the members of the genus Hibiscus (Pfeil et al. 2002) 
exhibiting a wide range in basic chromosome number (Fryxell 1968, 1988) with a 
basic haploid set ranging from n = 5 to 21 (Bates 1968; Bates and Blanchard 1970). 
Like other crop plants, the status of Hibiscus polyploids was studied by exploring 
a single copy gene rpb

2
 (Oxelman et al. 2004) which was duplicated before the 

divergence of the Hibiscus genus (at the subfamily level). Moreover, after duplication, 
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both copies of the gene retain their function and structure in this lineage, a compel-
ling factor motivating selection of this gene in probing relatively old duplication 
events and in phylogenetic analysis (Pfeil et al. 2004).

2.5  Flow of Genetic Information from Well-Studied  
to Less Explored Genomes

The evolution of plants from a common ancestor left collinearities and syntenies in 
genome structure and function, the fundamental framework to transfer genetic infor-
mation from model species to less studied relatives. In flowering plants, an important 
role of model plant species is to serve as a source for transferring genetic knowledge 
to crop plants via genome sequences and genetic linkage maps (Sato et al. 2007). 
Among the plant taxa, Brassicaceae, Solanaceae, and Poaceae include botanical mod-
els which can be distinguished on the basis of nature and number of rearrangements 
from their less studied relatives (Bonierbale et al. 1988; Ahn and Tanksley 1993; 
Prince et al. 1993; Periera et al. 1994; Gale and Devos 1998; Doganlar et al. 2002a), 
which may lead to reproductive isolation and ultimately speciation (Rieseberg 2001).

The Brassicaceae (or Cruciferae) is a dicot family comprises of 360 genera 
(Al-Shehbaz 1973) including the agronomically important genus Brassica and the 
model species A. thaliana. The complete genome sequence information of A. thaliana, 
detailed information of its physical map position, copy number of genes and intergenic 
sequences, location of duplicated chromosomal segments (The Arabidopsis Genome 
Initiative 2000; Blanc et al. 2000; Vision et al. 2000; Bowers et al. 2003b; Ermolaeva 
et al. 2003; Raes et al. 2003), and its small genome size provides a foundation for 
comparative mapping studies (Yogeeswaran et al. 2005). Arabidopsis thaliana, the 
crown botanical model, has now been suggested to actually be a relatively poor 
model because of its genomic complexity. For example, Arabidopsis which is taxo-
nomically closest to papaya among the sequenced genome exhibited two genome 
duplications since its divergence from Carica (Ming et al. 2008).

Rice is one of the most important plant species of the family Poaceae, and is a 
genetic model not only for the other members of this family but also for the mono-
cotyledonous plants. The map-based sequence of the rice genome (O. sativa ssp. 
japonica var. Nipponbare) and a draft sequence of the indica subspecies (var. 93–11) 
(Yu et al. 2002, 2005) have been used in annotating genes and gene prediction and 
deducing evolutionary consequences in other cereals and grass species (Yuan et al. 
2005; Tang et al. 2008a).

In the Solanaceae family, tomato (Solanum lycopersicum) has been investigated 
both by classical and molecular genetic procedures (Tanksley et al. 1992; Livingstone 
et al. 1999), facilitated by its diploid (2n = 2x) genome of 12 chromosomes containing 
long stretches of euchromatin at the distal ends and heterochromatic regions flanking 
the centromeres (De Jong 1998; Kulikova et al. 2001; Fransz et al. 2003). Tomato 
served as a model system for studying fruit development and ripening because of its 
rich genetic resources including both germplasm and mutants; a dense molecular map; 
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comprehensive EST dataset (http://www.sgn.cornell.edu/); and cDNA microarray 
(Giovannoni 2004); facilitating comparative genomic studies within and across taxa.

Among the 50 species in the genus Gossypium, the G. raimondii ‘D’ genome has 
been prioritized for genome sequencing because of its relatively small genome size 
and minimal repetitive DNA. The generated information will help in filling the 
major void in international Gossypium genomics resources, paving the way for dis-
secting the genetic control of specific Gossypium traits. The first Gossypium 
genome will also foster tests of hypotheses about features of Gossypium genome 
organization and/or evolutionary history that may be related to adaptive features 
that permit different Gossypium taxa to flourish in a wide range of environments, 
and also to be adapted to agriculture (Chen et al. 2007).

2.6  Evolutionary Consequences

Evolution of plant species is the outcome of numerous processes including gene 
duplication and loss, whole genome duplication, fluctuation in ploidy level, ret-
rotransposon activity, and genome rearrangements (Goff et al. 2002; Yu et al. 2002; 
Wicker et al. 2003; Kellogg and Bennetzen 2004; Caicedo and Purugganan 2005; 
Ming et al. 2008). Trends in genome size fluctuate substantially in different plant 
lineages. Expansion of the sorghum genome relative to rice occurred largely in 
heterochromatic regions comprised largely of LTR-retrotransposons (Paterson et al. 
2009). A total of 58% of the sorghum genome is comprised of pericentromeric 
heterochromatin versus 15% of rice. The turnover of cereal genomes retrotranspo-
sons has been rapid in cereal crops (Swigonova et al. 2005).

Through comparative sequence analysis, wide range in genome size variation in 
Gossypium genome has largely been attributed to differential proliferation of dis-
persed repetitive elements (Zhao et al. 1998; Hawkins et al. 2006) which was 
detected in heterochromatic regions located between highly conserved, euchromatic 
gene islands (Grover et al. 2004; Hawkins et al. 2006). Genome size fluctuation 
may also be affected by other mechanisms including variation in intron length, 
expansion/contraction of tandem repeats, illegitimate recombination, indel bias, 
and unequal intrastrand homologous recombination (Petrov and Wendel 2006). It 
was also speculated that smaller genomes carry smaller introns (Deutsch and Long 
1999; Vinogradov 1999); however, such a correlation was not observed in the 
genome Gossypium (Wendel et al. 2002; Grover et al. 2004).

2.6.1  Phylogenomics: Contributions  
to Developing a Consensus Tree

Variations in gene sequences among different plant taxa have been instrumental 
in constructing the phylogenetic tree of the plant kingdom and also estimating 
the molecular clock of plant phylogeny (Miller et al. 2004; Caicedo and 
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Purugganan 2005). Different nuclear introns, exons, ribosomal genes, and plastid 
gene sequences have increasingly been surveyed for estimating genetic diver-
sity and phylogenies of plant species for which genome sequence information 
is not available (Cronn et al. 2002; Shaheen et al. 2006; Ahmad et al. 2007). 
DNA markers including SSRs, RAPD, AFLP and SNPs have also been used for 
estimating genetic diversity, and understanding the phylogenetic relationship 
among major plant taxa (Abdalla et al. 2001; Mukhtar et al. 2002; Rahman 
et al. 2002, 2008).

In distantly related species, if whole genome sequence information is not avail-
able, nuclear genes, preferably single copy genes (Qiu et al. 1999; Fulton et al. 
2002), and mitochondrial and plastid gene sequences (Qiu et al. 1999; Palmer 
et al. 2004) were used to construct the tree of life. For example, in Brassicaceae, 
338 genera comprising of 3,700 species were classified into 25 tribes (Beilstein 
et al. 2006) using nuclear (Bailey et al. 2006) and chloroplast based markers 
(Beilstein et al. 2006).

Sequences of the Arabidopsis, rice, sorghum, papaya, grape and poplar genomes 
provide reference points to initiate and/or deepen insight into the complex genomes 
for drawing a comprehensive phylogenetic relationship of flowering plants. In the 
future, proliferation of genomic data will help in constructing the comprehensive 
and well adapted phylogenetic tree and also further exploring molecular clocks 
(Miller et al. 2004).

2.6.2  Direct Implications in Gene Loss/Gain  
for Attaining New Functions

The recurring whole genome duplications in angiosperms over the last 200 million 
years followed by gene loss and mobile element activities yielded many novel plant 
taxa (Bowers et al. 2003b; Tang et al. 2008a). However, the number and size of 
gene families are similar in the well studied genomes such as sorghum, Arabidopsis, 
rice and poplar (Paterson et al. 2009). Around 58% of gene families were shared 
among all four species; 24% were monocot specific and 7% were unique to sorghum, 
a fraction which is similar to Arabidopsis (6.7%, The Arabidopsis Genome 
Initiative 2000). However, fewer gene families are specific to rice (3.7%, 
Matsumoto et al. 2005) while many are unique to poplar (15.7%, Tuskan et al. 
2006). A high number of genes being orthologous between the rice and sorghum 
suggests that most gene loss occurred in a common rice ancestor (Paterson et al. 
2009). Lineage specific genes may have been derived from non-functional DNA 
sequences (Itoh et al. 2007); genes with high divergence rates and independent gene 
deletions among plant taxa are the major evolutionary forces for making genes 
unique to a particular species (Salzberg et al. 2001; Stanhope et al. 2001). In addi-
tion to the genomic changes, the impact of natural selection on favoring certain 
genes significantly contributed in shaping the genomes of plant species including 
papaya (Itoh et al. 2007; Ming et al. 2008).
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Every plant species evolved new functions to sustain their survival, for example, 
papaya and poplar have more genes than Arabidopsis which are involved in cell 
expansion, larger plant size and lignin biosynthesis for evolving treelike habits. An 
abundance of genes associated with volatile features in papaya is the outcome of 
strong natural selection for enhanced attractants which may facilitate fruit dispersal 
by animals (Ming et al. 2008). Similarly, cytochrome P450 domain-containing 
genes that scavenge toxic compounds accumulated in response to stresses, are more 
abundant in sorghum (326, Paterson et al. 2009) than rice (228). There are many 
other gene families including expansin domain, kafirin (Song et al. 2004), NBS-
LRR, and carbonic anhydrase (cah) gene families that fluctuate in their numbers 
among different crop species (Paterson et al. 2009).

2.6.3  Domestications of New Forms

A variety of factors including genetic architecture exerts impact on the ease and 
tempo of evolution. Domestication in many of the angiosperms is driven by changes 
at small numbers of loci with larger impacts (Cai and Morishima 2002). In contrary 
to this, domestication of sunflower has been preceded by selection on a large num-
ber of loci which confer moderate to small phenotypic impacts (Burke et al. 2002; 
Wills and Burke 2007). Domestication related genes are often found in clusters 
(Weeden 2007). It is suggested that species containing favorable genes in clusters 
were easily and rapidly domesticated, or alternatively the apparent gene clustering 
may be due to pleiotropic effects of individual genes (Doganlar et al. 2002a).

The domestication-associated traits act both in recessive and non-recessive man-
ner. The recessive alleles presumably evolved because of “loss-of-function”, for 
example, the nonshattering trait in cereals (Li et al. 2006), fruit weight trait in 
tomato and eggplant (Frary et al. 2000; Doganlar et al. 2002a), flowering time 
(Foucher et al. 2003) and dwarf habit (Martin et al. 1997) in pea, transition from 
two-rowed to six-rowed barley (Komatsuda et al. 2007), and other examples. 
Comparative analysis of domestication traits in three major cereal crops (sorghum, rice 
and maize) revealed correspondence in these genes/QTLs (Paterson et al. 1995). 
These genes can be cloned by adopting map-based cloning (Paterson 2002);  
association mapping (Buckler and Thornsberry 2002); and/or large-scale genomic 
scan in a crop species and its wild progenitor (Ross-Ibarra et al. 2007) depending 
on the crop species and available genetic information.

2.6.4  Polyploidy: Evolution of New Genomes

Polyploidy has contributed significantly to enhancing the productivity of plant taxa 
such as cotton, wheat, sugarcane, oat, soybean, peanut, canola, tobacco, coffee, and 
banana. The increase in genomic content of nuclei either brought about through 
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whole genome duplication or polyploidy (uniting of two genomes in one nucleus), 
followed by extensive chromosome restructuring (Brubaker et al. 1999) possibly 
through retrotransposon activity (Zhao et al. 1998), is one of the major causes of 
deviating from the arithmetic sums of the sizes of the parental genomes (Chen 
2007). Presently, all the diploids including rice and Arabidopsis are apparently 
ancient polyploids (Bowers et al. 2003b). In ancient polyploids, domesticated 
forms evolve through tinkering with genes in their wild relatives (Doebley 2006). 
However, in recent allopolyploid species such as wheat, a null mutation of the 
GPC-B1 gene in the B genome, greatly facilitated by repetitive elements in the 
wheat genome (Flavell et al. 1974), caused a few days difference in the maturity 
(Slade et al. 2005). In the success of polyploids, the role of repetitive elements in 
impacting gene content still needs research and development efforts.

The reactivation of mobile elements (Kashkush et al. 2003; Madlung et al. 
2005) resulting in chromosomal abnormalities, deletions, pollen sterility, and 
other problems may limit the chances of evolving successful synthetic allopoly-
ploids such as allotetraploid Arabidopsis (Madlung et al. 2005) and wheat (Shaked 
et al. 2001). The process of accumulating chromosomal changes, especially dele-
tions, is not sudden but is slow in examples such as the D genome of T. aestivum 
(Dvorak et al. 2004).

Cultivated cotton species G. hirsutum and G. barbadense evolved from a common 
paleopolyploid ancestor that formed about 1–2 mya by hybridization of an A 
genome species resembling G. herbaceum and a D genome species resembling  
G. raimondii. The two progenitors of tetraploid cottons are themselves thought to 
have shared a common ancestor about 6–11 mya (Wendel and Cronn 2003). The 
genus Gossypium is especially well suited to investigating the evolutionary conse-
quences of polyploidy, as both the progenitor genomes of the allotetraploids are 
known and remain extant. The Dt genome (version of the D genome present in the 
allotetraploid) remains largely unchanged from that of its diploid progenitor, while 
two reciprocal translocations along with several inversions distinguish A from At 
chromosomes. While the diploid D-genome species does not produce spinnable 
fiber, it imparts important genes or regulators involved in fiber morphogenesis and 
its properties (Jiang et al. 1998; Paterson et al. 2003; Ulloa et al. 2005; Rong et al. 
2007). Conversely, A-genome progenitor diploid species are extremely resistant to 
cotton leaf curl disease, while its derived tetraploid cotton species are susceptible 
(Rahman et al. 2005). Indeed, the A-genome species is more tolerant to many biotic 
and abiotic stress than AD-tetraploids. The loss of either A or D subgenome genes 
in subsequent generations by the AD-tetraploids, a phenomenon that is nearly ubiq-
uitous among paleopolyploids but has only been studied to a limited degree in 
cotton, needs further investigation.

Most if not all Poaceae shared a common genome duplication (Paterson et al. 
2004), with additional subsequent duplications in some lineages such as maize, 
wheat, and sugarcane. Despite this variation in ploidy and also substantial variation 
in genome size, chromosome number has remained more stable (Bennett and Smith 
1991). Indeed, some polyploidizations have most probably been followed by a 
substantial degree of chromosome condensation, uniting two chromosomes into 
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one. For example Z. mays has been through one whole genome duplication 
(Swigonova et al. 2004) since the divergence of the Zea and Sorghum lineages – 
however, Z. mays contains the same chromosome number (n = 10) as S. bicolor, 
although the latter has not incurred genome duplication since the event shared by 
all cereals (Paterson et al. 2004). Likewise, some members of the Sorghum genus 
appear to have condensed from n = 10 to n = 5. Condensation of maize chromo-
somes would be consistent with the observation that single arms of several maize 
chromosomes correspond with entire sorghum chromosomes (Whitkus et al. 1992; 
Bowers et al. 2003a).

Building on a growing understanding of ancestral genome duplications and 
polyploidization events in the present day diploid cereals, low copy RFLP markers 
permitted the construction of a consensus grass map of low resolution based on 25 
rice linkage blocks (Feuillet and Keller 2002). More recently, comparison of the 
rice genome sequence with wheat and maize cytological maps, have shown more 
chromosomal rearrangements between the genomes of rice, maize and wheat spe-
cies, and also revealed evidence of ancestral genome duplications occurred between 
53 and 94 mya (Paterson et al. 2003, 2004; Buell et al. 2005; Yu et al. 2005; Singh 
et al. 2007). All this information led to models proposing the basic chromosome 
number of the grass ancestor, ranging from n = 5 to 12 (Wei et al. 2007), and more 
recently n = 5 has gained support (Salse et al. 2008).

The basic chromosome set of wheat, barley and oat is x = 7, and one chromosome 
corresponds to the rice linkage groups 5 and 10 and another corresponds to a novel 
combination of parts of rice chromosomes 4 and 7 (Kellogg 1998). The members 
of tribe Bambuseae are polyploid except Chusquea talamancensis and possibly C. 
subtesselata (Judziewicz et al. 1999), and vary substantially in morphology perhaps 
in part due to passing through major genomic changes both in structure and func-
tion following polyploidy. It is hypothesized that the woody bamboos have two full 
copies of a rice-like genome which needs further investigation. Zizania aquatica, a 
wild relative of rice, has 15 chromosomes, with 14 that are clearly collinear with 
11 of the 12 rice chromosomes. Moreover, three chromosomes seems to be dupli-
cates of rice chromosomes 1, 4 and 9 (Kennard et al. 1999).

Sugarcane, an important biofuel crop, has undergone at least two genome dupli-
cations since its divergence from sorghum 8–9 mya (Jannoo et al. 2007). Polyploidy 
further added to the complexity of its genome (n = 18–85 versus n = 10 for sor-
ghum) which not only impedes breeding progress but also makes challenging the 
job of understanding the sugarcane genome or its transmission genetics (Ming et al. 
2005). Comparative genome mapping studies suggest a high degree of collinearity 
between the gene order of sugarcane and sorghum genomes (Ming et al. 2002).

In the Brassicaceae, three rounds of ancestral genome duplications (Vision et al. 
2000; Bowers et al. 2003b) coupled with the polyploid origin of 37% of species 
playing a decisive role in the evolution of different plant taxa in this family 
(Warwick et al. 2006). Several comparative mapping studies between the A. thali-
ana and Brassica species have shown the footprints of triplication in numerous 
homeologous regions within Brassica (Lagercrantz 1998), complemented by 
sequencing (Town et al. 2006; Yang et al. 2006) and cytogenetic approaches 
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(Lysak et al. 2006; Ziolkowski et al. 2006), cumulatively supporting the possibility 
of having a common hexaploid ancestor in the ancestry of Brassica and the tribe 
Brassiceae which needs further investigations (Lukens et al. 2004).

Like other crop plants, the genome of Glycine max L. Merr. (n = 20) has also 
evolved from an ancestral genome karyotype (n = 11) that lost one chromosome to 
make n = 10 followed by diploidization (n = 20, Singh and Hymowitz 1988). The 
soybean genome might have gone through two or more duplications (Blanc and 
Wolfe 2004; Van et al. 2008) followed by genomic rearrangements (Yan et al. 2003).  
The whole genome sequence of soybean is underway, and will help in establishing the 
relationship with legumes and members of other plant families to understand the 
evolutionary history comprehensively (Schlueter et al. 2008).

In Solanaceae, potato and tomato genomes can be differentiated by few paracentric 
inversions. Moreover, evidence of translocations and inversions have also been 
reported in tomato, eggplant and pepper (Zygier et al. 2005).

2.7  Concluding Remarks/Perspectives

About two decades has been invested in comparative genomic research to unravel 
the consequences of evolutionary forces on shaping the present day genomes of 
different plant taxa. Following the sequencing of the model plant Arabidopsis, the 
current episode of genome sequencing efforts focused on important agricultural 
crops has substantially strengthened the ability to study important genes and or 
gene families conferring novel variation in a particular species, to understand the 
impact of evolution on shaping the present day genome organization of different 
crop plants, to begin to explore roles of regulatory elements on genome functional-
ities for conferring unique traits, and to develop more unified nomenclature for 
different features of plant taxa. Sequencing of rice, a model for C3 crops, was the 
first step in the door followed by sequencing of sorghum, a model for C4 crops, and 
recently of corn, will clarify the basic set of cereal genes, elucidating genome orga-
nization of C3 vs C4 mechanisms, grain development, stress related genes and 
novel features of each plant species. Comparisons of conserved non-coding 
sequences (CNSs) among different cereal genomes may begin to clarify their role 
in diversifications of molecular mechanisms conferring important morphological 
features in different crop species.

The new spectrum of genomes available for comparative genomics coupled 
with continually-improving bioinformatics methodologies, have improved under-
standing of synteny and collinearity among different genomes, which will help to 
translate new genetic information from model species to under-studied or geneti-
cally complex crops. Expedited development of new DNA markers for under-explored 
taxa will jump-start progress in initiating marker-assisted breeding to meet human 
needs.

In future, computational approaches will have many additional challenging 
roles, such as predicting new miRNAs which are non-conserved and/or species-
specific. Key to community progress will be that websites and databases be amenable 
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to expansion, user friendly and interoperable to nurture the ability to ask innovative 
and integrative questions of the burgeoning genomics resources.
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Abstract Plant breeding has had a tremendous influence on crop improvement. 
However, due to dwindling germplasm resources, identification of variability for 
incorporation into new cultivars is becoming more difficult. Therefore, there has been 
recourse to alternative approaches including mutagenesis, tissue culture and genetic 
transformation to aid breeding programs. Furthermore, with the vast repertoire of 
genome-wide data from different expression profiling techniques such as microar-
rays, more subtle understanding of gene expression is being obtained and is further 
helping plant breeders to entertain a different selection approach based on expression 
quantitative traits to maximize combinations of genes capable of conferring high 
performance. In this chapter, we review some of the aspects of plant breeding and 
the influence functional genomics has on breeding programs. Some of the challenges 
to functional genomics and breeding come from establishment of high-throughput 
transformation systems to assess gene function, which is limiting functional charac-
terization of numerous genes in their respective crops. Therefore, this chapter also 
focuses on the need to gain better understanding of the development of gene transfer 
systems for crop plants to make use of the array of available gene information data.

3.1 Introduction

The significant influence plant breeding has on crop improvement has not always 
been fully appreciated. Crop improvement through plant breeding has been a major 
factor in meeting the food requirements of the growing world population to date. 
Among the crop plants, the eminence of cereals in sustaining today’s human dietary 
food supplement is iterated by a staggering 66% contribution to the total food con-
sumption (Borlaug 2002). Of the cereals, wheat, maize and rice form the bulk of 
the production. The global consumption of each of these three major cereals varies, 
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in essence due to historical and cultural influences and environmental sustainability 
for growth in specific areas. Rice, for example, is the staple food for more than three 
billion people, mostly from the developing countries. However due to dwindling 
arable lands and the ever-increasing world population, an increase in productivity 
solely through conventional breeding programs will not suffice. The trail into this 
cul-de-sac is further compounded by environmental constraints. Weeds, pathogens 
and pests account for about 40% loss in total crop production, in addition to the 
10–30% post harvest crop losses due to biotic and abiotic factors (Oerke et al. 1994). 
Furthermore the demand for food by the ever-increasing world population will 
become more significant. Thus, faced with these immense challenges of meeting the 
global food requirements, there is a need to revitalize our crop production systems 
through all possible avenues. Conventional as well as newer technological approaches 
have become mutually contributing in this regard. The major challenges now lie 
in the core of fundamental plant functioning, dictated by the genetic complexities. 
Therefore, dissection of the genomic intricacies will unravel clues governing the 
cascades of events needed for productivity enhancement per se, as well as for biotic 
and abiotic challenges that indirectly affect productivity.

Breeding programs have been and will continue to strive towards producing vari-
eties with increased productivity. Newer enabling technologies are likely to be the 
much-awaited catalysts to enhance crop productivity to meet the growing food 
demands of an increasing world population. Biotechnological approaches have 
branched into multi-faceted dimensions over the last few decades and provide sets 
of tools to complement breeding efforts aimed at crop improvement in various ways. 
These sets of tools encompass such areas as in vitro culture technology, transgene 
technology, DNA-based mapping and DNA-based marker-assisted selection, gene 
cloning and sequencing technologies. Furthermore, tools for analysis of the transcrip-
tome, proteome and metabolome have also attained an unprecedented level of sophis-
tication. These tools have been referred to as being part of the functional genomics 
toolbox (Colebatch et al. 2002). Although the gamut of implements may be per-
ceived as being task-specific, in effect they complement one another at one point or 
the other, resulting in a more refined understanding of the genome and identification 
of its functional attributes, leading to the application of functional genomics tools to 
plant breeding practices (Fig. 3.1). Appropriate steps can thus be taken for incorpo-
ration of desirable genomic strategies into respective plant breeding programs. 
Transgene technologies can be utilized for studying the expression of genes of interest 
using mutant lines or for gene-inactivation approaches and over-expression in plants. 
Although sequencing projects effectively dissect the genomes, many of the sequenced 
segments have unknown functions. Therefore, availability of transformation systems 
for studying the expression of identified genes or genes of unknown functions 
in planta would be of value for functional assessment to maximize performance of 
breeding lines. Furthermore, the extensive developments in gene expression profiling 
technologies also augur well for complementing breeding programs, especially with 
the possibility of selecting for expression traits by using expression quantitative trait 
loci (eQTL) mapping data. This chapter covers studies related to functional genomics 
tools and their application for crop improvement.
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3.2  Crop Improvement Strategies

Plant breeding is a form of expedited evolution for economically important plants as 
a means to develop new, improved varieties. It has been described as an art, because 
there is an observational attribute from the breeders’ perspective in singling out 
plants with desirable trait(s) from a plant population. Therefore, selection of indi-
viduals with desirable traits was perceived as the initial beginnings of plant breeding 
(Sleper and Poehlman 2006). Consequently, the early gatherers would in all likeli-
hood qualify as breeders as they intentionally selected for desirable attributes, such 
as palatability of plant products and ease of harvest, during the process of domes-
tication of plants and probably did not have much influence on the general structure 
of crop plants (Hancock 2004). However, before the re-discovery of Mendel’s laws of 
genetics, successful breeders were described as those who were able to carefully 
observe and diligently identify plant variants with improved qualities for further 
propagation (Sleper and Poehlman 2006).

In spite of the technological advances in all areas of plant sciences, plant breeding 
will continue to form the basis of all crop improvement ventures designed to meet 
the requirements of the world’s food supply. Although plant breeding primarily 
encompasses genetic principles, the inter-dependence of several other disciplines 
such as botany, agronomy, physiology, biochemistry and more recently biotechnology 
and molecular biology cannot be iterated enough for further successes in plant breeding. 
The basic requirements for plant breeding include identification of genetic variability, 

Fig. 3.1 Plant breeding as influenced by various approaches from the classical systems to structural 
and functional genomics strategies
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followed by combinations of this variability to generate new plant types with desired 
qualities. However, due to the dwindling genetic diversity, plant breeders have to 
generate variability for use in their breeding programs. As a first step, traditional 
breeding utilized desirable germplasm from wild species, land races and distant 
relatives, or created new variability through chemical and physical mutagenic treat-
ments. The recognition of the phenomenon of somaclonal variation derived from 
plant tissue cultures (Larkin and Scowcroft 1981) became an added source of variation 
with lots of promise for plant breeders. Further technological advances of promise 
to further enhance breeding programs included the advent of molecular markers for 
expedited selection for traits of interest, leading to marker-assisted selection termi-
nology, and more recently the ability to identify quantitative trait loci (QTLs) with 
such markers. From the beginning of this decade functional genomics tools have 
been heralded as yet other potential contributors to plant improvement programs. 
Therefore, to better appreciate the potential role of functional genomics in crop 
improvement, an overview of the various developments in breeding practices over 
the years will be useful.

3.3  Classical Breeding

The classical breeding approaches essentially received a scientific scaffold with the 
re-discovery of the laws of inheritance at the turn of the last century (Kang et al. 
2007). Generally, plant breeding has involved increasing adaptation of cultivars for 
specific environments to increase productivity. It includes identification of vari-
ability in locally available germplasm or from introductions such as land races or 
other breeding programs, wild species or genera. To compensate for lack of genetic 
variability, plant breeders resorted to identification of spontaneous mutants or even 
mutations induced by physical or chemical means. The identified variants from all 
these sources served as the basis for establishing parental lines for eventual hybrid-
ization and selection for desired qualitative or quantitative traits. Depending on the 
traits to be selected for and whether the plants are self-pollinating or cross-pollinating, 
the breeder sets realistic objectives to maximize identification of desired traits 
in the progeny of the crosses. In summary the objectives of a breeding program 
determine choice of parents, choice of breeding method, selection criteria and 
selection timing.

Induced mutagenesis was one of the most significant additions to plant breeding 
methodologies in the early part of the last century. Due to dwindling of naturally 
occurring variability, plant breeders needed to find other potential sources of vari-
ability. Therefore, there was recourse to screening for mutations for incorporation of 
new traits into plant breeding programs. The occurrence of natural mutations and 
their potential use in breeding were recognized as early as the 1900s by de Vries 
(cited in van Harten 1998). With the discovery of the possibility of physically generat-
ing mutations by X-rays in Drosophila (Muller 1927; Muller 1928) and in barley 
(Stadler 1928), a whole new field of induced mutagenesis research emerged and 
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eventually became a contributing field in plant breeding. There are 2,570 mutant 
varieties listed with the FAO/IAEA Mutant Varieties Database (FAO/IAEA 2006). 
About 70% of the mutants in the database were direct mutants, implying that a 
selected mutant was advanced over generations before being released as a new 
variety, while the remaining mutants were used in crosses with other varieties in 
breeding programs (Ahloowalia et al. 2004). The first variety to be derived from muta-
genic X-ray irradiation was a tobacco cultivar, Chlorina, which was commercially 
released in 1934 (Tollenaar 1934 cited in van Harten 1998). About two decades later, 
a commercial variety of mustard, cv. Primex, was released from X-ray-induced muta-
tion treatments. Of the direct mutant varieties released, radiation was used in about 
89% of these and 75% of the overall mutants in the database were in crops (Ahloowalia 
et al. 2004). With the advent of sensitive variant DNA sequence detection techniques, 
induced mutation has received renewed interest with the mutation strategy termed 
TILLING (Targeting Induced Local Lesions IN Genomes) (McCallum et al. 2000). 
TILLING is combination of classical chemical mutagenesis and high-throughput 
molecular biology techniques for the identification of desired mutants (Chapter 6). It 
is foreseen that more effective and precise mutation identification using TILLING 
populations for incorporation into breeding programs will become routine.

3.4  Technology-Based Breeding

Technology driven improvement of plants has become an integral part of breeding 
programs. The advent of plant tissue culture, followed by the recognition of the 
occurrence of the phenomenon of somaclonal variation (Larkin and Scowcroft 
1981) and subsequently the possibility of using doubled haploids offered immense 
possibilities in breeding programs. With the advent of molecular markers and the 
possibility of using such markers for early generation selection for traits of interest, 
plant breeders received an additional tool. Subsequent expansion of the technology 
has led to scanning for QTLs and the exploring for genotype × environment interac-
tions in mapping populations in a more expedited manner. Concurrent develop-
ments in genetic transformation methodologies from the early 1980s enabled the 
transfer of exogenous DNA to plants both by physical as well as biological means. 
Gene transfer to plants nowadays is not only viewed as a way of producing trans-
genic plants, but also as a method to study functions of cloned genes to eventually 
enable the breeder to maximize combinations of genes likely to positively impact 
the performance of the plants under particular circumstances.

The application of plant tissue culture to plant breeding programs became rele-
vant for clonal mass propagation of breeding lines, especially for those long life cycle 
plants such as trees, generation of pathogen-free stocks for maintenance as well as 
exchange of such stocks among breeders. The application of tissue culture has also 
played an important role in the clonal propagation of ornamental plants and is still 
an important technique in this field (for review see Rout et al. 2006). However, for 
many years it was believed that large populations of single somatic cells could be 
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perceived as cells of microorganisms and could be used to specifically search for 
biochemical mutants (Strauss et al. 1980). The possibility of establishing callus, 
suspension and protoplast cultures in many plant species augured well for such a 
screening approach for mutant cell lines. In the early 1980s and onwards there were 
numerous reports on the exposure of somatic cells to defined stimuli in the culture 
media and selection for cell lines tolerant or resistant to such stimuli, a practice 
referred to as “in vitro selection”. In vitro selection was quickly embraced by plant 
pathologists and plant breeders alike to select for resistance to plant pathogens 
producing toxins involved in pathogenesis (for reviews see Buiatti and Ingram 
1991; Svabova and Lebeda 2005). There has also been an interest over the years in 
selecting for salt tolerance (e.g., Karadimova and Djambova 1993; Winicov 1996; 
Zhang et al. 2001; Dziadczyk et al. 2003; Queiros et al. 2007; Hamrouni et al. 
2008; He et al. 2009) and herbicide resistance (e.g., Kinoshita and Mori 1991; 
Pofelis et al. 1992; Baillie et al. 1993; Escorial et al. 1996; Taregyan et al. 2001; Yu 
et al. 2004; Gurel et al. 2008) using such culture systems.

The occurrence of somaclonal variation in tissue cultures was yet another potential 
source of genetic variability for use by plant breeders in their breeding programs. 
There was considerable interest in the potential of somaclonal variation, possibly in 
combination with in vitro selection, for plant improvement. However, there was 
also an apprehension among many breeders as to the value of somaclonal variation 
since valuable genetic stocks could have undesirable changes due to in vitro culture, 
and the availability of tissue culture methodologies for maintenance of genetic stocks 
in gene banks were almost non-existent (Jain 2001). Nonetheless, many commercial 
varieties of economically important plants have been released as a result of soma-
clonal variation in combination with in vitro selection strategies. Somaclonal varia-
tion has been used to induce several improved attributes such as disease resistance, 
salinity and drought tolerance, insect resistance and nutritional quality in diverse 
plants such as rice, wheat, maize, banana, tomato, sugar cane and flax amongst 
others (for review see Jain 2001).

One of the most important developments in the use of tissue culture for breeding 
was the ability to use embryo rescue to regenerate hybrids from crosses showing 
limited sexual compatibility (Raghavan 1985; Raghavan 1986). Embryo rescue is 
still being used in breeding programs for the generation of genetic variability and 
incorporation of desirable traits from inter-specific or inter-generic hybrids (for review 
see Sharma et al. 1996). Embryo rescue to develop improved germplasm has been 
successfully used in legumes (Clarke et al. 2006; Fratini and Ruiz 2006; Fratini and 
Ruiz 2008), cereals (Rodrangboon et al. 2002; Tikhenko et al. 2008), oilseed crops 
(Luhs and Friedt 1994; Muangprom et al. 2006), horticultural crops (Chen et al. 2004; 
Drew et al. 2006; Yang et al. 2007; Tian and Wang 2008) and many other economi-
cally important plant species. A more sophisticated approach to the creation of genetic 
variability was through somatic cell hybridization by fusion of protoplasts, and in 
the late 1970s several significant breakthroughs occurred in addition to publication 
of a number of reports pertaining to basic protoplast isolation and culture (for 
reviews see Lynch et al. 1993; Waara and Glimelius 1995; Davey et al. 2005; Liu 
et al. 2005). Due to the extensive efforts undertaken for several important plants 



693 Functional Genomics for Crop Improvement

with regards to protoplast fusion and somatic hybridization, several reviews relating 
to specific plants such as citrus (Grosser et al. 2000), potato (Millam et al. 1995; 
Orczyk et al. 2003) and tomato (Lefrancois et al. 1993) have been published. Many 
of the research efforts focused on the most economically important crop plants such as 
rice (e.g., Zhu et al. 2004; Feng et al. 2006), wheat (Ge et al. 2006), the Brassicaceae 
(Wang et al. 2003, 2005, 2006) and potato (Bidani et al. 2007; Thieme et al. 2008).

The other major influence from in vitro culture technology on breeding practices 
has been the production of doubled haploid (DH) plants (Touraev et al. 2009). 
Generally in conventional plant breeding, selfing over a number of generations is 
necessary to achieve homozygozity starting from a heterozygous population 
(Nei 1963). The utility of a haploid system was recognized in the late 1940s 
with the identification of maize parthenogenic haploids (Chase 1949; Chase 1952). 
The first report on the occurrence of natural haploids was in Datura stramonium  
L. (Blakeslee et al. 1922). Subsequently there were several reports on the identification 
and generation of haploids through X-ray treatment or as a result of induced parthe-
nogenesis or natural occurrence of parthenogenesis after wide crosses. However a major 
breakthrough in the 1960s was achieved with the culture of Datura anthers in vitro with 
the regeneration of haploid plants (Guha and Maheshwari 1964; Guha and Maheshwari 
1966). In addition to spontaneous doubling of chromosomes, the use of colchicine 
for chromosome doubling in haploids became a useful tool to maximize the number 
of doubled haploid plants for breeding purposes. Today with more improvements it 
has been possible to culture microspores as well as ovules for the production of 
doubled haploids in many species. In the beginning, however, lack of efficient 
production of doubled haploids from the relatively recalcitrant species was still 
hindering adoption of this approach for breeding purposes. The observation that 
in wide crosses of Hordeum vulgare × Hordeum bulbosum elimination of the latter 
set of bulbosum chromosomes occurred (Kasha and Kao 1970), augured well for 
producing doubled haploid plants and the barley system has extensively been used in 
barley breeding programs worldwide. Other examples of wide crosses for doubled 
haploid production based on chromosome elimination include wheat x maize for 
production of doubled haploid durum wheat (Sarrafi et al. 1994) and Solanum 
tuberosum × S. phureja (Hermsen and Verdenius 1973). With advances in tissue 
culture, haploid plant can now be regenerated from in vitro cultured microspores with 
high efficiency in many plant species for incorporation in breeding programs.

3.5  Expression Profiling

Gene expression control is one of the key regulatory mechanisms in living cells for 
maintenance and implementation of their functions. Such regulation is brought 
about by the epigenetic and transcriptional regulation of genes leading to synthesis 
of RNA molecules. Degradation of these molecules is a further regulatory check-
point in the regulation of gene expression. Thus functioning of the cells in concert 
with other cells, tissues and organs is coordinately regulated temporally, spatially, 
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developmentally as well as environmentally. There has been a long-standing interest 
in the study of gene expression and regulation. One of the earliest methods available 
for determination of gene expression has been RNA gel blot hybridization. While still 
in use, it has disadvantages of being labor-intensive, cumbersome and requiring 
large amounts of RNA. Furthermore, it requires use of radio-labeled probes, although 
non radio-active methods based on chemi-luminescence are nowadays available. 
Another slightly more sensitive method is the nuclease protection assay (NPA), 
which has some of the same disadvantages as RNA gel blot hybridization. However, 
with NPA there is a possibility of studying multiple RNA targets, provided the 
lengths of the hybridizing probes are distinctly different. Nonetheless the sensitivity, 
low throughput nature and non-quantitative or at best semi-quantitative nature of 
these two methods preclude the requirements for present gene expression analyses 
aimed at interactions among genes. Although in situ hybridization methods have in 
recent years become more sensitive, their successful establishment is still deter-
mined by user experience, extensive optimization, labor-intensiveness and probably 
irreproducibility among laboratories. Moreover, due to the feverish pace with 
which the repertoire of genome sequence data is accumulating, the need for more 
sensitive and high throughput expression analysis methods became imperative.

The advent of the polymerase chain reaction (PCR) (Mullis and Faloona 1987; 
Saiki et al. 1988) with unsurpassed sensitivity for amplification of DNA from minute 
amounts subsequently became an added tool for gene expression analysis. Since the 
first report of the possibility of reverse-transcribing mRNA for amplification using 
PCR (Veres et al. 1987), the development of the RTPCR (reverse-transcriptase PCR) 
approach has had significant influence on gene expression analysis. However, 
sensitivity and quantification were still debatable. Further refinement of quantification 
aspects during PCR amplification led to the development of the kinetic or real-time 
PCR with monitoring of amplification at each cycle and the possibility of relating 
the amplified products to the starting amount of template (Higuchi et al. 1993). 
Thus the development of the real-time RTPCR or quantitative PCR (QPCR) for 
assessing accumulation of transcripts became another important tool for gene 
expression studies in the last decade and offered multiplexing capabilities of four to 
five genes simultaneously. Notwithstanding the sensitivity and relative accuracy of 
the QPCR, the limited number of genes which could be studied at a single time 
prevented global snap-shots of several genes simultaneously. To understand the up- and 
down-regulation of genes in a holistic perspective there was a requirement for 
looking at the expression of as many genes as possible; the so-called gene expression 
or transcriptome profiling approach. In addition to being generally sensitive, the 
developed methods for expression profiling were also high-throughput.

Currently there are three main large-scale high-throughput expression profiling 
techniques based on PCR, hybridization or DNA-sequencing. Hybridization strategy-
reliant approaches include cDNA and oligonucleotide microarrays (Schena et al. 
1995; Lockhart et al. 1996), while sequencing based approaches include the serial 
analysis of gene expression (SAGE) (Velculescu et al. 1995) and Massively Parallel 
Signature Sequences (MPSS) (Brenner et al. 2000). PCR-based approaches, which 
are also gel-based RNA fingerprinting methods, include Differential Display PCR 
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(DDRT-PCR) (Liang and Pardee 1992) and cDNA-Amplified Fragment Length 
Polymorphism (cDNA-AFLP) (Bachem et al. 1996). Over the years there have 
been several modifications or improvement of these methods and variants of the 
approaches are now used. Choice of the appropriate method is generally dictated 
by the resources available, the desired level of information anticipated based on the 
objectives of the project and the time-span to attain those objectives. It would there-
fore be useful to briefly review some of the benefits and challenges of some of 
these gene expression profiling approaches (Table 3.1).

3.6  Advantages and Drawbacks of Gene  
Expression Profiling Techniques

The complexity and resource-requirements of some of the available gene expression 
profiling approaches can be prohibitive for laboratories limited in terms of equip-
ment and resources to conduct such profiling experiments (Table 3.1). It is therefore 
essential that resource allocation and amenities be judiciously managed. Approaches 
based on methods such as DDRT-PCR, cDNA-AFLP and variants thereof are gel-based 
transcript profiling systems dependent on electrophoretic fingerprinting of amplified 
cDNA fragments. There is no requirement for prior sequence knowledge for both 
DDRT-PCR and cDNA-AFLP techniques, and therefore these techniques allow for 
gene discovery. Only standard instrumentation requirements and low costs make 
these two approaches appealing for resource-limited laboratories. There are numerous 
published reports on the successful use of these methods (for reviews see Kuhn 2001; 
Green et al. 2001; Sarita and Yu 2006). Although a large number of mRNA species 
can be analyzed using DDRT-PCR, a high proportion of false positive putative 
differential display candidates are also generated. Furthermore, low abundance 

Table 3.1 Comparison of commonly employed expression profiling approaches

Gene expression profiling techniques PCR-based Hybridization-based Sequence-based

Examples DDRT-PCR Macroarrays SAGE
cDNA-AFLP Microarrays MPSS

Sensitivity High Moderate High/moderate
Specificity High Low High
Measure of expression level Relative Relative Absolute
Prior sequence information No Yes No
Gene discovery Yes No Yes
Database storage and numerical 

manipulation
No Yes Yes

Molecular resource requirement No Yes Yes
Labor intensity High Low High
Cost Low High High
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transcripts are generally undetected. It is time-consuming since duplicate colony-lift 
screening is necessary. As opposed to the annealing temperatures used in DDRT-
PCR, in cDNA-AFLP stringency and reproducibility can be improved by using 
relatively high annealing temperatures. Due to the sensitive and specific nature of 
the cDNA-AFLP technique, low-abundant transcripts can be detected as well as 
slight differences in transcriptional activity. The cDNA-AFLP method is based on 
selective amplification of cDNA fragments generated by restriction endonucleases, 
electrophoretic separation of the products and comparison of the band patterns 
between, for example, treated and control samples. Unequal distribution of restric-
tion sites in cDNA fragments negatively affects the performance of cDNA-AFLP. 
Some transcripts are represented by more than one fragment, while others may not 
be detected (Breyne et al. 2003), leading to superfluous information and reduction 
in genome-wide coverage of the screen, respectively (Weiberg et al. 2008). Because 
of such limitations and technical requirements for cDNA-AFLP analysis, DDRT-
PCR, has received more interest for expression profiling than cDNA-AFLP. Data 
obtained from both approaches are not quantitative in nature for database build-up 
and storage and for further numerical manipulations.

Hybridization-based approaches have the advantages of generating large amounts 
of data in a very short time, with significantly lower labor requirement. Quantitative 
data obtained from these techniques are suitable for database building and sub-
sequently available for statistical manipulation of data. However, microarray analysis 
of gene expression is only feasible when extensive sequence information and/or 
cDNA libraries are available. Therefore, for plant genomes with limited sequence 
information, large-scale expression profiling using such methods may not be possible. 
Microarrays are sensitive to cross-hybridization noise limiting detection of low abun-
dance transcripts. Compared to microarrays, cDNA-AFLP increases the resolution of 
expression pattern detection starting with smaller amounts of mRNA and is valuable 
for tissues from which the amount of RNA that can be isolated is sometimes techni-
cally challenging, as for example in anthers, pollens, ovules, fruits and seeds of 
several plants. Compared to microarrays, DNA sequencing-based methods such as 
SAGE and MPSS do not require prior sequence knowledge. Potentially novel mRNAs 
can also be identified using the sequence-based strategies. However, the SAGE 
approach is expensive, time- and labor-intensive, and prone to sequencing errors. 
MPSS, on the other hand, has the advantage over SAGE in not having to purify and 
sequence each clone since cDNAs are directly cloned onto beads and sequenced in 
parallel, saving significant time and effort, and thereby allowing greater in depth 
profiling of gene expression. Based on the currently available profiling technologies, 
MPSS offers the possibility of producing comprehensive information sets for use in 
hypothesis formulation and computational modeling to answer biological questions 
(Reinartz et al. 2002). An important advantage of the MPSS approach compared to 
SAGE is the possibility of generating more than 1,000,000 signatures rapidly 
(Reinartz et al. 2002). Furthermore, the MPSS tags are longer than most SAGE tags 
(reviewed in Coughlan et al. 2004). A major limitation of the technology is that it 
requires special equipment only available through Lynx Therapeutics, Inc., Hayward, 
California, USA.
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3.7  Expression Profiling for Plant Improvement

Expression profiling data can be of significant value for plant breeding purposes in 
several ways. Coordinated expression of genes temporally, spatially, developmen-
tally and in response to environmental stimuli affects the performance of a plant 
positively or negatively. Gene expression affects various physiological and bio-
chemical processes culminating in the observable or discernible biological end 
results. Therefore, understanding of gene expression under various conditions is 
critical to understand biological processes for maximizing plant performance. 
Because of the large number of genes expressed in higher eukaryotic genomes, 
powerful tools have been developed to assess the overall pattern of gene expres-
sion, generally giving an indication of up- or down-regulated genes or absence of 
expression. Such studies will allow plant breeders to eventually select for combinations 
of expression profiles that lead to superior performance in their breeding lines. 
The advantage of currently available profiling methodologies, whether it is a “one gene 
at a time approach” or a multi-gene study, is that plant breeders can use the infor-
mation for selection strategies under similar conditions to those used for generation 
of the gene expression profiles. For example, environmental effect on expression 
profile can be related to other traits that the breeder is interested in selecting.

Plant growth and productivity are affected by various biotic stresses such as herbi-
vores, insects and pathogenic fungi, and abiotic stresses such as drought, salinity, cold, 
heat, anaerobiosis and heavy metals. Unlike animals, the sessile nature of higher plants 
prevents flight from the source of attack. However, plants have generally developed 
adaptive mechanisms, from perception of attack to defense response initiation by induc-
tion of a cascade of events composed of molecular signals and interacting networks, to 
cope with the perceived perturbation in their normal functioning. Gene expression 
profiling has identified genes expressed during plant infection or disease establishment, 
thereby elucidating the molecular basis of these processes and identifying genes that 
could help to inhibit or prevent further pathogen attack. During plant-pathogen interac-
tion studies, gene expression profiling techniques have allowed the identification of 
virulence factors, genes involved in cell death, signaling and resistance for potential 
application in plant breeding (Table 3.2). Using DDRT-PCR, differentially expressed 
transcripts were indentified from the fungal pathogen Botrytis cinerea and its tomato 
host plant (Benito et al. 1996). Similarly, a cDNA-AFLP approach for studying differ-
ential transcript induction as a result of sugar cane-smut fungus interaction identified 
genes involved in oxidative burst, defense response, and auxin and ethylene pathways, 
suggesting that genes for oxidative burst and lignin pathways played major roles in the 
first 72 h of infection (Lao et al. 2008). In a study on resistance to the fusarium myco-
toxin, deoxynivalenol (DON), microarray and real-time PCR analyses of progeny from a 
cross between a resistant and a susceptible genotype showed that ten toxin-responsive 
transcripts were associated with inheritance of DON resistance as well as to the resis-
tance QTL, Fhb1 (Walter et al. 2008). Such information would be of value for breeders 
to select for accumulation patterns of these particular transcripts in addition to selecting 
for the resistance QTL and the DON-resistance phenotype.



74 S. Ganeshan et al.

As with gene expression profiling studies for biotic stresses, the influence of 
abiotic stresses on expression patterns of genes in plants have also been extensively 
studied (Table 3.3). Some of the abiotic stress factors such as heavy metal toxicity 
or salinity to some extent are more defined, while others such as cold, heat and 
drought are less defined and more variable even during the course of a day, and can 
lead to interactions which generate more complex gene expression profiles in plants 
exposed to these stresses. Mimicking such environmental states for gene expression 
profiling studies has therefore been given significant importance to reflect as close 
a situation as possible to actual environments. Thus there have been artificial sys-
tems established for triggering automated changes in factors such as temperature, 
drought, light intensity and quality and humidity.

Due to losses encountered as a result of the various abiotic stresses, there have 
been extensive efforts by breeders to develop tolerant varieties. However, the complex 
nature of the inheritance of abiotic stress tolerance has hindered absolute success. 
Thus numerous expression profiling studies have addressed this issue to facilitate 
selection for abiotic stress tolerant plants. While the practical implications of 
these studies have not yet been fully realized, some examples are provided where 
immediate implications or potential applications are already discernible for crop 
improvement. Using DDRT-PCR in barley, several partial cDNA clones corre-
sponding to cold-, drought- and ABA-induction were identified and one of the 
cDNAs was mapped to a region on chromosome 7H previously associated with 
osmotic adaptation (Malatrasi et al. 2002). In another recent study with microarrays 
in rice differentially expressed genes from drought tolerant and sensitive cultivars 

Table 3.2 Expression profiling to identify differentially expressed genes in plants under biotic stresses

Techniques used Plant Biotic stressors References

DDRT-PCR Rostrate sesbania Azorhizobium 
caulinodans

Goormachtig et al. 
(1995)

Tomato Botrytis cinerea Benito et al. (1996)
Chickpea Ascochyta rabiei Rajesh et al. (2003)
Cotton Verticillium dahliae Zwiegelaar and  

Dubery (2006)
Wheat Puccinia striiformis Bozkurt et al. (2007)

cDNA-AFLP Sugarcane Sporisorium scitamineum Lao et al. (2008)
Wheat Fusarium graminearum Steiner et al. (2008)
Rice Rice yellow mottle virus Ventelon-Debout  

et al. (2008)
Tomato Cladosporium fulvum Zhu et al. (2008)
Medicago 

truncatula
Caterpillar Darwish et al. (2008)

Super SAGE Pepper Tobamovirus Hamada et al. (2008)
Long SAGE Tomato Cucumber mosaic virus/  

D satellite RNA
Irian et al. (2007)

Microarray Arabidopsis Alternaria brassicicola Schenk et al. (2000)
Wheat Fusarium mycotoxin Walter et al. (2008)
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were mapped to a drought tolerant QTL identified from published QTL data based 
on G × E interactions for drought tolerance (Degenkolbe et al. 2009).

Besides the applications of expression profiling approaches for breeding biotic 
and abiotic stress tolerance, quality and developmental attributes have also been 
targeted. Again a vast repertoire of data is available and incorporation of such infor-
mation into breeding strategies is just beginning to emerge. For example, microarray 
studies based on potato tuber-specific sequences have revealed strong up- or down-
regulation of several transcripts during development, and led to identification of 

Table 3.3 Expression profiling to identify differentially expressed genes in plants under abiotic stresses

Abiotic Stresses Plants Techniques used References

Drought Barley DDRT-PCR Malatrasi et al. (2002)
Cotton DDRT-PCR Maqbool et al. (2008)
Festuca mairei cDNA-AFLP Wang and Bughrara (2007)
Maize Oligonucleotide 

Microarray
Zhuang et al. (2008)

Rice Oligonucleotide 
Microarray

Degenkolbe et al. (2009)

Salinity Rice DDRT-PCR Zhang and Chen (1996)
Foxtail millet cDNA-AFLP Jayaraman et al. (2008)
Arabidopsis Microarray Krishnaswamy et al. (2008)
Rice Microarray Huang et al. (2008)

Chilling Citrus unshiu DDRT-PCR Lang et al. (2005)
Maize DDRT-PCR Liu et al. (2007)
Alfalfa cDNA-AFLP Ivashuta et al. (1999)
Cucumber cDNA-AFLP Lu et al. (2005)
Sunflower cDNA Microarray Fernandez et al. (2008)
Arabidopsis SAGE Jung et al. (2003)
Arabidopsis SAGE Robinson and Parkin (2008)

Heat Arabidopsis DDRT-PCR Visioli et al. (1997)
Senecio × hybridus DDRT-PCR Yu et al. (2007)
Wheat cDNA-AFLP Li et al. (2007)
Cowpea cDNA-AFLP Simoes-Araujo et al. (2008)
Rice Microarray Yamakawa et al. (2007)

Metal Toxicity
Aluminium Rice DDRT-PCR Zhang et al. (2007)

Rice cDNA-AFLP Mao et al. (2004)
Wheat cDNA-AFLP Houde and Diallo (2008)
Medicago truncatula Oligonucleotide 

Microarray
Chandran et al. (2008) 

Cadmium Mustard cDNA-AFLP Fusco et al. (2005)
Boron Gypsophila perfoliata Microarray Unver et al. (2008)

Ozone Betula pendula Roth cDNA Microarray Kiiskinen et al. (1997)

UV-B irradiation European Beech DDRT-PCR Ernst et al. (2001)
Anaerobiosis Rice DDRT-PCR Chen et al. (2007)
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differential gene expression related to tuber development, starch biosynthesis and 
tissue specificity (Kloosterman et al. 2005). Identification of important regulatory 
sequences from such studies is likely to allow more targeted breeding for development 
of specialty starches by modifying metabolic routes (Kloosterman et al. 2005). 
Similarly, using microarray studies differences in gene expression data were related 
to malting quality traits in barley and suggested to be of value for future barley 
malting quality improvement (Potokina et al. 2004).

3.8  eQTL, Gene Networks and Pathways

Plant breeders have always relied on genetic variability for selection in their breeding 
programs. As mentioned earlier, the difficulty over time for identification of such 
variability increased as a result of dwindling germplasm resources and also limited 
molecular level understanding of plant functions. The paradigm shift from qualita-
tive to quantitative traits in molecular mapping and marker development heralded a 
major initiative towards global perspective on the influence of quantitative traits 
and the quantitative trait loci (QTL) association with complex traits and the possi-
bility of identifying and cloning candidate genes by map-based cloning. Microarray 
studies recognize up- and down-regulated genes among individuals under different 
conditions and/or plant developmental stages. It became evident that this expres-
sion profiling approach was a powerful tool to comprehensively understand the 
global patterns of gene expression. To further improve on this perception, a new 
concept of “genetical genomics” was put forward to relate genetic variation due to 
QTL in a segregating population to genome-wide expression profiling data, and 
therefore identify the proportion of the variation in gene expression actually associ-
ated with such QTL (Jansen and Nap 2001). Validation for the genetical genomics 
concept has been shown in mouse, human and maize, wherein expression values 
from transcriptome data analyses of these organisms were treated as quantitative 
traits and used for linkage analyses and standard interval mapping along with mark-
ers specific for these organisms (Schadt et al. 2003). The study also demonstrated 
that generally the identified gene expression QTL (eQTL) was able to account for 
the transcription variation of the genes associated with a trait.

Besides the advantage of eQTL in relating expression data as a quantitative trait for 
association with phenotypes, it was also suggested that the proportion of expression 
variation that actually maps to the genes themselves would qualify as cis-acting 
factors and those mapping to other regions as trans-acting factors (Jansen and Nap 
2001). The possibility of mapping cis-eQTL and trans-eQTL was demonstrated in a 
mouse system, wherein generally eQTL with high LOD scores corresponded to the 
former and those that are moderately significant corresponded to the latter (Schadt 
et al. 2003). Such cis- and trans-eQTLs have also been identified in a recombinant 
inbred line population of Arabidopsis using microarray analysis and eQTL mapping 
of transcript abundance as quantitative expression traits (West et al. 2007). 
The study, similar to the findings of Schadt et al. (2003), identified eQTL hotspots. 
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These eQTL hotspots are the result of a single upstream polymorphism affecting 
expression of a large number of distant genes, which are mapped at the same locus 
(Breitling et al. 2008). Such eQTL hotpots have also been reported in maize in relation 
to the cell wall digestibility trait, with the eQTL being co-localized to the QTL clus-
ter (Shi et al. 2007). Thus, besides being able to map transcript abundance as a func-
tion of quantitative expression trait and possibly more precisely identifying candidate 
genes, the eQTL approach will enable plant breeders to further refine selection for 
traits of interest based on significant eQTL, indirectly selecting for combinations of 
genes expressing at levels allowing for maximal genetic potential.

Genetic interactions have been common themes since the beginning of the unrav-
eling of genetic laws. With advances in quantitative and computational genetics and 
QTL mapping, dissection of more complex interactions has been possible. Networks 
and pathways have been recognized mostly based on biochemical interactions 
and their effects on biological functions. However, with data from genome-wide 
expression as well as eQTL mapping, there is a new era in functional genomics with 
attempts to elucidate gene networks and pathways. Genetic network has been defined 
as being constituted of a group of genes, wherein individual genes can affect the 
expression of other genes (Wagner 2002). It has become evident that such networks 
and pathways are operating at the expression level and generally lead to variation 
in phenotypes, which have been unexplainable. Due to the vast array of data from 
expression profiling studies, a systems approach is now being taken to understand 
the interactions and pathways. Systems biology attempts to study multi-component 
effects as applied to functional biology and the systems approach has gained further 
impetus with the possibility of disrupting specific functions (Ideker et al. 2001). 
To further advance such an approach to function analysis, modeling and computa-
tional algorithms are being applied, and it is expected that a better understanding of 
gene regulatory networks will be obtained (reviewed in Long et al. 2008).

3.9  Transgene Technology and Gene Expression Analysis

The basis for several developments in gene transfer to plants rested solely on the 
availability of a tissue culture and plant regeneration system. It is still a requirement 
for the majority of plant species to be genetically altered by exogenous gene transfer. 
Tissue culture techniques became fairly well established over the major part of the 
twentieth century. In the last three decades of the twentieth century, extensive efforts 
were made to optimize and develop highly efficient and reproducible tissue culture 
systems, especially for economically important crop plants to make them amenable 
to genetic transformation. Generally, dicotyledonous plants responded better to 
in vitro culture than monocotyledonous plants. Thus, plant tissue culture approaches 
have over the latter quarter of the last century focused on sources of explant tissues 
for culture, culture media composition and plant growth regulators, methods of shoot 
regeneration and other miscellaneous factors (Ganeshan et al. 2002). Efforts are still 
on-going for several crop plants for maximization of regeneration efficiency to 



78 S. Ganeshan et al.

concurrently increase gene transfer efficiency. There is an exhaustive list of explant 
sources from various plant species that have been tested for their ease of isolation 
and response to culture for efficient regeneration (Table 3.4). The requirements for 
the successful transformation of plants therefore relied extensively on plant tissue 
culture systems which could be fairly easily established, showed high regeneration 
efficiency and finally also exhibited high transformation efficiency. The latter, however, 
although more directly related to the DNA delivery method, is indirectly affected 
by the choice of the recipient tissue/cells for the gene transfer process, per se.

To understand the role of plant tissue culture in genetic transformation, a brief 
overview highlighting history and principles governing the process would also be 
useful in the context of functional genomics in crop improvement. Among all living 
organisms, the ability to re-program plant cells/tissues to regenerate whole new plants 
is unique. The concept of totipotency attributed to Gotlieb Haberlandt and his work 
and postulates in 1902 (for details and translation of Haberlandt’s original work see 
Krikorian and Berquam 1969) laid the foundation for the evolution of plant tissue culture 
as an area of research. It is now well-established that a vast number of explant systems 
can be in vitro cultured for the regeneration of plants. However, the pathways which 
lead to the generation of entire new plants from the various explants and the manner in 
which such pathways can be influenced exogenously need to be understood (Fig. 3.2).

With regards to transformation approaches, tissue culture-induced variation is not 
desirable. As mentioned earlier, somaclonal variation was identified as an added 
source of genetic variability (Larkin and Scowcroft 1981), but such variation would 
not be acceptable in transgenic plants. Furthermore, variation induced as a result of 
in vitro culture can also impact the regenerated plant negatively (for reviews see 
Karp 1995; Vazquez 2001; Filipecki and Malepszy 2006), which would preclude the 
added advantage of transgenic events with respect to genetically transformed crops. 
Generally, it is during the callus phase that variation has been suggested to occur due 
to the uncontrolled cell division (Phillips et al. 1994). It would therefore be advanta-
geous to circumvent this stage if direct shoot induction from the explant were per-
missible. However, it should be mentioned that variation is also induced due to the 
effects of growth regulators in culture, irrespective of a callus phase (Karp 1995) or 

Table 3.4 Examples of different types of explants explored for their tissue culture responses in 
monocotyledonous and dicotyledonous plant species for subsequent use in transformation

Monocotyledons Dicotyledons

Protoplasts Protoplasts
Anthers/Microspores Anthers/microspores
Immature embryos Cotyledonary segments
Immature scutella Cotyledonary nodes
Leaf-bases Leaf tissue segments
Cell suspensions Hypocotyls
Immature inflorescences Shoot apices
Shoot apical meristems Embryo segments
Inflorescences
Mature embryos
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even in clonally propagated plants, and it is generally recognized that besides culture 
environment and explant source, prolonged duration of culture, genotype, explant 
age and ploidy level can contribute to variation (reviewed in Rani and Raina 2000). 
Therefore, a certain amount of preliminary tissue culture studies need to be 
conducted before initiating genetic transformation projects, especially if there is a 
lack of prior published information in the literature. In a general scheme of tissue 
culture responses from explants it is well established that the ratio of auxins to cyto-
kinins plays an important role in the ontogenic developmental phases (Fig. 3.3). 

Fig. 3.2 Overview of a generalized tissue culture approach showing de-differentiation routes 
from the explant

Fig. 3.3 Genera influence of auxins to cytokinins ratio in cell fate determination. Increasing or 
decreasing the ratio of auxins to cytokinins during the different phases of the tissue culture process 
can lead to a variety of ontogenic developments from the explant tissue
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Thus high levels of auxins can lead to induction of roots (rhizogenesis) or callus 
induction (callogenesis), while high levels of cytokinins can lead to shoot initiation 
(caulogenesis) and further shoot development. In many plant species, plant growth 
regulators such as thidiazuron (TDZ), with both auxin- and cytokinin-like properties, 
have been shown to induce axillary and/or adventitious shoots or somatic embryos 
(Huetteman and Preece 1993; Lu 1993; Murthy et al. 1998). More recently TDZ has 
also been shown to induce direct multiple shoots from cereal mature embryos, without 
an intervening callus phase and with no adverse effects in agronomic performance 
of regenerated plants (Ganeshan et al. 2003; Ganeshan et al. 2006).

3.10  Choice of Target Tissue for Gene Delivery

The choice of the explant for genetic transformation depends largely on the tissue 
culture responsiveness of the explant and also on the gene delivery method. For 
example, the harsh physical nature of gene delivery methods such as the particle gun 
is likely to cause extensive damage to soft and delicate tissues, thereby affecting 
subsequent regeneration and recovery of transgenic plants. With Agrobacterium 
mediated transformation the elimination of the bacteria after co-cultivation and infection 
is achieved by use of antibiotics and such antibiotics can interfere with regeneration 
from the infected explants. Furthermore, an important consideration in genetic trans-
formation is the use of a plant tissue culture system which minimizes or prevents 
occurrence of chimerism (Gaj 2004). Plant chimerism is essentially the occurrence of 
cells of different genetic make-up within the same plant. Thus transformation of a 
single cell which would lead to production of an entire plant either through organo-
genesis or embryogenesis would be preferable. However, in the tissue culture and 
transformation methods currently available chimerism may not always be preventable. 
From a shoot apical meristem (SAM) perspective, plant chimeras have been described 
as the existence of cells of different genetic make-up within the meristems which 
eventually contribute to the formation of the organs and tissues of the plant (Burge 
et al. 2002). In order to understand chimerism with regards to transformation, an 
example using the SAM is described below, and it would therefore be valuable to 
briefly review the organization of the SAM.

The shoot apical meristem is generally distinguished into three regions: the central 
zone (CZ), the rib zone (RZ) and the peripheral zone (PZ) (Fig. 3.4) (for reviews 
see Szymkowiak and Sussex 1996; Barton 1998; Bowman and Eshed 2000; Burge 
et al. 2002; Tooke and Battey 2003; Kwiatkowska 2008). The outermost layer of 
the apical meristem dome consists of the tunica, made up of the L1 and L2 layers, 
referred to as the epidermal and sub-epidermal layers, respectively (Fig. 3.4). 
Cell division in the tunica is anticlinal. In the L3 layer, referred to as the corpus, cell 
division occurs in different planes. The contribution of the different apical meristem 
zones is such that the peripheral zone contributes to lateral organs such as the leaves, 
the rib zone contributes to most of the stem and the central zone, referred to as a 
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reservoir of stem cells, replenishes the PZ and RZ while maintaining the CZ itself 
(Bowman and Eshed 2000).

The three types of chimeras generally recognized based on the occurrence of the 
genetically different cell types within different layers are the periclinal, mericlinal 
and sectorial chimeras (Marcotrigiano 1997). Periclinal chimeras are recognized 
when one or more entire cell layers are genetically different from another cell layer, 
as for example, when the L1 layer of the apical meristem is genetically different. 
Mericlinal chimeras occur when the genetically different cells are found in part of a 
cell layer. Sectorial chimeras are those with sectors of all cell layers being geneti-
cally different. Such chimeric types can also be distinguished in transformed tissues. 
Using particle bombardment and a construct carrying the Gus gene, transformation 
of wheat mature embryos can be used to exemplify the occurrence of transgenic 
chimeras (Fig. 3.4). This system of mature cereal embryo culture on a thidiazuron 
containing medium has been shown to produce multiple shoots without an interven-
ing callus phase (Ganeshan et al. 2003; Ganeshan et al. 2006). Upon performing 
GUS histological assays, it has been possible to distinguish a periclinal chimeric 
region wherein only the epidermal surface layers exhibited blue coloration (Fig. 3.4). 
Similarly mericlinal chimeras can arise if the integration of the Gus gene occurred 
at the leaf primordial initiation region. Sectorial chimeras can be recognized if the 
CZ or PZ become transformed. With the production of adventitious shoots from 
such transformed sectorial chimeras an entire transformed shoot can arise. Although 
the types of chimeric transformants described here have been exemplified using the 
SAM, such chimeras can also occur from other types of explants used for genetic 
transformation. To increase transformation events, it is essential to recognize occur-
rence of chimerism and promote sectorial chimeras. This can generally be achieved 
by judicious antibiotic or other selection strategies.

Fig. 3.4 Cell zones in the shoot apical meristems and types of chimerism which can result from 
transformation of shoot apical meristems region. L1 and L2 layers – tunica; L3 layer – corpus; CZ 
– central zone; RZ – rib zone; PZ – peripheral zone; P1 and P2 – leaf primordia
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3.11  Gene Transfer Methods

Gene transfer to plants has been a challenging area of research. The two main 
methods of gene transfer to plants are a biological method involving Agrobacterium, 
or a physical method involving the particle bombardment. There are several other 
methods of gene transfer to plants such as electroporation, micro-injection, 
liposome-mediated, silicon carbide whiskers, bio-active beads and more recently 
there has been an interest in nanoparticles. Agrobacterium-mediated gene transfer 
to generate a transgenic plant was first reported in 1983 (Barton and Chilton 1983; 
Fraley and Horsch 1983). However, it was initially observed that dicotyledonous plants 
were more amenable to transformation by Agrobacterium as compared to monocoty-
ledonous plants. In the early 1990s there were several attempts to transform some 
of the economically important monocotyledonous plants such as cereals using 
Agrobacterium, with rice being a prime candidate. The first successful report on the 
stable Agrobacterium-mediated transformation of Japonica rice was in 1994 (Hiei 
et al. 1994). Subsequently there have been several reports on the transformation of indica 
as well and javanica rice (reviewed in Shrawat and Lorz 2006). It is now possible to 
routinely transform rice using Agrobacterium. Although successes with other cereals 
such as wheat, maize and barley have been possible in recent years, the efficiency is 
still not adequate for the demands of high-throughput functional genomics projects. 
For plant species not amenable to transformation by Agrobacterium, alternative 
gene transfer methods have been sought. However, the major impediment has 
always been to find another biological entity capable of transferring DNA into the 
plant cell or finding a physical method to insert DNA.

Plant viruses have for long been considered a biological alternative. It has been 
known since the 1920s that certain virus-infected crop plants became resistant to 
the same plant viruses or closely related strains of those viruses (Mckinney 1927, 
1929, 1937). The phenomenon of cross-protection used to describe such acquired 
resistance (Fulton 1986) resulted in the concept of pathogen-derived resistance 
(PDR) for engineering such resistance into crop plants (Sanford and Johnston 1985; 
Grumet et al. 1987). The validity of the concept was demonstrated with the production 
of transgenic tobacco plants carrying the tobacco mosaic virus coat protein gene 
and exhibiting delayed symptoms upon infection with the virus (Abel et al. 1986). 
The operation of a post-transcriptional gene silencing (PTGS) mechanism was 
subsequently attributed to the delay or absence of symptoms (Ratcliff et al. 1997). 
Although the transfer of the gene was achieved using Agrobacterium, the silencing 
aspect of the approach started gaining attention and led to virus-induced gene 
silencing (VIGS) to describe transgenic plants which recovered from virus infection 
(van Kammen 1997). VIGS has become a powerful tool to down-regulate genes 
of interest in high-throughput functional genomics studies (Baulcombe 1999). 
The advantage of the VIGS approach is that gene transfer is not necessary since it has 
been shown that rubbing of in vitro transcribed viral RNA containing a phytoene 
desaturase (PDS) gene on leaves of Nicotiana benthamiana caused down-regulation 
of the PDS (Kumagai et al. 1995). Therefore a transient virus-mediated system is 
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very valuable for rapidly studying the silencing or down-regulation of a number of 
genes. The VIGS mechanism has also been shown to work in monocotyledonous 
plant using the barley stripe mosaic virus system (Holzberg et al. 2002).

During the early research in Agrobacterium crown gall tumor formation, studies 
showed that crown gall induction ability could be transferred from virulent to aviru-
lent strains of A. tumefaciens and also to A. radiobacter, A. rubi and Rhizobium 
leguminosarum (Klein and Klein 1953). Subsequently it was demonstrated that 
crown gall formation occurred by transfer of the Ti plasmid to avirulent strains of 
Agrobacterium and to Rhizobium (Hooykaas et al. 1977) as well as Phyllobacterium 
myrsinacearum (Veen et al. 1988). More recently Broothaerts et al. (2005) have 
reported on the transfer of disarmed Ti plasmid to diverse species of bacteria such 
as Rhizobium, Sinorhizobium meliloti and Mesorhizobium loti, which were used for 
the transformation of tobacco, rice and Arabidopsis. It may therefore be possible 
for such alternative bacteria to broaden the host range for T-DNA transfer and also 
for transformation of plant species that have been so far relatively recalcitrant to 
Agrobacterium. This strategy using other bacterial species is available as an open-
source-modeled license to all researchers. Details are available at the Bioforge 
project (http://www.bioforge.net) and at Biological Innovation for Open Society 
(BIOS; http://www.bios.net).

The most common physical method used for DNA transfer to plants is the micro-
projectile bombardment method, also known as the biolistic method (biological bal-
listic) invented by Sanford et al. in 1987. Microprojectile bombardment method 
circumvents the host range problems associated with Agrobacterium and the physical 
barrier of the plant cell wall was not an issue for DNA entry (Weissinger et al. 1987; 
Klein et al. 1988a, b). The underlying operation of the particle bombardment 
approach involves the acceleration of micro-particles carrying DNA to high velocity 
such that they are able to penetrate the cell wall and deliver the nucleic acid into 
the nucleus of the cell (Sanford 1990). There have been several modifications to the 
particle bombardment apparatus over the years including use of nitrogen gas 
(Morikawa et al. 1989), compressed air (Iida et al. 1990), air gun (Oard et al. 1990) 
or helium gas (Finer et al. 1992) to deliver the micro-particles. Some of the general 
considerations in the particle bombardment process for efficient transformation are 
the types of tissues to be used, the flight distance and velocity of the micro-particles. 
Due to damage to tissues with this method, regeneration subsequent to transformation 
can be affected. Therefore during optimization efforts, all the parameters are tested 
such that there is minimal damage to the tissues, while obtaining a high transforma-
tion efficiency. Due to the ease of using the biolistic method of transformation there 
are numerous reports of transformed plant species including many agricultural 
crops. The challenge for functional genomics studies, however, has been the effi-
ciency of transformation with the microprojectile bombardment method being 
generally low compared to Agrobacterium-mediated transformation of plants such 
as Arabidopsis and rice. Furthermore, because of the harsh nature of delivery of 
the DNA, there are multiple insertion events which can complicate assessment of the 
effect of the transgene of interest. Besides the somaclonal variation effects mentioned 
earlier, the transformation process itself can cause poor agronomic performance of 
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the transgenic plants. Also, position effect of the transgene can affect its expression 
and stability (for review see Filipecki and Malepszy 2006).

Other physical methods of gene transfer include electroporation, liposomes, silicon 
carbide whiskers and recently nanoparticles. Electroporation of plants has employed 
short electric pulses to deliver DNA into plant protoplasts, cells or tissues. Protoplasts, 
due to the lack of the cell wall, were more amenable to uptake DNA. Unfortunately, 
regeneration of fertile transgenic plants from electroporated protoplasts is generally 
very difficult and this approach has not been widely used. Attempts at electroporating 
plant cells and tissues such as pollens, embryos and callus have been made with vary-
ing success. Although feasible, the electroporation-mediated transformation requires 
extensive optimization efforts with low transformation efficiencies. Similarly, the use 
of liposomes for transformation would require the protoplast route for delivery of 
DNA. Among the physical delivery methods, the silicon carbide whisker-mediated 
DNA delivery appears to be an appealing alternative due to its inexpensiveness and 
simplicity. However, as with the biolistic method, complex transgene integration pat-
terns have been reported (Petolino et al. 2000). Thus for functional genomics studies 
these physical methods need major improvements, especially in terms of high effi-
ciency transformation, to be of consequence. The recent trends in nanoparticle 
research may open up new possibilities in high efficiency plant transformation. Many 
of the breakthroughs for plant transformation using nanoparticles may come from 
studies conducted in animal and mammalian cell systems. There have been extensive 
efforts to use nanoparticles in these systems for molecule and drug delivery (Brigger 
et al. 2002; Yih and Al-Fandi 2006). Recently, using mesoporous nanoparticles 
(MSNs) containing a trans-activator for a GFP expression construct, it was shown that 
expression of the GFP gene could be induced in vivo (Torney et al. 2007). The trans-
activator was filled within the MSNs and the GFP construct coated onto gold particles 
was used to cap the MSNs, before delivery into plant cells by microprojectile 
bombardment. Further research into such targeted and controlled delivery of nanopar-
ticles may be of value for enhancing transformation efficiency in plants for functional 
genomics studies.

3.12  Transgene Approach to Functional Genomics  
and Plant Breeding

The application of transgene technology to study gene function has become essential 
in the post-genomic era and more importantly to aid plant breeders with selecting 
for performance enhanced combinations of genes in newer varieties. Therefore, the 
transgenic approach has been used in a variety of ways to assess gene function in 
plants (Fig. 3.5). From gene inactivation to over-expression studies to insertional 
mutagenesis and traps and tags, gene transfer is an underlying requirement. 
Even though initially use of gene transfer was primarily aimed at production and 
commercial release of transgenic plants, its use for gene function assessment was 
nonetheless realized. For several crops, especially cereals, it was found that the 
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transformation efficiency was high in certain model cultivars, which were not 
necessarily agronomically of outstanding performance (e.g., Bregitzer et al. 2008). 
Therefore there was a need for plant breeders to be able to introgress such trans-
genic events into commercially viable cultivars or even to eliminate undesirable 
effects in a transgenic plant by backcrossing. For example, transgenic barley carrying 
a transgene coding for an engineered heat-stable (1,3–1,4)-b-glucanase showed 
reduced yield among the transgenic lines, but showed yield improvements after the 
transgene was introgressed into another genotype (Horvath et al. 2001). While this 
approach is useful for transgenes of commercial interest to be in the genetic back-
ground of elite breeding lines or varieties, for functional analyses of genes this 
would be time-consuming and resource-demanding.

3.13  Prospects and Challenges

The advances in functional genomics tools over the last decade have widened the 
scope for newer technologies to provide additional resources for accelerating plant 
breeding programs. Advances in gene expression profiling approaches have led to 
more efficient and high-throughput data being generated. An exhaustive amount 
of data is being generated from expression profiling techniques like microarrays, 
and bio-informatics analyses combine such expression data with QTL data to gen-
erate eQTL profiles to give a global picture of the genetic basis of important agri-
cultural traits. It is highly likely that over the next few years breeding programs will 
begin to actually incorporate such knowledge for the development of new varieties. 

Fig. 3.5 Gene transfer and different approaches for functional characterization of genes
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Furthermore it is foreseen that with the combination of eQTL mapping and 
identification of more refined gene networks, more precise candidate genes responsible 
for traits of interest are likely to be cloned.

The challenge for functional genomics studies in terms of gene expression profiling 
is likely to be in the form of experimental set-up and design. Generally most of the 
studies are conducted under controlled conditions, as for example when studying 
abiotic stresses. Appropriate stress factors are applied in quantifiable amounts and 
changes in gene expression, physiological and biochemical profiles are examined. 
However, for plants growing under natural conditions of environmental stresses 
extrapolation of results obtained using such studies can often be inconclusive, and 
therefore the expression profile data may be of limited value for breeding programs. 
For practical applications, considerable emphasis is placed on genotype × environ-
ment interactions for selection of stable performance across environments or within 
a particular environment. This also applies to biotic stresses where the nature of the 
resistance mechanism is quantitative. Recently a field trial with winter wheat was 
conducted to assess expression profiles of cold-regulated genes over a three 
year period (Ganeshan et al. 2009). In general, there was some agreement with 
growth chamber studies for gene expression, although variability over the three 
years was observed and attributed to soil temperature fluctuations. In another growth 
chamber study the choice of tissue for gene expression profiling was found to 
significantly influence expression of selected cold-regulated genes (Ganeshan 
et al. 2008), and therefore influenced biological interpretations and/or conclusions. 
These studies iterate the importance of proper experimental design and controls and 
also choice of appropriate materials for gene expression profiling studies.

A further challenge for functional genomics studies lies in the fact that gene 
transfer approaches for several economically important plants are still inefficient. 
The repertoire of genome sequence and expression data is accumulating at a feverish 
pace, but assessment of the functions of the genes in the relevant plants in a high-
throughput manner has become a major challenge. It can be argued that model 
systems such as Arabidopsis and rice can be used, but the results obtained cannot 
always be extrapolated to the respective plants. Therefore major efforts are required to 
re-invest resources into developing more efficient and high-throughput transformation 
systems to assess gene function.

Notwithstanding these challenges, the decade ahead is likely to see more extensive 
contributions from systems biology, in silico and virtual expression profiling which 
are likely to propel functional genomics studies for the benefit of crop improvement. 
The combination of breeding schemes such as the diallel cross with genome-wide 
expression analysis for cis- and trans-regulatory variants (Kiekens et al. 2006) and 
incorporation of expression data for specific and general combining ability determi-
nation (Vuylsteke and van Eeuwijk 2008) are recent examples of direct application 
of classical plant breeding approaches integrating functional genomics data.
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Abstract Crop improvement has always been, but will be even more so in the 
twenty-first century, an information intensive process. For effective and efficient 
improvement, a range of activities from molecular biology to genetics to indirect 
selection must now be involved. The rate of progress made by any breeding 
programme depends as much on the efficient integration of information from these 
activities as it does on the activities themselves. Plant breeders are now realizing the 
importance of innovative approaches that include the use of a range of molecular methods 
and their outputs, and the possibilities of transferring this information from model 
species to cultivated crops. The use of these high throughput methods in model crops 
has already generated a large amount of public resources such as databases containing 
genetic resource, genomic and genetic information; tools for the effective analysis, 
data mining and visualization of such information; and semantic web resources for 
data integration. In this chapter, we highlight the role and contributions of bioinfor-
matics to crop research and breeding by focusing on the bioinformatics resources that 
are available for crop science research and breeding, and indicating gaps that need to be 
bridged that will allow scientists to access, transfer and integrate data with ease.

4.1  Introduction

The growing world-wide demand for food is placing increasing pressure on crop breeding 
programs to produce cultivars that can adapt to a range of environments without compro-
mising on quality and yield. As such, crop breeding efforts focus on developing new 
varieties with improved resistance to fungal, insect or viral diseases, tolerance to abiotic 
stresses such as drought, cold, salt, dehydration, heavy metal toxicity and numerous qual-
ity attributes such as taste, size, shape, color and ease of cooking. In addition there is a 
growing need to provide for nutritional deficiencies, especially in the developing countries 
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through biofortified crops. With an ever-increasing number of desirable traits that must be 
integrated into a cultivar, crop improvement programs are at an interesting juncture. The 
combination of existing knowledge and resources with modern structural and functional 
genomics provides the opportunity to study the genetic, biochemical and physiological 
basis of complex traits. Efforts currently center on capturing information from model and 
better-studied crops in order to define genes for important traits. With the advent of high 
throughput technologies a number of initiatives have emerged, for example large scale map-
ping studies, genome-wide expression studies and high throughput screening of genotypes 
and phenotypes along with corresponding bioinformatics resources. It is now becoming 
clear that crop improvement programs will benefit hugely from a judicious use of these 
resources coupled with crop genetic resources, which are the basic materials for breeding 
programs. Genetic resource collections available to breeders are being characterized for 
diversity so breeders can have access to ‘core’ collections that contain as much genetic 
variability as possible. The advances in plant genetics and genomics offer opportunities so 
far unavailable, for discovering the function of genes and the potential to manipulate them 
for crop improvement. With so much information being produced that could be of poten-
tial use to the breeder, the difficulty is in making sense of all the data so as to facilitate 
knowledge driven crop selection. Bioinformatics is emerging as the glue that brings these 
different kinds of data together; as a discipline it spans the realm from scientific software 
development to meaningful knowledge discovery. A review of current bioinformatics 
resources, tools and methods available for the purpose of crop improvement gives us an 
idea of ground covered so far and what is desirable to achieve in the coming years.

4.2  Bioinformatics Resources Available for Crop Research

The burgeoning information from genomics is due to innovative technologies like 
DNA microarrays, high throughput genotyping and Next Generation Sequencing. 
Most modern data generation projects have seen a concomitant development of 
databases to store, access and query data. These data resources are usually made 
available through the web, store varying kinds of information and are available at 
different locations. The very distributed nature of this information throws up inter-
esting challenges – that of interoperability of databases that will allow data integration, 
the use or lack of common vocabularies that will allow comparison of the data 
and the varying levels of data annotation and curation available that reflects on 
data quality. Databases can no longer be passive storehouses of information, they 
need to link to various types of data to be useful.

4.2.1  Data Resources

There are a considerable number of quality databases devoted to crops that allow 
access to users through GUIs (Graphical User Interfaces). Amongst the online 
resources listing key databases of value is the Nucleic Acids Research online Molecular 
Biology database collection (http://www.oxfordjournals.org/nar/database/a/). 
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The number of databases in this collection is 1,170 as of January 2009, with 78 plant 
specific databases. The collection lists high quality, comprehensive databases with 
value added in the form of manual curation. The bioinformatics links directory (http://
bioinformatics.ca/links directory) is an actively maintained compilation of servers host-
ing bioinformatics databases with features for improved navigation and accessibility.

Table 4.1 lists popular as well as lesser known crop species and multi-crop species 
databases covering genotype, phenotype, taxonomy and genomic information. Besides 

Table 4.1 Species and clade specific crop databases

Database Species Primary site Database contents

BeanGenes Phaseolus and Vigna http://beangenes.cws.
ndsu.nodak.edu/

Genetic, 
germplasm, 
phenotypic and 
pathology data

CR-EST (crop EST) Barley, pea, potato, 
petunia, tobacco, 
wheat

http://pgrc.ipk-
gatersleben.de/est/
index.php

Genomic data

FoggDB Forage grasses http://www.igergru.bbsrc.
ac.uk/Welcome/IGER/
foggdb/foggdb.htm

Genomic data

GDR (genome 
database for 
Rosaceae)

Apple, pear, prunus, 
raspberry, 
strawberry, prunus

http://www.bioinfo.wsu.
edu/gdr/

Genomic data

Graingenes Wheat, rye, barley, 
oats, sugarcane and 
relatives

http://wheat.pw.usda.gov/
GG2/index.shtml

Genetic, genomic, 
expression, 
phenotypic and 
taxonomy data

Gramene Rice, Sorghum, maize, 
wheat, rye, millets, 
Arabidopsis

http://www.gramene.org/ Genetic, genomic 
and pathway data

JCVI (TIGR) 25 crops http://www.tigr.org/ Genomic data
LIS (Legume 

Information 
Service)

17 legume species http://www.comparative-
legumes.org/

Genetic and genomic 
data

MaizeGDB Maize http:/www.maizegdb.org Genetic, genomic and 
phenotypic data

MIPSPlantsDB Multispecies http://mips.gsf.de/
projects/plants

Genomic data

Soybase Soybean http://soybase.agron.
iastate.edu/

Genetic, genomic and 
phenotypic data

TAIR (The Arabidopsis 
Information 
Resource)

Arabidopsis http://www.arabidopsis.
org/

Genetic, genomic 
and gene 
expression data

TIGR plant transcript 
assemblies (TA) 
database

Multispecies http://plantta.tigr.org EST and cDNA data

PlantGDB Multispecies http://www.plantgdb.org/ Genomic data
UKCropNet Central multispecies 

database querying 
system

http://ukcrop.net/db.html Genetic, genomic 
and pathway 
data
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the databases listed in this table, highly specialized databases derived from the research 
on model crops are available on the web. PathoPlant® is a database on plant–pathogen 
interactions and signal transduction reactions using microarray gene expression data 
from Arabidopsis thaliana subjected to pathogen infection and elicitor treatment 
(http://www.pathoplant.de). The cereal small RNA DB (CSRDB) consists of large 
scale datasets of maize and rice smRNA generated by high throughput pyrosequenc-
ing, mapped to the rice and maize genomic sequence (http://sundarlab.ucdavis.edu/
smrnas/). Resources for comparative genomics include the POGs/Plant RBP (putative 
orthologous groups/plant RNA binding proteins, http://plantrbp.uoregon.edu/), 
ATTED-11 (A. thaliana trans factor and cis element prediction database) with 
information on function and regulation of particular genes and gene networks (http://
www.atted.bio.titech.ac.jp). The GABI-Kat SimpleSearch is an Arabidopsis T-DNA 
mutant database containing >108,000 mapped FSTs (flanking sequence tags) from 
~64,000 lines which cover 64% of all annotated A. thaliana protein coding genes 
(http://www.GABI-Kat.de). The plantTFDB stores information on transcription factors 
predicted from 22 species: 5 model organisms and 17 plants (http://planttfdb.cbi.pku.
edu.cn/). PlantQTL-GE is a database system for identifying candidate genes in rice 
and Arabidopsis by gene expression and QTL information. The database includes 
genes, gene expression information, ESTs and genetic markers from multiple sources 
(http://www.scbit.org/qtl2gene/new/). The plant promoter database provides promoter 
annotations in Arabidopsis and rice (http://www.ppdb.gene.nagoya-u.ac.jp). MetaCrop 
is a database of crop plant metabolism including pathway diagrams, reactions, 
transport processes and reaction kinetics besides taxonomy and literature (http://
metacrop.ipk-gatersleben.de). All the databases referred to here have been published 
over the period 2006–2009 and show the differences in resources available on model 
crops as compared to orphan crops.

4.2.2  Web and Web Services

Most bioinformatics databases and analytical services are available through the 
Internet. The user may need to interact with many of these in concert to extract 
different kinds of data, and compare, integrate and format data for submission to 
an analysis program. Web interfaces are not really suited to handle bulk data 
export from databases and programmatic access to data is needed to retrieve large 
quantities of data and format it for submission to analytical tools. Thus data 
source providers have begun to allow multiple modes of data retrieval and view, 
from HTML (hypertext markup language), XML (extensible markup language), 
and SQL (structured query language), to SOAP (simple object access protocol, 
used in web services) besides allowing hook up to third party analysis tools. 
Markup languages like HTML and XML provide the means to describe the struc-
ture of text-based information. XML defines a way to add markup to information 
as well as assign meanings to data explicitly, thus facilitating machine readability. 
Where meaning is implicit only a person with knowledge about the data can 
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understand and interpret it, but where meaning is explicit, the data becomes inter-
pretable by retrieving software. Examples of databases that provide XML access 
include INSD_v1.4 that provides access to the EMBL/DDBJ/Genbank sequence 
records in XML, while GrainGenes (http://wheat.pw.usda.gov/cgi-bin/grain-
genes/sql.cgi) provides SQL access to its database. Web services provide a pro-
grammatic interface to databases and web-based tools and are increasingly being 
used to automate execution of the data retrieval and analysis steps. The users can 
look up XML-based web service registries that list name, products, locations and 
services offered by the web service provider on the Internet. Examples of popular 
bioinformatics web services projects include BioMoby (The BioMoby Consortium 
2008) and myGrid (www.mygrid.org.uk). The web service registry here is differ-
ent from traditional web services in that it uses the meaning of terms in the bio-
logical vocabulary (semantics) to mediate web service discovery and invocation. 
This helps overcome the problem inherent to biological data – that of inconsistent 
data type. The Virtual Plant Information network hosted at the NCGR is another 
network of data and service providers based on the semantic web services plat-
form (http://vpin.ncgr.org/). This network differs from paradigmatic web services 
in that it does not use SOAP for information exchange but instead relies on http 
and the web ontology language (OWL-DL), a web standard for information pro-
cessing. VPIN has a web front end that allows users to find disparate data and 
services based on lexical and semantic criteria. The DAS (Distributed Annotation 
System) is another data retrieval protocol that can be used for the exchange of 
biological sequence annotation. It allows a single machine to gather up sequence 
annotation information from multiple distant web sites, collate the information, 
and display it to the user in a single view (Prlic et al. 2007). A small number 
of plant/crop data sources are now beginning to make their data available through 
web services.

4.2.3  Data Integration and the Semantic Web

The bioinformatics community has been experimenting with two methods of 
biological database integration. In the data warehouse approach data from differ-
ent data sources is translated into a local warehouse and all queries are executed 
on the warehouse. Examples include DataFoundry (Critchlow et al. 2000) and 
BioWarehouse (Lee et al. 2006). The warehouse needs to be updated frequently 
to reflect the modifications in the source databases. The second method is the 
federated database approach, where the query is executed on a single federated 
schema that is an integration of component database schemas (a schema can be con-
sidered to be the layout of a database). A good example of a federated query system 
designed specifically for use with large datasets is BioMart (http://www.ebi.ac.uk/
biomart). Major databases that implement BioMart include Ensembl, a software 
system that produces and maintains automatic annotation on selected eukaryotic 
genomes (http://www.ensembl.org/index.html); VEGA (http://vega.sanger.ac.uk/
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index.html), the manually annotated Vertebrate Genome Annotation; dbSNP 
(http://www.ncbi.nlm.nih.gov/projects/SNP/), and the Single Nucleotide Polymor-
phism database of NCBI.

At the level of data integration, most methods followed so far are based on 
syntax; explicit cross references and common contents which heavily rely on manual 
annotation of data that can be time consuming, error prone and expensive. 
Several bioinformatics databases are now moving towards a standardized method 
of describing their data so that data retrieval and integration can be independent of 
source database schemas. In the semantic web approach to data integration, the 
web is no longer a network of documents but a network of data and knowledge. 
The semantic web provides common formats and languages for consistent and 
standardized data representation and exchange. In the context of databases, it 
means that data will be encoded with additional meta-information that will provide 
context to the data which is made available through web services. That encoding 
makes use of ontologies. The key role of ontologies with respect to database systems 
is to specify a data modeling representation at a level of abstraction above specific 
database designs (logical or physical). Due to their independence from lower level 
data models, ontologies can be used for integrating heterogeneous databases, 
enabling interoperability among disparate systems, and specifying interfaces that 
can be queried independently.

Ontologies are part of the Semantic Web architecture (see Fig. 4.1, the W3C 
or World-Wide Web consortium develops common protocols for the World-Wide 
Web that promotes its evolution and interoperability). Ontologies define a set of 
representational classes, attributes and relationships with which to model a 
domain of knowledge. Take for example the Gene Ontology (GO), a community 
effort to provide controlled vocabulary to describe gene and gene product attri-
butes in any organism. When one database describes a piece of data as being “a 
gene as defined by the Gene Ontology”, the data consumer can use or not use 
the data based on the understanding of “a gene as defined by the Gene 
Ontology” rather than worry about datasource specific definitions of the ‘gene’. 
Similarly, the Plant Ontology Consortium (POC) (www.plantontology.org) is a 
collaborative effort to develop simple yet robust and extensible controlled 
vocabularies that accurately reflect the biology of plant structures and develop-
mental stages. There is Trait Ontology (TO) for traits and phenotype data (http://
www.gramene.org/plant_ontology/trait.ontology). MyGrid and BioMoby ontolo-
gies are for the semantic discovery of bioinformatics services. They use onto-
logical reasoning over both data type and service definitions for service 
discovery. Clients can interact with multiple sources of biological data, regard-
less of the underlying database format/schema. While ontologies are being 
implemented only by a small number of data sources, they become relevant to 
the interoperability of expanding database collections (http://www.gramene.org/
resources/plant_databases.pdf). There are published examples to show the application of 
semantic web technologies to build data warehouses that facilitate integration 
of genomic/proteomic data (Smith et al. 2007).
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4.2.4  Bioinformatics Tools for Comparative Genomics

Comparative genomics in silico offers the possibility of linking crops through their 
sequences and genome maps to provide keys to understanding how genes and 
genomes are structured, how they function and evolve. Significant synteny amongst 
the cereal crops has allowed the alignment of major economically important quali-
tative or quantitative trait loci across specific chromosomal regions. This has facili-
tated candidate gene and flanking marker identification and their comparisons with 
annotated sequences from model crops, important for the application of marker-
assisted selection. The benefits of transferring genomics information from model to 
orphan crops could take one of several forms: (a) the identification of potentially 

Fig. 4.1 Semantic web for data integration through metadata-based reasoning. (A) The semantic 
web stack (B) a sample representation of an ontology for a term derived from the plant ontology 
consortium website (C) the same ontology retrieved in RDF-XML representation
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useful variants, (b) Marker Assisted Selection (MAS) of desired alleles and allele 
combinations, and (c) cloning and direct transfer of desirable alleles among taxa 
(Nelson et al. 2004).

Very large collections of bioinformatics tools have been developed on the open 
source model, meaning that they are freely available to use and learn from and 
improve upon. Of the tools available for comparative genomics, sequence align-
ment tools are the most commonly used. These tools can be used to query databases 
for sequences similar to an input sequence, find previously characterized sequences, 
detect relationships amongst sequences, as well as identify possible functions based 
on similarity to known sequences. There is a considerable amount of literature on 
sequence alignment tools and their advancements. The advancements reported in 
the literature relate to algorithms that seek to reduce running time and produce 
optimal alignments. Pairwise sequence alignment is best accomplished with the 
Dynamic Programming algorithm, which is slow and time consuming. Several 
‘shortcuts’ to this algorithm have been proposed to improve running time. Best-
known variants are the Smith–Waterman for local alignments and the Needleman–
Wunsch for global alignments where sequences are related over their full length 
(Smith and Waterman 1981; Needleman and Wunsch 1970). These algorithms are, 
however, too compute time intensive to use for database searches. Most sequence 
databases allow rapid search using BLAST, FASTA (Altschul et al. 1990; Pearson 
1990), scanps, MPsrch (http://www.ebi.ac.uk/searches/blitz_input.html); Blast2, 
PHI-Blast or BLAT (Kent 2002). BLAST is the fastest sequence alignment algo-
rithm, although it compromises some degree of sensitivity in favor of speed. 
FASTA is slower, but more sensitive.

A multiple sequence alignment (MSA) is an alignment of three or more protein, 
DNA or RNA sequences and the purpose of creating such an alignment is to high-
light their similarity or differences, which might reflect the biological relationship 
between them. Generation of MSA is a very useful exercise and needs special care 
when being used in phylogenetic tree construction, for identification of profiles 
and structure prediction, or in degenerate primer design. Computing exact MSAs is 
computationally almost impossible, and in practice approximate algorithms 
(heuristics) are used to align multiple sequences, by maximizing their similarity. 
Many MSA algorithms are in use, including the popular matrix-based methods 
ClustalW (Thompson et al. 1994) and Muscle (Edgar 2004), and the consistency-
based methods T-Coffee (Notredame et al. 2000) and PCMA (Pei et al. 2003). 
Consistency-based methods are evaluated superior to matrix-based methods of 
alignment though they require cpu time several times higher than the matrix methods 
(Notredame and Abergel 2003). With the availability of so many quality methods and 
the growing importance of MSA generation, the development of meta-methods that 
can seamlessly combine the output of several methods, and also incorporate 
structure information, was the next milestone (Pei and Grishin 2006). Emerging 
advances in this area include template-based alignment, an extension of consistency-
based methods. Under this new model, the purpose of an MSA is not to squeeze a 
dataset and extract all the information it may contain, but rather to use the dataset 
as a starting point for exploring and retrieving all the related information contained 
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in public databases. This information is used to drive the MSA computation. 
Such a usage of sequence and related information is seen as a major step toward 
global biological data integration (Notredame 2007). Jalview(http://www.jalview.
org/download.html), BioEdit(http://www.mbio.ncsu.edu/BioEdit/BioEdit.html) 
and Genedoc(http://www.genedoc.us/gdsrc.htm) are popular freeware to edit multiple 
sequence alignments.

Several web-based tools are now available to browse and analyze genome 
alignments. These include the comparative genome viewers SynBrowse (Pan et al. 
2005), SYBIL (http://sybil.sourceforge.net) and VISTA (Frazer et al. 2004). The 
VISTA family of tools includes a browser and rVISTA that combines a transcrip-
tion factor binding site database search (using Blast) with comparative sequence 
analysis along with PHYLO-VISTA for phylogeny. Sybil is a web-based software 
package for comparative genomics, developed by the Bioinformatics group at J. 
Craig Venter Institute (formerly TIGR). This package includes several tools and 
browsers for genome comparisons and ortholog detection. FISH (Fast Identification 
of Segmental Homologies) is another useful algorithm available to explore the 
extent and distribution of conserved synteny between two species (Calabrese et al 
2003). The Lagan Toolkit is a set of alignment programs for comparative genomics 
(Brudno et al. 2003) while the Staden Package is a suite of tools for sequence 
assembly, analysis, and mutation detection (Staden et al. 1998). The Gbrowse is 
a very popular viewer for manipulating and displaying annotations on genomes 
and was developed as part of the GMOD or Generic model organism database 
project. The tool is easy to use, fast, allows cross species comparisons, customiz-
able and is freely available (http://www.gmod.org). The Ensembl Genome 
Browser is a software system using which a large selection of annotated eukary-
otic genomes can be browsed and compared (http://www.ensembl.org/). Other 
comparative genomics tools include VisGenome (Jakubowska et al. 2007) and the 
SGN comparative map viewer (Mueller et al. 2008). cMAP (http://www.gramene.
org/cmap/) allows comparisons of genetic and physical, sequence and QTL 
(Quantitative Trait Loci) maps, while CMTV (http://www.ncgr.org/cmtv/) allows 
comparative viewing of genetic and QTL maps and their integration to generate 
consensus maps.

4.2.5  Bioinformatics Tools for Functional Genomics

Functional genomics came of age when a shift of emphasis occurred from 
genome mapping and sequencing to determining how genes work together to 
produce traits. Current structural genomic approaches (i.e., mapping) generally focus 
on traits controlled by one or only a few genes, and often they provide information 
regarding the location of one or more genes only. Where functional information is 
available the scientist is equipped to a large extent to create varieties with exact 
combinations of traits. Most of available functional genomics resources are in the 
model crops, but since the genes that code for scores of plant traits and processes 
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are quite similar across many species, this knowledge can be applied to genetic 
research on other crops. Functional genomics as it is being applied in the plant 
sciences includes functional annotation, gene expression, and elucidation of 
protein structure that can help link genome and proteome with phenotype, protein–
protein interaction, intracellular localization and posttranslational regulation. 
Rapid improvements in innovations such as microarray and RNA interference 
technology, allow simple, low-cost, high-throughput screening of phenotypes, as 
opposed to looking at just a few specific “candidate genes.” The predominant 
methods for sequence-based expression analysis are SAGE (Serial Analysis of 
Gene Expression) and MPSS (Massively Parallel Signature Sequencing) of which 
SAGE is more widely used, while for model crops MPSS resources are available 
(http://mpss.dbi.udel.edu/).

Functional annotation is the process of collecting information about and describ-
ing a gene’s biological identity – its various aliases, molecular function, biological 
role(s), subcellular location and its expression domains within the plant. The asso-
ciation between sequence and functional phenotype can be predicted using homol-
ogy search tools based on sequence alignment. Larger data sources like TAIR 
(The Arabidopsis Information Resource) use a combination of published literature, 
solicited contributions from the research community as well as computational 
analyses of the sequence as part of the functional annotation process (Swarbreck 
et al. 2007). Pattern recognition programs, tools to transfer annotation to GO terms, 
as well as available controlled vocabulary add value to the annotation. Software 
such as GeneTools, allows users to rapidly extract gene annotation data, to add 
“user defined” GO annotation to gene products and to perform hypothesis testing 
using eGOn (Beisvag et al. 2006). B2GO is a single tool for the functional annota-
tion of sequence data that uses BLAST to find homologous sequences to fasta 
formatted input sequences. The program extracts GO terms to each obtained hit and 
assigns GO terms to the query sequence using an annotation rule. Annotation and 
functional analysis can be visualized in graph form (http://www.blast2go.de/). 
Whichever the tool of choice, the user should be aware that the annotation is only 
an approximation that must be further validated computationally and/or through 
wet lab experimentation.

Existing open source software generated by the bioinformatics community for 
fragment assembly and mapping are well known and widely used (Phrap (http://
www.phrap.com/), cap3 (http://genome.cs.mtu.edu/cap/cap3.html), PCAP 
(http://seq.cs.iastate.edu/) and TGICL(http://compbio.dfci.harvard.edu/tgi/
software/)), while feature prediction tools like Genscan for gene structure predic-
tion have versions suitable for crops such as maize and Arabidopsis. The 
NetPlantGene web server (http://www.cbs.dtu.dk/services/NetPGene/) provides 
tools for the prediction of splice sites in Arabidopsis besides modelling and struc-
ture prediction tools. The Database for Annotation, Visualization and Integrated 
Discovery (DAVID, http://david.abcc.ncifcrf.gov/) provides a comprehensive set 
of functional annotation tools. AutoFACT is another fully automated and cus-
tomizable annotation tool that assigns biologically informative functions to a 
sequence (Koski et al. 2005). Other functional genomics platforms are also 
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becoming available such as the Purdue Ionomics Information Management 
System (PiiMS) that provides integrated workflow control, data storage and 
analysis to facilitate high-throughput phenotypic data acquisition, along with 
integrated tools for data search, retrieval and visualization for hypothesis devel-
opment. PiiMS is deployed as a web-enabled system, allowing for integration of 
distributed workflow processes and open access to raw data for analysis by 
numerous laboratories (Baxter et al. 2007). This platform is currently being used 
to integrate high throughput phenotypic data with functional genomics data in 
Arabidopsis. TraitMill is an automated plant evaluation platform allowing high 
throughput testing of the effect of plant-based transgenes on agronomically valu-
able traits. The platform offers high throughput function prediction, allows selec-
tion of candidate trait improvement genes among annotated genes and is currently 
being used for rice (Reuzeau et al. 2006). The Generation Challenge Program 
(GCP) with the CGIAR centers, Advanced Research Institutes and a number of 
National Agricultural Research and Education Systems is also developing a 
platform for functional genomics customizing the MAXD database for rice 
gene expression data along with data mining and analysis pipelines (Takeya 
et al. 2006).

4.2.6  Availability of High Performance Clusters and Grid

The problems of biological datasets have only grown in scale and complexity with 
high throughput technology. Single experiments may generate gigabytes of data and a 
single gene product may have several thousand interactions that create more functions 
than one can imagine. So there is a continual demand for increased computation speed 
from a computer system. High performance compute (HPC) systems have been avail-
able since the mid-1970s to users with large budgets. For the others with limited bud-
gets and large computing needs, hardware parallelism can be achieved by connecting 
several independent computers. The idea being that n computers can provide up to n 
times the computational speed of a single computer. The popular beowulf clusters are 
created through networking a group of computers running linux. Continual improve-
ments in execution speeds of single processors and their availability has made such 
clusters faster and cheaper to build. There are a number of approaches available to 
creating effective parallel computers with different levels of effectiveness for different 
kinds of problems. For programmes to show an increase in speed a substantial fraction 
of the computation needs to be executed in parallel. Software parallelism is the ability 
to find well-defined areas in a problem that can be broken down into self contained 
parts. The distributed processing of these parts speeds the programme up. Such parallel 
programmes are increasingly being used in the agricultural domain for data mining, 
comparative genomics, phylogenetics and population genetics analysis applications as 
well as in breeding simulation programmes. Parallel systems are also being used for fault 
tolerant applications such as hosting distributed databases (high availability clusters). 
While with high performance clusters one can deploy a solution with a fixed number 
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of nodes (processors) on dedicated hardware, Grid computing brings several clusters 
together with the flexibility of using standard non-heterogeneous hardware where nodes 
can be added on demand and is not limited to the local LAN (Local Area Network), 
meaning that they could be geographically distributed. Through the Generation Challenge 
Progam, an HPC grid is becoming available that connects HPCs from four geographically 
distributed member institutions (http://hpc.cip.cgiar.org/webeval/), hosting several 
analysis software. Projects like myGrid allow biologists to design and execute in silico 
experiments on their desktop/laptop accessing datasources and tools available through the 
grid using the Taverna workflow bench. MyGrid uses the Feta web services discovery 
engine that is very similar in function to Moby Central of BioMoby (mygrid.org.uk).

4.2.7  Bioinformatics and Molecular Marker Technology

4.2.7.1  In silico Marker Mining Tools

Growing sequence information in databases has seen a corresponding increase 
in bioinformatics tools available to mine this information usefully. In the crop 
sciences, sequence data are useful sources of molecular markers like SSRs 
(simple sequence repeats), SNPs (single nucleotide polymorphisms), annotated 
ESTs, anchor markers, TRAPs (target region amplification polymorphisms), 
CISPs (conserved intron spanning primers) and conserved ortholog sets. Table 4.2 
gives a compilation of the more popular tools available to researchers for the pur-
pose of mining sequence data for putative molecular markers. Bioinformatics 
methods also allow the identification of functional markers that are more relevant 
and superior to random markers because they are linked to functional motifs and 
trait locus alleles. They rely on comparative genomics and phylogeny and elucidate 
the nature of genes conserved. Tools are available for the design of degenerate 
oligonucleotides for PCR for gene isolation and subsequent development of gene 
markers (Rose et al. 2003). The markers mined can then be applied to genetic trait 
mapping (Morgante and Salamini 2003). One can use the annotated genome of any 
one species to transfer knowledge to another genome. The identification of genes 
and related markers through computational methods is currently employed as a 
component of the marker development process.

4.2.7.2  Data Acquisition Software

Rapid data generation through high throughput methods has also led to the develop-
ment of several systems for the capture, storage and retrieval of this data. Some freely 
available information management systems have been developed for genotyping, 
such as software to manage TaqMan SNP genotyping data (Monnier et al. 2005), 
the GenoDB (Li et al. 2001), AGL-LIMS (Jayashree et al. 2006b), PacLIMS 
(Donofrio et al. 2005) and SNPP (Zhao et al. 2005) each with different levels of 
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dependencies and functionalities. While GenoDB is a data management system for 
microsatellite markers and linkage analysis with functionalities tuned to human 
genotyping projects running on Windows platform, AGL-LIMS is a genotyping 
workflow management system for high throughput crop genotyping, platform inde-
pendent and web enabled. Such systems, while serving as electronic notebooks 
for lab personnel, also help provide a measure of the quality of data being generated 
in the laboratory, better traceability and centralization of data. The ability to track 
data and communicate quality information gives the marker laboratory the tools to 
improve methods and work practices.

4.2.7.3  Molecular Marker Data Repositories and Visualization Tools

PlantMarkers is a genetic marker database that contains a comprehensive pool of 
predicted molecular markers (Rudd et al. 2005). The database contains putative 
single nucleotide polymorphism (SNP); simple sequence repeat (SSR) and conserved 
orthologue set (COS) markers. The database is derived from a systematic approach 
to identify a broad range of putative markers by screening the available openSputnik 
unigene consensus sequences from over 50 plant species. Cereal marker repositories 
include Gramene (Liang et al. 2008) and MaizeGDB (Lawrence 2008) while legume 

Table 4.2 Bioinformatics tools and pipelines available for in silico marker mining from sequence data

Tool Marker URL
Programming 
language

AutoSNP SNP http://www.cerealsdb.
uk.net/discover.htm

Perl

CISPrimerTool CISP http://www.icrisat.org/gt-bt/
softwares_downloads.htm

Java

GeMprospector Cross species 
marker 
candidates

http://cgi-www.daimi.
au.dk/cgi-chili/
GeMprospector/main

Python, CGI

MISA SSR http://pgrc.ipk-gatersleben.
de/misa

Perl

Polybayes SNP http://genome.wustl.
edu/tools/software/
polybayes.cgi

Perl

SNPdetector SNP http://lpg.nci.nih.gov C and Perl
SNPpipeline SNP http://www.icrisat.org/gt-bt/

softwares_downloads.
htm

Parallel programme with 
an MPI wrapper 
(C++ and Python)

SSRIT SSR http://www.gramene.org/db/
searches/ssrtool

Perl

Tandem Repeat Finder SSR http://tandem.bu.edu/trf/trf.
download.html

Perl

TROLL (Tandem repeats 
occurrence locator)

SSR http://sourceforge.net/
projects/finder

C++
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marker repositories exist at LIS(Legume Information System) (Gonzales et al. 
2005). Besides there are other multi-species marker databases published online as 
a result of individual institutional efforts such as the CUGI plant SSR database 
(http://www.genome.clemson.edu/projects/ssr/), SSRDB (Jayashree et al. 2006a) 
and TOGsDB (http://intranet.icrisat.org/gt1/tog/homepage.htm). The high-throughput 
marker discovery protocol – Diversity Arrays Technology (DArT) is sequence-
independent (Jaccoud et al. 2001; Wenzl et al. 2004). As it becomes more acces-
sible, there will soon be highly populated DArT marker databases. Major marker 
repositories also provide tools for the visualization of maps and comparisons with 
linkage maps from related species. The cereal markers repository Gramene provides 
cMAP, and the LIS allows the use of both cMAP and CMTV (Fig. 4.2). CMAP is 

Fig. 4.2 Tools for map generation and comparisons. (A) The cMAP tool available at the gramene 
website (B) CMTV available from the Legume Information Service website (C) The desktop 
application iMAS
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available under an open source license. CMTV allows viewing of multiple maps, 
the identification of correspondences as well as the combining of maps from different 
experiments to produce aggregate maps. This desktop application is also freely 
available (http://www.ncgr.org/cmtv/).

4.2.7.4  Software for Mapping and Association Analysis

The analysis of phenotypic and genotypic datasets leading to QTL maps, marker-aided 
selection and breeding involves the use of a number of different computing software. 
The last few years have seen a deluge of tools for map generation, association analysis 
and visualization. Many of these tools are available as freeware and some of them are 
open source (Table 4.3). There are several publications citing simulation software 
available to the plant breeder. Such tools have been used to investigate the introgres-
sion of one or several superior QTL alleles into a recipient line, to compare selection 
strategies based on proportion of recurrent parent genome recovered, and to investigate 
the effect of varying population size, marker density, marker positions, and required 
number of marker data points. Simulation approaches predict cross performance, com-
pare different selection methods, and identify best performing crosses and breeding 
strategies. Software like PBMASS (pedigree-based marker assisted selection system) for 
MAS and recurrent parent recovery in wheat and barley has been published although 
the software is not publicly available (Eisemann et al. 2004).

4.3  Closing the Gap to Meet Molecular  
Breeding Requirements

Molecular breeding calls for integration of various kinds of information: genetic 
resource information with phenotype information linked to the allelic profiles of 
specific germplasm accessions coupled with results arising out of comparative and 
functional genomics experimentation. The goal is to rapidly assay the genetic makeup 
of individual plants or varieties in breeding populations and make accurate phenotypic 
predictions. This knowledge can be used to design a genoytpe that is targeted to perform 
well under a given set of environmental conditions. Marker assisted breeding programs 
typically involve information gathering over a prolonged period of time, need a man-
agement system to keep track of this information, and require a suite of analysis tools 
to help the scientist/breeder make decisions regarding which individuals to use from a 
segregating progeny. There is a need for systems that allow information to be carried 
forward and backward between the steps of the breeding program, allowing the user to 
choose breeding schema, to identify markers for foreground and background selection, 
to track inheritance and to serve as an information repository for data pertaining to the 
parental source materials, linkage maps, loci and genotyping data, polymorphism 
information for background and foreground markers in the parents and recombinants. 
Such systems will also serve as a link between the field books, the MAS and marker 
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laboratory while providing easy to use interfaces and graphical visualization tools to 
view recombinant data. Thus, efficient use of DNA markers for crop improvement 
depends as much on computational tools as on laboratory technology. While informa-
tion systems are becoming available for the acquisition, storage and retrieval of data 
derived from high throughput experimentation procedures, systems for integrating 
them with other data sources for the benefit of the plant breeder are as yet lacking. 
Software remains to be implemented that caters to the data integration needs of a plant 
breeder. Software specific to the management of information in marker assisted 
breeding programs is unavailable in the public domain. There is information available 
about the existence of LIMS for sample handling and databases specific to plant 
breeding operations, but these are private software packages developed for industry 
operated MAS programs that are neither licensed nor sold. Efforts are now being made 
to develop such information management systems (an ongoing project at ICRISAT).

For genomics to be applied to plant breeding, there is need for high throughput 
techniques, cost effective protocols, precise determination of quantitative trait expres-
sion, besides bioinformatics platforms that provide for the ability to combine outputs 
from these along with curated data on allelic variation annotated with alterations in 
phenotype. Thus, a high degree of curation for annotation polymorphisms with phe-
notypic variations in different genetic backgrounds is required along with high quality 
sequence annotation in selected germplasm resources. The Information Systems must 
also link to model crop data sources like genomic, genetic maps and functional 
genomics data sources. Figure 4.3 indicates the desired flow of information and integra-
tion of data sources. Crop improvement programmes can incorporate the results of 
genomics projects if they were available to those involved, namely the breeders. This calls 
for the coming together of a common platform for various disciplines at various loca-
tions. An example of one such succesfull disparate data/location integration initiative 
is PlaNet, a collaborative network of bioinformatics groups and plant molecular 
biologists from several plant genome data centres in Europe (JIC, NASC, CNB/CSIC, 
VIB, PRI and MIPS). The PlaNET approach to data integration reduces the strain on 
individual resources, distributes the burden of data curation and maximizes the value 
of individual data collections (Schoof et al. 2004). The established platform intercon-
nects several databases, gathering external data into PlaNET through integration tools 
that allow flexible migration of data from various representations. This project uses 
BioMoby for interoperability. For crop improvement programmes to benefit from the 
various genomic resources and data collections, efforts such as these are needed that 
bring into the picture individual data sources held by groups that are involved in gen-
erating quality genotype, phenotype and genomics information for germplasm col-
lections. Since curation is a long term effort, a consortium of dedicated data 
providers who are willing to share quality data across a common informatics platform 
accessible to breeders is a required investment. Careful annotation of DNA polymor-
phisms is required, whether the variation is indeed linked to an alteration in pheno-
type or whether it is a neutral sequence variation. The existing disparities in resources 
available to model crops research relative to orphan crops that are important to a large 
section of people in the developing world also needs to be closed. Increased invest-
ment in such crops will undoubtedly see a concomitant increase in bioinformatics 
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data sources and adaptation/customization of tools developed for model crops. The 
availability of all this data through an integrated network of information to breeders 
who have been empowered to use it will provide the means to apply the outputs of 
modern technologies in crop improvement programmes.
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Abstract Development and application of molecular markers derived from genes, 
commonly called genic markers or sometimes functional markers, is gaining 
momentum in plant genetics and breeding. Availability of large amount of sequence 
data coming from genome/transcriptome sequencing projects as well as advent of 
next generation sequencing technologies together with advances in bioinformatics 
tools, marker discovery is becoming cheaper and faster. The availability of inex-
pensive high-density SNP-genotyping arrays is encouraging the plant genetics and 
breeding community to undertake genome-wide marker genotyping for a variety 
of applications. For instance, high-throughput and low cost genotyping assays for 
gene-based markers offers the possibility to accelerate the trait mapping based on 
high-density linkage mapping as well as genome-scanning based association map-
ping approaches in addition to facilitate physical mapping, comparative mapping, 
phylogenetic studies and understanding genome organization in crop plant species. 
Marker discovery, genotyping and molecular breeding practices would be routine 
in near future for crop improvement in many crop species. Advances in the area of 
marker discovery and genotyping using highly parallel genomics assays and also a 
few applications have been discussed in this chapter.

5.1  Introduction

Molecular markers are important genetic tools for plant breeders to detect the 
genetic variation available in the germplasm collection. During last two decades, 
varieties of molecular markers and in large numbers have been developed for 
almost all major crop species. Genetic variation detected by molecular markers has 
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been useful for understanding the genome dynamics as well improving the breeding 
efficiency. For instance, these markers have been utilized extensively for the prepa-
ration of saturated molecular maps (genetic and physical) and their association with 
genes/QTLs controlling the traits of economic importance has been utilized in sev-
eral cases for marker assisted selection (MAS) (Varshney et al. 2005b, 2006). As a 
result of extensive efforts undertaken at international level to identify molecular 
markers tightly linked with a large number of agronomic traits as well as tolerance/
resistance to abiotic and biotic stresses in major crop species, it has been possible 
to realize the potential of molecular markers to track loci and genome regions in 
several crop-breeding programmes (Gupta and Varshney 2004; Varshney et al. 
2006, 2007b). Other important uses of molecular markers include germplasm char-
acterization, genetic diagnostics, genome organization studies and phylogenetic 
analysis (see Jain et al. 2002; Varshney and Tuberosa 2007).

Classically, the molecular markers can be grouped in three main categories (Gupta 
et al. 2002): (1) hybridization-based markers: restriction fragment length polymor-
phism (RFLP), (2) PCR-based markers: random amplification of polymorphic DNA 
(RAPD), amplified fragment length polymorphism (AFLP) and microsatellite or 
simple sequence repeat (SSR), and (3) sequence or chip-based markers: single nucle-
otide polymorphism (SNP), diversity array technology (DArTs) and single feature 
polymorphism (SFP). Indeed, till recent past, molecular markers from the first two 
categories have been developed in majority of the crop species, which belonged to 
genomic DNA, and therefore could belong to either the transcribed or the non-tran-
scribed part of the genome without any information available on their functions. 
Nevertheless, during last few years, it has been possible to develop the markers from 
transcribed region of the genome or genes. Such markers have been popularly referred 
as functional markers/FMs (Anderson and Lübberstedt 2003; Gupta and Rustgi 2004), 
genic molecular markers/ GMMs (Varshney et al. 2007c) and gene expression 
markers/ GEMs (West et al. 2006b). Although development of gene-based markers is 
currently restricted to only limited crop species, the next generation sequencing 
technologies available very recently are enabling development of gene-based markers 
even in “orphan” crop species that are deficient in genomic resources (see Varshney  
et al. 2009). The present chapter deals with the advances made recently in the area of 
development of gene-based markers and methods of genotyping in crop species.

5.2  Gene-Based Marker System: Moving from Genes  
to Genome

As a result of establishment of several large scale genome/transcriptome sequenc-
ing and gene discovery projects in several plant species, a large number of genes 
have been identified through wet lab as well as in silico studies and a wealth of 
sequence data have been accumulated in public databases (e.g. http://www.ncbi.nlm.
nih.gov; http://www.ebi.ac.uk) in the form of BACs (bacterial artificial chromo-
somes), ESTs (expressed sequence tags), GSSs (genome survey sequences), full 
length cDNA clones and genes. Furthermore, excellent progress has been made in 
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the area of development of bioinformatics tools and databases (see the companion 
chapter in this volume by Jayashree and Hoisington). Because of these two main 
factors, the era of development of gene-based markers has taken off in plant sys-
tems and is in advanced stage at present (Gupta and Rustgi 2004; Varshney et al. 
2005a, 2007c, 2007d).

Based on the origin (polymorphic or non-polymorphic site in the gene), genic 
markers have been classified into two groups (Anderson and Lübberstedt 2003): (a) 
gene targeted markers (GTMs), that are derived from polymorphisms within genes, 
however not necessarily involved in phenotypic trait variation, e.g. EST-based molec-
ular markers (Schmitt et al. 2006); (b) functional markers (FMs) are derived from 
polymorphic sites within genes causally involved in phenotypic trait variation, e.g. 
candidate gene-based molecular markers. Depending on the involvement in the phe-
notypic trait variation, the FMs can be classified further into two subgroups: (a) direct 
functional markers (DFMs), for which the role for the phenotypic trait variation is 
well proven, and (b) indirect functional markers (IFMs), for which the role for phe-
notypic trait variation is indirectly known (Anderson and Lübberstedt 2003).

5.3  Marker Discovery

Several types of molecular markers can be developed from genes and therefore 
can be grouped under genic marker category. Since several review articles (e.g. 
Gupta and Rustgi 2004; Varshney et al. 2005a, 2007c) have discussed at length 
the development of cDNA or EST-based RFLP, SSR and SNP markers, this article 
would mainly discuss the development of genic markers from sequence and 
expression data.

5.3.1  Sanger Sequencing-Based Marker Development

As a result of sequencing the genomes and transcriptomes followed by annotation 
provided the entire/partial gene repository of several model plant species (e.g. 
Arabidopsis, Medicago, Lotus, Poplar) and major crop species (rice, wheat, maize, 
sorghum, soybean, grape). In such plant species, based on functional annotation, gene 
expression and physiological studies, candidate genes can be identified for marker 
development. However in several crop species e.g. rye, sweet potato, pigeonpea and 
millets that have less genomic resources, identification of candidate genes is not 
easily feasible. However, because of the availability of next generation sequencing 
technologies, it has been shown very recently that the genic markers can be developed 
in so-called orphan crop species also (Varshney et al. 2009).

5.3.1.1  Candidate Gene-Based Marker Discovery

Based on positional cloning and/or knowledge of plant metabolic cycles, informa-
tion on candidate gene(s) involved in the expression of a particular phenotype, is 
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Fig. 5.1 An example of SNP discovery and conversion of SNP into CAPS assay. Multiple 
sequence alignment for sequence data generated for 20 genotypes using LG95 marker has been 
shown in panel A. This alignment reveals 7 SNPs at positions 111 (T/C), 113 (C/G), 137 (C/T), 
140 (T/C), 155 (G/T), 176 (C/T/A) and 179 (T/C) in a window of 100 bp. SNP2CAPS analysis of 
these sequence data using SNP Pipeline developed at ICRISAT predicted the recognition site for 
restriction enzyme BclI at position 155. To verify the in silico identified restriction site involving 
SNP at 155 position, the PCR products of 20 genotypes generated by using LG95 marker were 
digested with restriction enzyme BclI. As a result, the PCR products, containing T nucleotide at 
155 position in 7 genotypes were digested, while the amplicons, containing G nucleotide at the 
same position in remaining 13 genotypes remained intact (panel B). Thus the SNP at 155 position 
could be easily genotyped on agarose gel using CAPS assay (unpublished results).

available in many cases in model or major crop species. The primer pairs designed 
for the candidate gene(s) can be used to generate the amplicon in several genotypes 
of a species. Sanger dideoxy-nucleotide sequencing of these amplicons provides 
the allele specific sequencing data which can be subjected for multiple sequence 
alignment (MSA) by using bioinformatic tools and analyzed for identification of 
SNPs in the candidate gene (Fig. 5.1).

5.3.1.2  EST-Based Marker Discovery

For majority of main crop species, a large number of ESTs generated from several 
genotypes of a species are available in the sequence databases. The redundant set 
of ESTs for a given species can be used for in silico SNP discovery by employing 
bioinformatic scripts and tools for SNP discovery. A large number of bioinformatics 
tools or pipelines are available in public domain for identification of SNPs 
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(Table 5.1). Basically, all these tools/pipelines perform clustering on redundant set 
of ESTs and the ESTs representing one gene are grouped under one cluster, which 
can be visualized for the occurrence of SNPs. The SNP(s) identified by using this 
approach, however, should be verified either by checking the sequence chromato-
gram of ESTs or validated by wet lab experiments, as in silico SNPs may have been 
observed as a result of sequencing error.

5.3.1.3  Intron Targeted Marker Development by Using Comparative 
Genomics Approach

Sequence diversity projects undertaken in several crop species using large num-
ber of genes (and different parts of gene) suggested higher frequency of SNP in 
intronic regions of the gene (Ching et al. 2002; Rajesh and Muehlbauer 2008). 
Therefore the markers developed from intronic region in general show high level 
of polymorphism (Bertin et al. 2005). In case of well-characterized species, exon-
intron boundaries can be defined using tools like FEGNESH, etc. and subsequently 
primer pairs can be designed using the flanking exonic sequence of an intron to 
amplify intronic region (Feltus et al. 2006).

By using the genome sequence data of Medicago and Lotus and EST data of soy-
bean and Medicago, >3,000 primer pairs targeting intronic regions have been devel-
oped in the laboratory of Doug Cook at UC-Davis, USA (DR Cook, personal 
communication) to develop gene-based conserved orthologous sequence (COS) 
markers in legume species. These primer pairs have been used to amplify the intronic 
regions in the parental genotypes of mapping populations of seven legume species 
including chickpea, common bean, groundnut, cowpea and pigeonpea which are 
being sequenced at present to identify the SNPs between parental genotypes of the 
mapping populations of these species. This study is expected to develop the extended 
version of comparative legume genetic maps developed earlier by Choi et al. (2004). 
Development of intron targeted markers has been successful even in under-
resourced crop species. In such cases, the ESTs of the targeted species are 
BLASTed against the genome sequence of closest model genome sequence data to 
identify the exon–intron boundaries. In this way, intronic sequence can be identified 
and exonic sequence of the ESTs are used to design the primer pairs to amplify the 
intronic region. Based on this concept, after aligning the ESTs of sorghum, pearl mil-
let, Allium and Musa with rice genome, >3,600 primer pairs, called conserved intron 
spanning primers (CISPs) have been developed for monocot species (Feltus et al. 
2006; Lohithaswa et al. 2007; http://www.plantgenome.uga.edu/CISP/). Following 
the similar approach, a larger number of gene-based markers have been developed 
and used for diversity and mapping studies in pearl millet (Bertin et al. 2005), lupin 
(Phan et al. 2007), etc. Recently developed “cisprimerTOOL” at ICRISAT (http://
www.icrisat.org/gt-bt/CISPTool.htm) for the identification of conserved intron scan-
ning regions using EST alignments to a completely sequenced model crop genome 
and designing conserved intron scanning primers will greatly facilitate development 
of CISPs in several orphan crop species (Jayashree et al. 2008).



1275 Gene-Based Marker Systems in Plants

5.3.2  Expression Polymorphism-Based Markers

Comprehensive gene expression platforms are available in several crop species 
that has made it possible to undertake transcriptome profile of different tissues of 
the same genotype or same tissue of different genotypes (Sreenivasulu et al. 
2004; Krist and Yu 2007). Several recent studies have demonstrated the use of 
transcript abundance data from genomic DNA/reduced complexity genomic DNA 
or cRNA hybridizations to microarrays (Affymetrix) to reveal genetic polymor-
phisms, if the transcript profiling has been done on different genotypes of the 
species. This polymorphism, also called expression level polymorphism (ELP), 
has been used as marker to genotype individuals in mapping populations (West 
et al. 2006a, 2006b).

Initially, Affymetrix GeneChips were used for identifying ELPs (Winzeler 
et al. 1998). Affymetrix GeneChips basically contain 11 different 25 bp-oligos 
covering features of the transcribed regions of each of several thousand genes. 
Each of these features for every gene on the GeneChip is present as a so-called 
perfect match (PM) and mismatch (MM) oligonucleotide. While the PM exactly 
matches the sequence of a particular standard genotype (e.g. one parent of a 
mapping population), the MM differs from this in a single substitution in the 
central 13th base. Therefore, if the parental genotypes of a mapping population, 
used for expression study, differ in the amount of mRNA produced by the par-
ticular tissue, this should result in a relatively uniform difference in their 
hybridizations across the 11 features. Furthermore, if the parental genotypes 
produce the same amount of mRNA but contain a genetic polymorphism within 
their DNA which coincides with one particular feature (or overlapping fea-
tures), this would also result in differential hybridizations, however confined to 
that feature alone. Such polymorphism observed has been termed as single 
feature polymorphism (SFP) (Borevitz et al. 2003). Majority of studies dealing 
with discovery and genotyping of SFP have been conducted in sequenced and 
well-characterized model species such as yeast, mouse and Arabidopsis (Brem 
et al. 2002; Borevitz et al. 2003; Bing and Hoeschele 2005; Bystrykh et al. 
2005; Ronald et al. 2005; Kumar et al. 2007). Nevertheless, recently in large 
and complex genome species such as barley, Cui et al. (2005) and Rostoks et al. 
(2005) hybridized barley expression microarrays with cRNA, to reduce target 
complexity, and detected thousands of SFPs. To establish the sensitivity and 
specificity of SFP prediction in species with complex and unsequenced 
genomes, Luo et al. (2007) explored four methods for identifying SFPs from 
microarray experiments involving two tissues in two barley genotypes and  
their doubled haploid (DH) progeny. They identified >4,000 separate SFPs that 
accurately predicted the SNP genotypes of >98% of DH lines. Very recently, 
the use of cross species platform has been demonstrated for identification of 
SFPs. For instance, Das et al. (2008) hybridized soybean microarray with 
cRNA of cowpea and identified >1,000 SFPs in parental genotypes of mapping 
populations of cowpea.
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5.3.3  Next Generation Sequencing Technologies  
for Genome-Wide Marker Discovery

Several crop genomes have already been sequenced or in advanced stage of 
sequencing, that has enhanced our understanding of genome architecture. However, 
such data will have limited relevance to many other important species which are 
generally distantly related to model organisms. Genome sequencing in non-model 
organisms has the potential to also be greatly enhanced by developments in 
sequencing technologies. Recent developments, due to growing interest in human 
genome re-sequencing, nucleic acid chemistry, nanotechnology and microscopy 
have led to a new generation of sequencing and genotyping technologies. These 
new technologies sequence DNA very fast and cheap, however in short fragments. 
These new methods are currently driving down sequencing costs and increasing 
capacity at an unprecedented rate that makes the whole genome resequencing 
possible (Hudson 2008; Mardis 2008; Gupta 2008).

At present, three main sequencing methods of next generation sequencing 
technologies are commercially available: (a) 454/FLX sequencing, (b) Solexa/
Illumina 1 GB SBS (sequencing-by-synthesis) technology, and (c) AB SOLiD 
(Sequencing by Oligonucleotide Ligation and Detection) technology (Varshney  
et al. 2009). For all these DNA sequencing methods, genomic DNA is randomly 
sheared and individual DNA molecules are then immobilized on a solid support, 
which can be a microscopic bead (in this case one molecule is affixed to each 
bead) or a macroscopic support such as a flow cell or slide (in this case many 
molecules are arrayed randomly on the support) (Fan et al. 2006). Subsequently 
these individual DNA molecules are then amplified using the PCR. In case of 
bead-based methods, amplification is done in an emulsion phase where the beads 
are protected from cross-contamination by the barrier of an immiscible solvent. 
The polymerase colonies, often called ‘polonies’ or ‘clusters’, which are clonally 
identical DNA molecules either attached to a single bead or attached to a localized 
region on a solid support. While in bead-based methods, the beads are then either 
themselves immobilized on a planar support, or placed in individual microscopic 
wells, in case of non-bead-based methods the polonies are generated in situ. After 
producing a planar array of polonies, the respective sequencing chemistry is 
applied directly to the molecules on the support. Instead of separating elongation 
products, the sequence is interrogated at every base, by the use of either fluores-
cence or chemiluminescence to directly detect the incorporation of a base-specific 
chemical probe.

In addition to above mentioned three technologies, one new method called 
Single Molecule Sequencing, also known as third generation technology has 
received a great deal of attention and has potential to further increase throughput. 
Infact, various single-molecule and other sequencing and resequencing methods are 
under development in academic laboratories, and at several companies such as 
Biotage, Helicos, Li-Cor, Microchip Biotechnologies, Nanofluidics, Nanogen, 
Network Biosystems and Visigen (Hudson 2008). These next generation sequencing 
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technologies can be used for genome-wide marker discovery in both model/major 
and under-resourced crop species. Several bioinformatics tools and pipelines have 
been developed recently for analyzing the next generation sequence data for SNP 
discovery (Table 5.2). Indeed the bioinformatics community across the world is 
actively engaged in improving the tools for analyzing the next generation sequence 
data with higher accuracy and efficiency (Hillier et al. 2008; Smith et al. 2008; 
Varshney et al. 2009).

5.3.3.1  Re-Sequencing in Well-Characterized Species

In the species, which have genome or EST sequence data, genotypes of interest 
e.g. parental genotypes of mapping populations can be subjected for next genera-
tion sequencing technologies for genome-wide marker discovery. Re-sequencing 
can be done on cDNA population as well as genomic DNA (reduced representa-
tion genome) of different genotypes. Sequencing data generated using the next 
generation sequencing technologies can be aligned with the reference genome 
(genome/ transcriptome assembly). In such a way, genome-wide variants can be 
identified between the genotypes or compared to the reference genotype. For 
instance, based on 454 sequencing the transcriptomes of shoot apical meristems 
from two maize inbred lines namely B73 (260,000 reads) and Mo17 (280,000 
ESTs), >36,000 SNPs were detected within 9,980 unique B73 genomic anchor 
sequences (Maize Assembled Genomic Islands, called MAGIs). Stringent post-
processing reduced this number to >7,000 putative SNPs; over 85% (94/110) of a 
sample of these putative SNPs were successfully validated by Sanger sequencing 
(Barbazuk et al. 2007). Similar kind of SNP discovery projects using 454 and/or 
Solexa sequencing are underway in several other crop species like soybean (Hyten 
et al. 2008), chickpea (May et al. 2008), pigeonpea (ongoing studies at ICRISAT and 
NRCPB, India).

In case of rice, where the genome sequence is available, International Rice 
Research Institute (IRRI), in collaboration with its partners, employed array-based 
resequencing technology using very high-density oligomer arrays for genome-wide 
SNP discovery in 20 diverse varieties at Perlegen Biosciences (Kenneth McNally, 
personal communication). Under this project, 100 Mb of the Nipponbare rice 
genome (IRGSP release 4) corresponding to the fraction with little or no repetitive-
ness was chosen for SNP discovery. Perlegen designed 25-mer oligos with single 
base offsets tiled across the 100 Mb fraction of the genome for both strands with 
the 13th base in full degeneracy with each target position in the reference sequence 
interrogated by eight oligos. Subsequently, independent long-range PCR amplicons 
were produced for target pools across the regions arrayed on a particular wafer or 
chip. These LR-PCR amplicons were pooled, labeled and hybridized to the wafers. 
Based on Perlegen’s model-based algorithms, 259,721 non-redundant SNPs have 
been predicted among 20 varieties. The estimated SNP frequency (2.6 SNPs per kb) 
is comparable to the figures obtained from pairwise comparisons of indica and 
japonica rice varieties.
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5.3.3.2  De novo Sequencing of Under-Resourced Crop Species

Although next generation sequencing technologies are ideally meant for re-
sequencing, de novo sequencing can also be undertaken with these sequencing 
technologies. Alignment of the smaller fragments without the availability of the 
reference genome, however, becomes quite tedious if not impossible. In such case 
more than one genotype can be used for generating the sequence data using 454/
Solexa/AB SOLiD technologies. Alignment of these sequence data can be facili-
tated by: (1) genome or transcriptome sequence data of model/major crop species 
closely related with the species; (2) whole transcriptome or reduced representation 
genome sequence data of the species, generated using 454 sequence technology. 
Aligning of sequence data of more than two genotypes of the species by using one 
of the above approaches provides the confidence in aligning the short sequence and 
detecting the sequence variants. Although several bioinformatic tools and algo-
rithms are currently available (Table 5.2), efforts are continuously underway at 
several places to improve the accuracy of alignment of next generation sequence 
data (Smith et al. 2008). A web-based cyber infrastructure platform, called Alpheus 
(http://alpheus.ncgr.org/), is very useful for pipelining, visualization and analysis of 
GigaBase-scale sequence data for identification of SNPs.

A preliminary study dealing with Solexa sequencing of drought challenged root 
trasncriptomes of two genotypes of chickpea, ICC 4958 and ICC 1882 carried out 
at ICRISAT in collaboration with National Centre for Genome Resources (NCGR), 
USA (Greg May and Andrew Farmer) and University of California, Davis, USA 
(Doug Cook), has demonstrated the utility of next generation sequencing technol-
ogy for SNP discovery in a species without the reference genome (May et al. 2008). 
Half run of Solexa sequencing on the pooled RNA samples from ICC 4958 and 
ICC 1882 yielded 5.2 × 106 and 3.6 × 106 sequence reads respectively. In order to 
analyze the generated Solexa datasets, the following three set of sequence resources 
were used in Alpheus pipeline: (1) Medicago truncatula (Mt) IMGAG 
(International Medicago Genome Annotation Group) gene assembly representing 
29.5 Mb sequence data, (2) Cicer arietinum transcript assembly (Ca TA) of JCVI 
(The James Craig Venter Institute) representing 681 kb sequence data and (3) Cicer 
arietinum (Ca) BAC-end sequence (Ca BES) data representing 16.4 Mb sequence 
data. Bioinformatic analysis revealed matches of Solexa tags with 5,886 genes in 
cases of ICC 4958 and 7,338 genes in ICC 1882, respectively. Although detailed 
analysis for SNP discovery is underway, the preliminary analysis suggested the 
occurrence of SNPs at least in 500 cases.

5.4  Genotyping Assays

After identifying the SNPs in genes, optimizing or developing the appropriate 
platform for SNP genotyping is another important task. At present more than 30 
SNP genotyping assays are available and each of them is having some merits as 
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well as constraints (Gupta et al. 2001, 2008). A critical comparison of a selected 
SNP genotyping assays has been made recently by Bagge and Lübberstedt 
(2008). Instead of discussing different kinds of assays in this article, some 
important and/or most commonly used SNP genotyping assays are discussed. 
These assays can be selected and optimized based on costs available and 
intended objective.

5.4.1  Low-Throughput and Inexpensive Genotyping Assay

When only few SNP-based genic markers need to be genotyped or limited financial 
resources are available, inexpensive SNP genotyping assays can be used. Different 
kinds of inexpensive SNP genotyping assays are currently available, only two 
assays have been given here.

5.4.1.1  Cleaved Amplified Polymorphic Sequences (CAPS)

Under this approach, the sequence alignment for more than two genotypes 
that contained SNPs is subjected to identify the restriction sites for restriction 
enzymes. This procedure can be facilitated by using bioinformatics tools, 
available in public domain (Table 5.1) that use multiple sequence alignments 
for several genes/markers in a batch file. The principle of these programmes 
is identification of recognition site and their corresponding restriction enzyme 
if the SNP present in multiple sequence alignment creates some recognition 
site for a restriction enzyme. Subsequently, the gene sequence can be ampli-
fied in germplasm through PCR and amplicon can be digested with the 
restriction enzyme identified by the programme and visualized on agarose 
gel. By using such methodology more than 80 EST-based SNP markers were 
converted into cost-effective CAPS markers (Kota et al. 2007). The approach 
has been used for assaying SNPs in many crop species, e.g. chickpea 
(Varshney et al. 2007d; Rajesh and Muehlbauer 2008), rye (Varshney et al. 
2007a), rice (Komuri and Nitta 2005). Development of SNP markers and their 
optimization into CAPS assay is underway at ICRISAT (Reddy et al. unpub-
lished). An example of such a CAPS-based genic SNP marker has been shown 
in Fig. 5.1.

In case, the SNP present in the genotypes of interest does not provide the recognition 
site for a restriction enzyme for CAPS assay, a modified technique called dCAPS 
(derived cleaved amplified polymorphic sequences) assay can be developed by 
creating a mismatch in a PCR primer to create a polymorphism based on the target 
mutation (Neff et al. 1998, 2002). In case of chickpea, genic SNP markers, which 
could not be converted to CAPS markers, are being assayed as dCAPS markers at 
ICRISAT (Reddy et al. unpublished).
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5.4.1.2  Single-Strand Conformation Polymorphism (SSCP)

In general polyacrylamide gel electrophoresis doesn’t allow detection of polymor-
phism due to difference of one base pair length/type. Single stranded DNA confir-
mation polymorphism (SSCP) methodology, however, allows detection of 
polymorphism due to differences of one or more base pairs in the PCR products 
that is suitable for SNP genotyping. The methodology relies on the secondary struc-
ture being different for single strands derived from PCR products that differ by one 
or more nucleotides at an internal site. For assays using SSCP methodology, PCR 
products of different genotypes carrying the SNP site are denatured and electropho-
retically separated in neutral acrylamide gel. Because of occurrence of SNPs in 
different genotypes, the gel will show the difference in the length of the resolving 
fragments. This methodology has been used in several species like Picea (Germano 
and Klein 1999), pearl millet (Bertin et al. 2005), cassava (Castelblanco and 
Fregene 2006).

5.4.2  High-Throughput Genotyping Assays

Due to the availability of highly parallel genomic assays at present, large scale 
SNP-based marker genotyping is possible in cost-effective and relatively less time 
(Gupta et al. 2008). Majority of time, such genotyping assays are available as ser-
vices offered by companies or genotyping centres.

5.4.2.1  GoldenGate Assay

GoldenGate assay of Illumina Inc. is probably the most popular large scale 
genotyping assay at present (Fan et al. 2003). The methodology deals with 
hybridization of allele (SNP)-specific primers directly to genomic DNA immo-
bilised on a solid support. In case of a perfect match the primer is extended and 
the extension product is ligated to a probe hybridised downstream the SNP 
position. Subsequently, the ligated product is amplified by PCR using universal 
primers that are complementary to a universal sequence in the 3□-end of the 
ligation probes and 5□-ends of the allele-specific primers, respectively. It is 
important to note that the ligation probe contains a SNP-specific Tag-sequence 
while the universal allele-specific primers carry an allele-specific fluorescent 
label in their 5□end. After performing PCR, the amplified products are captured 
on beads carrying complementary target sequences for the SNP-specific Tag of 
the ligation probe. The beads are kept in fiber-optic array bundle that has a com-
patible format with 96-well microtiter plates. As a result, the GoldenGate assay 
supports genotyping of 96-, 192-, 384-, 768- and 1536 custom selected SNPs in 
a single reaction over a 3-day period.
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Among plant systems, the GoldenGate assay-based SNP genotyping was under-
taken for the first time in barley where barley community, in consultation with 
Illumina Inc., developed the GoldenGate assay for 1,536 SNPs selected based on 
EST mining (Rostoks et al. 2006). Inspired by high-throughput and low cost geno-
typing, the barley community has developed a total of three pilot Illumina oligonu-
cleotide pool assays (OPAs) each containing 1,536 SNPs, under the barley 
coordinated agriculture project (CAP) in USA. These three OPAs have been used to 
map three mapping populations and genotype germplasm sets from the United States 
and Europe. From these three pilot OPAs, over 3,000 high quality SNPs have been 
used to design two OPAs (3,072 SNPs) for genotyping. These two OPAs will be 
used for genotyping 960 breeding lines of barley (http://www.barleycap.org/;  
TJ Close, personal communication). In soybean also, a custom 384-SNP GoldenGate 
assay was designed using SNPs discovered through the re-sequencing of five diverse 
accessions (Hyten et al. 2008 ). Allelic data were successfully generated for 89% of 
SNP loci (342 of the 384) and finally a gene-based integrated map with 334 SNP 
loci was prepared.

5.4.2.2  Whole-Genome Genotyping Infinium Assay

Based on Array-CGH (comparative genomic hybridization), Illumina Inc. introduced 
a very high-density SNP genotyping technology to genomic profiling, termed SNP-
CGH, that allows simultaneous measurement of both signal intensity variations and 
changes in allelic composition. The utility of SNP-CGH was demonstrated with two 
Infinium whole-genome genotyping BeadChips, assaying 109,000 and 317,000 SNP 
loci, to detect chromosomal aberrations in samples bearing constitutional aberra-
tions as well tumor samples at sub-100 kb effective resolution in human system 
(Peiffer et al. 2006).

Under the Infinium assay, firstly whole-genome amplification step is used to 
increase the amount of DNA up to 1,000-fold. Subsequently, the DNA is fragmented 
and captured on a BeadArray by hybridization to immobilised SNP-specific primers 
that is followed by extension with hapten-labelled nucleotides. As a result, the 
primers hybridize adjacent to the SNPs and are extended with a single nucleotide 
corresponding to the SNP allele. Finally, the incorporated hapten-modified nucle-
otides are detected by adding fluorescently labelled antibodies in several steps to 
amplify the signals. Data analysis under Infinium assays is performed using scatter 
plots as for the GoldenGate assay.

Very recently, Illumina Inc. announced development of the Infinium HD 
Human1M-Duo (two samples/chip) and the Human610-Quad (four samples/chip) 
system, featuring up to 2.3 million single nucleotide polymorphisms (SNPs) per 
BeadChip (www.illumina.com). Both arrays on the Human1M-Duo BeadChip 
contain markers for more than one million diverse genetic variants, all of which can 
be used for both whole-genome genotyping and copy number variation (CNV) 
analysis. The four-sample format of the Human610-Quad BeadChip offers a 
significant increase in sample throughput and reduced handling in the lab, as it has 
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550,000 SNPs plus an additional 60,000 genetic markers per sample. Although 
Infinium assay have not been developed in plant systems so far, availability of 
sequence data, next generation sequencing technologies for high density SNP 
discovery in some plant species like rice, maize, soybean may encourage the plant 
science community to undertake developing and using the Infinium assay soon.

5.5  Applications of Gene-Based Markers  
in Crop Improvement

Gene-based or functional markers (FMs) can be used for all the applications where 
traditional markers have been or can be used. In addition, the use of FMs provide 
added value for a particular application aimed at crop improvement. For instance, 
on one hand the FMs have been proven the “perfect markers” for foreground selection 
in marker-assisted selection (MAS), the availability of (or possibility to develop) 
low cost and high throughput genotyping platforms for gene-based markers (e.g. 
GoldenGate assays/Illumina arrays) for many crops make these markers the most 
suitable markers for background selection in marker-assisted breeding (MAB). 
When these markers are used in the genetic diversity studies, they assay the func-
tional genetic variation in the germplasm collection and therefore can be used for 
allele mining and association genetics studies. Due to their origin from conserved 
proportion of the genome, gene-based markers of a species can be used in related 
species for a variety of applications including enhancing the density of genetic 
maps (Varshney et al. 2007a) and understanding the genome relationships and 
evolution (Stein et al. 2007). The utility of gene-based markers has been illustrated 
in selected two areas in following sections.

5.5.1  Superiority of FMs over Traditional Markers in MAS

Since 1990s, molecular markers have shown their applications for MAS in several 
crops (see Jain et al.2002 ; Gupta and Varshney 2004; Varshney and Tuberosa 
2007). Large scale deployment of molecular markers in public breeding programme 
was initiated in 1997 at the Australian Molecular Plant Breeding Cooperative 
Research Centre (MPB CRC) in case of wheat (Eagles et al. 2001; Langridge 2005; 
Varshney et al. 2007b), shortly afterwards, such programmes were started in USA 
(MASwheat, that has been transformed into Wheat CAP recently – http://maswheat.
ucdavis.edu/), Europe and China. Majority of these programmes have been deploying 
the SSR or STS/SCAR (developed from RFLPs) markers closely linked to disease 
resistance genes and agronomic traits.

A large number of markers associated with QTLs/genes for resistance/tolerance 
to biotic/abiotic stress as well as agronomic traits are reported every year in the 
form of research publications. However transfer of markers to practical plant breeding, 
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in the same proportion has not taken place at all or took longer than expected 
(Tuvesson et al. 2007). As a result, lots of claims have been made about what great 
things genomics does, but very little has been put into application (Varshney and 
Tuberosa 2007). One reason for this is the reduced reliability of diagnostic value of 
linked markers due to genetic recombination between marker and target locus 
(Bagge and Lübberstedt 2008). Such recombination, majority of times, impairs 
transfer of marker information from experimental mapping population to unrelated 
breeding materials. However this is not the case with gene-based and especially 
FMs that are derived from polymorphic sites within gene coding sequences caus-
ally affecting phenotypic trait variation. As a result, the FMs, as compared to 
anonymous markers including SSRs that were considered as markers of choice till 
recently, are more reliable for identification and selection of favourable alleles, as 
absence of recombination between marker and target locus increases the diagnostic 
power of the marker in the marker-based selection of genotypes.

In view of above, the FMs have been considered as ‘good translators’ from 
genomic technologies into improved crop varieties (Thro et al. 2004; Bagge et al. 
2007). For example, in case of wheat, a STS marker for polyphenol oxidase (PPO) 
activity developed from the EST of the PPO gene, was found to discriminate accurately 
between 233 Chinese varieties with low and high PPO activity (Sun et al. 2005). 
Gene specific markers for waxy starch were used to select the wheat materials in 
Australia that had the wx-B allele, which is associated with good Asian noodle 
quality (Murai et al. 1999).

As mentioned earlier, development of FMs requires functionally characterized 
genes, the identification of polymorphic/functional site that affect plant phenotype 
within the corresponding genes and the validation of association between DNA 
polymorphisms and trait phenotype (Bagge et al. 2007), FMs have been developed 
so far only for selected traits and in few crops. For example, in case of rice, the 
cloning of the gene xa-5 underlying the bacterial blight resistance (Iyer and 
McCouch 2004) has made it possible to develop functional markers for xa5-mediated 
resistance (Iyer-Pascuzzi and McCouch 2007). Bagge et al. (2007) and Bagge and 
Lübberstedt (2008) have recently summarized the current status on cloning of 
genes in wheat and their potential for functional marker development. A list of 
cloned genes in some major cereals like rice, wheat, barley and sorghum is available 
in Varshney et al. (2006) that could be used to develop FMs. Recent advances in the 
area of genomics like next generation sequencing technologies and high-throughput 
genotyping platforms mentioned earlier should facilitate the development and 
application of FMs in several crop species in coming years (Varshney et al. 2009).

5.5.2  Utility of Gene-Based Markers for Allele Mining

Gene-based markers and especially FMs are a better resource for allele mining for 
the corresponding gene from which the markers developed. The main approaches 
for allele mining include TILLING (targeting induced local lesions in genomes, see 



1375 Gene-Based Marker Systems in Plants

Till et al. 2007), EcoTILLING (see Till et al. 2007) and candidate gene/FM 
sequencing. While TILLING approach deals with identification of new alleles after 
screening the mutant population for the candidate gene/FM, the EcoTILLING and 
candidate gene/FM sequencing approaches identity the natural allelic variation in a 
germplasm collection. By using TILLING approach, Slade et al. identified 246 
alleles each homoeologue in 1,920 allohexaploid and allotetraploid wheat individuals. 
These alleles encoded waxy enzymes ranging in activity from near wild type to null, 
and they represented more genetic diversity than had been described in the preceding 
25 years. An example of use of EcoTILLING for allele mining can be seen in case 
of rice for a gene “putative ethylene-responsive element binding protein 3 (ERF3) 
that colocalized with a drought QTL as 136.6 cM on chromosome 1 (Wang 2005). 
EcoTILLING in 2 kb ERF3 regions showed 25 SNPs and 5 indels defining 9 
haplotypes (hap1 to hap9). Furthermore a significant association was reported 
between hap9 and yield stability in indica rice group.

Sequencing of candidate gene for the corresponding FM in an appropriate germ-
plasm collection is a comprehensive approach for allele mining (Varshney et al. 
2005b). For majority of the cereal and legume crops, a vast collection of genomic 
resources is available in genebanks of international agricultural research centres 
(IARCs) and national genebanks in different countries. In order to utilize the ger-
mplasm of genebank in breeding programme in the efficient way, the manageable 
collection of germplasm called “core collection”, “mini-core collection”, “reference 
collection” etc. have been developed in several crop species (e.g., Varshney et al. 
2007c). Sequencing of the corresponding gene(s) for the FM in these germplasm 
collections provides a range of alleles for the given FM/gene. Phenotyping of the 
germplasm collection for the respective trait and their analysis with allele data 
should provide the better alleles for the respective trait (Slade and Knauf 2005). 
Infact, such allele mining and association genetics approaches are being used in 
several crop species to link genetic diversity with trait phenotype (Ersoz et al. 2007). 
This will help breeders to move towards allele-based selection in their breeding 
programmes.

5.6 Conclusions and Prospects

While development of markers and genetic map was an expensive and time con-
suming task till few years ago, availability of gene/genome sequence data together 
with high-throughput marker discovery and genotyping platforms have made the 
development of genic markers easier and faster. For instance, availability of three 
OPA assays in barley has provided 2,801 mappable gene-based SNP markers. 
Indeed, because of the possibility of large scale genotyping (with 1,536 SNP 
markers) of European barley cultivars, it was demonstrated that whole genome 
scanning-based association mapping is feasible in self-pollinated species like bar-
ley (Rostoks et al. 2006). Similar kinds of mapping efforts were undertaken in 
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soybean, maize, wheat, etc. and underway in many other crop species. High density 
marker genotyping is proving useful on one hand to anchor genetic map and physi-
cal map, linkage-disequilibrium-based association mapping approach is becoming 
possible for trait mapping. Among gene-based markers, the FMs are the “perfect 
markers” for foreground selection in MAS and therefore development of genic 
markers and especially FMs in different crops in coming future will enhance the 
application of MAS in breeding programmes and also for allele mining for the cor-
responding gene(s) using the germplasm collection held in genebanks or mutant 
populations. Availability of high-throughput genome-wide and low cost genotyping 
platform provides opportunities to accelerate breeding practices through the use of 
markers in background selection during marker-assisted breeding.

Recent advances in nanotechnology, nucleic acid chemistry, computational biology 
and automation indicates that development and application of gene-based markers 
using high-throughput marker discovery and genotyping assay is still a relatively 
young field, and more exciting advances are expected in the future. One of the great 
promises of genic markers, using high-throughput approaches, is that the ability to 
carry out comprehensive genomic analyses easily, inexpensively, accurately and 
rapidly with high sensitivity should create a new generation of routine genomic 
tools to assist the crop breeding.
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Chapter 6
Automation of DNA Marker Analysis for 
Molecular Breeding in Crops

Christophe Dayteg and Stine Tuvesson

Abstract Plant breeders constantly need to adapt their research to the ever-changing 
market needs and agricultural practices. To achieve these goals, they need to com-
petently combine different genetically-governed characters in a genotype, this is 
a complex, time-consuming and labour intensive task. In modern plant breeding, 
molecular markers are of increasing importance, and it is today undeniable that 
their application inhold tremendous possibilities to increase plant breeding effi-
ciency. While the methods are more widely adopted, the capacity for high-through-
put analyses at low cost becomes crucial for their practical use. To be attractive it 
is necessary that molecular technology is able to promptly handle sufficiently large 
amounts of material at reduced costs. Automation of the analysis processes is a way 
to meet these requirements. In that purpose, the specific needs of molecular appli-
cations in practical plant breeding are investigated in this chapter. The particular 
approach of a plant breeding company to automate them, in order to increase their 
availability to breeding programs, is described.

S.M. Jain and D.S. Brar (eds.), Molecular Techniques in Crop Improvement,
DOI 10.1007/978-90-481-2967-6_6, © Springer Science+Business Media B.V. 2010

6.1  Introduction

Traditionally, crop improvement has been achieved through the selection of 
observable phenotypes, representing the collective effect of all genes and the envi-
ronment. This is a time consuming effort that is largely dependant on the perfor-
mance of the selected candidates under certain environmental conditions. It is 
limited by the necessity that the phenotype has to be observable before the time 
when selection decisions have to be made or by its effectiveness in resolving nega-
tive association between genes. Hence, plant breeders’ great interest in technologies 
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that could make this procedure more efficient (Dekkers and Hospital 2002; Korzun 
2003). Molecular markers are now a well-established technology that can be used 
in large breeding programmes to complement the traditional breeding process 
(Tuvesson et al. 2007). This chapter describes the automation of molecular marker 
analysis at the marker laboratory of Svalöf Weibull AB (SW) and is based on 
results published in a Ph.D. thesis: “Automation of Molecular Marker in Practical 
Breeding of Spring Barley (Hordeum vulgare L.)” (Dayteg 2008).

6.2  Plant Breeding and Molecular Markers

The exploitation of factors co-segregating with a trait in a simple Mendelian 
fashion in order to understand its inheritance is an old notion, but these simply 
inherited morpho-physiological variants are very rare1 (Bergal and Friedberg 1940). 
They remained of restricted use for practical breeding purposes until the development 
of biochemical markers in the 1960s (Koebner 2003). However, it was not until the 
introduction of DNA marker technology in the 1980s, that a large enough number 
of environmentally insensitive genetic markers could be generated. Restriction 
fragment length polymorphisms (RFLPs) were the first DNA markers to be suc-
cessfully used in plants (Helentjaris et al. 1985). However, as these markers are 
time-consuming, labour-intensive and require large amounts of DNA, their use was 
gradually supplanted by more user-friendly techniques (Gupta et al. 1999). Indeed, 
the development of the polymerase chain reaction (PCR, Saiki et al. 1988) has 
made DNA marker-techniques quicker and cheaper. Several PCR-based markers 
such as random amplified polymorphic DNAs (RAPDs), amplified fragment length 
polymorphisms (AFLPs), simple sequence repeats (SSRs or microsatellites), inter-
SSRs (ISSRs) and most lately single nucleotide polymorphism (SNP) have been 
developed and applied to a wide range of crop species including cereals. The relative 
pros and cons of these techniques are summarized in Table 6.1.

Under the past decades, the molecular marker technology has rapidly evolved 
into a valuable tool able to dramatically enhance the efficiency of conventional 
plant breeding (Peleman and van der Voort 2003). Its various uses, as exemplified 
in the different chapters of this edition, have given modern crop improvement new 
potentials unthinkable until recently i.e. association mapping, induced mutagenesis, 
Tilling etc. Simultaneously as biotechnology produces these efficient tools to 
assist plant breeders in their enterprise, it also provides them with new possibilities 
of gene transfer. To breed and/or distinguish genetically modified (GM) individu-
als, may not differ much from other traits, however, molecular markers is the only 

1In 1875 von Proskowetz used ear selection as a predictor of malting quality. Tolerance to pre-harvest 
sprouting in wheat was known to be associated with red kernels (Nilsson-Ehle 1914) allowing indi-
rect selection for this trait. In the 1920’s simple colour traits were used to predict seed weight in 
common bean, and fruit size in tomato. Others were used for varietal discrimination (DUS).
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technique available capable of differentiating GM transformation-events. The 
increasing insight provided by the genomics era presents wider possibilities to 
compare gene structure and function in divergent organisms. Comparative mapping 
allows the transfer of information among orthologous genes or homologous chro-
mosomes. This is not only useful for better mapping, gene cloning and character-
ization but also for marker discovery (Sorrells and William 1997) and the 
comprehension of the processes’ underlying genetics.

6.2.1  Molecular Approaches Used in Practical Plant Breeding

Nonetheless, when it comes to practical plant breeding, the use of these molecular 
applications is usually limited. Breeders’ approach is very pragmatic, for a character 
under study the benefits of using molecular tools have to be greater than the assay-cost. 
There are however two approaches where marker technology are undeniably 
very valuable.

First, as it enables DNA markers to be linked to traits of interest (Fig. 6.1) and 
to direct the selection towards these markers instead of the phenotypic reaction of 
superior plants (Edwards and Mogg 2001). Hence, the selection of desirable geno-
types can be done directly at the DNA-level in a non-destructive manner with no 
interference of the environment and regardless of the plant developmental stages, 
thus allowing a greater efficiency of field trials (Peleman and van der Voort 2003). 
The use of molecular information can enhance breeding strategies based on 
phenotype-selection, which is broadly referred to as marker-assisted selection 
(MAS, Dekkers and Hospital 2002). In practice, markers rather than known genes, 
are likely to be used (Villanueva et al. 2002). Added value can be created through 
the introduction of new traits that would have been difficult or required additional 

Table 6.1 Comparison of the most common used marker systems in crops. Adapted from Korzun 
(2003)

Feature RFLPs RAPDs AFLPs ISSRs SSRs SNPs

PCR-based No Yes Yes Yes Yes Yes
Ease of use Low High High High High High
Number of 

polymorphic 
loci assayed

1–3 1–50 10–100 5–30 1–3 1

Reproducibility High Low High High High High
Amenable to 

automation
Low Moderate Moderate Moderate High High

Amount DNA 
required

High Low Moderate Low Low Low

DNA quality High High Moderate Low Low Moderate
Cost per analysis High Low Moderate Low Low Low
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steps by classical breeding e.g. difficulties in phenotypic scoring, selection of rare 
recombinants or necessity of test crossing (Dayteg et al. 2008; Tuvesson et al. 
1998). As several markers can be used for selection, new possibilities to incorporate 
different genes into the same line are given to the plant breeders, e.g. attempting 
to slow down the evolution of pathogen virulence (Hospital 2003; Werner et al. 
2005). Knapp (1998) showed, in his models, that a breeder using phenotypic selec-
tion must test 1.0 to 16.7 times more progeny than a breeder using MAS to be 
assured of selecting one or more superior genotypes. However, the advantages of 
MAS over phenotypic selection are considerably reduced when conducted in later 
generation (Liu and Knapp 1990). Consequently MAS though providing more 
accurate responses also dramatically increases the frequencies of superior geno-
types in early generations.

Then, modern plant breeding is not only based on genotype-building but also on 
manipulating variation within gene-pools of a cross. DNA-fingerprinting of 
breeding lines using molecular markers (Fig. 6.2), as well as detailed genome analy-
sis of plants, provides in this aspect a very powerful and efficient tool to characterize, 
monitor and protect germplasms (Lombard et al. 2000). Multilocus marker-types are 
usually preferred for their discrimination potential, as they reveal polymorphism 
information at several loci simultaneously. However, any set of representative DNA-
markers is capable to cover the whole genome (Gupta et al. 1999). A broad 
genetic diversity is paramount in e.g. resistance breeding because of the rapid evolu-
tion and occurrence of new and virulent races of pathogens. Unfortunately, most 
elite cultivars, especially small-grain cereals, are breed on a quite narrow genetic 
base, and the limited genetic diversity may impede the deployment of new sources 
of resistance for a pathogen or the discovery of new positive alleles for a character. 
The introduction of novel characteristics from unadapted wild or exotic germplasms 
into elite breeding lines have shown to counteract this limitation (Ivandic et al. 1998; 
Ordon et al. 1996). Wild relatives or progenitors can represent a rich source of useful 
resistance genes, as H. vulgare ssp. spontaneum is for barley in regards to new 
sources of resistance to leaf rust, powdery mildew, barley yellow dwarf virus, 
scald, net blotch, septoria, etc. (Fetch et al. 2003; Jahoor and Fischbeck 1987).  

Fig. 6.1 Example of a co-dominant marker useful for MAS and for bulk analysis of advanced 
breeding lines. The PCR marker from F Rath allows the detection of barley individuals with a 
wanted/unwanted ‘final attenuation’ profile for malting barley as well as individuals segregating 
for this trait
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Breeders, however, are usually reluctant about using wild germplasms in their 
breeding programs because of complex, long-term and unpredictable outcomes, 
particularly in crops where quality traits are important criteria (Peleman and van der 
Voort 2003). Marker assisted backcrossing (MAB) is an effective aid to selection in 
backcrossing: first as the target trait can be directly monitored, hence avoiding phe-
notypic scoring. Then, as markers closely linked to the target gene can limit the 
surrounding DNA from the donor parent, thus removing possible linkage drag. 
Finally, as markers dispersed over the genome permit the selection of progeny with 
higher proportions of the recurrent parent genetic background (Holland 2004). Any 
kind of DNA markers can be used, however codominant markers are considered to 
be the most useful as they allow the selection of heterozygous individuals, as Chen 
and colleagues (2000) have shown using 128 RFLP loci to MAB of the Xa21 gene 
in rice. Melchinger (1990) reviewed the advances of MAB. He compared conven-
tional schemes described by Allard (1960) to MAB models described by Tanksley 
and Rick (1980). They demonstrated that the proportion of the recurrent parent in 
the first generation of MAB could correspond to that expected after three generations 

Fig. 6.2 Example of an UPGMA dendrogram illustrating the genetic relationship between 227 
Nordic and Baltic barley accessions. Source: Kolodinska-Brantestam et al. (2004). Molecular 
markers enable genotype-discrimination and the estimation of genetic relatedness between lines 
for an effective exploitation of the germplasm (see text)
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of conventional backcrosses. These results were verified by Frisch and colleagues 
(1998) who estimated to two the number of generation needed to obtain a genotype 
with 98% or 99% genetic similarity to the recurrent parent. Considering that Allard 
estimated the adequate number of generations to six, MAB represents a considerable 
gain of time. However, they also stressed that the number of markers and material to 
be screened would be very large.

6.2.2  Need for Molecular Marker Automation

As previously described, breeding resources can be efficiency exploited using 
molecular markers first, by reducing the number of inadequate lines requiring 
extensive phenotypic evaluation in later generations (Holland 2004) and then by 
optimising the use of the gene-pools and finally, by speeding up the introgression 
process of new characters. In a practical breeding perspective, however, this 
requires an adaptation of the methodology to allow plant material to be monitored 
in realistic high number of individuals in early generations (Dayteg et al. 2007). 
The high number of individuals and the economic constrains involved in a breeding 
program compel molecular markers to be technically easy to use, cheap and informa-
tive (Hernandez 2004). While most PCR-based markers fulfil these requirements 
(Table 6.1), automating PCR-procedures faces a few problems. First, amongst the 
PCR-based markers, there is not today a single established or universal marker 
technology and each type of marker might require its own procedure. Then, marker 
technology as a whole is in a growing phase and evolves rapidly. Technologies as 
well as the availability of the appropriated markers may constitute a shortage in the 
practical approach to marker applications. Finally, DNA-marker being a broad 
concept, each of its specific application might require its own marker technology or 
technical challenges (Dayteg et al. 2007).

The evolution of robotics in biotechnology and the progress of bioinformatics 
have been significant for the development of high throughput system (Cahill and 
Schmidt 2004). However, the spin-off effects of the pharmaceutical industry 
remain limited in practical breeding due to their important investment costs. 
Because of their economical value major crops have essentially been in focus for 
such investments.

6.3  Experience of Automation at Svalöf Weibull Laboratory

Though molecular markers are today well established practice in plant breeding the 
automation of the technology is still in its cradle. Ready-made robotic applications 
can easily provide some answers to specific issues, i.e. sample extraction, sample 
preparation etc. (Fig. 6.3), if the investments are possible. However, we found these 
equipments often to be developed according to very specific protocols or routinely 
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adapted to special commercial kits. They present, therefore, poor flexibility to already 
established in-house practices and more generally to the processes and economical 
constraints of practical breeding. There is not any ready-to-use automation solution. 
The concept of automation or high throughput (HT) in themselves remain largely in 
“the eye of the beholder” e.g. an increase from 50 to 100 DNA-extractions per day 
might be considered HT for some laboratories but insignificant for others. Therefore, 
in a more general manner HT should rather be seen as an appreciable increase of the 
productivity (in percent) and automation as an attempt to decrease manual labour 
from standardized workflows. This chapter does not claim to hold the ultimate key to 
automated HT applications in plant breeding but to simply lay down the principles 
used in a very practical approach which might be found useful for others.

It is primordial for plant breeding companies to keep focus on their main 
activities; it seemed therefore, more justified to adapt the molecular processes to 
the breeding programmes than vice-versa. Because of the cost involved in auto-
mation, it is of great importance to really understand the molecular needs and 
requirements necessary to achieve the goals set by modern plant breeding, and to 
carefully analyse the methodology for maintaining enough flexibility to be able 
to adapt to its challenges.

The whole molecular workflow was therefore first subjected to an “intellectual 
exercise” and the automation-possibilities were evaluated in a three step proce-
dure as schematised in Fig. 6.4. In the analystic stage the current state of the 
workflow is established and the prospective state characterised in terms of usage 

Fig. 6.3 Automation of pipetting procedures is the first obvious moment in regards to improving 
work conditions and throughput
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of the molecular tools (i.e. applications required in breeding programmes), 
identification of necessary molecular tools and expectation of the laboratory’s 
capacity. The requirements needed to achieve this prospective goal, i.e. all the 
required procedures in the process are defined in the definitional stage. They are 
then detailed into operation-steps in the descriptive stage. Lydiate (1999) has 
described an efficient genomic research as a three steps procedure (1) automating 
what can be automated (2) speeding up the process (3) allowing molecular shortcuts. 
A similar approach was applied at this stage to identify all possible bottlenecks and 
to define possibilities of improvement at each step and subject them to an “automation-
filter”. This simply means that each of them are tested for their automation-ability, 
which is to evaluate if automation is feasible for this specific step in terms of robotic 

Definition of requirements 

Current 

Prospective 

Descriptions 

“Automation filter”

Analytic
Definitional
Descriptive / Evaluative

Stages 

Fig. 6.4 Automation exercise. Mental process composed of three stages evaluating the automation 
possibilities of molecular workflows. The analytic stage establishes the current state of the work-
flow and characterizes the prospective state. The definitional stage defines the requirements 
needed to achieve the prospected goal. The descriptive stage details each of the defined steps and 
evaluates for each one visible bottlenecks and possibilities of improvement. These “improve-
ments” are then subjected to the “automation filter”. In that step the automation-feasibility is 
tested for each one of them and depending of the results the step can either be accepted in the 
prospective goal or redefined
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availability, staff skill and accessibility, cost/gain evaluation and if an eventual 
automation could present new bottlenecks (i.e. extra procedures). This final evalu-
ation is necessary to either redefine or accept the improved procedure (with or with-
out automation).

6.3.1  Characterisation of Breeding Activities

In regard to commercial plant breeding activities, we established that the applica-
tion of molecular markers can be characterised in the two main groups described 
below and summarised in Fig. 6.5:

MAS, shifting the traditional phenotype-based selection to genotype-based 
selection, is routinely used in plant breeding programs mainly for selecting alleles 
with large effects on traits with relatively simple inheritance (Holland 2004). The 
technology empowers breeding programmes, on its own or in combination with 
phenotypic testing, when selecting for:

Traits with small phenotypic effects i.e. when the phenotype is a poor predictor  –
of the breeding value (low heritability).
Traits difficult or expensive to assess (e.g. nematode resistance, Barley Yellow  –
Dwarf Virus-resistance).
Plants heterozygous for recessive traits (e.g. powdery mildew  – ml-o resistance in 
barley requires one more generation).

Fig. 6.5 Characterisation of DNA-marker projects in practical plant breeding programmes. The 
relationship between the number of markers/number of individuals for the type of application is used 
as the base of the representation. Adapted from Dayteg et al. (2007). The ranking within groups has 
been made arbitrarily and may not be representative as the figures vary between crops and studies
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Traits expressed in a late development stage or where the individual needs to be  –
sacrificed to score its phenotype (e.g. male sterility in Brassica napus, final 
attenuation in malting barley).
Alleles not expressed in the selection environment. –
Combining traits that might mask each other’s effects (e.g. pyramiding  –
resistance genes).
The technology is indispensable for GM-quality control of commercial cultivars. –

This kind of applications usually implies a limited amount of molecular markers 
used to screen large number of samples.

Whole genome study, or fingerprinting, enables the characterization of genotypes 
and the estimation of genetic relatedness between lines. This information is crucial 
to allow plant breeders to appropriately choose the parental lines for their crosses 
especially for hybrid production (Ma et al. 2003), but also for an effective exploitation of 
the germplasm by monitoring the diversity of their gene-pools (Kolodinska-Brantestam 
et al. 2006). The use of molecular markers for genetic studies have been much 
diverse, the main applications include:

Identification and fingerprinting of genotypes –
Assessment of genetic variability and/or line purity (e.g. conservation or expansion  –
of the gene-pool, pure line or inbreeds-check)
Estimation of genetic relatedness between breeding material and/or populations  –
(e.g. estimate of heterosis, allele frequency)
Foreground (genotyping at target loci) and background (genotyping at loci  –
across the genome) selection for marker assisted backcrosses (MAB) (e.g. intro-
gression of novel traits from unadapted germplasm into elite breeding lines)
Increase of the genetic variability of improved lines (single large-scale marker- –
assisted selection (SLS-MAS), Ribaut and Bertrán 1999)
Characterisation and rare allele selection of exotic germplasm –
Linkage analysis –

This kind of applications usually implies a rather restricted number of samples 
screened with a large number of markers.

6.3.2  Characterisation of Molecular Activities

Considering these two kind of applications, and the relative moderate scale of 
the SW laboratory’s molecular operations, the choice of marker technologies 
was limited by focusing exclusively on PCR-based markers. Other groups may 
opt for different technical solutions to fulfil their applications and/or scale, but 
the principle remains the same. In SW’s case, PCR-based markers were chosen 
because, as seen in Table 6.1, they fulfil most of the requirements necessary in 
practical plant breeding. They are easy to use, require small amount of crudely 
extracted DNA, enable automation and are relatively cheap. Within PCR-based 
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markers, microsatellites (SSRs) are especially interesting as they are well spread 
on the genome, generally highly informative, widely available and well described 
in most of the crops. Their ease of detection via automated-systems makes them 
currently the most popular PCR-based marker in cereal breeding (Korzun 
2003) and their flexibility allows their application in the two main groups 
described above.

Focus was given to increasing the throughput and lowering the cost for the 
two groups and two specific sets of requirement could be defined and high-
lighted in Fig. 6.6. In MAS-like applications, focus was given to decreasing 
procedure time for individual sample thus allowing a larger number of samples 
to be processed for a given time period. As few datapoints are gathered for each 
sample, neither DNA quality nor pipetting accuracy are a major issue and can 
therefore be simplified to their quickest, though reliable, form. Because the 
assays are well described data-acquisition can be focused and only limited to the 
expected fragments for more efficiency. In the case of Fingerprinting-type appli-
cations, focus was given to increasing the sample efficiency e.g. by multiplexing 
(simultaneous amplification of several molecular markers in a single reaction). 
This sets higher requirements on DNA quality, automated liquid handling and 
data-analysis (Mace et al. 2003).

6.3.3  Automation of Analytic-processes

The whole marker analyse-process was decomposed in a few components and each 
subjected to the approach (Fig. 6.4) in order to improve analysis capacity from tens 
of thousands to hundreds of thousands. All processes were standardized by working 
solely on microtiter-plate format from start to finish.

Fig. 6.6 Requirements for the automation of the main application groups. Increased capacity is 
obtained by emphasising on speed for MAS and multiplexing for Fingerprinting. Adapted from 
Dayteg et al. (2007)
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6.3.3.1  Sampling and DNA Processing

Plant samples are collected in the field or in greenhouses using a paper punch 
devise and placed to the appropriate position in 96-well plates. Plates are kept cool 
during the collection process. Two people can “harvest” up to 3,840 leaf samples 
per day. When handling GM-material special precautions, such as sterilizing the 
paper punches to avoid possible cross-contamination, must be taken into consider-
ation, which will reduce the harvesting capacity by one quarter. Once collected, 
improvements to the in-lab procedures allow a rapid and efficient DNA-processing. 
The DNA isolation is generally performed according to a quick DNA-extraction 
protocol (Dayteg et al. 1998) (Fig. 6.7) enabling the DNA to be processed within 
10 min (theoretically more than 4,000 samples in a working day). For methods 
requiring larger DNA-quantity of better quality a “quick standard” method has been 
adapted from Cheung et al. (1993) enabling the extraction of ca 800 samples per 
day, by processing the samples-plates in a robotic grinder devise. When handling 
samples from remote locations a seed-based DNA extraction protocol, as described 
by von Post et al. (2003), can be used to rapidly extract large amount of material 
(700 samples per day and person). The automation of these protocols has been 
successfully tested, on the system described below. Nonetheless, because they 
impeded the accessibility of the system to other, more demanding, procedures they 
remained principally manual. Parallel robotic equipment has been proposed as a 
possible solution. However, the marginal gain of time, and/or capacity, does not 
really justify the investment costs.

Fig. 6.7 Pictures of a sampling-punch and of a collection plate after a quick DNA-extraction. 
This simple procedure efficiently enable the crude extraction of thousand of DNA-samples in a 
working day for PCR-based molecular assays (Dayteg et al. 1998)
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6.3.3.2  PCR Procedure and Data Acquisition

Development of robotics for molecular analyses has been essential. In collaboration 
with Thermo CRS (Burlington, Canada), a fully automated system was developed 
with the main emphasis on flexibility and high throughput. The system, constituted 
of different peripherals, is served by a robotic arm as described in Fig. 6.8. The 
components have not only been chosen for their individual automated performances 
but also because they all feature an open architecture that allows their nests to be 

Fig. 6.8 Illustrated blueprint of the fully automated molecular marker assay system developed at 
SW laboratory. Adapted from Dayteg et al. (2007)
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accessible by the robotic arm, thus enabling full automation. Thermo CRS has 
supervised the integration of these peripherals into one core system.

The two main application groups described above are accomplished using a 
common core set-up. The robot arm handles sample-plates as such: samples are 
moved to a pipetting devise for PCR-setup. The reaction volume varies between 5 
and 25mL. A volume of 1.5 mL DNA is transferred to each of the corresponding 
PCR-wells. Between each transfer the tips of the pipetting robot are thoroughly 
washed to avoid cross-contamination. While DNA-plates are moved back into 
cold-storage, the PCR-plates are sealed to avoid evaporation and placed in the 
thermocycler where the appropriated PCR is performed. They are then placed in 
cold-storage while waiting for visualisation. Prior to visualization, the PCR-plates 
are pierced. The samples are then visualised on the 96-capillaries electrophoresis, 
either directly with ethidium bromide or first denatured with formamide containing 
a fluorescent internal line standard.

The use of a core system, besides its flexibility, increases the reliability of the 
system, reduces start-up time and enables different assays to be run simultaneously 
(Brandt 1998). Furthermore it enables the whole process to be performed in a fully 
automated manner hence freeing such procedures from any human interventions, 
since it often is the major cost, a decrease in “hands-on” will also decrease the cost 
(Klapper et al. 1998). The fully automated nature of the system increases further the 
assay-capacity through the possibility of extended overnight and week-end runs.

6.3.3.3  Data Handling and Sample Tracking in Mass Number

The use of capillary electrophoresis increases not only the sample throughput but 
enhances the detection-sensitivity. The development of specific softwares to handle 
electrophoresis-data has allowed the use of ethidium bromide (Fig. 6.9) and fluores-
cently labels for direct visualization of DNA-fragments. Non-fluorescently dyed 
amplicons are directly visualized in an ethidium bromide gel-matrix. This beneficently 
replaces agarose-gel based analyses of trait-linked markers. This type study is especially 
applicable for MAS, for quality assurance programmes to monitor the adventitious 
presence of GMOs in commercial varieties or even pyramiding several marker-linked 
traits. Fluorescently-dyed amplicons allow advantageous multiplex reactions and 
replace polyacrylamide-gel based electrophoresis. This type of study is especially 
applicable for whole genome studies e.g. MAB, genetic relationship studies etc.

The capillary electrophoresis decreases “hands-on” time, and its enhanced 
sensitivity enables a decrease up to 1/5th of the reaction volume, hence significantly 
lowering assay-costs. Additionally, it enables to speed up both data-acquisition and 
analysis time, hence increasing the assay-capacity.

In order to cope with this mass numbers of data, the laboratory has entered the 
next phase of development by integrating a sample tracking system to improve 
the sample-monitoring from tissue arrival to data export which will allow an 
improved traceability and a stronger breeder-laboratory interface.
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Fig. 6.9 Example of a SSR amplification visualised on 96 capillary electrophoresis with an 
ethidium bromide-containing matrix

6.3.4  Automation Performance

To evaluate the system’s performance, cost and throughput of a typical assay visualized 
with an agarose-gel based electrophoresis was compared with similar ones performed 
on the automated-system (Table 6.2). The two visualisation modes were used, i.e. 
non-fluorescent amplicons visualised with ethidium bromide and fluorescently 
dyed amplicons. The first striking result, as seen in the last column, is the extraction 
cost. This is due to the more demanding DNA quality used in fluorescent assays. 
Because of a more time-consuming DNA extraction protocol and data-analysis the 
hands-on time is greatly increased. The PCR cost is also slightly higher than with 
ethidium bromide-stained capillary-electrophoresis. This is due to a larger PCR-
volume and the use of fluorescent dyes. The analysis cost is, however, much higher 
due to more expensive gel-matrix and the use of Internal Lane Standards. However, 
it is believed that a further reduction in reaction volume might be possible and it 
should be noted that the use of multiplex reactions, though slightly increasing the 
PCR cost, multiply the throughput. That means that from the noted capacity of ca 
900 datapoints (dp)/day at an assay cost of 1.15€/sample, the use of four multi-
plexed markers with an automated procedure, increases this figure to more than 
3,600 dp/day for nearly the same overall sample price. In regards to the automated 
assay visualised with ethidium bromide the overall cost is lowered and the through-
put largely increased. The lower reaction volumes, the increased capacity and the 
minimal “hands-on” time efficiently counteract the investment costs. The assay-
throughput, depending on the application, ranges from ca 11,000 dp/week to more 
than 24,000 dp/week (using four multiplexed markers).

The developed system enables the automation of PCR-based markers and 
provides a competitive platform for their large-scale use in plant breeding. Automated 
systems, such as the one presented, can even enhance the detection of linked markers. 
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Nonetheless, today the rather limited amount of molecular markers, amenable to 
automation and diagnostically linked to genes of practical breeding interest, 
remains the major drawback of such application. Confidently, the current and rapid 
developments in the molecular field (e.g. association mapping) will provide an 
appreciable quantity of molecular tools, adapted to practical plant breeding, that will 
increase the diversity of automated assays.

6.4  Conclusion

Plant breeders act in a very competitive market, continuously re-evaluating their 
products in an attempt to respond to ever-changing market demands and agricul-
tural practices. The undeniable benefits of molecular markers and the constant 
decrease of PCR-costs provide considerable allies in such never-ending “selection-
pressure”. For these reasons, PCR-markers are considered a valuable tool in the 
most various, and even modest, breeding programmes. However, molecular tech-
nology is still often viewed as an additional cost in many breeding procedures. An 
improvement of the productivity, through procedure-optimizations and/or automation, 
will provide a further decrease of the assays cost and increase its availability. To 
date the costs for automating marker technologies in applied plant breeding still 

Table 6.2 Comparison of amplicons visualization-methods. The costs (in є) are calculated per 
plate (96 samples) at their respective capacity. All figures are given for simple reaction (simplex). 
The extraction cost includes the material and consumable costs. The first two columns are for the 
quick-extraction protocol (4,000 samples capacity), while the last is for the “quick standard”-
protocol (800 sample capacity). The PCR cost includes the material and consumable costs for the 
respective applications. The two last columns do not include the cost of tips as they are performed 
on the robot. Furthermore, their PCR-volumes have been decreased to 1/5th and 1/3rd respectively. 
The analysis cost includes the material (e.g. ladder, capillaries) and consumable costs. There are 
two figures for the last column, as the use of commercial or home-made ILS strongly influences 
the cost. Labour is calculated as the average time. Differences in the depreciation cost are due to 
the cost of the respective equipment. Adapted from Dayteg et al. (2007)

Electrophoresis Agarose based Capillary based

 Ethidium bromide Ethidium bromide Fluorescent dyes

Extraction cost 1.5 1.5 82
PCR cost 20.5 6.2 8.3
Analysis cost 5.6 6 18.2a/10.3b

Depreciationc 0.9 9.3 9.3
Hands-on time 

(average)
55 min 16 min 50 min

Throughput (per day) 900 samples 2,200 samples 900 samples
a Use of commercial ILS.
b Use of non commercial ILS.
c On a 10 year basis and 200,000 analyses per year. 
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represent an important investment. Nonetheless, it cannot be stressed enough, that 
automation is the ultimate steps in a series of optimizations of molecular (and 
breeding) procedures and that the automation concept itself very much depends of the 
beholder’s perspectives. For our part, the main goal was to decrease to the maximum 
any human-interactions from tedious, unqualified, and non-rewarding, procedures 
thus liberating the highly qualified staff to perform more complex and demanding 
applications. The fully-automated system developed at SW, like any automated 
molecular screening settings, provides the ability to efficiently generate large dataset 
from either a large amount of material and/or markers. This system is flexible 
enough to adapt to the requirements of practical breeding in regards to molecular 
analyses i.e. to assay realistically high numbers of samples as promptly and as 
cheaply as possible and thus enabling practical “molecular breeding”.

It is important to keep in mind that automation of “molecular breeding” is an 
ongoing process, not only in terms of technical development but rather as a constant 
questioning of the different breeding-specific applications, trying to fulfil the main 
goal of breeders: to promptly release the best product quality at the lowest cost. The 
increasing amount of sequence information and the determination of gene function 
are leading to the use of emerging marker types such as SNPs. They hold great promises 
of rapid and highly automated genotyping (Gupta et al. 1999; Korzun 2003).
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7.1  Introduction

World’s crop production is facing serious threats from the occurrence of biotic and 
abiotic stresses which contributes around 60% of production loss during the 
cropping period. Despite concerted efforts through breeding programs aimed at 
developing biotic and abiotic stress tolerant crop varieties by exploiting endogenous 
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Abstract Biotic stresses and abiotic stress factors such as salt, drought, cold and 
extreme temperatures severely limit crop productivity. Attempts to improve crop 
varieties for traits conferring tolerance to these stresses are being made continu-
ously to sustain the food production. Molecular breeding and genetic engineering 
strategies are serving as efficient tools to accelerate the process of developing 
stress tolerant genotypes. Developing crop varieties that can withstand incidence 
of multiple stresses is one of the major breeding objectives nowadays, wherein 
series of target genes identified in different parents are accumulated into a single 
genotype (gene pyramiding). Generation of transgenic plants by introducing two 
or three foreign genes is one of the common means to develop plants exhibiting 
resistance against multiple stresses. Recently there have been advances in the 
mapping of genes controlling quantitative traits, through quantitative trait loci 
(QTL) mapping experiments and analysis of genomic data. Such advancements 
in genome mapping and high-throughput laboratory genotyping protocols have 
enabled us to monitor introgression of desired genes/regions from two or three 
different sources into a single background. In this paper, we have attempted to 
review the achievements made in the field of generation of improved crop variet-
ies by pyramiding (genetic transformation and marker assisted gene pyramiding) 
desired genes from different sources.
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resistance genes, the progress is very limited because of the complex nature of 
resistance mechanism(s). Large amount of chemical pesticides and fungicides are 
being used which lead to increase in cost of production and in addition it causes 
environmental pollution.

A key step in breeding better crops that survive under stress has been to understand 
the changes in cellular, biochemical and molecular processes that occur in response to 
stress. Modern molecular techniques involve the identification and use of molecular 
markers that can accelerate the efficiency of breeding programs. However, the 
introgression of genomic portions (QTLs) involved in stress tolerance often carry 
undesirable agronomic characteristics from the donor parents. This is because of 
the lack of a precise knowledge of the key genes underlying the QTLs controlling the 
target traits. In this context, development of genetically engineered plants by the intro-
duction and/or over-expression of selected genes seem to be a viable option to hasten 
the breeding of “improved” plants or in generating the precious pre-breeding materials. 
Intuitively, genetic engineering would be a faster way to introduce any target ben-
eficial genes than through conventional or molecular breeding. Also, it would be 
the only option when genes of interest originate from cross barrier species, distant rela-
tives, or from non-plant sources. Following these logical steps, various transgenic 
technologies have been used to improve stress tolerance in plants (Allen 1995).

Problems associated with engineering resistance through genetic transformation 
is that; there is a possibility that pests may evolve resistance to the transgenes used 
against them, rendering the transgenic plants susceptible to pest attack. In this con-
text, gene pyramiding or simultaneous transfer of multiple genes may be helpful in 
conferring broad spectrum resistance against different races of pathogens or confer-
ring resistance against different pests or pathogens or combination of stresses. 
Essentially gene pyramiding enable us to have simultaneous expression of more than 
one gene(s) associated with resistance in a transgenic plant (Shelton et al. 2002).

The rationale behind gene pyramiding originates from the age old philosophy of 
the use of insecticide mixtures to broaden the spectrum of insects controlled in one 
spray event. Gene pyramiding has been hailed as a lasting insect/disease resistance 
management strategy (Jackson et al. 2003; Shelton et al. 2002). However, a closer 
look at the strategy reveals that pyramiding was developed as a practical strategy to 
broaden the range of insect species that were not being adequately controlled by a 
single toxin as in the case of the single gene Bollgard® Bt cotton variety. It is also 
believed that gene pyramiding strategy can be successfully deployed against com-
bination pest and diseases and in some cases it can be successfully implemented 
against combination of biotic and abiotic stresses.

7.2  Gene Pyramiding for Biotic Stress Tolerance

Plant pathogens and phytophagous pests are the major cause of agricultural losses in 
both developed and underdeveloped countries. Sustainable strategies for their man-
agement include breeding for resistance, application of chemical compounds as well 
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as cultural and biological control methods. Currently, these approaches have been 
complemented by plant biotechnology and genetic engineering for the development 
of genotypes more resistant to pests, phytopathogenic fungi and other agents of 
biotic stresses (Campbell et al. 2003; Ferry et al. 2006; Ranjekar et al. 2003). 
Biotechnology has allowed the development of novel strategies to obtain plants that 
are more resistant to pests, fungal pathogens and other agents of biotic stress.

7.2.1  Gene Pyramiding for Disease Resistance

Conventionally, genetic engineering means genetic transformation of the crop with 
a single gene associated with the trait of interest (Ronald 1997; Zhang et al. 1998). 
As disease resistance is a highly complex multigenic trait, generally single gene 
transformations result in insufficient and/or narrow spectrum disease resistance 
(Neuhans et al. 1991; Anand et al. 2003). In addition, there is always a possibility 
for reversal of resistance because of appearance of resistant strains of pathogens 
(Mew et al. 1992). Hence, genetic engineering of crop plants with (i) a combination 
of genes encoding/controlling interdependent or synergistic sub-components of 
disease-resistance to realize effective resistance against a particular disease and (ii) 
a combination of genes conferring resistance against different diseases to realize a 
wide-spectrum disease resistance would be more logical. A well planned genetic 
engineering strategy involving a well balanced expression of transgenes with 
different modes of action would ensure enhanced and durable resistance against 
different pathogens at a time. Availability of genes associated with disease resis-
tance (Song et al. 1995) or genes involved in various defense mechanisms (Huang 
et al. 1994; Velazhahan et al. 1998; Takakura et al. 2000) and availability of 
efficient transformation tools and strategies (Christou 1997; Chen et al. 1998; Kim 
et al. 2003) has made pyramiding genes involved in disease resistance in crop plants 
much easier.

The success of multiple gene transformation or gene pyramiding is largely 
dependent upon the judicious selection of the genotypes/varieties to be transformed 
in a particular crop and the genes to be transformed together. Selection of suitable 
genes encoding proteins involved in pathogen recognition and/or subsequent acti-
vation of signaling pathways leading to activation of defense responses (Van Loon 
and Van Strien 1999) and genes exhibiting direct antimicrobial properties (Broglie 
et al. 1991; Yun et al. 1998) by their degradative interaction with pathogen cell wall 
and cell membrane can be expected to improve the scope for generating crop plants 
with specific or wide-spectrum resistance against pathogens.

Plants perceive signals (elicitors) from pathogens which initiates host-pathogen 
interactions. Recognition of pathogen’s elicitors triggers multiple defense responses 
in hosts, including the accumulation of defense compounds called phytoalexins, 
pathogenesis-related (PR) proteins, evolution of reactive oxygen species and hyper-
sensitive cell death. PR-proteins accumulate in plant cells along with other defense-
related molecules during plant’s hypersensitive response (HR) (Heath 2000) against 
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pathogen attack. PR-proteins are classified on the basis of their amino acid 
sequences, serological relationships and biochemical functions (Van Loon and Van 
Strien 1999) and several members of the PR-protein categories are well studied by 
various groups (Muthukrishnan et al. 2001). It has been demonstrated that constitu-
tive and over-expression of PR-proteins in transgenic plants resulted in enhanced 
resistance against a variety of pathogens.

Different endochitinases (EC 3.2.1.14) belonging to PR-3, 4, 8, and 11 sub 
group of PR-proteins (Van Loon and Van Strien 1999) catalyze the hydrolysis of 
b-1,4 linkages between N-acetyl-glucosamine units of chitin, a major polysaccha-
ride component of fungal cell-wall (Broglie et al. 1991). A few chitinase cDNAs 
have been isolated from rice (Huang et al. 1991; Takakura et al. 2000) and have 
been employed to transform rice cultivars to engineer sheath blight resistance (Lin 
et al. 1995; Datta et al. 2001; Kumar et al. 2003; Kalpana et al. 2006). Expression 
of genes encoding this protein in plants such as apple, broccoli, carrot, cucumber, 
peanut, sorghum, strawberry, tobacco, wheat, bent grass, rice and silver birch, pro-
vided varying levels of enhanced resistance to different fungal pathogens (Punja, 
2006).

Thaumatin like Proteins (TLP) belong to group of PR proteins which causes 
lysis of fungal cell membranes leading to death of the pathogen by altering the cell 
membrane permeability (Yun et al. 1998). Examples of thaumatin like proteins 
include thaumatin (Thaumatococcus daniellii), Osmotin (Nicotiana tabacum), 
Zeamatin (Zea mays) and permeatin (cereal). Several members of this protein fam-
ily possess antifungal properties and they are categorized under PR-protein group 
5 (PR5). The transgenic rice plants over-expressing a rice tlp transgene have been 
reported to exhibit an enhanced resistance against sheath blight pathogen (Datta 
et al. 1999; Krishnan Kalpana et al. 2006). A subgroup of TLPs has been shown to 
be b-1, 3-glucan binding proteins (Osmond et al. 2001).

Disease resistance is a complex trait controlled by several groups of genes. 
Hence, constitutive expression of a single PR-protein transgene like tlp could not 
be expected to confer sufficient level of disease resistance. The marginal and 
narrow spectrum disease resistance conferred by single PR-protein is one of the 
major reasons for the reported failures. However, the co-expression of more than 
one PR-protein genes such as chitinase (EC 3.2.1.14) and b-1, 3-glucanase (EC 
3.2.1.39) was shown to be much more effective against several fungal diseases. 
Krishnan Kalpana et al. (2006) showed co-transformation of genes encoding rice 
chitinase and thaumatin-like protein (TLP) in an elite indica rice line and the trans-
formants exhibited significantly higher level of sheath blight (ShB) resistance than 
the transgenic plants introduced with either chitinase or TLP alone. Some of the 
popular indica rice cultivars namely ADT38, ASD16, IR50 and PB1 were transformed 
with tlp and chi11 (encoding a 35 kDa rice chitinase) in addition to transgenics 
generated by introducing tlp and chi11 genes independently. Level of resistance 
against sheath blight and sheath rot diseases was compared between the tlp + chi11 
transformants with that of tlp transformants. Stable inheritance of the transgene 
expression was studied up to T

2
 generation by western blotting analysis. The putative 

transformants introduced with tlp showed enhanced resistance against the sheath 
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blight pathogen, Rhizoctonia solani when compared to the non-transformed plants. 
The transgenic plants introduced with both chi11 and tlp exhibited enhanced 
resistance against R. solani than the ones that express tlp or chi11 transgene alone.

In the similar fashion, Maruthasalam et al. (2007) reported pyramiding of 
three genes namely chi11, tlp, and Xa21 into popular indica rice cultivars viz., 
Pusa basmati-1, ASD16, ADT38, IR72, and White Ponni to engineer effective 
and stable resistance against a fungal pathogen causing Sheath blight disease 
and a bacterial pathogen causing blight disease (BLB) in rice. Calli derived from 
these rice cultivars were co-transformed with these three genes through particle 
bombardment method. Molecular analyses of putative transgenic lines by PCR, 
Southern hybridization analysis and Western Blotting analysis revealed stable 
integration and expression of the transgenes in few independent transgenic lines. 
A transgenic Pusa basmati-1 line pyramided with chi11, tlp, and Xa21 was iden-
tified and found to exhibit enhanced resistance against both sheath blight and 
bacterial blight.

Corrado et al. (2007) reported that a Chitinase A protein from Autographa 
californica Nuclear Polyhedrosis Virus (AcMNPV) is capable of conferring 
enhanced resistance against both fungal pathogens and herbivorous pests in 
tobacco. Transgenic tobacco plants showing over-expression of an active Chi-A 
protein showed reduced damages caused by fungal pathogens and lepidopteran 
larvae. This is the first report on characterization and expression of a single gene 
introduced into plants that increases resistance against herbivorous pests and 
fungal pathogens. Co-transformation of an insect resistant gene namely gna 
(agglutinin) along with Xa21 gene has been demonstrated in rice to improve both 
pest and disease resistance in rice (Tang et al. 1999). In few instances, attempts 
have been made through combination of marker-assisted breeding (MAS) and 
genetic transformation strategies to develop rice lines resistant to blast and bacte-
rial leaf blight (BLB) by pyramiding Pi1 and Piz5 (major blast resistance genes) 
through marker assisted breeding and introducing Xa21 gene through genetic 
transformation (Narayanan et al. 2004).

Datta et al. (2002) reported a novel strategy of pyramiding three genes 
involved in conferring pest and disease resistance in rice. They developed an IR 
72 transgenic line introduced with Bt cry gene and another IR 72 line intro-
duced with Xa21 and RC7 chitinase gene. These two independent lines were 
crossed through conventional breeding to develop a single elite rice line pos-
sessing both insect and disease resistance. Dong et al. (2007) reported engineer-
ing resistance in tall fescue against two major fungal diseases namely gray leaf 
spot caused by Magnaporthe grisea, and brown patch caused by Rhizoctonia 
solani. Three different genes (b-1, 3-glucanase from alfalfa (AGLU1), a trun-
cated dermaseptin SI gene from the South American arboreal frog Phyllomedusa 
sauvagei and Pi9 gene which is an R gene conferring resistance against grey 
leaf spot) from various sources were introduced into two elite cultivars, 
Coronado’ and ‘Matador’ of tall fescue through Agrobacterium-mediated trans-
formation and the transgenics were found to exhibit resistance against these two 
major diseases in tall fescue.
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7.2.2  Gene Pyramiding for Insect Resistance

The use of gene transfer technology to introduce insect-resistance genes into crop 
plants provides an economical and environmentally sustainable alternative to the 
extensive use of chemicals for the control of insect pests. In USA, introduction of 
transgenic crops in major crops viz., canola, corn, cotton, papaya, squash and 
soybean resulted in increased production of additional 2.4 million tonnes of food 
and fibre and increased farm income by US$1.9 billion. In addition, introduction 
of these biotechnology-derived crops reduced the use of pesticides by 21,000 
tonnes (Sankula et al. 2005). Transgenic crops expressing individual Bacillus thu-
ringiensis (Bt)-endotoxin genes have been commercially available for several 
years, while other insecticidal genes, notably those encoding protease inhibitors 
and lectins are undergoing experimental trials (Gatehouse et al. 1997; Graham 
et al. 1997). A hybrid commercial Bt rice, Shan You 63, has now been field-eval-
uated in China on a large scale and has shown resistance to two insect pests, leaf-
folder and yellow stem borer (Tu et al. 2000). Transgenic IR72 with fusion Bt also 
showed very high protection against four lepidopteran insects under Chinese field 
conditions (Ye et al. 2001).

One problem that could arise due to extensive use of insect-resistant transgenic 
plants is the evolution of resistance in different pest populations. A number of strat-
egies (Alstad and Ardow 1995; McGaughey et al. 1998) have been proposed to 
delay or prevent such outcome. Simultaneous deployment of two or more plant 
insect resistance traits may be an effective way to inhibit pest adaptation, even with 
smaller and more economically acceptable refuge sizes. Mixtures of resistance 
genes can be achieved by inter-planting two cultivars, each with a different genetic 
basis for resistance, or by introducing two different resistance genes into the same 
cultivar (gene pyramiding). A viable strategy to overcome such undesirable effect 
involves the simultaneous introduction of several resistance genes with different 
modes of action against the same pest into the same plant (Ruud et al. 1999) or 
introduction of different genes conferring resistance against different pests into the 
same plant which is expected to offer broad spectrum resistance against different 
biotypes of same insect pest or different insect pests of same crop.

Transgenic plants that express Bt cry endotoxins or protease inhibitors were 
found to exhibit resistance against insects that feed by chewing or biting 
(Lepidopterans and Coleopterans). There is little evidence that such plants confer 
resistance against sap sucking pests (Homoptera) like brown plant hopper (BPH) 
and green leaf hopper (GLH). Certain plant lectins including snowdrop lectin 
(Galanthus nivalis agglutinin; gna) were found to possess toxicity against these 
homopteran insects (Powell et al. 1995) as well as lepidopteran and coleopteran 
larvae (Gatehouse et al. 1995). Transgenic rice plants capable of producing Bt cry 
proteins cry1Ab and cry1Ac were found to confer greater degree of resistance 
against their target pests namely striped stemborers and yellow stem borers (Cheng 
et al. 1998; Datta et al. 1998). Maqbool et al. (1998) were able to demonstrate the 
improved level of insect resistance of Basmati 370 and M7 rice lines engineered 
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with cry2A gene and the insect bioassays demonstrated the effectiveness of Cry2A 
protein against yellow stem borer and rice leaf folder in rice.

The simultaneous introduction of three genes expressing insecticidal proteins, 
Cry1Ac, Cry2A and gna into indica rice to control three major pests, rice leaf folder 
(Cnaphalocrocis medinalis), yellow stemborer (Scirpophaga incertulas) and the 
brown planthopper (Nilaparvata lugens), has also been reported (Maqbool et al. 
2001). The cry genes target the leaf folder and the stem borer, and the gna gene 
targets the planthopper. Triple transgenic plants were found to exhibit more resis-
tance compared with their binary counterparts. Comparison of three different trans-
genic Bt cotton populations containing either the single Cry1Ac or Cry2Ab gene, 
or both genes, for fruit penetration and damage by cotton bollworm larvae (Jackson 
et al. 2004). These are few examples where transgene pyramiding was used in a 
crop plant to create durable resistance against multiple insect pests with different 
feeding modes.

Computer simulations predict that gene pyramiding is much more effective in 
the delay of the evolution of a resistant insect population even with a smaller refuge 
size (Roush 1997). Some experimental data on the simultaneous deployment of 
multiple insect resistance genes (Greenplate et al. 2000; Stewart et al. 2001) dem-
onstrated that cotton producing two Bt gene products had greater insecticidal activ-
ity than cotton that carried only the cry1Ac gene. Zhao et al. (1999) evaluated 
transgenic tobacco plants expressing Bt cry1Ac protein and a gene encoding a cow-
pea trypsin inhibitor (CPT1) and demonstrated that use of transgenics carrying both 
the genes resulted in delayed development of resistance in Helicoverpa armigera in 
comparison to plants carrying only the cry1Ac gene.

Cao et al. (2002) demonstrated a novel way of producing insect resistant plants 
exhibiting higher level of resistance against diamondback moths in broccoli by 
combining both genetic transformation and conventional breeding methods. They 
generated independent transgenic broccoli plants harboring Bt cry1Ac and cry1C 
genes in broccoli and these genes were pyramided into a single broccoli line plant 
by effecting hybridization between them. Broccoli lines carrying both cry1Ac 
and cry1C Bt genes were selected by screening with kanamycin and hygromycin and 
pyramiding was confirmed by PCR analysis. Stable expression of Cry1Ac and Cry1C 
proteins was confirmed in the pyramided line which was found to cause rapid 
and complete mortality of diamondback moth larvae. In the similar fashion, Cao 
et al. (2008) adopted the strategy of sequential transformation to pyramid two 
different Bt genes (cry1Ac and cry1C) in Indian vegetable mustard (Brassica jun-
cea L.) to control diamondback moth larvae. First cry1C was introduced into 
Brassica through Agrobacterium-mediated transformation. A cry1C transgenic 
line was then transformed with the cry1Ac gene to produce pyramided cry1Ac + 
cry1C plants. Six plants were found to contain both cry1Ac and cry1C genes 
which was confirmed by PCR and Southern hybridization analysis and the stable 
expression of the protein were confirmed by ELISA screening. Insect bioassays 
indicated that transgenic plants pyramided with both the genes cry1Ac and cry1C 
showed toxicity against all three types of diamondback moth larvae and lepidopteran 
insect pests.
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Chitinolytic enzymes are interesting candidates for plant protection as they are 
active against many noxious pests and fungi and because of their non-toxicity 
against non target organisms that lack chitin (i.e. vertebrates and plants). Chitin is 
a key component of the cell wall of the majority of fungal phytopathogens and it is 
present in the cuticle and the peritrophic membrane (PM) lining the midgut of sev-
eral insect species. Chitinolytic enzymes act on the PM of pests feeding on plants 
that express these proteins and impair the gut physiology (Kramer and Muthukrishnan 
1997). One such chitinolytic enzyme called chitinases proved to be effective in 
enhancing plant resistance in conjunction with other known insecticidal proteins or 
toxins (Schuler et al. 1988; Wang et al. 2005).

Transgenic plants expressing protease inhibitors have to date shown mar-
ginal effectiveness against insect pests. Protease Inhibitors have the potential to 
be effective insecticidal proteins if insect adaptation to them can be overcome. 
The use of novel inhibitors, such as the barley trypsin inhibitor (Alfonso-Rubi 
et al. 2003), equistatin from sea anemone (Gruden et al. 1998), other cystatins 
(Martinez et al. 2005) or synthetic constructs containing multiple inhibitors 
(Outchkourov et al. 2004) or inhibitors and lectins might also prove useful. 
Second generation insect-resistant transgenic plants with increased potential 
for durable resistance might result from the deployment of plants expressing 
multiple insecticidal novel proteins such as the Vip (vegetative insecticidal 
proteins) produced by Bacillus thuringiensis during its vegetative growth. 
These have insecticidal activity towards a wider spectrum of insect pests and 
transgenic cotton expressing such a Vip is under commercial cultivation in the 
USA. Considerable progress has also been made in the identification of several 
toxin genes from bacterias namely Photorhabdus and Xenorhabdus which are 
symbionts of entomopathogenic nematodes (Williamson and Kaya 2003). 
These genes encode large insecticidal toxin complexes with little homology to 
other known toxins. These toxins cause septicaemia in the insect, the insect is 
killed and its tissues are used as nutrients by the nematode. Arabidopsis plants 
expressing toxin A gene from Photorhabdus luminescens showed strong insec-
ticidal activity against one lepidopteran and moderate activity against a 
coleopteran pest (Liu et al. 2003). These new candidate genes can be used for 
genetic transformation studies to pyramid multiple resistances against various 
insect pests in crop plants.

7.3  Abiotic Stress Tolerance in Plants

It has been estimated that abiotic stresses such as drought, salinity, extreme tem-
peratures, submergence and oxidative stress reduce crop yield worldwide by more 
than 50% (Bray et al. 2000). Drought is the major abiotic stress affecting 26% of 
the arable area followed by mineral toxicities /deficiencies including salinity. The 
fraction of world’s arable land subjected to various kinds of abiotic stresses including 
26% drought, 20% mineral and 15% freezing. These stresses are often interconnected 
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cause similar cellular damage and activate similar cell-signaling pathways 
(Shinozaki and Yamaguchi-Shinozaki 2000; Zhu 2001; Zhu 2002).

Drought resistance can be introgressed into any desired genotypes by suitable 
breeding procedures like backcross breeding method and using donors for various 
genes in tandem or by opting for convergent crossing incorporating all the desired 
genes into the commercial recipient parent. But selection procedure in the large 
number of segregating population is tedious because of the complexity in pheno-
typing. Targeted introgression and pyramiding of multiple genes from diverse par-
ents requires lot of manpower and time for thorough and accurate phenotyping. 
Salinity affects virtually all aspects of a plants physiology and the survival of the 
plant under saline conditions involves multiple adaptations. Despite considerable 
efforts through both international and national breeding programs, progress in 
enhancing tolerance to salinity has been slow with only few new cultivars released 
because of the complexity in mechanisms controlling this trait.

Low temperature stress leads to formation of ice crystals within the intercellular 
spaces which results in severe osmotic and mechanical injury to the plant. In addi-
tion, freezing can induce the production of reactive oxygen species (ROS) which 
damages the membrane components leading to denaturation of cellular proteins 
(Thomashow 1999). The similarities between the consequences of drought and cold 
stress are clearly evident from the plant responses viz., activation of antioxidant 
defense mechanisms, production of heat shock proteins (HSPs), synthesis of high 
concentrations of intracellular praline and accumulation of sugars.

7.3.1  Genetic Engineering Strategies to Improve Abiotic Stress 
Tolerance in Plants

Abiotic stress factors such as drought, salinity and extremes of temperature have 
long been known as major limitations to crop productivity (Boyer 1982). One 
approach to improve stress tolerance in crops would be to transfer the abiotic stress 
tolerance related adaptive traits from the tolerant organism. However, this process 
has limited success using conventional means (Yeo and Flowers 1989) mainly due 
to poor understanding of genetic and physiological basis of abiotic stress tolerance 
in plants and partly due to transfer of unwanted genes during conventional crossing. 
In this context, genetic transformation technology enables us to achieve transfer of 
genes controlling the target traits involved in abiotic stress tolerance in a precise 
and predictable manner.

When plants are subjected to abiotic stress, a number of genes are turned on, 
resulting in increased levels of several metabolites and proteins involved in protec-
tive functions. These genes are the main targets for engineering abiotic stress toler-
ance in crop plants. Stress-induced gene expression can be broadly categorized into 
three groups: (1) genes encoding proteins with known enzymatic or structural func-
tions, (2) proteins with as yet unknown functions and (3) regulatory proteins. Initial 
attempts were made to develop transgenics for abiotic stress tolerance involving 
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“single action genes” i.e., genes responsible for modification of a single metabolite 
that would confer increased tolerance to salt or drought stress. Metabolic traits 
especially pathways with few enzymes are better characterized genetically and 
more amenable to such manipulations than structural and developmental traits. 
Stress-induced proteins with known functions such as water channel proteins, key 
enzymes for osmolyte (proline, betaine, sugars such as trehalose, and polyamines) 
biosynthesis, detoxification enzymes and transport proteins were used for plant 
genetic transformation experiments to improve abiotic stress tolerance in plants 
(Bajaj et al. 1999; Apse and Blumwald 2002). Few examples for generation of such 
abiotic stress tolerant transgenic plants are listed in Table 7.1.

However, the above-said approach has overlooked the fact that abiotic stress 
tolerance is likely to involve many genes at a time and this single-gene manipula-
tion of abiotic stress tolerance is unlikely to be sustainable. Therefore, a second 
“wave” of genetic transformation was made to transform plants with the third cat-
egory of stress-induced genes namely, regulatory proteins and signaling proteins. 
Through these proteins, many genes involved in stress response can be simultane-
ously regulated by a single gene encoding stress inducible transcription factor 
(Kasuga et al. 1999), thus offering possibility of enhancing tolerance against mul-
tiple stresses including drought, salinity, and freezing.

Recently, genes involved in stress signal sensing are targeted for engineering 
abiotic stress tolerance in plants (Winicov 1998; Shinozaki and Yamaguchi-
Shinozaki 1999). By regulating the expression of a regulatory gene that could 
induce a number of down stream genes involved in stress-tolerance, transgenic 
plants with a stress-tolerant phenotype could be achieved. For example, multiple 
stress resistance in A. thaliana was pyramided by engineering stress-inducible 
expression of the transcription factor DREB1A which resulted in improved drought, 
salt and freezing tolerance (Kasuga et al. 1999). In another attempt, Ito et al. (2006) 
analyzed OsDREB1 transgenic rice plants and confirmed its improved tolerance to 
drought, salt and low temperatures and identified large portion of stress-inducible 
genes. These results confirm that DREB1/CBF cold-responsive pathway is con-
served in rice and Arabidopsis.

Next to DREB family transcription factors, ABA-responsive element binding 
factor (ABF) members belonging to bZIP transcription factor family seems to be 
promising candidates to improve abiotic stress tolerance in plants. ABFs show 
distinct roles in sugar, ABA and stress responses (Uno et al. 2000). To reveal the 
involvement of ABFs in stress tolerance, Kang et al. (2002) generated ABF3 and 
ABF4 transgenic Arabidopsis lines by over-expressing them constitutively. ABF3 
and ABF4 over-expression mutant lines exhibited an altered transpiration rate in 
response to water deficit conditions, eventually all transgenic plants survived a 
12-day drought treatment and set seed in contrast to wild type plant with 33% 
survival rate. Both ABF3 and ABF4 over-expression lines showed induction of 
ABA signaling ABI1, ABI2 phosphatase and other stress-responsive genes including 
desiccation-related LEA genes via ABA dependent pathway. In contrast, both 
ABF3 and ABF4 transgenic lines were hypersensitive to salinity treatments during 
germination. In another study made by Kim et al. (2004), in contrast to ABF3 and ABF4, 
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the two-week old ABF2 transgenic plants exhibited higher salt tolerance (Kim et al. 
2004). These studies are providing enough evidences for the involvement of the 
ABF family members in different abiotic stress tolerance pathways which seems to 
be good candidates for gene pyramiding strategy of improving abiotic stress 
tolerance in plants.

Stress perception and signaling pathways are critical components of adaptive 
response that is vital for the plant species to survive under extreme environmental 
constraints (drought, salt and extreme temperatures). Osmotic stress and associated 
oxidative stress are a common consequence of such a stress exposure and share one 
or more intermediates/components or outputs as part of their signaling (Viswanathan 
and Zhu 2004). It is also highly desirable to have stress signaling sensors that can 
transduce the signal to the target cells. Although signal perception and transduction 
pathway genes are attractive targets for genetic engineering, a detailed knowledge of 
cascades of signal perception and transduction activated under abiotic stress response 
is lacking. Few reports are providing us clues to target these candidates to improve 
abiotic stress tolerance in plants. A receptor-like protein kinase (NtC7) induced under 
abiotic stress response in tobacco has been shown to confer osmotic stress tolerance 
in over-expressing transgenic tobacco plants (Tamura et al. 2003). Mitogen-activated 
protein kinase (MAPK) cascades seem to be the convergent points for crosstalk and 
it is shown that constitutive expression of MAPKKK/Nicotiana protein kinase 1 
(MAPKKK/NPK1) in maize activated an oxidative signal cascade and the transgenics 
showed tolerance to cold, heat, salinity and also higher photosynthetic rates (Shou 
et al. 2004). Pardo et al. (1998) succeeded in developing a stress-tolerant transgenic 
plants by over-expressing calcineurin, a protein phosphatase known to be involved in 
salt-stress signal transduction in yeast. Interestingly, a calcium-dependent protein 
kinase (CDPK) has been identified as an important component of osmotic signaling 
pathways. Rice CDPK7 gene has been over-expressed and shown to be a positive 
regulator in triggering stress-responsive genes in response to salt/drought (Saijo et al. 
2000). As indicated above, until now we have only fragmentary knowledge about the 
abiotic stress signaling pathways, which could be dissected in a systematic manner 
by forward and reverse genetics approach.

Further, genetic engineering allows controlling of timing, tissue-specificity and 
expression level of the introduced genes for their optimal function. This is an 
important consideration if the action of a given gene or transcription factor is 
desired only at a specific time, in a specific organ or under specific conditions of 
stress. The basic findings on stress inducible promoters have led to a major shift in 
engineering abiotic stress-tolerant crops during recent years (Katiyar et al. 1999).

7.4  Marker Assisted Gene Pyramiding

When transferring a specific desirable gene conferring resistance against pest/
disease/abiotic stress from a wild plant into a crop plant via wide crosses, the 
simultaneous transfer of undesired genes from the wild plant is often a problem. 
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In repeated crosses to the cultivated type, the percentage of wild type genes in each 
generation would be 50% in the first generation, 25% in the second, 12.5% in the 
third, 6.25% in the fourth, etc. Even after many generations, wild-type genes 
located close to the desired gene on the chromosome may still be present (i.e., are 
closely linked to the desired gene).

Recently there have been advances in the mapping of genes involved in the 
variation of quantitative traits, through quantitative trait loci (QTL) mapping 
experiments and analysis of genomic data. Such studies on complex traits have led 
to the identification of a great number of genetic factors responsible for the 
heritable variation of these traits. Exploitation of molecular markers tightly linked 
to these genetic factors can be useful in assessing the genotype of corresponding 
individuals carrying favorable alleles at these loci which will provide genetic material 
for the development of new improved varieties. This led to the development of a 
novel strategy called “marker assisted selection” (MAS).

Marker-assisted (or molecular-assisted) breeding provides a dramatic improve-
ment in the efficiency with which breeders can select plants with desirable combi-
nations of genes. A marker is a “genetic tag” that identifies a particular location 
within a plant’s DNA sequences. Markers can be used in transferring a single gene 
into a new cultivar or in testing plants for the inheritance of many genes at once. 
Markers can be based upon either DNA or proteins. Marker-assisted breeding is 
helpful to identify plants that have inherited the desirable gene together with as few 
of the undesired genes as possible. Traditional methods require sorting through the 
entire haystack to find the needle, while markers provide a “metal detector” to easily 
find the specific part of the haystack where the needle is located. As the number of 
traits (genes) that are desired increases, the number of plants that must be screened 
to identify plants that have the rare superior combinations of genes increases even 
more rapidly. By providing quick and efficient tests for many different genes, DNA 
markers are being widely used in breeding crop varieties having optimal combi-
nations of desirable genes. DNA markers have been used for transferring pest 
resistance genes to cultivated varieties, assisting selection of complex multigene 
traits (such as flavor), aiding evaluation of regionally and seasonally optimized 
varieties, allowing genetic purity testing, and enabling proprietary variety protection 
and patent enforcement.

Most theoretical work on the application of marker-QTL associations in selec-
tion has focused on using markers to estimate an individual’s breeding value more 
reliably than when using its phenotype. Advent of marker assisted selection 
strategy has made it possible to transfer locations of a series of genes of interest 
(hereafter referred to as target genes) which is otherwise termed as “gene pyramiding”. 
Using marker assisted pyramiding strategy now it is possible to introgress two or 
three QTLs/genomic regions controlling various physiological/biochemical traits 
associated with stress resistance in plants. MAS help in efficient selection of target 
loci, minimizing linkage drag and rapid recovery of recurrent genome. A MAS 
strategy can also be used to introgress more than two traits efficiently into a common 
recurrent parent. It is reported that simultaneous transfer of upto 5 QTLs is possible 
through marker assisted gene pyramiding strategy (Fig. 7.1).
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Implementation of marker assisted selection strategy in breeding programs will 
help in selecting for both target loci (from the donor parent) and background 
genome (recurrent parent). By this way it is possible to achieve maximum recovery 
of recurrent genotype (Fig. 7.2). The basis of a marker-assisted backcrossing 
(MAB) strategy is to transfer a specific allele at the target locus from a donor line 
to a recipient line while selecting against donor introgressions across the rest of 
the genome. The use of molecular markers, which permit the genetic dissection of the 
progeny at each generation, increases the speed of the selection process, thus 
increasing genetic gain per unit time (Tanksley et al. 1989). The effectiveness of 
marker assisted breeding depends on the availability of closely linked markers and/
or flanking markers for the target locus, the size of the population, the number of 
backcrosses and the position and number of markers for background selection 
(Frisch and Melchinger 2005).

Gene A 

Gene B 

1 2 3 4 5 1 2 3 4 5

Gene A 

Gene B 

Background selection 

Gene A 

Gene B 

Background SelectionForeground Selection

1 2 3 4 5

Target locus Selection Recombinant Selection 

Fig. 7.2 Schematic diagram showing whole genome selection process in introgressing a target 
loci into a desired background

Gene Pyramiding 

F1 (Gene A+B) 

F2 (MAS for markers linked
to genes A and B)

Selection of plants having
genes A and B 

P2
Gene B

P1
Gene A

x

Fig. 7.1 A simple scheme for marker assisted pyramiding of two different traits
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If markers tightly linked to different traits are available, it is possible to monitor 
introgression of many traits (upto six traits) at a time. A schematic representation 
for marker assisted pyramiding of six different traits (root and stem characters) is 
given in the Fig. 7.3 shown below (Servin et al. 2004).

Sharma et al. (2004) demonstrated the efficiency of MAS in pyramiding two 
Brown planthopper (BPH) resistance genes Bphl and Bph2 independently derived 
from two indica resistance lines into a single line through the recombinant selec-
tion. Markers linked tightly to the Bph locus were used for selecting the recombi-
nants and the pyramided lines were found to exhibit higher level of resistance. 
Hittalmani et al. (2000) adopted the strategy of marker assisted QTL pyramiding to 
improve blast resistance in rice. They identified three major genes (Pil, Piz-5 and 
Pita) for blast resistance in rice located on chromosomes 11, 6 and 12 respectively. 
They fine mapped the corresponding regions which resulted in the identification of 
closely linked RFLP markers. The three genes were pyramided using RFLP mark-
ers and the plants carrying the two- and three-gene combinations were tested for 
resistance to leaf blast and the pyramided lines were found to have enhanced resis-
tance than when it is present alone. In the similar manner Barloy et al. (2007) pyra-
mided two genes from Aegilops variabilis conferring resistance against cereal cyst 
nematode into cultivated wheat. First, RAPD marker OpY16-

1065,
 linked to CCN 

resistance was converted into a SCAR marker and used to introgress the regions 
into wheat. CCN bioassays showed that the level of resistance of the pyramided line 

Founding parents

F
ix

at
io

n 
S

te
ps

B
re

ed
in

g 
S

ch
em

eP
ed

ig
re

e

Node

Root Genotype

H(123456)(123456)

H(1)(2)

H(12)(34)

H(1234)(56)

H(3x4) H(5x6)

Ideotype

P1 P2 P3 P4 P5 P6 Generation 0

Generation 1

Generation 2

Generation 3

Fig. 7.3 Scheme of pyramiding multiple traits from diverse parents



178 R. Muthurajan and P. Balasubramanian

was significantly higher than that of single introgression lines but lower than that 
of Ae. variabilis. This study thus illustrates the utilization of molecular markers in 
breeding for host resistance. Raman et al. (1999) reported the ‘pyramided scald 
disease resistant lines’ in barley significantly outyielded the susceptible cultivar, 
Clipper. They used DNA markers linked to scald resistance in AB35, AB200 and 
AB208-lines derived from H. spontaneum.

Werner et al. (2002) adopted a novel strategy of marker assisted pyramiding to 
introgress three different genes conferring resistance against Yellow Mosaic Virus 
in barley. For pyramiding rym4, rym9 and rym11 different strategies were 
employed exclusively based on doubled haploid lines (DHs) as homozygous reces-
sive genotypes are more frequent in DHs than in segregating F

2
-populations. In the 

DH lines produced from the F
1
 of single crosses (rym4 × rym9, rym9 × rym11), 

plants that are homozygous recessive at both loci (25%) were identified by molec-
ular markers. Respective genotypes were again crossed and F

1
 derived DHs were 

screened by molecular markers. This strategy was found to be efficient in pyramid-
ing resistance from multiple sources in a relatively short period of time. Maroof 
et al. (2008) developed a soybean line exhibiting resistance against various strains 
of soybean mosaic virus (SMV) through marker assisted gene pyramiding strategy. 
Simple sequence repeat markers were used to create resistant isogenic line in the 
background of susceptible cultivar Essex by pyramiding Rsv1, Rsv3, and Rsv4 
genes. They successfully demonstrated that MAS aided pyramiding is a straight-
forward method in generating isogenic lines with two- or three-genes to engineer 
high levels of resistance to SMV.

7.5  Conclusion

Gene pyramiding through genetic transformation can complement and accelerate 
breeding programs by introducing resistance genes from diverse sources, such as 
other plants, bacteria and even animals. It has several advantages: (1) Engineering 
of two or more genes for improving abiotic stress tolerance into a single cultivar is 
made possible in a gene-pyramiding breeding program. (2) The pyramided line can 
make use of any one of the introduced genes to escape or tolerate or resist the stress 
even if other genes do not work in favour. (3) Pyramiding approach involves less 
time period to develop multiple stress resistance in a crop when compared to con-
ventional breeding or marker assisted QTL pyramiding. (4) The pyramided line 
serves as a pre-breeding material for all the genes and it can be used in any of the 
ensuing breeding schemes. (5) In the context of genetic diversity and gene pools, 
these pyramided lines act as a miraculous tool for conserving the rarest superior 
alleles. Apart from all these advantages, gene pyramiding strategy of improving 
stress resistance has few advantages viz. (1) Silencing of the gene(s) incorporated; 
(2) differential expression of the introgressed gene(s); (3) preservation of the genes 
corresponding to yield is a not a cakewalk; (4) it is necessary to develop efficient 
transformation and regeneration protocols which are strongly genotype dependent 
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in most crop plants and (5) screening for moisture stress, cold stress and salinity 
under green house conditions might not go in hand with the real microclimatic and 
macroclimatic environment in the field. From the available theoretical and practical 
knowledge, it is clear that gene pyramiding strategy is useful in broadening the 
genetic basis of resistance and this gene pyramiding can be successfully deployed 
in an integrated approach along with all the other management strategies.
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8.1  Introduction

Traditional protocols of plant breeding are based on the phenotypic selection of 
plants with traits of interest, with the final goal of assembling desirable combinations 
of genes in new varieties. These practices have been very effective in improving 
crop productivity during the past decades. However, conventional methods often 
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Chapter 8
Application of Molecular Markers for Breeding 
Disease Resistant Varieties in Crop Plants

Ana M. Torres

Abstract Introgression of desired genes using traditional protocols is lengthy and 
complicated. Since the advent of the first DNA markers, marker assisted selection 
(MAS) has been viewed as a promising approach to streamline resistance breeding. 
Molecular markers linked to resistance genes can obviate the need for testing 
to identify resistant individuals from early generations, leading to an effective 
improvement of the breeding procedure. Today, the most successful applications of 
MAS in plant breeding have been those for major disease resistance genes assisting 
backcrossing into elite cultivars and selecting alleles with major effects on high-
value traits with relatively simple inheritance. By contrast, the approach has not 
been used as widely for the improvement of polygenic traits, due to the insufficient 
precision of QTL mapping techniques and the unreliable extrapolation of QTL 
information across multiple populations. Improvements in marker technologies and 
major investments in economically important crops has revealed the full benefits of 
MAS in private companies. However, further genomic research and reductions in 
the costs associated with molecular markers are required to provide new opportuni-
ties to employ MAS in minor crops and public breeding programmes. This chapter 
provides an overview of the current status of MAS for breeding disease resistance 
in important food crops, and highlights strategies that will enhance the impact of 
MAS in the near future.
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encounter difficulties related to genotype × environment interactions that can 
reduce the effectiveness of phenotypic selection and complicate the identification 
of superior genotypes. Moreover, screening protocols are expensive, time-consuming 
or often unreliable for particular traits such as disease resistance. Thus, the 
introgression of a resistance gene into a breeding line by traditional breeding is 
lengthy and complicated by the need of performing artificial inoculation tests to 
assess the resistant phenotype. This, in turn, requires maintenance of pathogens or 
pests on the host (or alternate hosts) if they are obligate parasites (Francia et al. 
2005). As a consequence, the average length of a breeding program from hybridisation 
and selection of favourable genetic combinations to testing in the field and introduction 
into the market can vary from 10 to 15 years.

Plant breeders also must constantly respond to new challenges. Agricultural 
practices are changing, and crops are regularly exposed to altered growing conditions 
which create the need for developing genotypes with specific agronomic character-
istics. Fungal and insect pests evolve continuously, overcoming host resistance and 
forcing plant breeders to the endless task of developing new crop varieties (Collard 
and Mackill 2008). Furthermore, genes for disease and pest resistance are often 
present only within wild species. Introgression into adapted cultivars is complicated 
by the potential loss of these genes during backcrosses and inbreeding processes to 
eliminate undesirable traits introduced from the wild donor (Foolad 2007). These 
and other problems associated with the use of traditional breeding methods demand 
the employment of techniques that have higher potential for resolution.

Molecular markers are considered valuable tools for crop improvement, due to 
their usefulness in characterizing and manipulating genetic loci responsible for 
monogenic and polygenic traits. Markers are helping researchers to understand 
complex traits, dissect them into single Mendelian components and establish their 
chromosomal locations using linkage maps and/or cytogenetic stocks. Availability 
of well saturated genetic linkage maps is a prerequisite for tagging traits with 
molecular markers, thus enabling their use in MAS (Marker Assisted Selection) 
related activities. The application of MAS to the introgression of genes from one 
genotype (the donor genotype) to another (the recurrent genotype) through a 
backcross breeding scheme clearly illustrates the great advantages of the use of 
molecular markers for indirect selection of traits that would otherwise be difficult 
to select for by standard procedures.

8.2  Molecular Marker Technologies

During the past two decades DNA marker technology has spurred tremendous advances 
in map development for most important food crops. It is beyond the scope of this chapter 
to discuss the technical details on how DNA markers are generated. However some 
advantages and disadvantages of the most commonly used marker types are exposed. For 
more extensive reviews on this topic see Joshi et al. (1999), Gupta et al. (2001), 
Khlestkina and Salina (2006), and Edwards and McCouch (2007) among many others.
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The earlier types of molecular markers include anonymous or neutral markers 
based on hybridization, such as restriction fragment length polymorphisms 
(RFLPs), and which were later followed by based on the polymerase chain reaction 
(PCR), a faster and less expensive technology. PCR-based DNA markers include 
random amplified polymorphic DNAs (RAPDs), amplified fragment length poly-
morphisms (AFLPs), cleaved amplified polymorphic sequences (CAPS), and 
sequence characterized amplified regions (SCARs), which have been extensively 
used in different applications.

Even today, RFLPs offer the best marker type for many purposes. The main 
drawbacks of using RFLPs are the high cost and the low throughput of genotyping. 
RAPDs and AFLPs have also been widely used in genetic diversity studies and 
gene mapping. Both technologies are particularly useful when there is a need to 
assay loci across the entire genome. Nevertheless, their dominant nature, the lack 
of reproducibility of RAPDs compared with AFLPs and the lack of specificity in 
both cases, are limiting factors for their application in accurate MAS breeding 
approaches. However, random techniques such as RAPDs and AFLPs are highly 
useful for finding new markers linked to desirable alleles. Once such markers are 
identified, the corresponding bands can be sequenced and used to develop more 
specific and reliable markers such as CAPs or SCARs that simplify the screening 
of large progenies (Edwards and McCouch 2007).

A significant development in PCR marker technology is evident when the 
DNA sequence is available and it is possible to design primers to amplify across a 
highly variable locus. These highly variable features include tandem repeats such 
as microsatellites or SSRs, and dispersed complex repeats such as transposable 
elements. Microsatellites are relatively simple and cheap to use and have been 
employed for a multitude of genetic projects due to the highly reproducible and 
reliable identification of alleles.

In recent years, the availability of whole genome sequences of a few selected 
crops and the sequence information generated by expressed sequence tags (ESTs) 
has also led to the development of a new generation of markers, gene-targeted 
markers (also called candidate gene markers) and functional markers (Andersen 
and Lübberstedt 2003). These are derived from polymorphic sites within genes 
known to be causally involved in phenotypic trait variation. ESTs are currently 
the most widely sequenced elements from plant genomes and constitute a novel 
source of markers physically associated with coding regions, as well as a possible 
source of SSRs in many crops. ESTs thus provide a robust sequence resource that can 
be exploited for gene discovery, genome annotation, and comparative genomics.

The major drawback of anonymous markers with respect to functional markers 
is that their predictive value depends on a tight linkage between marker and target 
locus. Functional markers are, however, superior to anonymous markers due to their 
complete linkage with genes of known function. Once genetic effects have been 
assigned to a sequence motif, derived markers can be used efficiently to fix the cor-
responding alleles in a number of genetic backgrounds.

Gene-targeted markers and functional markers are often based on the discovery 
of single nucleotide polymorphisms (SNPs) between alleles. SNPs provide the 
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most abundant source of sequence variants encountered in most genomes (Cho 
et al. 1999; Picoult-Newberg et al. 1999), and are often the only option for finding 
markers that are very close to or within a gene of interest. Their development costs 
are similar to those of SSRs, but there is a myriad of SNP assay technologies which 
constitute some of the most highly automated, efficient and relatively inexpensive 
genotyping methods (Henikoff and Comai 2003; Kwok and Chen 2003).

8.3  Molecular Markers in Breeding Applications

The wide range of markers currently available has dramatically increased our 
knowledge of the genetic diversity within many plant species, and has greatly facili-
tated mapping of genomic regions that contribute to trait variation. Using the 
marker maps, putative genes affecting traits of interest have been detected by testing 
for statistical associations between marker variants and traits (Paterson et al. 1991). 
Following their identification, useful genes or quantitative trait loci (QTLs) can be 
introgressed into desirable genetic backgrounds via MAS, using markers physically 
located close to or even within genes of interest.

The potential of MAS as a tool for crop improvement has been extensively 
explored (Tanksley et al. 1989; Ribaut et al. 2002; Servin et al. 2004). MAS offers 
promise for:

1. Early screening of genotypes in the seedling stage, important for traits that are 
expressed late in the life cycle of the organism

2. Screening for rare recombinants between closely linked genes
3. Effective screening for traits that are extremely difficult, expensive or time con-

suming to score phenotypically

a. Indirect selection of desirable plants avoiding environmental, pleiotrophic or 
epistatic effects

b. Discriminating between homo- and heterozygous individuals in a single 
generation without the need for progeny testing

c. Monitoring single or multiple trait/QTL introgression in backcrossing 
programs (known as gene pyramiding)

Holland (2004) described three levels of marker-assisted backcrossing. In the first 
level, markers are used in combination with or instead of screening for the target 
gene or QTL. This may be especially useful for selecting recessive alleles or for 
traits whose phenotypic screening protocols are more laborious or expensive than 
marker assays. The second level refers to the use of markers for selection of recom-
binants with chromosome segments containing the target gene and as little as possible 
surrounding DNA from the donor parent. This is critical to avoid undesirable genes 
that may negatively affect crop performance which is referred to as “linkage drag” 
(Hospital 2005). Finally, the third level of marker-assisted backcrossing involves 
using markers unlinked to the target locus for selection of recombinants with the 
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highest proportion of the recurrent parent (Hospital and Charcosset 1997; Frisch 
et al. 1999; Collard and Mackill 2008).

The MAS approach is not only a tool of speeding up the process of gene transfer, 
but also allows pyramiding of desirable genes and QTLs from different genetic 
backgrounds. Gene pyramiding refers to the introgression of several characters at 
one time, a method that may enhance the durability or degree of pest and disease 
resistances. When a cultivar is protected by one major gene it is difficult to intro-
gress additional genes conferring resistance to the same disease because of the 
difficulty of their discrimination in phenotypic screenings (since the plant already 
shows resistance). However, by tagging several genes with closely linked molecular 
markers, MAS strategies facilitate the development of lines with stacked resistance 
genes, giving the cultivar more durable protection than that afforded by a single 
resistance gene (William 2007a). Also, genes controlling resistance to different 
races or biotypes of a pest or pathogen, or genes contributing to agronomic or seed 
quality traits can be pyramided together to maximize the benefit of MAS through 
simultaneous introgression (reviewed in Dwivedi et al. 2007).

The following section will focus on selected research relating to the identifica-
tion, tagging, mapping, and MAS of resistance genes and QTLs in important food 
crops. Examples of marker-trait associations are too numerous to review in a single 
chapter, but we will present an overview of novel and successful applications of 
MAS in breeding for disease resistance and highlight the strategies to enhance the 
impact of MAS in the near future.

8.4  Efficient Applications of MAS in Breeding  
for Disease Resistance

Development of cultivars with improved resistance to biotic stresses is a primary 
goal of plant breeding programs throughout the world. Disease resistant cultivars 
can reduce both the risk of yield loss and the dependence on pesticides in high input 
systems, enabling a more stable production across diverse and adverse environ-
ments and soil conditions (Miklas et al. 2006).

Since the advent of the first DNA markers, MAS has been viewed as a promising 
approach to streamline resistance breeding. Today, the most successful applications 
of MAS in plant breeding have been those for major disease resistance genes. 
Molecular markers linked to resistance genes can obviate the need for resistance 
testing to identify resistant individuals in early generations of breeding populations, 
reducing the number of progeny maintained. Molecular markers are now routinely 
used in plant cultivar development to assist backcrossing of major genes into elite 
cultivars and to select alleles with major effects on high-value traits with relatively 
simple inheritance.

Although the use of MAS is most straightforward for manipulating single-gene 
traits, its potential for breeding complex traits also has been recognized (Bouchez 
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et al. 2002; Lecomte et al. 2004, among others). Excellent reviews on MAS applications 
in different crops have been provided by Gupta and Varshney (2004), Francia et al. 
(2005), Foolad (2007), Landjeva et al. (2007), Dwivedi et al. (2007) and Collard 
and Mackill (2008), among others. However, it should be noted that despite hundreds 
of published QTL studies, MAS for polygenic trait improvement is just now starting 
to produce convincing results, and relatively few practical applications have yet 
been published. This paucity of reports highlights the long term nature of this 
research, or according to Hoisington and Melchinger (2004), might reflect the fact 
that marker technology has been applied to plant breeding efforts mostly by scientists 
working in industry. Additional factors that are delaying the scope and utility of 
MAS in plant breeding will be exposed in Section 5, however the insufficient 
precision of QTL mapping techniques and unreliable extrapolation of QTL information 
across multiple populations are some of the main reasons.

Likewise, the availability of well-saturated linkage maps and the extent of 
genetic studies vary among different crops and also influence the feasibility of 
any MAS-related activity. Thus, these resources are available for MAS cereals 
such as rice, maize and wheat, and in legumes such as soybean. For other, lower 
value, species considered as “orphan crops”, genetic improvement with MAS is 
not yet feasible. In this section, we briefly summarize selected cases where MAS 
has been used to incorporate disease resistance traits into improved genetic 
backgrounds of major food crops. The space limitation of the chapter does not 
allow for discussion of procedures or methodologies used, however, some general 
comments can be made as to the mapping and tagging of specific resistance 
genes and QTLs.

8.4.1  Cereals

As the most important components of daily diet for human population, cereals have 
received by far the strongest support from basic research. Cereal genomics has 
undergone exponential growth in the last two decades leading to the availability of 
a large number of molecular markers, well saturated genetic and physical maps and 
batteries of expressed sequenced tags (ESTs) and sequencing regions carrying 
specific genes. All these approaches are facilitating studies on comparative mapping 
and helping cereal breeding programs through MAS.

8.4.1.1  Rice

Rice was the first cereal to be fully sequenced because of its agricultural importance 
and its small genome size, low number of chromosomes, well characterized genetic 
and genomic resources, and availability of a large number of DNA markers and high-
density genetic linkage maps (revised in Gowda et al. 2003). Consequently, the status 
of rice as a genomic model is set to promote the application of MAS in breeding.
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Much of the progress to date has centred on marker-assisted backcrossing or 
pyramiding of genes against bacterial blight caused by Xanthomonas oryzae pv. 
oryzae and rice blast caused by the fungus Magnaporthe grisea. The International 
Rice Research Institute (IRRI, Philippines and Punjab Agricultural University, 
Ludhiana) have successfully employed MAS to pyramid genes for bacterial blight 
resistance. All possible combinations of the four resistance genes, Xa4, xa5, xa13 
and Xa21 have been pyramided using RFLP and STS (sequence tagged site) markers 
(Sanchez et al. 2000; Chen et al. 2000, 2001; Singh et al. 2001, among others). The 
pyramided lines show a wider spectrum or higher level of resistance to the bacterial 
pathogen. Recently, the Government of Indonesia released two new rice varieties 
obtained through MAS, ‘Angke’ and ‘Conde’, which are resistant to bacterial leaf 
blight infection (after Babu et al. 2004). MAS has been used successfully used in 
gene pyramiding and nine varieties have been released, two each in Philippines and 
India, and five commercial hybrids in China. Rice blast caused by the fungal patho-
gen Magnaporthe grisea is another important disease. Three genes, namely Pi1, 
Piz5 and Pita have been pyramided using RFLP and PCR-based markers for durable 
blast resistance in high-yielding rice cultivars (Hittalmani et al. 2000; Liu and 
Anderson 2003). By MAS has been used to transfer Bph 18 gene into commercial 
japonica cultivar in Korea (Jena et al. 2006).

Additional targets in rice for genetic enhancement through MAS include 
resistance to gall midge and to brown plant hopper, two of the most serious insect 
pests of rice in Asia. Of the ten known gall midge resistance genes, eight have been 
tagged and mapped, and tightly linked markers are being used in gene pyramiding into 
elite rice cultivars (Mohan et al. 1994, 1997; Nair et al. 1995; Katiyar and Bennett 
2001; Sardesai et al. 2002; Jain et al. 2004). Brown planthopper is a destructive 
phloem feeding insect pest against which both qualitative (Jena et al. 2003, 
2006) and quantitative resistance (Xu et al. 2002) has been reported. An example 
of gene pyramiding was reported by Sharma et al. (2004) who constructed a gene-
pyramided japonica line containing two brown plant hopper resistance genes, Bph1 
and Bph2, derived from two indica resistance lines.

8.4.1.2  Barley

Selected examples of successful MAS application in barley include the early 
identification of homozygous or heterozygous plants resistant against barley mild 
mosaic virus (BaMMV) and barley yellow mosaic virus BaYMV (Tuvesson et al. 
1998). There are numerous resistance sources against these viruses, but resistance 
in cultivars of European winter barley depends entirely on a single recessive gene 
(ym4), which confers complete immunity. One RFLP marker tightly linked to ym4 
(Graner and Bauer 1993) was converted into a PCR-based STS marker (Bauer and 
Graner 1995). Based on this marker, plants possessing homozygous or heterozy-
gous resistance against BaMMV/BaYMB are being used actively in commercial 
breeding programmes. A variety of different markers have been developed in DH 
populations for selection of rym4 and the allelic rym5 resistance genes (Graner 
et al. 1999). One of them, the SSR Bmac0029, is used at present by many European 
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winter barley breeders (Rae et al. 2007). Results from genomics studies have 
further lead to the identification of a candidate gene for resistance to the Yellow 
Mosaic Virus complex (Wicker et al. 2005). Finally, the fine-mapping (Pellio et al. 
2005) and recent cloning of the rym4/5 locus (Stein et al. 2005) opens up the 
prospect of a diagnostic marker for rym4/5-based virus-resistance (reviewed in Rae 
et al. 2007). Further molecular markers available in barley breeding for virus resistance 
have been reported by Ordon et al. (2004).

An example of pyramiding in barley involves stacking of the resistance genes rym4, 
rym5, rym9 and rym11 for the barley yellow mosaic virus complex using molecular 
markers and doubled haploids (Werner et al. 2005). Additional markers have been 
reported for barley yellow dwarf virus (Yd2) (Jefferies et al. 2003) and leaf rust 
(Rphq6) (van Berloo et al. 2001), broadening the number of resistance genes that may 
be combined in a barley MAS programme (Rae et al. 2007; Mammadov et al. 2007).

Barley stripe rust caused by Puccinia striiformis f. sp. hordei is another disease 
that causes severe quality and yield losses. Toojinda et al. (1998) described the use 
of RFLPs to introgress the stripe rust resistance QTL in elite breeding material 
through marker-assisted backcrossing. The procedure has allowed the rapid devel-
opment of resistant germplasm of barley on a commercial scale. The US variety 
“Tango” is claimed to be the first commercially released cultivar obtained by 
molecular MAS.

8.4.1.3  Wheat

Linkage map construction in wheat is more challenging than in species such as rice 
or maize due to its hexaploid nature and a large genome size composed of 21 linkage 
groups, as opposed to 10 in maize and 12 in rice. The use of MAS in wheat has 
increased over the last few years, encouraged by a surge in the number of amenable 
target traits and by a combination of technological improvements. In 2001, a US 
wheat MAS consortium involving public sector breeders was formed with the aim 
to transfer developments in wheat genomics to wheat production (Dubcovsky 2004). 
The program targeted traits such as disease and pest resistance or end-use quality, 
and was seeking the transfer of these traits through MAS. Eagles et al. (2001) 
reported a parallel use of a number of marker assays in wheat cultivar development 
programs in Australia. In public wheat breeding programs in Canada, MAS is an 
integrated component for traits such as midge and rust resistance (William 2007a). 
Finally, European wheat breeding companies are also known to use markers in their 
breeding efforts (Angus 2007), but unfortunately no data is publically available.

The most appropriate targets for MAS in current wheat breeding programs are 
Fusarium head blight, which is difficult to evaluate, rust and virus resistance. 
Successful examples of single gene introgression and gene pyramiding include 
the genetic enhancement of resistance to leaf rust through the genes Lr19, Lr51 
and Yr15 (Slikova et al. 2003; Helguera et al. 2005; Chagué et al. 1999) and the 
development of improved pyramided lines and cultivars containing combinations 
for the powdery mildew resistance genes Pm2, Pm4a, Pm6, Pm8 and Pm21 
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(Liu et al. 2000; Wang et al. 2001), as well as lines with resistance to Fusarium 
head blight, orange blossom midge (Sm1), and leaf rust (Lr21) (Somers et al. 
2005).

Another good candidate for widespread use of MAS in wheat breeding 
programs is resistance to the cereal cyst nematode Heterodera avenae. Recently, 
Barloy et al. (2006) reported the pyramiding, through MAS, of two resistance 
genes, CreX and CreY, from the wild grass species Aegilops variabilis into a 
wheat background. Moreover, a novel QTL controlling resistance to the cereal 
cyst nematode in wheat has recently been associated with microsatellite marker 
loci (Williams et al. 2006). The locus acts additively with previously identified 
resistance loci Cre8 and Cre5.

MAS is being used at CIMMYT to facilitate selection of a set of traits with low 
heritability, expensive and time-consuming screening protocols, but high economic 
value. A set of markers linked to genes controlling resistance to foliar diseases, root 
health, and quality are routinely used for their introgression into high-yielding 
backgrounds (William et al. 2007b). Examples of the diagnostic or perfect markers 
that are currently in use are cereal cyst nematode resistance genes Cre1 and Cre3 
(Lagudah et al. 1997), barley yellow dwarf virus resistance introgressed from 
Thinopyrum intermedium on chromosome 7DL (Ayala et al. 2001), and a marker 
for Aegilops ventricosa-derived resistance to stripe rust (Yr17), leaf rust (Lr37) and 
stem rust (Sr38). CIMMYT also uses a set of linked markers for transferring a locus 
with major effects on boron tolerance (Bo-1), crown rot resistance, scab resistance 
and stem rust resistance (reviewed by William et al. 2007b).

8.4.1.4  Maize

Together with rice, maize was one of the first crop species for which molecular 
linkage maps were developed and merged into a consensus map (Gardiner et al. 1993). 
Maize is a naturally out-crossing species that shows highly significant levels of 
heterosis. In contrast to the situation in the other major cereals, where breeding is 
commonly carried out by public organizations, maize breeding in developing coun-
tries is controlled by private sector entities. Maize production in industrialized 
countries is also focussed towards the development of F1 hybrids and dominated by 
a small number of multinational private sector companies that are able to sustain 
profitability through their control over the genotype of their varieties. This has 
far-reaching implications on the feasibility of MAS in maize, and largely explains 
the lead that maize enjoys over wheat and other minor cereals in the deployment of 
MAS technology (Koebner and Summers 2007).

The most common use of MAS by the private sector is related to backcrossing 
of maize transgenes for resistance to herbicides or insects into elite inbred lines, the 
direct parents of the commercial hybrids (Ragot et al. 1995; Crosbie et al. 2006). 
To satisfy regulatory requirements and market demands, companies normally 
develop parallel breeding programmes with non-transgenic maize line. MAS 
schemes and infrastructure have recently facilitated the introgression of native 
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genes and QTLs for relatively complex traits such as resistance to grey leaf spot, 
northern corn leaf blight, Fusarium stalk and ear rots, abiotic stress tolerance and 
grain yield (Koebner and Summers 2007). The prospect of MAS to improve insect 
resistance in tropical maize has been less efficient than conventional phenotypic 
selection (Bohn et al. 2001). However, an increase in the relative efficiency is 
achieved when MAS and conventional phenotypic screening are combined (Collard 
and Mackill 2008).

Selected examples of MAS include resistance against northern corn blight 
resistance and southwestern corn borer (Simcox and Bennetzen 1993; Willcox 
et al. 2002, respectively). William et al. (2007a) highlighted CIMMYT experience 
with MAS applications in maize. For example, a major QTL controlling maize 
streak virus resistance explaining 50–70% of total phenotypic variation (Pernet 
et al. 1999a, b). Later, several microsatellite markers associated with this QTL 
were successfully used for the selection of resistant lines (William et al. 2007a).

To facilitate marker application in public efforts to improve wheat and maize 
cultivars, CIMMYT has recently established a marker implementation laboratory 
that provides the facilities and technical expertise for its breeders. The laboratory 
carries out two main MAS-related activities (1) identification in the literature of 
markers developed by third parties and verification that these can be used to detect 
traits or genes of interest in CIMMYT germplasm; (2) growth and/or sampling of 
plant tissue, DNA extraction, marker detection, data analysis and dissemination of 
results to breeders (William et al. 2007b).

8.4.2  Legumes

In contrast to cereals, there are very few reports in legumes of successful 
single gene transfer by MAS, and these are limited to two crops, soybean and 
common bean. This difference is due to the early stage of genomic research in 
these crops and to the limited number of trait mapping studies that have been 
completed (Dwivedi et al. 2007).

Loci for resistance to cyst nematode in soybean and common bacterial blight in 
common bean have been transferred into improved breeding lines (Concibido et al. 
1996; Yu et al. 2000). In Resistance to soybean cyst nematode, phenotypic assays 
for resistance screening take approximately 5 weeks and extensive greenhouse 
space and labour. Identification of closely linked microsatellite markers has enabled 
the efficient transfer of the resistance gene rhg1 (Cregan et al. 2000). A second 
example of MAS in common bean was reported by Yu et al. (2000), who used 
SCARs associated with common bacterial blight resistance for efficient discrimina-
tion of resistant genotypes.

Reports on successful gene pyramiding in legumes include combining a QTL for 
resistance to corn earworm and Pseudoplusia includens (soybean looper) in a line 
expressing a synthetic Bacillus thuringiensis cry1Ac transgene in soybean (Walker 
et al. 2002, 2004). In common bean, resistance genes for rust, caused by Uromyces 
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appendiculatus, and anthracnose, caused by Colletotrichum lindemuthianum, have 
been pyramided in adapted cultivars through marker-assisted backcrossing (Faleiro 
et al. 2004). Resistances to common bacterial blight, bean common mosaic virus, 
and anthracnose have been also combined (Kelly et al. 2003).

Numerous examples of gene-marker associations exist in other minor legume 
crops such as pea, chickpea or faba bean. RAPDs and SCARs linked to genes con-
trolling powdery mildew resistance in pea (Timmerman et al. 1994; Tiwari et al. 
1998; Fondevilla et al. 2008a) are available and could be utilized in MAS strategies. 
Moreover, QTLs for Ascochyta blight resistance have identified and validated 
(Timmerman–Vaughan et al. 2004; Fondevilla et al. 2008b) and candidate genes for 
the quantitative response have been reported (Prioul-Gervais et al. 2007), which 
may enable breeders to rapidly select for resistance to this pathogen.

In chickpea, efforts to employ MAS have been initiated and resistance to fusarium 
wilt may be combined with other desired traits with relative ease. Ascochyta resis-
tance, however, is more unclear despite the fact that QTLs for resistance have been 
localized at a few loci in the chickpea genome (reviewed in Millán et al. 2006). In faba 
bean, molecular breeding for resistance to broomrape (Orobanche crenata), Ascochyta 
fabae and rust (Uromyces viciae-fabae) has been carried out, and promising results for 
MAS applications have been obtained (Torres et al. 2006 and references therein).

8.4.3  Solanaceae

8.4.3.1  Tomato

Tagging and mapping of single-gene traits in tomato started much earlier than in 
other crop species. As a result, tomato is very rich in available molecular markers. 
Most of them, including RFLPs and PCR-based markers, however, fail to detect 
polymorphisms within the cultivated species or between the cultivated and closely 
related wild species such as L. pimpinellifolium, restricting their use in breeding 
programs. Most recently significant efforts have been devoted to the discovery of 
high-resolution genetic markers such as SNPs and insertion deletions (InDels) 
(Labate and Baldo 2005).

Mapping disease resistance genes and QTLs has been the focus of many mapping 
activities in tomato although most of these activities are not reported in public litera-
ture. Since the 1970s, with the pioneering work of Rick and Fobes (1974) identifying 
an association between root-knot nematode resistance and the isozyme locus Aps-1 
(acid phosphatase), MAS has become a reality for seed companies selecting for 
nematode resistance. A survey by Foolad (2007) of some major tomato seed compa-
nies in the United States and in Europe indicated that MAS is routinely employed 
for tomato improvement for many qualitatively inherited disease resistance traits. 
Examples include vertical resistance to diseases such as corky root, fusarium wilt, 
late blight, root-knot nematodes, powdery mildew, bacterial speck, tobacco/tomato 
mosaic virus, tomato spotted wilt virus, and verticillium wilt. Many companies 
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indicated as well that for several of the resistance traits, MAS was not only faster 
than phenotypic selection but in some cases also cheaper and more effective.

On the other hand, the author obtained very few examples of seed companies 
successfully using MAS for manipulating QTLs, although it was apparently 
attempted for bacterial wilt, bacterial canker, bacterial wilt, powdery mildew and 
yellow leaf curl virus. In public tomato breeding programs the use of MAS is less 
common, although it has been practiced to improve vertical resistance to some 
diseases such as late blight, bacterial canker (Coaker and Francis 2004), bacterial 
speck and bacterial spot (Yang and Francis 2005) and horizontal resistance to 
blackmold and late blight (Robert et al. 2001; Brouwer and Clair 2004). For an 
extensive review on these topics see Foolad (2007).

8.4.3.2 Potato

Currently, the potato map is among those most highly saturated with different 
molecular markers, thus providing extensive opportunities for optimal applica-
tion of MAS schemes. There are more than 20 single dominant resistance genes 
(R genes) mapped on 10 chromosomes (reviewed in Gebhardt and Valkonen 2001), 
together with genes controlling quantitative resistance traits. The first QTLs 
mapped were those conferring resistance to insects (Bonierbale et al. 1994; Yencho 
et al. 1996), followed by QTLs for resistance to Phytophthora infestons, Erwinia 
carotovora, and Globodera spp. (Gebhardt and Valkonen 2001) and to potato 
leafroll virus (Marczewski et al. 2001).

A fine example of MAS was reported by Hämäläinen et al. (1997), who were able 
to screen many diploid and tetraploid Solanum genotypes for resistance to potato 
virus Y (PVY, genus Potyvirus) thanks to one RFLP marker linked to the gene Ry

adg
. 

CAPs and SCARs have allowed the breeding of genotypes resistant to PVY (Kasai 
et al. 2000) and their use for the selection of quantitative traits, such as resistance to 
Phytophthora infestans, has also been suggested (Oberhagemann et al. 1999).

Reports on gene pyramiding in potato include the use of four PCR-based 
diagnostic assays to combine the Ry

adg
 gene for extreme resistance to PVY with 

Gro1 for nematode resistance and with Rx1 for extreme resistance to potato virus 
X (PVX, genus Potexvirus), or with Sen1 for wart resistance (Synchytrium endobioticum). 
Marker-based selection of tetraploid potato clones showed multiple resistances to 
the four diseases (Gebhardt et al. 2006).

8.5  Future Challenges and Perspectives for MAS

Most traits of agronomic importance, including disease resistance, are difficult to 
breed due to their genetic complexity, the interactions between the underlying 
genes (epistasis) and their environment-dependent expression. The difficulty of 
phenotypic selection of these quantitative traits gave rise to an optimistic view of 
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the prospects of MAS for QTL selection. However, to date, few studies have dem-
onstrated the advantages of marker-QTL associations over phenotypic selection in 
the development of enhanced breeding materials through introgression or gene 
pyramiding. Selected examples of success of MAS for quantitative traits have been 
provided by Ahmadi et al. (2001) in rice, Yousef and Juvik (2001) in maize, Walker 
et al. (2002, 2004) in soybean, Somers et al. (2005) in wheat and Richardson et al. 
(2006) in barley. For a more extensive review see Dwivedi et al. (2007).

Molecular markers should have a much greater impact on plant breeding if they 
could be used widely to aid selection of quantitative traits in a time and cost-
effective manner. However, despite the advances in DNA marker development, the 
construction of high density genetic linkage maps and the extensive QTL mapping 
of economically important traits, MAS has been much more effective for relatively 
simple traits than for complex ones. Currently, the access to more reliable PCR-based 
markers such as SSRs and SNPs, and the recent development of gene-targeted and 
functional markers is facilitating mapping of QTLs with large effects and with a 
high level of resolution (Paterson et al. 1988). However, as suggested earlier by 
Young (1999), research on quantitative traits has several important challenges:

1. Improvement of scoring methods. The accuracy of phenotypic evaluation is of 
utmost importance for the accuracy of QTL mapping. For this reason, establish-
ing reliable inoculation and scoring methods are continuous challenges for plant 
pathologists and breeders.

2. Use of larger population sizes to avoid the bias in estimates of QTL effects 
(Melchinger et al. 1998). The larger the population, the more accurate the mapping 
study and the more likely it allows detection of QTLs with smaller effects An increase 
in population size provides gains in statistical power, estimates of gene effects and 
confidence intervals of the locations of QTLs (Collard et al. 2005).

3. Validation of QTLs in multiple replications and environments. Quantitative traits 
often have a low heritability, with many QTLs segregating for the trait, each with 
small individual effects. As a result, effects of individual regions are not easily 
identified and multiple genomic regions must be manipulated at the same time in 
order to have a significant impact. Although the effects of many QTLs seem to 
be consistent across environments, the magnitude of their effects varies depending 
on environmental conditions, due to QTL × environment interactions. For this 
reason, replicates of field tests are required to accurately characterize the effects 
of QTLs and to evaluate their stability across environments. These interactions 
remain a major constraint for the discovery of QTLs that confer a consistent 
advantage across a wide range of environments and should therefore be carefully 
considered in developing an effective MAS scheme (Francia et al. 2005; 
Collard and Mackill 2008).

4. The effect of a QTL can depend on the genetic background. This emphasizes the 
importance of testing the QTL effects and the reliability of marker associations 
in various genetic backgrounds and, whenever possible, in parallel populations, 
before MAS is undertaken.

5. Improvement of the predictive and/or diagnostic values of markers. In case of 
markers linked to the QTL, the proportion of total phenotypic variance explained 
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by each QTL is key to the value of the marker in enhancing the breeding gain for 
the target trait. Similarly, the process of marker validation is required to deter-
mine the reliability of a marker (or flanking markers) to predict phenotypes.

All these approaches should increase the reliability and accuracy of QTL 
mapping studies. However, there are other potential limitations to the widespread 
use of MAS in plant breeding. Collard and Mackill (2008) indicate the existence 
of “physical gaps” between research laboratories and breeding institutes or 
companies, which is obvious when these groups are independent or do not work 
closely together. The situation is aggravated by the low motivation within academic 
institutions to ensure development of user-friendly markers which are validated 
in different situations and efficiently applied in breeding programmes, once 
the innovative research is published. In case of private companies, transfer of 
markers and relevant information to breeders is practically zero, since publication 
of results is generally discouraged.

The same author pointed out the “knowledge gaps” between molecular biologists, 
plant breeders and other related areas, due to the rapid developments of fundamental 
concepts and methodologies used by each of the disciplines in the past two decades. 
Both factors are restricting the integration between conventional and molecular 
breeding, limiting the transfer of markers and relevant information for breeding 
applications and ultimately affecting the development of breeding lines.

Apart from these reasons, one crucial limitation for the application of MAS in 
minor crops is the high cost of DNA assays compared with conventional pheno-
typic selection (Koebner and Summers 2002, 2003; Bonnett et al. 2005). As stated 
by Dekkers and Hospital (2002) economics is a key factor in the application of 
molecular breeding approaches and their use will be determined by the economic 
benefit relative to conventional selection. MAS is justified when it replaces more 
expensive or tedious assays, or results in an increased precision in the identification 
of the desired genotypes.

For economically important crops such as maize and soybean, which are 
controlled by large private sector companies, major investments have been made to 
develop and use novel marker technologies and associated assay platforms. These 
efforts have resulted in increased efficiency, higher throughput, and lower assay 
costs, enabling markers to be used extensively in MAS approaches. Therefore, it is 
desirable to consider MAS approaches on a case-by-case basis, taking into account 
the importance of a trait in the overall breeding scheme, the available resources in 
personnel and consumables, and the nature of the breeding material (William et al. 
2007a). Moreover integration of genomics with molecular breeding for disease 
resistance particularly gene based MAS should offer a comprehensive research 
strategy for more efficient selection in the near future. Currently, a variety of high-
throughput genotyping technologies are becoming sufficiently cheap to allow their 
broad use in plant breeding. A new generation of molecular markers based on the 
detection of SNPs promises high-throughput assays at relatively low costs, along 
with the potential for high levels of multiplexing (Francia et al. 2005). Moreover, it 
should be considered that, although in marker assisted backcrossing the initial cost 
of using markers can be more expensive compared to traditional breeding, in the 
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medium to long term time savings could lead to an accelerated variety release 
which in turn produces greater gains.

At present, traditional breeding efforts are being greatly enhanced through the 
integration of comparative genomics. Gene similarities and synteny across genomes 
mean that much of the information generated on any plant species has relevance to 
other plant species. Most of the economically important species of grasses, legumes 
and solanaceae have detailed comparative maps allowing prediction of gene content 
and gene order across species (Tanksley et al. 1992; Devos and Gale 1997; Kalo 
et al. 2004; Choi et al. 2004). The information from synteny studies on genomic 
regions bearing traits of interest in model or economically important crops can be 
directly applied to related species for the improvement of the trait.

Large scale sequencing projects have produced an exponentially growing number 
of ESTs that have been used for the development of marker-dense transcriptional 
maps in different species (Choi et al. 2007; Kota et al. 2007; Schneider et al. 2007). 
This has two important implications for the improvement of complex traits: (1) the 
possibility of exploiting the information derived from syntenic regions to related 
species and (2) using the maps as a source of candidate genes for QTL mapping. 
As stated by Grattapaglia (2007), the generalized use of an increasing set of 
interspecific transferrable markers and the derived consensus mapping information 
will allow faster and more detailed studies on QTL synteny among species. It will 
also facilitate validation of QTLs and expression-QTLs across variable genetic 
backgrounds, and positioning of a growing number of candidate genes co-localized 
with QTLs, to be tested in association mapping experiments.

A key step of the control of stress responses in plants is the transcriptional 
activation or repression of genes. Identification of differentially expressed genes is 
particularly important to understand stress responses in plants (Dita et al. 2006). 
Sequence information, while valuable and necessary as a starting point, is insufficient 
to answer questions concerning gene function. Recent advances in functional 
genomics are helping to assess gene function through genome-wide experimental 
approaches. Innovative tools such as DNA microarrays together with ESTs are 
emerging technologies in crop improvement allowing the quantitative assessment 
of RNA levels in the sample. This in turn should assist the breeder in selecting the 
best breeding lines, based on RNA expression profiles, as much as on marker genotypes 
(Babu et al. 2004). The combination of greater knowledge and new tools will lead 
to changes in the strategies used for breeding. Integrating genomics with molecular 
breeding for disease resistance particularly gene based MAS should offer a 
comprehensive research strategy for more efficient selection in the near future.
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Abstract Drought stress is one of the most serious yield-reducing stresses in 
agriculture. Understanding the genetic basis of traits that can practically contribute 
towards development of drought resistant varieties is of paramount importance. 
This review focuses on the utilities of the chosen morpho-physiological traits in 
determining drought tolerance and provides an overview of molecular markers 
and genomics approaches that are available to increase the efficiency of breeding 
of these traits in crop breeding programmes. Suitable examples are cited where 
marker assisted selection (MAS) methods have started to prove useful in breeding 
for increased drought tolerance. Applications of model and non-model genomes 
in identifying functional markers associated with quantitative trait loci (QTLs), 
genes, and their allelic variants contributing to drought tolerance are highlighted. 
Genetics, genomics and molecular biology methods are also discussed for fine 
mapping and cloning of major QTLs as well as of their applications in developing 
more robust and affordable tools and technologies.

9.1  Introduction

Of all the abiotic stresses that curtail crop productivity, drought is the most 
devastating one from an economic standpoint and the most difficult to breeders’ 
efforts. The difficulty arises from the diverse strategies adopted by plants 
themselves to combat drought stress depending on the timing, severity and stage 
of crop growth. Further complexity is added by the presence of other abiotic 
stresses (e.g., heat, salinity) which amplify the adverse effects of water deficit. 
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Compounding the problem further are the many loci that show efficacy only in 
a subset of circumstances (Lebreton et al. 1995; Ribaut et al. 1996, 1997; Tuinistra 
et al. 1996; Nguyen et al. 2004).

Understanding the traits that contribute to drought resistance in crops and their 
genetic basis is, therefore, fundamental to enable breeders and molecular biologists 
to develop new varieties with more drought resistance characters. Compared to 
conventional approaches, molecular mapping and genomics approaches offer 
unprecedented opportunities for dissecting quantitative traits like drought tolerance 
into their single genetic determinants, the so-called quantitative trait loci (QTLs,) 
thus paving the way to marker-assisted selection (MAS) and, eventually, cloning of 
QTLs and their direct manipulation via genetic engineering. The increasing number 
of studies reporting QTLs for drought-related traits and yield in drought-stressed 
crops indicates a growing interest in this approach. Furthermore, new genomics 
platforms, sequencing and bioinformatics have all added new dimensions for 
deciphering and manipulating the genetic basis of drought tolerance. This paper 
gives an overview of various molecular approaches that have been taken to study 
genetic basis of drought tolerance traits in plants and how breeders might improve 
the trait from the adoption of molecular approaches. Before embarking upon the 
applicability of molecular approaches for drought tolerance improvement, a brief 
overview of the traits associated with drought tolerance is outlined.

9.2  Traits Associated with Drought Tolerance

Whole plant response to drought stress is a complex process conditioned by a number 
of component responses that both interact and differ in their individual responses to 
the intensity and duration of water deficits. This review does not aim to analyze the 
morpho-physiological traits associated with drought tolerance in detail as a number 
of reviews have discussed them to a great depth (Tuberosa and Salvi 2004; Richards 
2006; Cattiveli et al. 2008; Collins et al. 2008). Here we have discussed briefly the 
utilities of the chosen target traits in determining drought tolerance and their 
eventual manipulation in practical breeding applications.

Because of the low heritability of yield itself, the breeders are always looking 
for secondary traits associated with drought resistance that are determined more 
simply or having high heritabilities. However, it is arduous to distinguish between 
those traits that will actually improve yields under drought and traits that have no 
effect on yield. The development of advanced molecular marker technology is 
enabling a better understanding of the relationship of such traits (and their compo-
nents) by dissecting them into underlying Mendelian units, the so-called QTLs 
(Lebreton et al. 1995; Prioul et al. 1997; Quarrie et al. 1999). By comparing the 
coincidence of QTLs for specific traits and QTLs for yield under drought stress 
(or yield stability) in the mapping population, it is possible to test much more 
precisely than before whether a particular yield (Ribaut et al. 1997; Yadav et al. 2002, 
2004) and (or) yield contributing morpho-physilogical trait (Yadav et al. 1997; 
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Courtois et al. 2000; Tuberosa and Salvi 2006) is of significance in improving yield 
under drought conditions. Since abscissic acid (ABA) has been shown to be 
involved in regulating stomatal conductance, osmotic adjustment and root con-
ductivity, interests have been shown in measuring ABA contents in order to estab-
lish relationships with drought resistance (Austin et al. 1982; Dingkuhn et al. 
1991; Sanguineti et al. 1999). In maize, for example, 16 of the QTL regions influ-
encing Leaf-ABA (L-ABA) also harboured QTLs for stomatal conductance, 
drought sensitivity index, leaf temperature, leaf relative water content, anthesis 
silking interval, and grain yield. The analysis of effects of each QTL region on 
the investigated traits indicated that L-ABA represented an indicator of level of 
drought stress experienced by the plant at the time of sampling because an 
increase in L-ABA was most commonly associated with a decrease in grain yield 
(Sanguineti et al. 1999). Similarly, evidence from wheat suggests that varieties 
which respond to drought by producing high concentrations of L-ABA do use 
less water and produce higher yields under drought (Innes et al. 1984). Roots 
are the main organs for plant water uptake, and development of deep and extensive 
root system is one of the adaptive strategies of plants for drought avoidance. 
In rice, manipulating root characters seems to be promising as putative QTLs for 
plant yield under drought were coincident with QTLs for root traits (Champoux 
et al. 1995; Yadav et al. 1997; Babu et al. 2003). Leaf rolling reduces the water 
loss in addition to reducing the leaf area exposed to heat and light radiation. There 
is some evidence that enhanced ability to roll leaves confers a yield advantage 
under drought conditions (Singh and Mackill 1991; Courtois et al. 2000). 
However, most breeders consider the triggering of leaf rolling as an indication of 
a plant suffering and select against its early manifestation.

Physiologists have considered water uptake (WU), water-use efficiency (WUE), 
and harvest index (HI) as drivers of yield and the secondary traits associated with 
drivers as proxy genetic markers, for instance, carbon-isotope discrimination (CID) 
for WUE, canopy temperature (CT) for WU, and anthesis-silking interval (ASI) for 
HI in maize (Reynolds and Tuberosa 2008). CT measured on wheat recombinant 
inbred lines (RILs) was associated with 60% of variation in yield under different 
drought prone environments (Olivares-Villegas et al. 2007). Economic analysis has 
confirmed the value of CT as an indirect selection tool to increase breeding effi-
ciency (Brennan et al. 2007). Similarly, CID trait has shown promising applications 
in several crops (Condon et al. 2004). Spike photosynthesis in cereals, associated 
with high WUE, plays a major role in grain-filling under drought (Tambussi et al. 
2007). Other sub-cellular processes such as photo-protective mechanisms including 
antioxidant systems and regulation of water flow via aquaporins seem to be equally 
effective in increasing WUE by improving metabolic efficiency (Reynolds and 
Tuberosa 2008).

Maize shows genetic variation in the relative timing of male and female ‘readiness’, 
referred to as ASI, a trait exacerbated by stress (Ribaut et al. 1996). Building on 
ASI-improved germplasm and the concept of selection under well-managed stress 
environments, a CIMMYT-coordinated breeding program resulted in significant 
impacts across southern Africa (Banziger et al. 2006).
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9.3  Marker-assisted Selection for Drought Tolerance

The complexity of the drought phenomenon and the number of putative traits of 
unknown value has hampered progress in improving drought resistance through 
conventional methods. Moreover, most potential traits are difficult to screen 
accurately in large numbers, and such screening is often not possible under field 
conditions. Also, these traits are often controlled by many genes. Both factors 
greatly reduce breeding efficiency. It is perhaps not surprising, therefore, that this 
approach has had only limited success to date.

With the ready availability now of molecular markers it is possible to construct 
closely-spaced genetic maps of a particular genome using an appropriate mapping 
population of plants (Paterson et al. 1991; Tanksley 1993; Kumar 1999; Sehgal 
et al. 2008b). The availability of complete genetic maps of various crop species 
offers considerable advantage in overcoming some of the aforementioned problems 
associated with breeding varieties with improved yield under drought stress. 
Restriction fragment length polymorphism (RFLP) and more recently polymerase 
chain reaction (PCR)-based methods (Kumar 1999; Gupta and Rustogi 2004; 
Sehgal et al. 2008a) producing large numbers of genetic markers such as AFLP 
(Amplified Fragment Length Polymorphism), SSR (Simple Sequence Repeats), 
RAPD (Random Amplified Polymorphic DNA), STS (Sequence Tagged Sites), 
SAMPL (Selective Amplification of Microsatellite Polymorphic Loci) etc. allow 
loci controlling traits related to drought resistance to be identified and mapped in 
the genome. In practice, this can be true even when a large number of genes 
contribute to the total variation of a particular trait because the technique dissects 
the genome into small sections allowing a high degree of genetic resolution. The result 
is the identification of molecular markers which breeders can use as selection 
criteria, in place of a complex physiological phenomenon such as rooting depth or 
osmotic adjustment. Table 9.1 lists some of the major QTLs identified for drought 
tolerance traits and the linked genetic markers.

QTL discovery may in some cases be possible through a direct mRNA profiling 
approach (Hazen and Kay 2003), such as in the identification of the so-called 
eQTLs (QTLs influencing the level of expression of a particular gene). In this case, 
the analysis of the level of gene expression performed on each progeny of a 
mapping population will identify eQTLs influencing the observed variability among 
progenies in mRNA level of the profiled genes. Circumstantial evidence regarding 
the importance of each open reading frame (ORF) in governing variability for yield 
under conditions of drought can be obtained by comparing the map position of 
QTLs for yield with the map position of the ORFs itself and the corresponding 
eQTLs (Tuberosa et al. 2007). This approach has not been applied to identify eQTLs 
for drought-related traits. The cost associated with the profiling of the large number 
of RNA samples required to identify eQTLs is still too high to conceive a more 
routine application of this approach. Instead, transcriptome profiling is better suited 
for studies involving a limited number of samples, for instance, near isogenic lines 
(NILs) and/or bulked samples. Transcriptome profiling offers the opportunity of 
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enriching the region with functional markers (FMs) designed from within the 
genes. FMs are superior to random markers such as RFLPs, SSRs and AFLPs 
owing to complete linkage with trait locus alleles and functional motifs (Andersen 
and Lübberstedt 2003). Once genetic effects have been assigned to functional 
sequence motifs, FMs derived from such motifs can be used to fix gene alleles 
(defined by one or several FM alleles) in several genetic backgrounds. This would 
be a major advance in marker applications, particularly in plant breeding, to select 
for example parent materials to build segregating populations, as well as for 
subsequent selections while constructing a variety (Andersen and Lübberstedt 
2003). The availability of sequence data for genes through genome and (or) EST 
(Expressed Sequence Tag)-sequencing projects has made possible the development 
of FMs from transcribed regions of the genome (Gupta and Rustogi 2004). ESTs 
have been used to identify SSRs (Srinivas et al. 2008) and SNPs (Single Nucleotide 
Polymorphism; Rafalski 2002), and genic molecular markers have been developed 
in several species. In addition to being useful for identifying the ‘perfect’ or ‘ideal’ 
markers in MAS, FMs are important resources for estimating functional variation 
in natural or breeding populations (Gupta and Rustogi 2004; Sehgal and Raina 
2008; Srinivas et al. 2008 ).

Molecular markers for trait selection have numerous advantages over morpho-
logical markers used in conventional plant breeding. MAS reduces or eliminates 
the reliance on specific environmental conditions during the selection phase, thus 
speeding up the process of conventional plant breeding and facilitating the improve-
ment of traits which were difficult to improve by conventional methods. Based on 
the QTL mapping results, research efforts are underway aimed at MAS to validate the 
usefulness of this molecular breeding approach for drought tolerance improvement. 
Ribaut and Ragot (2007) used a marker assisted backcross in maize to introgress 
the favourable alleles at five QTLs explaining about 38% of the total phenotypic 
variance for the interval between anthers and silks extrusion (ASI) (Bolanos and 
Edmeades 1996), a trait negatively associated with yield in drought conditions. 
Grain yield of the best maize hybrids selected with molecular markers for four 
generations was, on an average, 50% higher than control hybrids under severe 
water stress conditions. The availability of molecular markers linked to the QTLs 
for ASI allows for a more effective selection under drought as well as when drought 
fails to occur at flowering (Ribaut et al. 2002, 2004). MAS has also been applied 
in maize to derive pairs of backcross derived lines differing for the parental alleles 
(Os420 and IABO78) at a major QTL (root-ABA1) on bin 2.04 near csu133 that was 
originally shown to consistently affect leaf ABA concentration (L-ABA; Tuberosa 
et al. 1998; Sanguineti et al. 1999) and, following its isogenization, also root 
architecture and other drought-related traits (Giuliani et al. 2005; Landi et al. 2005, 
2007). A field evaluation conducted under well-watered and water-stressed 
conditions during two consecutive seasons indicated that each pair of root-ABA1 
backcross-derived lines differed significantly and markedly for L-ABA, thus 
confirming the effectiveness of MAS (Landi et al. 2005).

Similarly, when a pearl millet major QTL for grain yield under terminal drought 
stress was transferred into a drought sensitive genotype, the genotypes carrying the 
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introgression at the target QTL showed a consistent grain yield advantage (Serraj 
et al. 2005). Marker-assisted backcross (MABC) programs have been used to 
improve root traits affecting drought stress tolerance in the elite rice cultivars IR64 
and Kalinga III (Shen et al. 2001; Steele et al. 2006). Foreground selection of the 
Azucena (an upland tropical japonica variety) allele at four QTLs for deeper roots 
was performed strictly on the basis of the genotypes at the marker loci up to the 
BC3F2. Selected NILs for the four target QTLs showed, depending of the target 
QTLs, improved root length (by 12% to 27% with respect to IR64) or improved 
deep root weight (two NILs had the highest phenotypic gain, outperforming IR64 
by up to 75%; Shen et al. 2001). Five segments on different chromosomes were 
targeted for introgression into Kalinga III; four segments carried QTLs for improved 
root morphological traits (root length and thickness) and the fifth carried a recessive 
QTL for aroma (Steele et al. 2006). The target segment on chromosome 9 
(RM242-RM201) significantly increased root length under both irrigated and 
drought stress treatments.

Stay-green is an important form of drought resistance mechanism in sorghum, 
conferring resistance to premature senescence under soil moisture stress during 
the post-flowering period. QTL studies have identified several genomic regions 
associated with resistance to pre-flowering and post-flowering drought stress 
(Haussmann et al. 2002; Sanchez et al. 2002). Three stay green QTLs, Stg1, Stg2 
and Stg3, accounting for 20%, 30% and 16% of phenotypic variance, respectively, 
have been reported (Sanchez et al. 2002). Stg2, considered as the most important 
QTL, was found to be consistent across several different mapping populations and 
environments. For this QTL, near isogenic lines (NILs) have been developed by 
marker-assisted backcross breeding. Similarly, in rice NILs for two major QTLs, 
basal root thickness (BRT) and 1000-grain weight (TGW) were obtained by MAS 
through foreground selection for target QTL and background selection in three 
backcross generations (BC1F1, BC2F2 and BC3F3) (Li-Feng et al. 2007). This is 
an area of molecular marker technology which has started to show its impact 
towards the validation of major QTL identified for drought tolerance traits. 
Development of QTL-NILs is an important step for long term goals like QTL 
cloning and raising transgenics.

Comparative consensus maps, integrating information of anchor markers and the 
results of different mapping populations within the same species (Tuberosa et al. 
2002; Sawkins et al. 2004; Pelleschi et al. 2006), provide useful information for 
MAS. In maize, chromosome bin 2.04 has been shown to influence a number of 
traits important for tolerance to drought in different backgrounds (Lebreton et al. 
1995; Tuberosa et al. 1998; Quarrie et al. 1999; Sawkins et al. 2004; Landi et al. 2005). 
Bin 1.06 is another chromosome region that has consistently shown the presence 
of QTLs for grain yield and drought-related traits (e.g., root traits) in a number of 
genetic backgrounds (Lebreton et al. 1995; Tuberosa et al. 1998, 2003; Pelleschi 
et al. 2006). Similarly, a pearl millet LG 2 QTL for drought tolerance and yield in 
drought stress environments has been found consistent across different genetic 
backgrounds and is currently being pursued for MAS (Yadav et al. 2002, 2004;, 
Bidinger et al. 2007).
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Recently, marker-assisted recurrent selection (MARS), a scheme based on 
successive generations of crossing individuals based on their molecular profile 
with the goal to attain a somehow ideal genotype at the different target QTL 
region, has refined MAS strategies (Peleman and van der Voort 2003). When 
compared to backcross-MAS, MARS allows for the selection of additional 
favourable alleles besides those targeted by backcross-MAS. For example, when 
the goal is to improve drought tolerance, MARS would enable the breeder to 
select for favourable alleles at yield QTLs in addition to the QTL alleles targeted 
for enhancing drought tolerance. This approach has successfully been used in 
maize breeding programs (Ragot et al. 2000; Johnson 2004; Crosbie et al. 2006) 
and is currently under development in pearl millet (Yadav et al. 2002, 2004; 
Bidinger et al. 2007).

A major factor that will greatly affect the extent to which MAS will be more 
routinely exploited in breeding programs relates to its cost-effectiveness as com-
pared to conventional breeding practices. The application of high-throughput geno-
typing platforms based on the scoring of markers that do not require the use of gels 
(Salvi et al. 2001; Hardenbol et al. 2003; West et al. 2006) coupled with quick DNA 
extraction protocols are needed to streamline MAS and make it more cost-effective 
and widely applicable.

9.4  Candidate Genes for Drought Tolerance

Knowledge of the candidate genes underlying drought tolerance QTLs would be 
extremely useful both for the understanding of the biological basis of tolerance, and 
for utilization in MAS. Candidate genes (CGs) are defined as genes showing 
molecular polymorphisms and genetically associated with QTL or statistically 
associated with drought tolerance trait. The CGs can be divided into two broad 
groups based on their functions: genes involved in cell protection during drought 
stress and genes involved in the regulation of other genes involved in the drought 
responses. The first group includes proteins involved in for example osmotic 
adjustment, degradation, repairs, detoxification and structural adaptations. The second 
group contains regulatory proteins, such as protein kinases and transcription 
factors such as DREB, bZIP, MYB etc. Table 9.2 lists some of the important CGs 
for drought tolerance gathered from literature survey. The CG strategy shows 
promise to bridge the gap between quantitative and molecular genetics approaches 
to study drought tolerance.

The forward genetics approach for identifying underlying CGs derives from a 
known allelic difference conferring an improved phenotype. In such an approach, 
the objective is to identify a sequence change conferring the improved phenotype. 
Such a sequence change can then become the basis for a marker that is specific for 
that allele. These types of markers will always co-segregate with the trait of interest 
and should also be polymorphic in any cross. Such a marker will often be based on 
SNP. A complete set of markers that are based on SNPs or other sequence variations 
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Table 9.2 Candidate genes for drought stress tolerance

Candidate gene Gene product Function Reference

DREB Drought responsive 
element (DRE) 
binding factors

Transcription factor Qin et al. (2004), 
Novillo et al. 
(2004), Oh et al. 
(2005) Ito et al. 
(2006)

OsCDPK7 Ca-dependent protein 
kinase

Signalling factor Saijo et al. (2000)

ERA1 Farnesyl-transferase Negative regulator of 
ABA sensing

Wang et al. (2005)

Mn-SOD Mn-superoxide  
dismutase

ROS-scavenging 
proteins

McKersie et al. (1996)

AVP1 Vacuolar 
H+-pyrophosphatase

Ion transport Gaxiola et al. (2001), 
Park et al. (2005)

HVA1 LEA proteins Protective proteins Bahieldin et al. (2005), 
Xiao et al. (2007), 
Chandra Babu et al. 
(2004)

OsLEA3 LEA proteins Protective proteins
ERECTA A putative leucine rich 

repeat receptor kinase
Transcription factor Masle et al. (2005)

otsA (otsB) Trehalose-6-phosphate 
synthetase

Synthesis of osmolytes 
(Trehalose 
synthesis)

Garg et al. (2002)

P5CS Pyrroline-5-carboxylate 
synthetase

Synthesis of osmolytes 
(Proline synthesis)

Zhu et al. (1998)

mtlD Mannitol-1-phosphate 
dehydrogenase

Synthesis of osmolytes 
(Mannitol synthesis)

Abebe et al. (2003)

Adc Arginic decarboxylase Synthesis of osmolytes 
(Putrescine 
synthesis)

Capell et al. (1998)

ABF3 (ABF4) ABRE (ABA-responsive 
element) binding 
factors

Transcription factor Kang et al. (2002)

PARP Poly ADP-ribose 
polymerase

ROS (reactive oxygen 
species)-scavenging 
mechanism

De Block et al. (2005)

MYB, MYC MYB and MYC  
proteins

Transcription factors Abe et al. (1997), 
Cominelli et al. 
(2005)

EXP15, EXP2, 
EXP13

Expansin proteins Cell elongation proteins Lee et al. (2001)

CIS Cis acting element of  
gene pwsi  
18 promotor

Regulatory factor Joshee et al. (1998), 
Vinod et al. (2006)

RWC3 RWC Water-channel proteins/
aquaporins

Vinod et al. (2006)

CRTDRE C-repeat/drought-
responsive element

Transcription factor Vinod et al. (2006)

(continued)
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could be developed. In the reverse genetics approach, SNPs are sought in candidate 
genes to identify the phenotypic effects of genes. Known SNPs can be used to 
identify new candidate genes through association mapping. Phenotypic differences 
that correspond to particular SNPs may be the result of the sequence change. These 
SNPs can then be used for MAS or screening germplasm and elite breeding lines. 
The nucleotide change that contributes to quantitative variation has been referred 
to as a quantitative trait nucleotide (QTN).

Recent progress in generation of high-density linkage maps saturated with a 
variety of molecular markers, genes and ESTs has led to a rapid progress in taking 
the CG approach. EST sequencing is the most efficient and cost-effective way of 
tagging most of the candidate genes long before complete genomic sequence is 
available. This approach has the additional appeal of focusing only on the most 
conserved portions of diverse genomes and on sequences that were likely to be of 
functional significance. After genetic mapping is accomplished, ESTs mapping 
very close to the trait QTLs are targeted for candidate gene analysis. A comparative 
analysis of QTL data for root traits of three rice mapping populations with one 
parent (‘Azucena’) in common, combined with the screening of ESTs and cDNA 
clones has identified two genes for cell expansion (OsEXP2 and EGase) that were 
mapped within the support intervals of QTLs for root traits common to the three 
populations (Zheng et al. 2003).

For those ESTs that could not be mapped because of a lack of polymorphism, 
the rice physical map will help to confirm their location. Markers can be designed 
from such ESTs for comparative and translational genomics by aligning the ESTs 
to rice BAC (Bacterial Artificial Chromosome) sequences and selecting candidate 
ESTs for designing conserved intron-spanning primers (CISPs; Feltus et al. 2006) 
This approach has provided easy to use, cost effective polymorphic markers to 
target a subset of candidate genes for co-segregation analysis. This approach is 
particularly useful for orphan crops for which very little genomic data or no DNA 
markers are available (Fredslund et al. 2006; Lohithasawa et al. 2007).

Candidate gene Gene product Function Reference

LTP Lipid transfer protein Membrane biogenesis Kader J-C (1996), 
Vinod et al. (2006)

NADP-Me NADP-malic enzyme carbon metabolism Laporte et al. (2002)
MAPKKK Mitogen-activated 

protein kinase  
kinase kinase

Signalling factor Shou et al. (2004)

AtNF-YB1 NF-YB proteins Transcription factor Nelson et al. (2007)
HRD Hardy protein Transcription factor Karaba et al. (2007)
LFY Leafy protein Transcription factor Tuyen and Prasad 

(2008)
Hv-WRKY38 WRKY protein Transcription factor Marè et al. (2004)
AREB1 bZIP (Basic domain 

leucine zipper)
Transcription factor Fujita et al. (2005)

SRK2C Protein kinase Signalling factor Umezawa et al. (2004)

Table 9.2 (continued)
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The identification of CGs for the drought tolerance QTLs can be facilitated by 
combining QTL maps with the functional maps enriched with genes potentially 
involved in controlling the target trait or with fully annotated genomic sequences. 
Sixteen candidate genes, out of 175 predicted, for drought tolerance have been 
identified in rice by integration of QTL map with rice genome physical map (Wang 
Xu et al. 2005). Specific efforts toward enriching linkage maps with function-specific 
genes have been undertaken in maize to identify QTL candidates (Davis et al. 2006). 
Over 6,000 root-specific expressed sequence tags have been mapped in silico on the 
consensus map (Davis et al. 2006). The routine integration of newly characterized 
genes on to a molecular map of the species from which the gene was isolated will 
facilitate the candidate gene approach as the functions of more genes are elucidated 
(Chao et al. 1994). Furthermore, advantage can be taken of extensive colinearity of 
blocks of genes (i.e. genes occurring in the same order) along chromosomes of related 
species. Thus the location of a structural gene for a particular enzyme in one species 
can be predicted on a related species, by comparative QTL mapping. For example, 
extensive colinearity has been identified amongst the cereal and grass genomes (Ahn 
and Tanksley 1993; Gale and Devos 1998). Osmotic adjustment (OA) of wheat was 
found to be influenced by alternate alleles at a single locus on chromosome 7A, with 
high response being recessive (Morgan and Tan 1996). Control of OA by the 7A 
locus was based primarily on potassium accumulation, and secondarily on amino acid 
accumulation. In rice, a QTL for OA under drought stress was identified on chromosome 
8 across rice populations (Lilley et al. 1996; Robin et al. 2003). Comparative 
mapping indicates that the region of rice chromosome 8 containing the OA QTL is 
homeologous with a segment of wheat chromosome 7S which contains the OA locus 
identified by Morgan and Tan (1996) and with a barley chromosome 1 region where 
a QTL for relative water content in stressed conditions was identified (Teulat et al. 
2003). Similarly, a rice QTL for OA located on chromosome 3 reside in a genomic 
region syntenic with the homeologous region of maize chromosome 1; in maize this 
region is associated with various physiological and agronomic traits affecting 
drought tolerance (Zhang et al. 2001). These results suggest that during cereal 
evolution, genes in these genomic regions in rice, wheat, barley and maize have been 
conserved to respond to drought conditions and might therefore contains useful 
candidate genes for the improvement of drought resistance in cereal crops.

Francki et al. (2004) and Li et al. (2004) used combinations of searches at the 
nucleotide and polypeptide levels (BLASTN, TBLASTX and BLASTX) in an 
attempt to account for UTRs (UnTranslated Regions), ORFs (Open Reading Frames) 
and diverged sequences that can be used as anchoring points for genome alignment. 
These authors carried out wheat-barley-rice comparisons based on publicly available 
genomic resources combining mapped wheat ESTs (Qi et al. 2003) and information 
from the first phase of the rice genome sequence (Goff et al. 2002; Yu et al. 2002). 
Stringent nucleotide and amino acid sequence alignments between wheat ESTs and 
rice sequences were used and the majority of orthologs were selected based on their 
highest sequence similarity.

The co-localization of specific genes with QTLs has proven to be an efficient 
approach to identifying the candidate genes for drought tolerance (Pelleschi et al.  
1999). This approach has recently been used to identify six candidate genes for drought  
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tolerance in durum wheat (Diab et al. 2008). Osmotic potential at full turgor, transpira-
tion, canopy temperature depression, water index, photosynthetic active radiation and 
grain carbon isotope discrimination have been proposed as selection criteria for drought 
in durum wheat (Rekika et al. 1998; Nachit et al. 2000). The genes M94726, AF519805 
and D13042, coding for protein kinase, co-segregated with QTL for osmotic potential 
at full turgor and QTL for canopy temperature depression, quantum yield, chlorophyll 
content and water index in durum wheat. The loci Loxmjt and Lox11–1 coding for 
lipoxygenase, co-segregated with QTL for canopy temperature depression, photosyn-
thetically active radiation, water index on chromosome 4B and with a QTL for photo-
synthetic active radiation on chromosome 5B, respectively. The locus AF210723 
coding for fructan fructosyltransferase (FFT) is associated with a QTL for chlorophyll 
content on chromosome 6A (Diab et al. 2008). In barley, QTLs for osmotic potential 
and relative water content co-segregated with the Acl3 locus coding for the barley acyl 
carrier protein III on chromosome 1 (Teulat et al. 1998). This gene encodes a co-factor 
protein of the plant fatty acid synthetase involved in the de novo synthesis of the fatty 
acyl chain. It has a role in the protection of membranes during stress.

The vast amount of sequence information and/or mutants available for drought-
related genes mapped/cloned in model and (or) non-model species provides additional 
opportunities for identifying candidate genes. This is particularly true for traits 
that have been more extensively investigated in species whose genome has been 
sequenced such as Arabidopsis and rice. A vast amount of information is available 
on the root transcriptome of Arabidopsis (Birnbaum et al. 2003; Birnbaum and 
Benfey 2004; Fizames et al. 2004). Although root development in Arabidopsis 
differs from other crop species in both overall architecture and the anatomy of 
individual roots, genes cloned in Arabidopsis could in some cases provide interesting 
leads for the identification of candidate genes for root QTLs, particularly for those 
functional and morphological features of root development that may have been 
conserved to a greater extent from an evolutionary standpoint. Recent work 
performed in barley (Hordeum vulgare L.) using a hairless mutant has led to the 
isolation and cloning of the b-expansin (EXPB) gene HvEXP1 involved in root hair 
initiation (Kwasniewski and Szarejko 2006). Expansins are a large family of plant 
proteins endowed with a unique cell wall-loosening activity that have been shown 
to be involved in a number of processes related to plant growth and development 
(Li et al. 2003) which are likely to play an important role in cellular and organ 
elongation under different water availabilities. The redundancy of expansin-coding 
genes (58 in rice; Sampedro and Cosgrove 2005) points out the specificity of their 
role in growth and developmental processes, including root growth in maize (Wu 
et al. 1996, 2001). Based on these observations, a comparative analysis with the 
location of the QTLs reported for root hair length in maize (Zhu et al. 2005) with 
the map position of root-specific expansins will provide an opportunity to verify 
their role in controlling variability in root hair elongation.

Progress in the mass-scale profiling of the transcriptome, proteome and metabo-
lome has allowed a more holistic approach in investigations of drought tolerance 
based on the measurement of the concerted expression of thousands of genes and 
their products. Seven thousand up- and down-regulated genes have been reported 
from gene expression analysis in Arabidopsis (Seki et al. 2002) under drought 
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stress that could serve as a resource for the identification of candidate genes for 
comparative genomic analysis of crop species. High-throughput techniques such as 
oligo chips, gene chips and various serial analysis of gene expression (SAGE) 
techniques are used for global gene expression analysis at a particular stage or time. 
The gridding of thousands of unique DNA sequences in large or small arrays 
provides a substrate that can be used to identify candidate genes that exert an 
influence at specific points in development. Common sources of DNA for the 
arrays include cDNA, ESTs, subgenomic regions of specific chromosomes, and 
even the entire set of genes in Arabidopsis.

9.5  Fine Mapping and Cloning of Drought Tolerance QTLs

An important step towards the application of molecular markers in breeding for 
drought tolerance is the cloning of DNA sequences underlying QTLs. It is viewed 
as an ideal entry point towards a more effective and informed exploitation of 
sequence variability at selected loci and to unlock the allelic richness present in 
germplasm collections, for instance, by means of EcoTILLING (Use of TILLING 
[Targeting Induced Local Lesions In Genomes] technique to survey natural variation 
in genes; Stemple 2004). A number of options are available to clone QTLs. To date, 
most plant QTLs have been cloned using a positional cloning approach following 
identification in experimental crosses. More recently, association mapping has 
received growing attention. Positional cloning and (or) map based cloning seeks an 
association between polymorphisms at marker loci and variability in the target 
quantitative trait while association mapping exploits linkage disequilibrium (LD) 
to identify the most promising candidate gene(s) for subsequent cloning.

Following the identification of a major QTL (Table 9.1), its positional cloning 
typically relies on the production of QTL-near isogenic line (QTL-NIL). The use of 
QTL-NILs, which isogenizes the QTL region, transformed the task of QTL cloning 
into one gene, similar to that performed for Mendelian traits. The major drawback 
of this approach is the long time required to obtain the NILs. Recently, a new method 
for identifying NILs has been validated in rice (Prabuddha et al. 2008). This method 
involves computation of simple correlation coefficients of all possible pairs of 
genotypes within a mapping population using molecular marker data, and phenotypic 
characterization of those pairs with very high positive correlation. The pairs showing 
very high correlation coefficients (0.70–0.97) and differing for less than 10% of the 
markers are considered as Genotypically Closely Related Pairs (GCRPs). Another 
important prerequisite for the positional cloning of a QTL is the availability of large 
number of DNA markers in the target region. The mapping resolution required for 
positional cloning is substantial because after primary mapping a QTL is positioned 
within a chromosome interval of ~10–30 cM, which usually includes several 
hundred genes. The recruitment of polymorphic markers required for fine mapping 
a QTL is fairly simple for Arabidopsis and rice because the whole genome has 
been sequenced, and also for species such as maize or tomato for which genomic 
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sequencing is under way or information is available in terms of, for example, ESTs 
and BAC ends. However, in species for which detailed sequence information is not 
available or cannot be deduced from syntenic relatives, many molecular markers 
that amplify multiple loci (e.g. AFLP, Random Amplification fingerprinting (RAF), 
SAMPL, DNA Amplification Fingerprinting (DAF) etc.) need to be screened in 
genotypes contrasted at the target region (e.g. pair of QTL-NILs).

Fine mapping can reduce the target locus in euchromatic regions to less than 100 
kbp, a size that can be readily sequenced using standard BAC-based shotgun 
sequencing approaches. Shot gun sequencing of BAC-DNAs spanning the region 
followed by BLASTX analysis can be used to identify genes that are related to 
known protein coding genes. The BAC sequence can also be compared to the EST 
database to identify the transcribed portions of the BAC sequence. Alternatively, 
the low copy number DNA markers that are tightly linked to the gene of interest 
can be used as probes to screen large insert BAC libraries to identify appropriate 
BAC clones. Repeated rounds of such screening using low copy DNA markers from 
a series of BACs are required to identify overlapping clones by chromosome walking 
extending towards the target gene.

Reports of cloning major drought tolerance QTL locus are currently scanty 
despite high success rate of cloning QTLs/genes for other traits such as disease 
resistance (Yano et al. 2000; Kojima et al. 2002; Werner et al. 2005). A recent study 
has led to the cloning of major flowering-time QTL locus Vgt1 in maize through 
positional cloning and association mapping approach (Salvi et al. 2007). Efforts are 
also underway in maize to positionally clone root-ABA1, a QTL on bin 2.04 which 
affects root architecture and leaf ABA concentration (Giuliani et al. 2005; Landi 
et al. 2005). ERECTA gene, a sequence beyond a QTL for transpiration efficiency, 
has been cloned in Arabidopsis (Masle et al. 2005). The major hindrance to the 
cloning of major QTLs for most drought-related traits is due to their usually low to 
moderate heritability which requires an adequately large number of replicates to 
obtain accurate estimates of the phenotypic value of each segmental isoline.

The cloning of QTLs through association mapping relies on the molecular 
profiling and phenotypic characterization of natural populations. Unlike conven-
tional bi-parental mapping populations which have been used for identifying QTLs 
for the trait of interest, the natural populations are the products of many cycles of 
recombination and have the potential to show enhanced level of resolution of 
QTLs. Strategies of association mapping are strongly influenced by the level of LD 
present in the target population. With high LD values, marker-trait association can 
theoretically be revealed with a manageable number of molecular markers. In this 
case, the expected mapping resolution will only be sufficient for the discovery and 
coarse mapping of the QTL. However, when testing germplasm panels with low 
LD, the diagnostic power of a single marker will only extend a short way and thus 
a prohibitively high number of markers would be required for a whole genome scan. 
Notably, the presence of population structure, namely the possible presence of hidden 
subgroups, due to selection and (or) relatedness, with an unequal distribution of 
alleles may influence the efficacy of this approach by causing spurious trait-marker 
associations (Pritchard et al. 2000).
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Because SNPs offer the highest resolution for mapping QTL and are potentially 
in LD with the causative polymorphism they are the preferential candidate-gene 
variant to genotype in association studies (Rafalski 2002). Candidate-gene associa-
tion mapping requires the identification of SNPs between lines and within specific 
genes. Therefore, the most straightforward method of identifying candidate gene 
SNPs relies on the re-sequencing of amplicons from several genetically distinct 
individuals of a larger association population. Fewer diverse individuals in the 
SNP discovery panel are needed to identify common SNPs, whereas many more are 
needed to identify rarer SNPs. Promoters, introns, exons, and 5¢/3¢-untranslated 
regions are all reasonable targets for identifying candidate gene SNPs, with 
non-coding regions expected to have higher levels of nucleotide diversity than 
coding regions (Zhu et al. 2008). It is not essential to score every candidate gene 
SNP. Because a key objective of this approach is to identify SNPs that are causal 
of phenotypic variation, those with a higher likelihood to alter protein function 
(coding SNPs) or gene expression (regulatory SNPs) should be a top priority for 
genotyping (Tabor et al. 2002). Completion of genome sequences and improved 
bioinformatics will facilitate in silico cross-matching of candidate sequences with 
QTLs in programmes of positional cloning or association mapping.

9.6  Concluding Remarks

The advent of molecular markers has enabled us to dissect quantitative traits into 
their single genetic components called QTLs, thus providing a more direct access 
to valuable genetic diversity of the morpho-physiological and agronomic traits 
contributing to yield under drought conditions. With the advances made in molecular 
markers, chances to evaluate trait-based approaches for addressing drought adapta-
tion in crops appear to look wider than before.

More recently, bioinformatics and the deluge of information generated by 
sequencing and post-genomics platforms have added new dimensions for deciphering 
the role and function of genes governing the response to drought. Despite all of 
these impressive technological breakthroughs and the large number of QTLs shown 
to influence yield in drought-stressed crops, however, the overall impact of MAS and 
other genomics approaches on the release of drought-resilient cultivars has been 
marginal. This is partly due to our poor understanding of the molecular basis of 
drought tolerance and, most importantly, the difficulty in predicting the phenotypic 
value of a new genotype tailored through MAS. The success and effectiveness of MAS 
in assembling cultivars more tolerant to drought will rely on the identification of the 
relevant QTL alleles and their pyramiding in the correct combinations. Besides, the 
application of high-throughput genotyping platforms based on the scoring of markers 
that do not require the use of gels coupled with quick DNA extraction protocols are 
needed to streamline MAS and make it more cost-effective and widely applicable.

With the integration of QTL mapping, comparative mapping information, growing 
EST databases, expression results, and the identification of more and more genes 
the CG approach has become an important and powerful tool to uncover the mystery 
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behind the expression of quantitative traits for drought tolerance. Particularly, the 
comparative genetics proved to be extremely useful for the molecular dissection of 
drought tolerance QTLs in large, complex genome species (such as wheat and maize) 
by using co-linear regions from a smaller genome species (such as rice and sorghum). 
Through comparative mapping and bioinformatics it will hopefully be possible to 
utilize the vast knowledge emerging in model systems for the direct benefit of the 
closely related, lesser-studied ‘orphan’ crops. Extensive comparative genomics studies 
have already been completed amongst cereal species and much of this information 
is presented at the GRAMENE (http://www.gramene.org/) portal. Despite large 
difference in DNA content and chromosome number, the grass genomes maintain a 
high level of conserved macro-synteny and a moderate to high level of micro-synteny 
(Gale and Devos 1998). This has led to a diverse array of initiatives based on 
extrapolating and cross-referencing to rice as the model hub for the grass species. 
Recent advances in rice genomics research and completion of the rice genome 
sequence have made it possible to identify and map precisely a number of genes 
through linked DNA markers. Both macro-colinearity revealed by comparative 
mapping and micro-colinearity revealed by sequence comparisons indicate that 
sequencing and functional analysis of rice genome will have great impact for 
improvement of drought tolerance traits in other plants.

The identification of candidate genes is not the endpoint. Direct validation that 
a candidate gene causes variation in the trait under investigation is still required. 
Currently, transgenic plants have been used to test the effect of overexpression of 
specific gene known to be upregulated by drought stress. The incremental success 
of these experiments indicates a potentially useful role of these genes in achieving 
long term drought tolerance. Other technologies such as RNA interference (RNAi), 
EcoTILLING are now under development in order to accelerate candidate gene 
validation.

With its far-reaching implications, QTL cloning enables us to better understand 
and more effectively manipulate the traits influencing drought tolerance. It is 
foreseeable that QTL cloning will be facilitated by sequence information and the 
availability of new gene mapping techniques such as linkage disequilibrium/
association mapping in future.
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Abstract Molecular markers have revolutionized and modernized our ability to 
characterize genetic variation and to rationalize genetic selection, being effective 
and reliable tools for the analysis of genome architectures and gene polymorphisms 
in crop plants. The area of plant genomics that has shown the greatest development 
with respect to the use of molecular marker technology is that of population genetics. 
All DNA polymorphism assays have proven to be powerful tools for characterizing 
and investigating germplasm resources, genetic variation and differentiation of  
populations, on the basis of gene diversity and gene flow estimates. In the last 
decade, RFLP and PCR-derived molecular markers have also been extensively 
applied in plant genetics and breeding for Mendelian gene tagging and QTL map-
ping. As a matter of fact, the number of loci for which DNA-based assays have been 
generated has increased dramatically, the majority using PCR as methodology 
platform. The information acquired is now being exploited to transfer different traits, 
including biotic stress resistances and improved quality traits, to important varieties 
by means of marker-assisted selection (MAS) programs. Although the potential for 
take-up is now much wider than in the past, the progress seems nevertheless to be 
slow, albeit measurable. The most important challenges in the near future are cer-
tainly the molecular characterization of germplasm collections for preserving them 
from genetic erosion and the identification of phenotypic variants potentially useful 
for breeding new varieties. Knowing the presence of useful traits, genes and alleles 
would help in making decisions on the multiplication of plant accessions and the 
maintenance of seed stocks. There are no doubts that the use of molecular markers 
for characterization and conservation of genetic resources should be implemented 
so that potentially useful genes and genotypes can be added to core collections to 
make them exploitable by breeders. A new concept that might be successful is that 
of building crop plant collections primarily based on the knowledge of the presence 
of valuable genes and traits.
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10.1  Introduction

Molecular markers have proven to be powerful tools for analyzing germplasm 
resources and assessing genetic variation within as well as genetic differentiation 
among populations. In fact, the area of plant genomics that has shown the greatest 
development with respect to the use of DNA marker technology is that of population 
genetics. However, both RFLP and PCR-derived markers have also been extensively 
applied in plant genetics and breeding for mapping Mendelian genes and QTLs.

The use of molecular markers for investigating and managing genetic resources 
should be implemented so that useful information on genes and traits can be added 
to core collections to make them exploitable by breeders.

This chapter deals with the use of molecular markers for characterization of crop 
germplasm and for decision-making in conservation programs. Case studies related 
to important self- and cross-pollinated leguminous and cereal crops for exploring 
germplasm resources and mapping agronomic traits in landraces and elite stocks 
are presented. Theoretical considerations and experimental observations are 
critically discussed.

10.2  Genetic Characterization and Its Use in Decision-Making 
for the Conservation of Crop Germplasm: Basic Concepts

The characterization, conservation and exploitation of crop plant germplasm 
maintained in gene banks propound a number of challenges to the researchers 
dedicated to the investigation of plant genetic resources. Common problems 
include the development of strategies for sampling representative individuals in 
natural and experimental populations, the improvement of tools and technologies 
for long-term conservation and for high-throughput characterization of large 
numbers of stored accessions. The knowledge of the genetic diversity present in a 
gene bank is crucial for developing sustainable conservation strategies and it is also 
essential for the profitable exploitation of a gene bank by specific breeding 
programs. As a matter of fact, germplasm characterization of plant accessions 
deposited in gene banks has been limited and this likely represents a major cause for 
the limited adoption of conserved accessions in crop breeding programs (Ferreira 
2006). Consequently, the genetic characterization of accessions belonging to a 
given collection and the examination of genetic relationships among them should 
be strengthened and perpetrated not only for maintaining but also for exploiting 
crop genetic resources.

Conservation of the genetic resources in the agro-ecosystem in which they 
have evolved (in situ conservation) is now being more widely considered, as 
complementary to strategies based on gene banks (ex situ conservation), for 
limiting genetic erosion and so preserving genetic diversity. If it is true that in situ 
conservation has been proposed essentially for wild relatives of cultivated plants, 
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it is also true that when considered for major crops this alternative can very 
often be unfeasible from a socio-economic perspective (Negri et al. 2000; Lucchin 
et al. 2003). Moreover, on-farm conservation of landraces is seen as a dynamic 
system that could help maintaining intact the genetic adaptation to changing 
conditions and the technical, social, cultural and environmental context in which 
they have occurred and evolved. In view of this, the whole of morpho-phenological 
and agronomic traits together with molecular markers could be the basis for the 
recognition of marks of specificity and typicality of landraces which would further 
enhance not only their on-farm conservation, but also allow their on-market 
valorization (Table 10.1).

Conservation of genetic resources entails several activities, many of which can 
greatly benefit from knowledge generated through the use of molecular marker 
technologies. The same applies to activities related to the acquisition and collection 
of germplasm (i.e., accurate description of accessions and application of effective 
procedures) and its evaluation for useful agronomic traits. The availability of a 
robust genetic characterization ensures that decisions made on conservation strategies 
will be supported by this information and results in an improved germplasm 
management. Of the experimental activities associated to plant genetic resources, 
the morpho-phenological and molecular evaluation of germplasm adds value to 
plant genetic resources and it is particularly important because helps the identifica-
tion of genes and traits, and thus provides the basic knowledge for the exploitation 
of collections in programs aimed at breeding new crop varieties.

Classical attempts to directly use plant accessions stored in germplasm banks in 
breeding programs have been mainly focused to the identification of sources of 
genes of interest, such as resistance to plant pathogens or pests, and their transfer 
to cultivated materials. Linkage drag has very often restrained breeders from the 
initiative of using accessions from germplasm banks mainly because the improved 
material of advanced breeding programs is far more attractive than any germplasm 
resource of unknown genetic origin and phenotypic adaptation or performance 
(Ferreira 2006). When such a risk is taken, the accessions are usually screened to 
reveal the presence of a gene of interest and typically a backcross program is then 
initiated to transfer the gene to an elite line or cultivar. This procedure, however, is 
usually limited to Mendelian traits under simple genetic control, whereas complex 
traits require more elaborated methods, such as the mapping of QTLs in order to 

Table 10.1 Main genetic, cultural and socio-economic features of on farm and ex situ conservation 
schemes for crop plant diversity

Conservation strategy

On farm Ex situ

Genetic drift and inbreeding Operating Not operating

Genetic adaptation to changing conditions Happening Not happening
Cultural and socio-economic role of crops Maintained Eroded
Cost Moderate to high Low to moderate
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integrates the classical backcrossing program with linkage information based on the 
use of molecular markers.

The term “characterization” indicates the description of a single character or 
the evaluation of a set of genetic traits in individuals and populations. Moreover, 
this term is also used by means of distinguishing genotypes or gene pools. 
Thus, characterization of plant genetic resources refers to the process and tool 
by which accessions can be evaluated, differentiated and identified. In broad 
terms, this identification can refer to any morphological descriptor or molecular 
polymorphism of an accession. In the agreed terminology of gene banks and 
management of germplasm collections, characterization usually stands for the 
description of qualitative traits or quantitative traits that are highly heritable, 
easily scored by the eye and equally expressed in all environments (International 
Plant Genetic Resources Institute, IPGRI). Under a molecular point of view, 
characterization refers more specifically to the detection of DNA polymor-
phisms as a result of differences in random sequences or specific genes by 
using molecular marker techniques.

Standard characterization and evaluation of accessions can be routinely carried 
out by using different methods, including traditional practices such as the use of 
descriptor lists of morphological characters. They can also involve the adoption of 
agronomic trials under various environmental conditions. Genetic analysis and, in 
particular, molecular characterization of accessions refer to the visualization and 
description of DNA markers that follow Mendelian inheritance patterns and that 
involve specific or random sequences in the genome. In this context, the application 
of RFLP or PCR-derived markers for assaying polymorphisms at single or multiple 
loci all qualify as genetic characterization methods. Because of its nature, molecular 
characterization clearly offers an enhanced power for detecting diversity through 
fingerprinting and genotyping individual genomes and haplotyping individual 
genes. In addition, characterization with molecular markers offers a greater power 
of detection compared to phenotypic traits because they reveal differences at the 
genotypic level and are not influenced by the environment.

10.3  Use of Molecular Markers for the Characterization  
and Conservation of Plant Genetic Resources

Genomic DNA-based marker assays have revolutionized and modernized our ability 
to characterize genetic variation and to rationalize genetic selection (Lanteri and 
Barcaccia 2006). Molecular markers are known as particularly effective and reliable 
tools for the characterization of genome architectures and the investigation of gene 
polymorphisms in crop plants.

Besides linkage mapping, gene targeting and assisted breeding, the plant DNA 
polymorphism assays are powerful tools for characterizing and investigating 
germplasm resources and genetic relatedness. These techniques include restriction 
fragment length polymorphism (RFLP) markers and PCR-based molecular markers, 
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such as simple sequence repeat (SSR) or microsatellite markers (Morgante and 
Olivieri 1993), amplified fragment length polymorphism (AFLP) markers (Vos 
et al. 1995). SSR and AFLP markers are the most widely exploited techniques for 
the characterization of crop plant genetic resources: both types of markers offer an 
almost unlimited supply of molecular traits for distinctive fingerprinting and 
genotyping of plant materials, respectively, with and without a prior knowledge of 
target DNA sequences.

In general, molecular markers detect polymorphism by assaying subsets of the 
total amount of the DNA sequence variation in a genome. Polymorphisms detected 
by the RFLP assay reflect the variation of restriction fragment sites. PCR-based 
polymorphisms result from DNA sequence variation at primer binding sites and 
from DNA length differences between primer binding sites. The SSR assay utilizes 
pairs of primers flanking each simple sequence repeat and polymorphisms differ for 
the number of repetitive di-, tri- or tetranucleotide units present at one locus. The 
AFLP assay detects polymorphisms at multiple loci and involves the use of combi-
nation of primers specific for two distinct four-base and six-base long restriction 
sites flanking the target sequence unit. Although RFLP markers have provided useful 
estimates of the genetic diversity and relatedness in crop plants, there is some concern 
about their discriminatory power. Increasing the number of probe-enzyme combi-
nations may improve the number of RFLP marker loci detectable, but the level of 
polymorphism that can be revealed by PCR-based markers still remains higher. In 
fact, owing to their own genetic nature, SSR markers usually detect multiple alleles 
at a given locus while AFLP assays mainly detect single alleles at multiple loci 
randomly distributed in the genome. A more recently introduced method is repre-
sented by SNP markers based on the detection of single-nucleotide polymorphisms 
by direct DNA sequencing of target gene regions (Fig. 10.1).

As a matter of fact, until now AFLP markers have provided the most widespread 
and robust technique with the highest polymorphism information content that combines 
the reliability of the RFLP technique with the potentiality of the PCR technique. 

PCR-derived markers

S-SAP 

CAPS 

I-SSR 

STS 

SBH-based markers 

AFLPRAPDRFLP 

SSR 

SSLP 

M-AFLP SCAR SNP AP-PCR VNTR STMS  

Multi-locus markers Single-locus markers 

Fig. 10.1 Classification of the most commonly used molecular marker systems
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Either AFLP and AFLP-derived markers, such as Microsatellite-AFLP and 
sequence-specific amplified polymorphism (S-SAP) markers, have been mostly 
used for fingerprinting and scanning whole genomes, characterizing single chromo-
somes, and tagging specific genes. However, microsatellite (SSR) markers along 
with SNP markers are now considered the most powerful and robust molecular 
marker systems for the analysis of whole genomes and single genes, and hence for 
the molecular characterization of single lines and population groups by means of 
genotyping or haplotyping.

Multi-locus marker systems, such as arbitrarily primed-PCR markers, AFLP and 
AFLP-derived markers visualize simultaneously many marker alleles: they supply 
an nearly unlimited number of polymorphisms and are exploitable over all species 
with no pre-existing genome or gene sequence knowledge, but show dominance 
(i.e., only one allele identified, no possibility to discriminate between homozygous 
and heterozygous individuals). They exploit fingerprints, which are typically 
analyzed as pair-wise comparisons and whose results are to a limited extent reproducible 
and comparable among laboratories. Single-locus marker systems, such as RFLP, 
SSR and SNP markers, are usually characterized by co-dominance (i.e., both alleles 
identified in heterozygous individuals) and thus are very informative in terms of 
polymorphisms, and supply reliable and comparable data. They allow to reconstruct 
genotypes and define haplotypes by multiplex analyses, however requires preliminary 
sequence information and thus are not always easily applicable.

Molecular markers are an irreplaceable tool to study biodiversity at the genetic 
level. Independently from the marker system considered, all types of plant DNA 
polymorphisms have proven to be powerful marker assays for assessing genetic 
variation and differentiation of populations, on the basis of gene diversity and gene 
flow estimates. In particular, the use of DNA markers allows to measure the genetic 
variation within single populations and to evaluate the genetic relatedness among 
populations, so that the formulation and implementation of germplasm mainte-
nance and use programs can be optimized.

With the development of the PCR and DNA sequencing technologies associated 
with high-throughput screening systems, marker polymorphisms are now the 
choice for molecular-based surveys of genetic variation. Importantly, molecular 
markers showing different patterns of inheritance can now be investigated in nearly 
all of major crop species. The most widespread use of molecular markers in this 
context is the assessment of genetic variation within and genetic relationship among 
populations. Although in principle all types of molecular markers would be suitable 
for this purpose, microsatellite markers have been in the recent past and still are the 
most used in all the diversity studies. A standard set of markers for the major crop 
species should be selected and recommended to investigate the neutral genetic 
variability in the genome. In addition, one might also consider markers associated 
with important Mendelian genes and QTLs, reflecting the adaptive genetic potentials 
of individuals for a given qualitative or quantitative trait. For the most agriculturally 
important species, breeding research programs focus on the mapping of genes and 
polygenes so that an increasing number of markers for assisted characterization and 
selection of plant genetic resources will be available in the future.
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Molecular markers are an indispensable tool to understand the genetic structures 
of populations. For the sampling of germplasm to create a plant gene bank, they are 
necessary but in no way sufficient to make adequate decisions. In addition to diversity 
information derived from molecular marker data sets, there are needs for under-
standing plant resource characteristics and specific knowledge on breeding values. 
It is therefore strongly recommended to concentrate co-ordinated phenotyping and 
genotyping efforts to fill the global maps of crop species diversity and to develop a 
better understanding of the rational decision-making process.

Molecular polymorphisms linked to quantitative traits or qualitative genes as 
well as nucleotide variants of causative genes can find practical application in 
marker-assisted selection (MAS) breeding programs.

Detailed linkage maps of specific chromosomes or chromosome blocks have 
been developed by analyzing the segregation of selected molecular markers of 
maternal and paternal origin in experimental populations. Moreover, wide-genome 
scanning approaches provide a method for rapidly identifying molecular markers 
linked to a specific genetic trait and accurately locating genes in a saturated genetic 
map. For instance, the identification of AFLP markers associated with specific genes 
based on the use of markers randomly distributed in the genome coupled with the use 
of near isogenic lines (NIL) or bulked segregant analysis (BSA) was applied not only 
in diploids but also in remarkably complex auto- and allo-polyploids. Both strategies 
are based on pooling the DNAs from individuals sharing the same genetic background 
but showing extreme classes of a given trait, and then screening for differences 
between genetic classes using molecular markers. Molecular differential screening of 
plants with contrasting characteristics is still considered one of the most powerful 
tools for identifying, isolating and using the genes underlying the expression of 
Mendelian traits and QTLs (quantitative trait loci). Similarly, natural populations can 
be exploited for discovering molecular markers linked to agronomically important 
genes by means of association mapping through linkage disequilibrium (LD) analysis. 
Interest in the study of LD, i.e. non-random association of alleles, in crop plants has 
increased dramatically in recent years because of two main factors (reviewed by 
Rafalski and Morgante 2004). First, genomic technologies enables rapid identifi-
cation of haplotypes at many Mendelian loci, either by DNA sequencing or by 
detecting SNP markers. Second, in the presence of significant LD, it can be possible 
to identify genetic regions that are associated with a particular trait of interest (e.g., 
disease susceptibility) by genome scanning of individuals from an existing population. 
By contrast, if LD declines rapidly around the causative gene, the identification of 
genetic factors responsible for the trait of interest is possible by screening a limited 
set of candidate genes. Individual SNP markers or SNP haplotypes within a candidate 
gene are systematically tested for association with the phenotype of interest. 
Whole-genome scan and candidate gene approach are fundamentally similar meth-
odologies, and differ primarily in the scale at which the analysis is performed.

An important point to be considered when using molecular markers in genetic 
characterization studies is the nature of the genomic DNA polymorphisms, since 
molecular markers can assay either neutral or adaptive variation. The genomics 
revolution of the last ten years has improved our understanding of the genetic 
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make-up of living organisms (Vendramin and Morgante 2006). Together with the 
achievements represented by complete genomic sequences for an increasing 
number of species, high throughput and parallel approaches are available for the 
analysis of transcripts, proteins, chemically-induced and transgenic mutants. 
All this information facilitates the understanding of the function of genes in terms 
of their relationship to the phenotype. Despite its great relevance, such an under-
standing could be of little value to population and conservation genetics because 
it will not elucidate the relationship between genetic variation in gene sequences 
and phenotypic variation in traits, but rather only that between a given gene and 
a mutant phenotype (Vendramin and Morgante 2006). The relationships between 
the phenotypic variation of complex traits and the molecular polymorphism of 
genes can be studied on the basis of a genomic approach. Work in model plant 
species such as Arabidopsis and rice has started to unveil a large number of genes 
involved in the determination of traits of adaptive significance, such as phenology 
and environmental stress tolerance or resistance. This progress will finally 
allow conservation genetics to directly analyze variation in genes involved in 
adaptive processes rather than in neutral markers. However, neutral markers will 
remain important to make inferences about stochastic processes affecting natural 
population evolution.

It is known that most molecular marker systems exploited for population genetics 
target genomic regions which are selectively neutral, even though molecular marker 
technologies which target specific genes do exist. The neutrality of markers is 
suitable for most uses in germplasm conservation and management. However, 
when the interest of conservation lies specifically in the diversity of traits of 
agronomic importance, some questions remain on the representativeness of markers. 
In such cases, the markers able to detect functional diversity are more suitable for 
the characterization and management of germplasm collections.

As a matter of fact, technology is rapidly evolving in molecular marker systems, 
moving from anonymous markers towards markers associated to a specific gene 
and/or a known chromosome position. One of the roles of biotechnology is that of 
supplying low-cost and high-throughput molecular tools for developing markers 
and making decisions in the processes of characterization and conservation of 
agricultural genetic resources.

10.4  Genetic Diversity and Similarity Statistics for Characterizing 
Plant Germplasm at the Population Level

Genetic diversity and similarity measurements are very useful for describing the 
genetic structure of populations. The genetic structure of natural populations of a 
crop plant species is strongly influenced by the reproductive system of their 
individuals and the union types occurring within populations. Breeding schemes 
that can be adopted as well as variety types that can be constituted depend on the 
reproductive barriers and mating systems of plants.



23910 Molecular Markers for Characterizing and Conserving Crop Plant Germplasm

Natural populations of species that reproduce by apomixis or that propagate 
vegetatively are polyclonal, being composed by several genetically distinct clones 
and usually dominated by a few well-adapted genotypes. Therefore, genetic variation 
within populations is distributed among clones and most populations are character-
ized by different levels of differentiation among genotypes.

Landraces of self-pollinated species (e.g., bean, lentil, wheat and barley) are 
composed of a mixture of pure lines, genetically related but reproductively inde-
pendent each other. Thus, genetic as well as phenotypic variation is mainly detectable 
among lines due to the presence within natural populations of fixed genotypes mainly 
homozygous for different alleles. Spontaneous hybridization is however possible to 
some extent depending on the species, environmental factors and germplasm stocks. 
Cultivated varieties of selfing species are usually represented by pure lines obtained 
by repeated self-pollination of a number of hybrid individuals stemmed from two 
parental lines chosen for complementary morphological and commercial traits.

Maize is one of the most commercially important cross-pollinated species. In 
many countries, existing landraces are selected by farmers for their own use and 
eventually sale to neighbors. Traditionally, landraces are developed by mass selec-
tion in order to obtain relatively uniform populations characterized by valuable 
production locally. Synthetics are also produced by intercrossing a number of 
phenotypically superior plants, selected on the basis of morpho-phenological and 
commercial traits. More rarely, plants are also evaluated genotypically by means of 
progeny tests. Compared to landraces, synthetics have a narrower genetic base but 
are equivalently represented by a heterogeneous mixture of highly heterozygous 
genotypes sharing a common gene pool. However, newly released varieties are 
exclusively represented by F

1
 hybrids developed by private breeders and seed 

companies using inbred lines belonging to distinct heterotic groups.
Genetic characterization is providing new information to guide and prioritize 

conservation decisions for crop plants. The most urgently required action is the 
effective protection of all remaining wild ancestral populations and closely related 
species of crop plants, most of them now endangered. They are the only remaining 
sources of putative alleles of economic values that might have been lost during 
domestication events. It is equally important to ensure that the plant genetic 
resources selected for conservation include populations from the geographic areas 
representing the different domestication centres where high estimates of genetic 
diversity within and differentiation among populations are expected.

The assessment of the optimal plant and molecular marker sample size is a key 
step for the characterization of populations by computing genetic diversity and/or 
similarity statistics (Table 10.2). In particular, the choice of the most appropriate 
system (i.e., dominant vs codominant) and type (i.e., neutral vs functional) of markers 
and of the optimal number of markers and plants required to describe the genetic 
structure of a given population has to be carefully addressed.

For conservation purposes, individual genotypes of collected populations 
need to be identified to become part of the conservation scheme. Some general 
criteria can be defined concerning the desirable genetic properties of the sample: 
(1) it should represent the largest gene pool possible of the species; (2) it should 
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have a maximum effective population size; (3) special genetic traits should be 
conserved. It is worth noting that maximizing the effective population size suggests 
collecting extreme genotypes, which may not be representative for the population. 
Using parameters from population genetics, the group of plants chosen should have 
minimum inbreeding and minimum relatedness among each other.

Two criteria should be followed for genetic marker-based characterization and 
conservation decision-making: priority populations for conservation should be 
those with the largest within-populations diversity and/or should maximize the 
conservation of between-populations diversity. Both within and between population 
diversity parameters are classically measured using molecular markers. In both 
cases, soundly based priority decisions for conservation at the global level will 
require the availability of large datasets.

Standard genetic diversity (H) and genetic differentiation (D) statistics of Nei 
(1973) and the inbreeding (F) coefficients of Wright (1965) are widely used to sum-
marize the genetic structure of populations and the distribution of genetic variation 
using codominant molecular markers. The average (n

o
) and the effective (n

e
) number 

of alleles per locus well as the observed (H
o
) and the expected (H

e
) heterozygosity 

are the most commonly calculated population genetic parameters for the character-
ization of the within-subpopulation diversity. Let p

i
 denote the frequency of the ith 

marker allele at a given locus, the genetic diversity computed as H=1 - p
i
2 is equiva-

lent to the expected heterozygosity. This parameter can be computed for single 
subpopulations and the population as a whole. A hierarchical analysis of variance 
with estimation of F-statistics is then usually performed in order to measure the 
deficiency or excess of heterozygosity within subpopulation (F

IS
) and between sub-

populations (F
IT

) as well the fixation index (F
ST

) of the total population (Nei 1978). 
In particular, F

ST
 measures the effect of total population subdivision in different 

subpopulations and it corresponds to the reduction of heterozygosity of subpopula-
tions compared to the population as a whole (Nei 1978) (Fig. 10.2).

Genetic similarity (GS) estimates between populations are also very often 
computed using dominant molecular markers. These estimates are traditionally 
calculated in all possible pair-wise comparisons between individuals either within 
or between populations using different genetic similarity parameters. For instance, 
genetic similarity estimates between individuals can be calculated using the 
following formula of Dice (1945): GS = 2M

ij
/(2M

ij
 + M

i
 + M

j
), where M

ij
 represents 

the number of shared markers scored between the pair of individual fingerprints 
(i and j) considered, M

i
 is the number of markers present in i but absent in j and M

j
 

Table 10.2 Sizes of the plant sample for landraces in relation to the reproductive system of 
the species

Prevalent reproductive 
system of the species

Level and type of genetic variation in 
the population

Range of minimum sample 
size (seeds or plants)

Apomixis Low (clones) 20–30
Amphimixis
Selfing Intermediate (pure lines) 40–60
Crossing High (HW equilibrium) 80–100
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is the number of markers present in j but absent in i. Such estimate of genetic similarity 
corresponds to that calculated by the formula of Nei and Li (1979). The Simple 
Matching (SM) coefficient is also very popular for computing genetic similarity.

Any set of genetic diversities or similarities can be analyzed in terms of within 
and between population genetic variation, and more particularly, in terms of individual 
plant contributions to the total genetic variability. The most common approach used 
involves calculating a matrix of genetic distances or similarities on the basis of 
marker frequencies and marker fingerprint, respectively, generating UPGMA 
dendrograms and PCA centroids. Priority populations and individuals for conservation 
would therefore be the ones contributing most to the variation and differentiation of 
the germplasm set.

10.5  Using Molecular Marker-assisted Characterization  
and Conservation of Crop Plant Germplasm:  
Case Studies

Landraces are populations with high genetic variability and fitness to the natural 
and anthropological environments where they have originated. They represent not 
only a valuable source of useful traits, but also an irreplaceable bank of highly 
co-adapted genotypes. Knowledge of genetic variation within local populations and 
genetic differentiation with breeding stocks is expected to have a significant impact 
on the preservation and exploitation of plant germplasm resources. The case-studies 
reported in this paper refer to Italian maize and lentil landraces, durum and bread 
wheat pure lines, and Mesoamerican bean varieties.

In maize (Zea mays L.), unless in the last few decades conservation of local 
populations in gene-banks has taken place worldwide, the gradual replacement in 
cultivation of landraces by hybrids has resulted in genetic erosion. Many maize 
breeders are now concerned that genetic diversity within this species has been 
decreasing at an alarming rate as a consequence of modern hybrids and other 
agricultural changes. For instance, most inbreds have been developed from a limited 
number of elite lines and synthetics, a practice that heightens the risk of genetic 
uniformity in commercial maize production fields. Thus, maize breeders have 

Fig. 10.2 Inbreeding (F) coefficients  
of Wright (1965) for assessing the genetic  
structure of populations
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recently become more aware of the need for both assessing and maintaining genetic 
diversity among hybrid varieties and improving the management of genetic 
resources through the conservation of landraces. Information about genetic diversity 
and differentiation is known to be useful in planning crosses for hybrid development, 
assigning lines to some heterotic groups, maintaining genetic variability of landraces, 
and protecting inbreds and varieties. It can be obtained by surveying both qualitative 
and quantitative morphological traits or using molecular markers for investigating 
polymorphisms at the DNA sequence level.

Lentil (Lens culinaris Medik.) has been part of the human diet since a long time, 
being one of the first crops domesticated in the Near East. A great part of the 
landraces came from temperate areas of the Mediterranean basin, where lentils 
exist with colours that range from yellow to red-orange to green, brown and black. 
Two clear morphological groups based on seed characters could be established in 
this species, coinciding with the taxonomic description for the macrosperma and 
microsperma types. As in other Mediterranean countries, Italian landraces seem to 
be migrated following criteria related with seed characters preferred by farmers. 
Some of the landraces show an increasing importance in the food market of plant 
derivatives because lentil is one of the crops with the highest level of protein, being 
so a very important part of the diet.

Modern European wheat varieties are thought to display quite low levels of gene 
pool variation because of the high selective pressure applied in breeding programs. 
The genetic diversity of durum wheat (Triticum turgidum L. var. durum) and bread 
wheat (Triticum aestivum L. var. aestivum) elite germplasm has been traditionally 
estimated on the basis of morphological and quantitative traits, disease resistances, 
gliadin proteins and only recently by molecular markers. The adoption of molecular 
markers for the genetic characterization of wheat accessions is expected to play a 
key role not only for marker-assisted conservation but also for marker-assisted 
identification and selection of varieties in this species.

Regarding beans (Phaseolus vulgaris L.), yellow-coloured beans are among the 
traditional bean varieties grown principally in Mexico and Peru under several 
names, such as Azufrado and Canario. Originally, varieties from these countries 
represented two evolutionarily distinct bean groups as they originated from two 
different domestication centres, one in Mexico and the other in the southern Andes. 
Beans with yellow-coloured seeds are grown and consumed mainly in the north-
western part of Mexico, but immigration from this country has created a market for 
yellow-seeded beans mainly in the USA and more recently also in Europe.

10.5.1  Genetic Anatomy of a Patented Yellow Bean (Phaseolus 
Vulgaris L.) Variety

Molecular markers find application in plant science and crop improvement to 
overcome limitations due to the absence of an appropriate and uniform legal 
protection of varieties and germplasm resources. In some countries, like USA, it is 
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possible to obtain a utility patent for varieties of crop species and it is also possible 
to obtain a Plant Variety Protection (PVP) certificate. Some of these awards can be 
controversial because of the perceived lack of novelty of distinctive morphological 
traits and the varieties themselves.

Genomic DNA fingerprinting was exploited by Pallottini et al. (2004) for 
assessing the genetic anatomy of a patented yellow bean (Phaseolus vulgaris L.), 
specifically the variety Enola. In order to check its origin, an AFLP-based genomic 
DNA fingerprinting study was carried out using a representative sample of 56 
domesticated common bean accessions, including a subsample of 24 varieties with 
yellow coloured seeds morphologically similar to those of Enola. AFLP markers 
were detected using several primer combinations which revealed a total of 133 
polymorphic markers. Most yellow-seeded beans, including Enola, were clustered 
in a tightly knit subgroup of the Andean gene pool. Enola was most closely related 
to the pre-existing Mexican cultivars: a sample of 16 individuals of Enola displayed 
full genetic identity with yellow-seeded beans from Mexico, namely Mayocoba and 
Azufrado Peruano (Fig. 10.3). Probability calculations of matching the specific Enola 
DNA fingerprint showed that the most likely origin of Enola is by direct selection 
within pre-existing yellow-bean cultivars from Mexico (Pallottini et al. 2004).

In particular, the least probable scenario was the one in which the Enola marker 
combination resulted from a cross between Andean and Mesoamerican genotypes, 
regardless of their seed colour represented in our sample (probability of 1 × 10−18). 
The scenario with the highest probability represented selection without hybridization 
within cultivar Azufrado Peruano 87 (probability of 3 × 10−1).

The assessment of the genetic anatomy of Enola as well as its genetic identity 
with pre-existing Central America local varieties raise questions about the rationales 
for the award of a utility patent and a PVP certificate.

10.5.2  Genetic Variation and Differentiation of Landraces  
of Lentil (Lens Culinaris Var. Microsperma L.)  
and Maize (Zea Mays Var. Indurata L.)

The Common Agricultural Policy of the EU concerning the quality of agricultural 
products and the preservation of landraces have driven more attention towards the 
Protected Geographical Indication (PGI) and Protected Designation of Origin (PDO) 
marks. Lentil (Lens culinaris var. microsperma L.) is extensively cultivated in the 
Mediterranean basin where it includes different landraces and modern varieties.

Barcaccia et al. (1998) demonstrated that the set up of molecular marker-based 
reference systems is feasible for the precise identification of single farmer’s popula-
tions and for the preservation of the landrace as a whole. The mean Dice’s genetic 
similarity estimates among lentil entries was shown to be 93%, ranging from 91% 
to 100%, when populations were analyzed as bulked DNA samples of 12 plants 
each. Although multi-locus DNA fingerprints were identical among most but not 
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all the 26 chosen farmer’s populations, indicating an homogeneous gene pool of the 
lentil landrace locally known as “Castelluccio of Norcia”, some reliable polymorphic 
markers were visualized and three off-type farmer’s populations were finally 
discovered. A number of polymorphisms were unambiguously shared with two 
Canadian (Laird) and Turkish (Kislik) commercial varieties used as genetic controls 
since their seeds were considered morphologically indistinguishable from the seeds 
of the Italian landrace under study. This finding cannot be explained by gene flow 
occurring among farmers but most likely by taking into account seed exchange with 
farmers who do not reproduce their own seed stocks. On the whole, the molecular 
approach proved to be essential for clearly identifying lentil local varieties and also 
for discriminating phenotypically similar imported lentil varieties.
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Fig. 10.3 UPGMA dendrogram showing the genetic relationships among Peruano-type bean 
cultivars: Enola, Azufrado Peruano 87 (AP87), and Mayocoba as assessed using AFLP markers 
(for additional information see Pallottini et al. 2004)
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Several types of molecular markers were also used for the characterization of the 
gene pool of Italian landraces of maize (Zea mays var. indurata L.). In particular, a 
comparative characterization of 10 field populations of the landrace “Nostrano of 
Storo” was carried out using different types of PCR-based markers (Barcaccia et al. 
2003). The inbred line B73 and three synthetics (VA143,VA154 and VA157) 
selected from as many landraces were also used. Genetic diversity and relatedness 
were evaluated over 84 SSR and 53 Inter-SSR marker alleles using a total of 253 
plants. Up to 23 alleles per SSR locus were scored while the average effective 
number of alleles per population was 6.99. Nei’s total genetic diversity as assessed 
with SSR markers was H

T
 = 0.851 while the average diversity within populations 

was H
S
 = 0.795. The overall Wright’s fixation index F

ST
 was as low as 0.066. 

Thus, more than 93% of the total variation was within population. Unique alleles 
over all SSR loci were found for six populations. An average of 17.7 marker alleles 
per Inter-SSR primer were scored with an effective number of marker alleles per 
locus of 1.34. The Shannon’s diversity information index over all populations and 
I-SSR loci was 0.332, varying from 0.286 to 0.391. The extent of differentiation 
between populations was as low as G

ST
 = 0.091. Dice’s genetic similarity matrices 

were estimated for both SSR and Inter-SSR markers. The mean genetic similarity 
coefficients within and between populations were respectively 0.269 and 0.217, for 
SSR markers, and 0.591 and 0.564, for Inter-SSR markers. UPGMA dendrograms 
displayed all field populations but one clustered into a distinct group, in which the 
syntheticVA154, selected from the “Marano Vicentino” landrace, was also included. 
One field population and the other two synthetics were clustered separately as 
well B73. The matrix correlation assayed by the Mantel’s correspondence test was 
as high as 0.908. Findings suggest that, although a high variability can be found 
among plants, most plant genotypes belong to the same landrace locally called 
“Nostrano of Storo” (Barcaccia et al. 2003). Although gene flow from commercial 
hybrids might have occurred, the large number of polymorphisms and the presence 
of both unique alleles and alleles unshared with B73 and synthetics are the main 
factors underlying the value of this flint maize landrace as a source of genetic variation 
and peculiar germplasm traits. Because of its exclusive utilization for human 
consumption, such a molecular marker characterization will be a key step for obtaining 
a quality mark and so promoting the conservation and protection of the landrace.

The construction of a linkage map was then undertaken using several molecular 
marker systems, including AFLP and SSR markers (Barcaccia et al. 2006) (Fig. 10.4).

A set of mapped markers was adopted to study the effects of different conservation 
strategies (on farm, in situ and ex situ) on the population genetic structure of 
landraces (Pallottini 2002). Marker alleles showing significant frequency changes 
were distributed throughout the genome, but chromosome blocks carrying marker 
loci with differentiated genetic diversity values were detected. Some molecular 
markers revealed to be suitable also for the evaluation of the extent of gene flow 
that can occur between landraces and modern varieties.

The possibility of identifying the local populations of lentil and maize through 
their molecular characterization can be an essential element not only for conservation 
and breeding purposes, but also for certifying typical local products in order to 
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avoid market frauds and to safeguard their gene pools. In the near future it could 
represent a basic requisite for their use in a serious and consumer-oriented production 
and marketing context.

10.5.3  Genetic Fingerprinting Durum Wheat (Triticum Durum l.) 
and Bread Wheat (Triticum Aestivum l.) Elite Germplasm 
Stocks for Multiple Breeding Purposes

The genetic diversity of durum wheat (Triticum turgidum L. var. durum) and 
bread wheat (Triticum aestivum L. var. aestivum) modern variety collections was 
estimated on the basis of molecular markers using AFLP technology for genomic 
DNA fingerprinting.

A total of 38 durum wheat and 26 bread wheat genomic DNA samples isolated 
from commercial varieties and experimental lines were investigated by fluorescent 
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Table 10.3 Estimates of linkage disequilibrium (LD) between molecular 
markers and resistance factors in bread and durum wheat varieties

Marker Pathogen LD r c2 P

A22 BR −0.0831 −0.3508 4.68 0.0306
D51 YR −0.0893 −0.3613 4.96 0.0259
A22 FUS −0.1177 −0.5026 9.60 0.0019
D36 SEP 0.0693 0.3885 5.74 0.0166
E45 PM −0.0436 −0.3254 4.02 0.0049
B27 BR −0.0917 −0.0167 12.91 0.0003
D67 BR −0.0651 0.0108 11.92 0.0006
C23 YR 0.0799 0.7826 7.63 0.0057
D15 YR −0.0799 −0.4793 7.63 0.0057
C32 FUS 0.0888 0.8696 11.30 0.0008
E41 FUS 0.1154 0.6500 7.80 0.0057
C37 SEP 0.1154 0.6500 7.80 0.0052
D62 SEP −0.1006 −0.3353 8.35 0.0052
C37 PM 0.1346 0.5948 8.33 0.0039
A06 PM −0.1228 -0.0737 7.10 0.0077

YR: yellow (stripe) rust; BR: brown (leaf) rust; PM: powdery mildew; 
FUS: Fusarium head blight; SEP Septoria leaf spot.

AFLP markers using five different PstI/MseI and EcoRI/MseI primer combinations 
previously selected on the basis of their ability of detecting polymorphisms. 
As many as 267 clearly detectable markers were scored, of which 59 (41.6%) and 
73 (51.4%) proved to be polymorphic among varieties within and between 
species, respectively. Dice’s genetic similarity (GS) estimates among the 64 pure 
lines were calculated in all possible pair-wise comparisons and the correspondent 
similarity matrix was used for the construction of UPGMA dendrograms and for 
the definition of centroids according to PCA analysis. Mean genetic similarity 
estimates within durum wheat and within bread wheat were 92% and 89%, respec-
tively (Barcaccia et al. 2005). In each species, a few multi-locus genotypes showing 
almost full identity were found (Barcaccia et al. 2005). Several species-specific 
and variety-specific DNA markers were also scored: the latter types will be 
cloned, sequenced and converted into easily detectable single-locus markers.

On the whole, more than 68% of the total genetic variation found in wheat 
materials was explained by the first two principal coordinates. The observed number 
(n

o
) and the effective number (n

e
) of alleles were equal to 1.416 and 1.163 in durum 

wheat and to 1.514 and 1.184 in bread wheat, respectively. Nei’s genetic diversity 
(H) estimates over all genomic loci were also comparable for the two species (0.102 
and 0.119, respectively). Linkage disequilibrium (LD) tests were performed for all 
pair-wise comparisons of marker alleles. The number of significant LD was 78 over 
142 loci (0.78%) in durum wheat and 139 over 142 loci (1.42%) in bread wheat. 
Preliminary data suggest the finding of a few AFLP markers displaying highly 
significant linkage disequilibrium (P < 0.01) with a number of wheat resistance 
genes, including yellow (stripe) and brown (leaf) rust, powdery mildew, Fusarium 
head blight and Septoria leaf spot diseases (Table 10.3).
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This work is currently in progress. As future perspectives, additional PstI/MseI 
primer combinations will be assayed in the same set of wheat materials. It is known 
that EcoRI and PstI enzymes sample different regions of the wheat genome: PstI is 
methylation-sensitive and cuts principally in unmethylated DNA regions of the 
genome, containing expressed and mainly single-copy genes, whereas EcoRI is 
methylation-insensitive and cuts DNA throughout the genome. The final aim is that 
of assembling a database of DNA polymorphisms for the durum and bread wheat 
germplasm. This information is potentially useful for tracing single pure lines through 
genetic fingerprints and also for planning experimental crosses between pure lines 
on the basis of their genetic distances. Moreover, selected AFLP markers potentially 
linked to resistance genes will be converted into sequence-tagged site markers, such 
as sequence characterized amplified region (SCAR) or cleaved amplified polymorphic 
sequence (CAPS) markers, and then assayed in experimental populations segregating 
for the resistance traits in order to test their suitability and reliability for use in 
wheat MAS programs.

10.5.4  Effects of Different Conservation Strategies  
on the Population Genetic Structure of Maize  
Landraces as Assessed with Molecular Markers

The on farm, in situ and ex situ conservation methods may exert a different 
influence on the genetic structure of populations grown by farmers. This influence 
should be accurately evaluated to avoid genetic erosion and conservation programme 
failure. In fact, the loss of genetic diversity could be due to inbreeding that can result 
from drift and migration to natural and human selection and gene flow. Each of these 
factors has a different relative importance on the types of conservation methods. 
Molecular markers were used to investigate the influence of the conservation strategy 
on the genetic structure of farmer populations grown for 2 years with three different 
methods: (1) on farm conservation by farmers, using own seeds and traditional 
agronomic practices; (2) in situ conservation in the original area but taking into 
account the spatial isolation from other fields cultivated with hybrid varieties; and 
(3) ex situ conservation far from the original area with no gene flow due to the total 
absence of fields grown with the same crop (Pallottini 2002). Statistical tests failed to 
reveal any significant difference in terms of diversity/similarity absolute values among 
the populations conserved according to the three distinct strategies (Fig. 10.5).

Nevertheless, about 10% of the comparisons performed for the marker allele 
frequency parameter at the total assayed loci showed significant differences. Even 
the differences between genetic variation parameters computed for mapped and 
random marker loci were significant. In particular, some marker loci were more 
affected than others by changes of the marker allele frequency depending on 
the conservation method. These markers, distributed throughout the genome, could 
be related to important genes involved in the adaptation to environmental condi-
tions or responsible for traits evaluated in the selection by farmers.
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In sum, although all conservation methods studied have determined the significant 
changes to the genetic structure of the farmer populations, the genetic variation and 
diversification that occurred with ex situ conservation was much stronger than that 
observed for in situ and on-farm conservation. It is worth mentioning that to monitor 
these changes, the level at which the investigation is performed is essential. When 
the mean values of the more common genetic diversity and/or similarity indexes are 
taken into account, no significant differences are highlighted because of the large set 
of molecular data and the occurrence of bidirectional changes of marker allele 
frequencies over all marker loci. Consequently, variation of the marker allele frequency 
has to be computed and interpreted at each single marker locus or between pairs of 
marker loci, but not on the whole molecular marker data set. We identified chromo-
some blocks in linkage groups 2, 3, 9 and 10 carrying marker loci affected by strong 
LD that could be associated to genes influenced by selection and that could have 
played a role in the adaptation to the different environmental situations (Barcaccia 
et al. unpublished results).

10.6  Using Molecular Characterization to Make Informed 
Decisions on the Conservation of Crop Genetic Resources

Information about the genetic make-up of gene bank accessions contributes 
towards decision-making for conservation activities, which range from collecting 
and managing genetic resources to identifying genes to add them value for 
breeding purposes.

Well-informed sampling strategies for germplasm material destined for ex situ 
conservation and designation of priority sites for in situ conservation are both 
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crucial for successful conservation efforts. In turn, defining strategies depends on 
knowledge of location, distribution and extent of genetic diversity. Molecular 
marker-based characterization, by itself or in combination with other data, such as 
morpho-phenological traits, provides reliable information for assessing, among 
other factors, the amount of genetic diversity/similarity, the structure of genetic 
variation in samples and populations, rates of genetic differentiation among popula-
tions and the distribution of biodiversity in populations from different locations.

Molecular characterization helps to determine the breeding behaviour of 
species, adaptive and reproductive success of individuals and the existence of gene 
flow among individuals, that is, the movement of alleles within and between 
populations of the same or related species, and its consequences (Papa and Gepts 
2003). Molecular data improve or even allow the elucidation of phylogeny, and 
provide the basic knowledge for understanding taxonomy, domestication and 
evolution. As a result, information from DNA markers or DNA sequences offers a 
good basis for better conservation approaches.

Selected molecular technologies render cost-effective and comprehensive 
genotype profiles and gene haplotypes of accessions generated through DNA 
fingerprinting and DNA sequencing that may be used to establish the identity of 
the material under study. Simultaneously, in addition to the presence of redundant 
materials or duplicated accessions, these technologies can detect contaminants, 
and in the case of mixtures, contamination with introgressed genes from other 
accessions or commercial varieties as well. Moreover, molecular marker data sets 
provide the baseline for monitoring natural changes in the genetic structure of the 
accessions as well as changes occurring as a result of human intervention (e.g., seed 
regeneration or sampling for replanting in the field). Whatever the case, analysis 
of molecular information allows the design of strategies for either purging the 
consequences of inappropriate procedures or amending them to prevent future 
inconveniences (De Vicente et al. 2006).

In the next years, the area of crop plant genomics that might show the greatest 
development with respect to the use of molecular marker technology is likely that 
of applied breeding programs.

An increasingly important role of genetic characterization is identifying useful 
genes in germplasm, that is, maximizing conservation efforts. Because the major 
justification for the existence of germplasm collections is for the use of the 
conserved accessions, it is important to identify the valuable genes that can help 
to breed new varieties able to meet the challenges of current and future agriculture 
(De Vicente et al. 2006). Characterization has benefited from several approaches 
resulting from advances in molecular genetics such as Mendelian gene tagging and 
QTL mapping. Research in this field has led to the acknowledgement of the value 
of wild relatives, in which modern techniques have discovered useful variation that 
could contribute to varietal improvement. Knowledge of molecular information in 
major crops and species, and of the synteny of genomes and colinearity of genes, 
has also opened up perspectives for identifying important agronomic genes or 
functional variants in other crop types, particularly those receiving little attention 
from formal research.
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Managing biodiversity means not only genetic characterization through DNA 
polymorphism detection, as it requires information used to address key issues of 
both ex situ and in situ plant germplasm management and to assist in the process 
of decision making (Lanteri and Barcaccia 2006). For ex situ crop germplasm 
maintenance, molecular tools may contribute to the sampling, management and 
development of core collections as well as the utilization of genetic diversity. For 
the in situ and on farm preservation strategies of genetic resources, molecular 
markers might help in the recognition of the most representative populations 
within the gene pool of a landrace and the identification of the most suitable 
strategies for their managing and use.

Analysis of genomic DNA samples based on the detection of molecular 
markers should be capable of identifying plant varieties unambiguously and 
definitive and also be effective for calculating the genetic distance between 
plant germplasm accessions. The ability to identify new varieties and determine 
their diversity with respect to previously registered varieties promises to be the 
prime requirement for a valuable market of plant varieties, as well as a guaranteed 
genetic value of plant materials.

New molecular approaches have been recently developed for adapting the 
current PCR-based techniques to target functional diversity. New findings from 
genomics research indicate that there is a tremendous genetic potential locked up 
in germplasm collections that can be released only by shifting the paradigm from 
searching for phenotypes to searching for superior genes with the aid of molecular 
linkage maps (Lanteri and Barcaccia 2006). At present the increasing information 
available from genome scanning and gene mapping means that molecular markers 
known to be tightly linked to traits of agronomic interest can be better addressed 
for characterizing genetic diversity and help in identifying genetic variation of use 
to breeders. Furthermore, the identification of Mendelian genes and QTLs controlling 
a given qualitative or quantitative trait and the availability of their DNA sequences 
may facilitate the classification of variation in germplasm pools. High resolution 
genetic maps and linkage groups enable markers closely linked to agronomically 
important traits to be used and the increasing numbers of SNPs and ESTs for 
genes and transcripts, respectively; provide routes for more targeted sequence-based 
approaches. Classification of the sequence variants at a target locus would substan-
tially reduce the amount of work needed to assess their potential for breeding 
and lead to the identification of superior haplotypes, alleles and/or genotypes. 
The information acquired is now being exploited to transfer different traits, including 
biotic stress resistances and improved quality traits, to important varieties by means 
of MAS programs.

Germplasm in collections can undergo structural molecular characterization 
(i.e., based on the investigation of anonymous DNA sequences) and functional 
molecular characterization (i.e., based on the identification of genes and their 
functions). The information gathered from structural characterization not only 
provides increased clarity on existing genetic diversity and its organization in indi-
viduals, but it also useful to determine the structure of populations providing the 
basis for functional characterization.
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The increasing number of genome and transcriptome sequencing projects has 
opened the opportunity to design functional molecular markers on expressed 
sequences of known chromosome position for characterizing and exploring 
genetic resources. Moreover, this information enables the compilation of large 
amounts of sequence data that can be used to develop markers linked to specific 
genes and to discover novel functional variations. In addition, the development 
of technologies continues and this means, on one side, increased markers and, 
on the other, decreased costs, so to allow their application in the tasks of char-
acterizing and preserving plant genetic resources, which usually involve large 
numbers of samples.

New developments are also taking place in designing better approaches to access 
new and useful genetic variation in collections, such as allele mining and associa-
tion mapping studies. Allele mining focuses on the detection of allelic variation in 
important genes and/or traits within a germplasm collection. If the targeted DNA is 
available, either a gene of known function or a given sequence of unknown origin, 
then the allelic variation in a collection, usually due to point mutations, can be 
successfully identified. Association mapping studies of natural populations are an 
alternative to segregation analysis in experimental populations for identifying 
useful genes by correlation of molecular markers to a specific phenotype. These 
studies can be performed on a germplasm collection and also on other breeding 
materials as long as significant linkage disequilibrium (LD) exists.

The importance of the variation captured in genetic resources in allowing 
evolution and/or facilitating plant breeding has been long recognized. However, 
appreciating the variation held in collections is not sufficient. Conservation of genetic 
resources needs to be combined with an enhanced use of conserved materials. 
Worldwide germplasm collections of crop plant species maintained ex situ in gene 
banks together with that held in situ and on farm situations harbour abundant quan-
tities of hidden allelic variants. The challenge is to unravel the mysteries of this 
variation so that it can be used for the benefit of humankind. More and more, 
technologies have increased throughputs, which generally means the generation of 
progressively larger amounts of genetic data. Genotyping individuals to identify the 
available allelic variation that makes up the phenotypes provide the groundwork on 
which genetic resources can be used in plant breeding. Phenotyping is very much 
linked to the usefulness of good molecular characterization, together forming the basis 
of progress in modern genomics research in crop plants (De Vicente et al. 2006).

10.7  Conclusion

In conclusion, the most important challenges in the near future are certainly the 
molecular characterization of germplasm collections for preserving them from genetic 
erosion and the identification of phenotypic variants potentially useful for breeding 
new varieties. Knowing the presence of useful traits, genes and alleles would help 
in making decisions on the multiplication of accessions and the maintenance of 
seed stocks for responding to an expected higher demand of materials.
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Use of molecular markers for characterization and conservation of genetic 
resources should be implemented so that genotypes with known and useful genes 
and alleles can be added to core collections to make them exploitable by breeders. 
This will facilitate the use of, and add value to, crop plant germplasm resources. 
A new concept that might be successful is that of building collections primarily 
based on the knowledge of the presence of valuable genes and traits.
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Abstract There is an urgent need to increase world’s food production to meet 
the ever increasing demand. Rice plays a direct role as the cereal feeding  
half the world’s population and as an experimental workhorse. It has the smallest 
genome among cereals, has remarkable similarities with other cereals in sequence, 
structure, order and function of genes. Foreign genes can be incorporated into rice 
with ease by genetic transformation. Rice genetics is also well studied and under-
stood. All these features have made rice a model cereal for functional genomics. 
With the availability of the near complete genome sequence, the emphasis is not 
only on understanding the functions of the predicted 35,000–50,000 genes, but 
also unraveling how these genes interact to control important agronomic traits 
under different environmental conditions. This chapter covers the genome-wide 
molecular techniques currently being employed in rice with the ultimate goal of 
achieving much needed increases in crop productivity.

11.1  Introduction

There is a real urgency in enhancing food production to meet the increasing global 
demand driven by the increase in human population, the reduction in land available 
for sustainable crop production and the poor performance of crop cultivars under 
increasingly adverse environmental conditions. Rice, being the major staple food 
for almost half of the world’s population, has naturally been the model cereal for 
genetic, breeding and agronomic research. More recently, the scientific community also 
adopted rice as the model cereal for genome research, because of its small genome 
size (~430 Mb), the ease with which it can be transformed and the similarities of 
its gene order and gene sequence with other cereals. It is likely that genes identified 
in rice as being important agronomically will also be important in other cereals thus 
pave the way for the application of the knowledge gained in rice to other cereals.
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Conventional breeding over the last three decades has resulted in a doubling of 
rice production (Khush 1997). However, breeders are in need of new tools and 
resources with which they can address the major production constraints such as 
pests, pathogens, salinity and drought in order to provide the required increase in 
the rate of production. Rice genomics has the potential to provide such tools and 
resources in the form of molecular markers for genes and gene control sequences 
determining the desired traits or as genes and gene control sequences per se for use 
in transformation breeding.

With the near completion of the sequence of both the japonica (cv. Nipponbare) 
and indica (cv. 93-11) sub-species, the emphasis now is on determining the function 
of each of the predicted 35,000–50,000 rice genes. Genome-wide research tools 
such as data mining for structural similarities, expression profiling at the RNA level 
with expressed sequence tags (ESTs), oligonucleotide or cDNA chips, expression 
profiling at the protein level (proteomics), gene knockouts or loss of function 
studies with naturally occurring alleles, induced deletion and insertional mutants, 
and gene expression knock-down (gene silencing) studies using RNAi have become 
integral parts of plant functional genomics. This chapter covers some of the cutting 
edge molecular techniques currently being employed in rice functional genomics.

11.2  Genome Sequence and Annotation

A map-based, clone-by-clone sequence of the japonica cultivar Nipponbare produced 
by the International Rice Genome Sequencing Project (IRGSP, International Rice 
Genome Sequencing Project 2005) is now considered to be the “reference” sequence 
for rice by the international research community. This reference sequence has ~95% 
coverage of the genome and ~99% coverage of the euchromatic region (see Matsumoto 
et al. 2007). The Rice Annotation Projects of both the IRGSP and The Institute for 
Genomics Research (TIGR) are independently assembling and annotating this sequence. 
Whole genome shotgun sequences of japonica cv. Nipponbare and indica cv. 93–11 
produced by Syngenta (Goff et al. 2002) and the Beijing Genomics Institute (Yu et al. 
2002, 2005), respectively, are the other two major rice sequencing efforts. Salient 
features of these sequences are presented in Table 11.1. The availability of both 
japonica and indica sequences is helping to not only improve the accuracy of the rice 
genome sequence by targeted re-sequencing and gap filling, but also to improve gene 
annotations and identify biologically significant sequence variations within the Oryza 
sativa sub-species. For example, Beijing Genomics Institute (BGI) researchers have 
identified an average of 3 single nucleotide polymorphisms (SNPs) in genic regions 
and 15.1 SNPs in non-genic regions per kilobase between the Nipponbare and 93-11 
sequences (Yu et al. 2005). Although some of these could be sequencing artifacts, 
others could be real allelic variations of biological significance.

The Oryza Map Alignment Project (OMAP) initiated by the Arizona Genome 
Institute (Ammiraju et al. 2006; Wing et al. 2007) aims to create a genome level 
experimental system for the genus Oryza that can be used as a research platform to 
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study evolution, development, genome organization, ploidy, domestication, gene 
regulatory networks and crop improvement. To achieve this, the OMAP group is 
constructing deep-coverage large insert bacterial artificial chromosome (BAC) 
libraries from 11 wild Oryza species and 1 cultivated African Oryza species 
(O. glaberrima), fingerprinting and end sequencing the clones, constructing the 
physical maps and aligning them with the IRGSP reference genome sequence.

The most straightforward way of predicting the function of a rice gene sequence 
is by comparison with sequence databases from other organisms, as functionally-similar 
genes normally have sequence similarities at both the protein and DNA level. 
Supercomputers and robust bioinformatics capabilities are being developed to increase 
the precision with which sequences can be compared. Several laboratories have 

Table 11.1 Rice genome sequence assembly and annotation – current status

Assembly TIGR
IRGSP b 
(RAP-DB) Syngenta c BGId

Cultivar Nipponbare Nipponbare Nipponbare 93–11
Coverage 10× 10× 6× 6.3×
Genome version Release 5 Build 4 Release 2 Release 2
Sequenced genome 

size (bp)
372,077,801 372,089,805 337,414,820e 

(353,378,970)f

360,157,649e 
(374,545,499)f

Total of 12 
chromosomes

Estimated complete 
genome size

388,820,000 388,820,000 NA NA

Unassigned 
sequences (bp)

NA NA 76,576,826 104,840,190

Predicted genes 
including 
transposable 
element (TE) 
genes

56,278 
(66,710)g

ND 54,296 59,660

Predicted non-TE 
genes

41,046 
(51,286)g

53,461 45,824 49,088

Mapped cDNA 
among 35,187 
full-length 
cDNA

32,775 32,745 31,928 30,354

a TIGR = The Institute for Genomic Research. TIGR is now merged with the J. Craig Venter 
Institute (http://www.jcvi.org/) and TIGR’s rice annotation project is moved to Michigan State 
University (http://rice.plantbiology.msu.edu/).
bIRGSP (rap-db) = International Rice Genome Sequencing Project and its Rice Annotation Project 
database (http://rapdb.dna.affrc.go.jp/).
cshotgun sequence from syngenta analysed by Beijing Genomic Institute (BGI).
dBGI (http://rice.genomics.org.cn/index2.jsp).
e Genome sizes based on the sum total of assigned contigs.
f Figures in the parenthesis are the genome sizes as the sum total of genome assigned scaffolds.
g Figures in the parenthesis are total genes including splice variants.



260 N.M. Upadhyaya and E.S. Dennis

embarked on rice sequence annotation using this approach (see Antonio et al. 2007). 
Such computational gene predictions suggest that there could be more than 50,000 
rice genes with ~60% having some evidence of expression. For example, according 
to IRGSP’s Rice Annotation Project database (RAP-DB; http://rapdb.dna.affrc.
go.jp/), among the 53,461 predicted rice genes 31,439 have evidence of expression 
and 25,012 are protein coding loci with full length cDNA support, others being 
 abinitio predictions without any transcriptional evidence. The five categories of open 
reading frames in IRGSP’s RAP-DB are (1) those with 98% identity with known 
rice proteins; (2) those with 50% identity to known rice proteins; (3) InterPro (http://
www.ebi.ac.uk/interpro/) domain-containing proteins; (4) conserved hypothetical 
proteins; and (5) hypothetical proteins. The current gene numbers belonging to each 
of these categories are 664, 7,562, 13,632, 6,954 and 1,380 respectively.

Working models for more than 50,000 rice genes have been built by combining 
available EST data from rice and other plant species. However, among 37,187 full-length 
cDNAs derived from rice, ~2,400 are yet to be mapped to the rice genome (Kikuchi 
et al. 2003; Satoh et al. 2007), and the remaining computationally-predicted genes 
are yet to be confirmed experimentally. Even with so-called full-length cDNAs we 
have observed occasional unspliced or incorrectly spliced intron sequences. There 
are also some discrepancies in the number of mapped full- length cDNAs, mapping 
strand and mapping chromosome between the TIGR, IRGSP, BGI Syngenta and 
BGI 93-11 assemblies. Such differences between japonica Nipponbare and indica 
93-11 genomes are expected because of accumulated independent gene duplications 
and inter- and intra-chromosomal rearrangements over the millions of years of 
divergence that have occurred between these two Oryza sub-species.

It is perhaps worthwhile noting that although the Nipponbare genomic sequences 
used in TIGR and IRGSP/RAP-DB curations are the same (map-based sequence), 
the way they are assembled chromosome-wise into 12 pseudomolecules, further 
annotated and curated are different. In RAP-DB an ID (OsXXg#######) consists 
of the species name (Os for Oryza sativa), a two-digit number for chromosomes, 
the type identifier (g for genes), and a seven-digit number that indicates a sequential 
order of loci along a given chromosome. The RAP-DB annotations with the Os 
identifiers are in the DDBJ/EMBL/GenBank under the accession numbers (for the 
12 latest build 4 pseudomolecules) AP008207 to AP008218 (http://www.ddbj.nig.
ac.jp/ddbjnew/mag/mag28-e.html#02) and corresponding NCBI (National Centre 
for Biotechnology Information) Reference Sequence (http://www.ncbi.nlm.nih.
gov/RefSeq/) accession numbers are NC_008394 to NC_008405. TIGR IDs are in 
the form LOC_OsXXg##### and were determined by a different method based on 
TIGR’s own genome assembly. Thus, some of the RAP-DB transcripts corresponding 
to TIGR transcripts may not have the same nucleotide sequence. Other differences 
are (1) physical gaps are represented by 1,000 Ns in TIGR and 100 Ns in RAP-DB 
besides denoting ambiguous sequences as “N”; (2) assigned consecutive locus IDs 
are in multiples of 10 (e.g., LOC_Os01g01010, LOC_Os01g01020…) in TIGR and 
are in multiples of 100 (e.g., Os01g0100100, Os01g0100200…) in RAP-DB; 
and (3) TIGR has the provision for designating alternative spice forms (e.g., 
LOC_Os01g01010.1, LOC_Os01g01010.2…).



26111 Rice Genomics

Efforts to obtain the remaining 5% of the rice genome sequence, comprising 
mostly telomeres and centromeres, are currently underway (Ammiraju et al. 2005; 
Mizuno et al. 2006a, b). Nevertheless, with the available japonica and indica 
genome sequences, attempts to unravel allelic variations between these two 
sub-species can be made with high confidence using various approaches, some of 
which are highlighted in the following subsections.

11.3  RNA Expression Studies

The first product of a gene is single stranded RNA, transcription of which is 
thought to be controlled by complex and highly coordinated processes. RNAs are 
also subjected to post-transcriptional control in each cell or tissue throughout the 
life cycle of the organism. Although there could be more than 50,000 rice genes, not 
all of these will be transcribed at any given time, tissue or environmental condition 
and in addition some of the RNA will be suppressed, broken down or non-translatable. 
Thus, one challenge is to characterize all of the transcribed regions of the genome. 
Such transcriptome analysis is normally attempted by collecting large numbers of 
ESTs from diverse cDNA libraries. To date, there are 1,220,876 rice ESTs in the 
public database (http://www.ncbi.nlm.nih.gov/dbEST/). Recent advances in the 
technology for construction of full-length cDNA libraries have made it possible to 
produce more than 30,000 rice full-length cDNAs (Kikuchi et al. 2003; Satoh et al. 
2007). This has helped in improving rice genome annotation, gene organization and 
genome-wide expression profiling. One other significant EST and full-length 
cDNA collection from indica rice comes from BGI which can be viewed through 
BGI-RIS (Zhao et al. 2004; http://rice.genomics.org.cn/index2.jsp).

Genome-wide expression profiling (including differential expression) of rice 
genes is being facilitated by high throughput techniques such as microarrays, Serial 
Analyses of Gene Expression (SAGE), Massively Parallel Signature Sequencing 
(MPSS) and more recently by ultra deep sequencing (e.g., 454, Solexa and SOliD). 
Spatial and temporal RNA expression patterns could provide an insight into their 
cellular and developmental functions. Most of the microarray data produced by 
different groups and the experimental conditions used to produce these data can be 
accessed from public databases such as NCBI-GEO (http://www.ncbi.nlm.nih.gov/
projects/geo/), Array Express (http://www.ebi.ac.uk/microarray-as/ae/) and Rice 
Expression Database (http://red.dna.affrc.go.jp/RED/). Following the first published 
gene expression profiles of abscisic acid- and gibberellin-responsive genes in rice 
(Yazaki et al. 2004) using the 22K rice oligomicroarray (produced by NIAS in 
collaboration with Agilent Technologies), several research groups have produced 
microarray data to study rice gene expression under diverse experimental condi-
tions. Different arrays used include the NSF Rice Oligonucleotide Array V2 20K 
and V3 45K (http://www.ricearray.org/index.shtml), Agilent 22K (now obsolete) or 
44K custom arrays (Agilent Technologies), Affymetrix 51K GeneChip Array 
(http://www.affymetrix.com/products/arrays/specific/rice.affx) and the 70-mer 
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microarray 42K array (Ma et al. 2005). Using the Agilent 44K microarray Shimono 
et al. (2007) have identified benzothiadiazole (BTH)- and salicylic acid (SA)-
inducible WRKY transcription factor (TF) genes and confirmed the important role 
of WRKY45 in benzothiadiazole-inducible blast resistance in rice.

A variant of microarray technology, the genome tiling microarray, has been 
employed to evaluate computationally annotated rice gene models and to identify 
hitherto unidentified transcription units (Li et al. 2005, 2006). Genome tiling arrays 
involve the generation of a virtual tiling path covering a target genomic region. 
They are made up of short oligonucleotide probes immobilized on the surface of glass 
slides or Affymetrix chips. Hybridization with fluorescence-labelled RNA samples 
generates signals that reflect the transcriptional activities of the target genome 
which are compared with the available genome annotation data. Rice genome tiling 
microarrays have been developed based on the Markless Array Synthesizer (MAS) 
technology and contain 36-nt oligonuclotide tiling of both the japonica and indica 
genome sequences with an average 10-nt space (Stolc et al. 2005). Using this 
approach Li et al. (2006) detected the transcription of 35,970 indica rice gene 
models out of the computationally predicted 43,914 non-TE protein coding gene 
models (Yu et al. 2005). They detected antisense transcription of 19.6% of 3,019 
japonica chromosome 10 gene models (Li et al. 2005) and 23.8% of 43,914 indica 
gene models (Li et al. 2006). They also detected 5,464 unique novel transcriptionally-
active regions (TARs) in the intergenic regions.

Besides quality control and hybridization reproducibility issues, microarray data 
analysis and interpretation are challenging because of the sheer quantity of data to 
be handled and the large numbers of genes showing differential expression. 
Moreover, some genes showing large expression differences could have minimal 
impact while others with minimal expression differences could have profound 
effects. Genes showing marginal differential expression are easily overlooked in 
microarray analyses. Microarray expression data should be validated by other 
means such as quantitative RT-PCR or Northern blot hybridization.

Some of the inherent limitations of expression profiling by ESTs (such as high 
cost, high labour and inability to perform tissue specific expression quantification) 
and microarray (such as background signal intensities rivalling those of weakly 
expressed mRNAs, inability to distinguish closely related transcripts or transcript 
variants and incomplete genome coverage) can be overcome by tag-based tech-
nologies such as SAGE and MPSS (see Kikuchi et al. 2007). SAGE was the first 
tag-based method developed for qualitative and quantitative profiling of genes 
which requires no prior information (Velculescu et al. 1995). In SAGE, essentially 
short sequence tags (14–15 bp) are produced by special restriction enzymes (e.g., 
NlaIII), made into ditags and then concatenated (70–100 ditags), cloned, sequenced 
and individual tags identified and computed. Thus, the data obtained (tags and 
their frequency) reflects the actual gene expression pattern at the time of RNA 
isolation, allowing visualization of transcriptome complexity, including alternative 
splicing, antisense transcripts and 3’ UTR variants (Patankar et al. 2001; see 
Kikuchi et al. 2007). One inherent limitation of using short tags is in their assignment 
to duplicated or repeat sequences (Chen et al. 2000). Several improvements such 
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as LongSAGE in which a different tagging RE (Mme1) is used which produces 
21-bp tags (Saha et al. 2002) or SuperSAGE in which the tagging RE (EcoP151) 
produces 26-bp tags (Matsumura et al. 2003) have been made. The latter has been 
used effectively to identify 5’ tags of expressed genes by cap analyses of gene 
expression (CAGE) by several researchers (see Kikuchi et al. 2007). Recently, 
Gowda et al. (2004, 2007a) have developed a Robust LongSAGE method and 
successfully applied this method to analyse the defence associated transcriptome 
of rice. In their study 13.1% (7,597) of tags matched to the M. grisea genome 
sequence and only 7.1% matched to TIGR M. grisea ESTs to suggest the presence 
of novel transcripts expressed only during pathogen infection. They also found a 
good number of antisense tags suggesting the presence of non-coding antisense 
transcripts or small RNAs as discussed in the following section. These data can be 
accessed on the Magnaporthe grisea Oryza sativa (MGOS) database (http://www.
mgosdb.org/sage/).

Before the advent of other deep sequencing technologies, MPSS was another 
powerful tag-based technology. It was developed by Brenner et al. (2000) and com-
mercialized originally by the company Solexa Inc (now owned by Illumina Inc.) 
and has been applied in deep transcriptome analyses of Arabidopsis (Meyers et al. 
2004a, b), rice (Nobuta et al. 2007; Lu et al. 2008) and other plant species. Although 
sequence signatures obtained are similar to those from SAGE, MPSS uses a novel 
cloning and sequencing method wherein tag sequences are obtained simultaneously by 
sequencing off the beads using a technique of enzymatic digestion and hybridization 
(Nobuta et al. 2007). Nobuta et al. (2007) sequenced ~47 million signatures from 
22 cDNA libraries. The data showed sense strand expression of 25,500 annotated 
rice genes and antisense expression of 9,000 annotated genes with another 15,000 
signatures mapping to unannotated genomic regions. These unannotated TAR spe-
cific transcripts and antisense transcripts most likely are involved in the biogenesis of 
different classes of small RNAs discussed in the following section.

Ultra deep sequencing technologies such as 454, Solexa and SOliD are set to 
revolutionize genome sequencing and annotation. The 454 sequencing-by-synthesis 
(SBS) is based on the detection of nucleotide incorporation in a primer-directed 
polymerase extension. The sequence can be deduced iteratively based on the pyro-
phosphate released during the DNA polymerase reaction, the quantitative conver-
sion of pyrophosphate to ATP by sulfurylase, and the subsequent production of 
visible light by firefly luciferase (Ronaghi et al. 1996). Solexa, Inc. has developed 
a novel four-colour DNA SBS method using dye-termination chemistry (http://
www.solexa.com), with a potential of producing >10 million 25-nt to 30-nt 
sequence tags with high accuracy. Another sequencing approach, SOLiD (Supported 
Oligo Ligation Detection), is being developed by Applied Biosystems, Inc. Here an 
array of microbeads each coated with a single DNA or cDNA fragment and a pool 
of fluorescent oligos are used to “read” the sequences by complementary binding 
with a repeated process of ligation, detection and cleavage. This method can 
produce 50-nt sequence per bead in parallel for >10 million beads.

With all these new developments in deep sequencing technologies we are seeing 
an explosive increase in the RNA expression tag and small RNA datasets from 
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diverse plants, environmental conditions and experimental treatments which will help 
in unravelling the complexities of the transcriptome, including that of non-coding 
RNAs in diverse biological systems.

11.4  Small RNA Studies

Short non-coding RNA molecules are now emerging as important regulatory 
molecules involved in both transcriptional and post-transcriptional suppression of 
gene expression in eukaryotes (see Phillips et al. 2007). Although precise pathways 
in plants are still to be fully understood, these small RNAs act by inhibiting transla-
tion, cleaving mRNA or by chromatin regulation. There is growing evidence to 
suggest that small RNAs play a major role in plant response to environmental 
stresses (Borsani et al. 2005; Phillips et al. 2007; Sunkar et al. 2007). Large datasets 
of small RNAs are being generated by several laboratories using ultra deep 
sequencing technologies (454, Solexa, SOLiD). Bioinformatics tools required for 
processing these large datasets and for predicting different classes of small RNAs 
are being developed (Xu et al. 2008; Zhu et al. 2008).

On the basis of their mode of biogenesis and the structure of the genomic loci 
from which they are transcribed, small RNAs are classified as microRNAs (miRNAs) 
and endogenous small interfering RNAs (siRNAs). MicroRNAs are predominantly 
21 nt in length and are derived from 70- to 500-nt long single stranded primary 
transcripts (pri-miRNAs) by the action of RNase III-like enzymes DICER-LIKE1 
(DCL1) or DCL4. The mature miRNA is loaded to the RNA induced silencing 
complex (RISC) to guide the complex to the target mRNAs (containing a stretch of 
perfect or near perfect complementary sequence). Most plant miRNAs cleave the 
target mRNA, however evidence is mounting to suggest that some plant miRNAs 
suppress translation without cleavage. Since the first report of miR395, a novel 
Arabidopsis miRNA predicted to target ATP sulfurylase genes involved in inorganic 
sulphate assimilation (Jones-Rhoades and Bartel 2004), several highly conserved 
miRNAs and their targets have been computationally identified (see Phillips et al. 
2007). In addition to such conserved miRNAs, novel non-conserved species-specific 
plant miRNAs have been identified. The latest information on plant miRNAs can be 
obtained from the miRBase database maintained by Sanger Institute (http://microrna.
sanger.ac.uk; Griffiths-Jones et al. 2008).

Endogenous siRNAs are further classified into trans-acting siRNA (ta-siRNA), 
heterochromatic siRNA (hc-siRNA) and natural antisense siRNA (nat-siRNA). These 
siRNAs are produced from long dsRNA molecules generated by RNA-dependent 
RNA polymerases (RDRs). In general, hc-siRNAs and nat-siRNAs act in cis 
to target the locus they are derived from whereas ta-siRNAs target mRNAs 
from different loci. Ta-siRNA gene transcripts are initially targeted by miRNAs and 
the cleaved transcripts are transcribed into double stranded by RDR6 before further 
in-phase cleavage into 21-nt ta-siRNAs occurs via the action of DCL4. These ta-siRNAs 
then guide the appropriate RISCs (AGO1 or AGO7) to target cognate mRNAs.
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In nat-siRNA biogenesis, a 24-nt nat-siRNA is produced from the overlapping 
antisense transcripts of two transcriptional units, by the combined action of the 
silencing proteins DCL2/RDR6/SGS3/NRPD1a which then targets one of the over-
lapping mRNAs. This first cleavage triggers the DCL1 pathway to produce several 
21-nt siRNAs to target the same mRNA. The hc-siRNAs are mostly 24 nt in length 
and are produced by DCL3 from primary transcripts generated by the plant specific 
RNA polymerases (PolIVa and/or PolIVb) after conversion into dsRNA by RDR2. 
This subclass of siRNAs are thought to be involved in transcriptional silencing of 
several types of repetitive sequence, including retroelements and 5S rDNA arrays, 
by DNA methylation and heterochromatin formation (see Phillips et al. 2007).

Among the ~3 million MPSS derived small RNAs from inflorescence, seedling 
and stem libraries the majority of low abundance small RNAs were mapped to repeti-
tive sequences, intergenic and genic regions (Nobuta et al. 2007). However, several 
clusters of highly regulated small RNAs were also observed (http:mpss.udel.edu/
rice). From three more small RNA libraries (untreated seedlings, seedlings treated 
with abscisic acid or with the rice blast pathogen M. grisea), Lu et al. (2008) obtained 
~4.5 million 17-nt signatures. These contained signatures of 24 new miRNA genes 
and another unique class of miRNAs that derived from natural cis-antisense transcript 
pairs. These natural miRNAs (nat-miRNAs) have large introns in their precursor 
transcripts and require DCL1 activity for their biogenesis.

To investigate the roles of miRNAs in rice grain development Zhu et al. (2008) 
carried out deep sequencing (454 and Solexa) of the small RNA population of rice 
grains at two developmental stages. In a dataset of ~5.5 million sequences, in addition 
to representatives of all 20 conserved plant miRNA families, 39 novel rice miRNA 
families expressed specifically in grains were identified. Predicted target mRNAs 
for a number of these new miRNAs were confirmed by cleavage assays, with the 
authors presenting the first evidence for miRNA and miRNA-like small RNA 
expression in an organ-specific manner. In another study, Morin et al. (2008) 
compared the small RNA transcriptome of Pinus contorta with that of Oryza sativa 
by 454 deep sequencing. They found predominance of 21-nt small RNAs in 
P. contorta in contrast to rice where both 21-nt and 24-nt small RNAs were of similar 
abundance. They found 18 highly conserved known miRNA families as well as 
numerous small clusters of conserved small RNAs of unknown function. Using 
several approaches including expressed sequence folding and machine learning 
algorithms, they found 51 candidate novel miRNA families specific to P. contorta. 
Six perfectly conserved classes of small RNAs between P. contorta and rice were 
also detected suggesting that the RNA silencing processes were highly developed 
in the earliest spermatophytes.

From small RNA libraries of control, drought stressed and salt stressed rice 
seedlings, Sunkar et al. (2008) obtained 58,781, 43,003 and 80,990 unique genome-
matching small RNAs by pyrosequencing. They detected most of the conserved 
rice miRNAs as well as 23 novel miRNAs, each originating from a unique locus in 
the rice genome. Six of the newly identified miRNAs were shown to be conserved 
in other monocots. An additional 40 candidate miRNAs were identified and for 9 
of them they could predict 20 different targets.
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Overlapping genes (antisense transcripts overlapping with protein coding 
transcripts) are ubiquitous in the plant and animal kingdoms with 4 to 20 percent 
of genes belonging to this category. Such natural antisense transcripts (NATs) have 
been shown to be involved in alternate C4 metabolism, alternative splicing, RNA 
editing, DNA methylation, genome imprinting, X-chromosome inactivation and in 
the regulation of circadian clock genes (see Lapidot and Pilpel 2006). The associa-
tion of NATs and the involvement of NAT-derived siRNA (nat-siRNA) in the 
control of salt stress responsive gene expression in Arabidopsis (Borsani et al. 
2005) and Magnaporthe grisea infection stress responsive gene expression in rice 
(Gowda et al. 2007b) have recently been demonstrated. We have carried out 
expression studies on 3,174 bioinformatically-predicted rice NAT genes under water 
stress and non-stress conditions using a custom built (Combimatrix) oligoarray and 
identified several NAT gene pairs showing anti-correlated expression. However, 
such expression could be only confirmed for a few NAT gene pairs by qRT-PCR. 
To investigate the production of NAT-specific and other small RNAs in response 
to stress we carried out deep sequencing (Solexa) from drought stressed and 
non-stressed plant samples. Among 4.8 and 4.0 million reads from stressed 
and non-stressed samples respectively, 1.64 and 1.30 million reads were unique 
small RNAs with the majority (>67%) being either 21 nt or 24 nt in length. Among 
the 133,235 rice NAT-specific 18-nt to 24-nt unique small RNAs, 4,405 mapped 
to the overlapping region of the NAT pairs, of which 63 were stress responsive and 
35 of these mapped to retrotransposon related genes. In the dataset we have also 
identified several known and new miRNAs which appear to be drought stress 
responsive (Upadhyaya et al. unpublished).

11.5  Proteomics

Information on RNA expression alone will not always shed light on gene function, 
interaction and regulation. The majority of gene products, including proteins, do 
not act in isolation. The challenges for rice researchers are identification of the 
function, regulation, protein-protein interactions, and type of post-translational 
modification of each encoded protein. Also, the dynamic nature of the proteome 
response to external and internal cellular events, in the form of relative abundance 
changes, post-translational modifications and interactions with other proteins, 
makes it very challenging to study. During the past couple of years considerable 
progress has been made in the systematic, functional characterization of proteins in 
the various tissues and organelles of rice (see Komatsu 2007). A system for direct 
differential display using two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE) (O’Farrell 1975) has been developed for the identification of rice 
proteins that vary in expression under different physiological conditions and among 
different tissues.

Several public databases of 2D-PAGE derived plant proteins are already 
available, such as WORLD-2DPAGE (http://expasy.org/ch2d/2d-index.html), Rice 
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Membrane Protein Library (http://www.cbs.edu/rice/) and the Rice Proteome 
Database website (http://gene64.dna.affrc.go.jp/RPD/) which provide extensive 
information on the progress of rice proteome research. In the 2D-PAGE based 
approach, intact proteins are separated by 2D-PAGE and protein abundance is 
determined by stain intensity of the protein spot on the gel. The differential 
proteome is confirmed by image analysis. The identity of the protein is generally 
determined by MS analysis of peptides after proteolysis of the protein spot or 
by protein sequencing after blotting the gel to a membrane. The 2D-PAGE based 
approach has been routinely used for large-scale quantitative proteomics analyses. 
Differential proteomes are available for various stresses (cold, drought, salinity, 
ozone, fungal infection, and viral infection) and hormone treatments (gibberellin, 
brassinosteroid, jasmonic acid, auxin). With fluorescence 2D difference gel 
electrophoresis (2D-DIGE), one could resolve up to 1,500 proteins (Komatsu 
et al. 2006).

In addition, progress is being made in detecting post-translational modifications 
such as glycosylation, lipid attachment, phosphorylation, methylation, disulfide 
bond formation and proteolytic cleavage. For example, Khan et al. (2005) carried 
out phosphoproteome analyses of different rice tissues in response to hormone 
stresses using in vitro radiolabelling (32P) and MS analysis. They showed changes 
in the phosphorylation status of six proteins in response to gibberellic acid (GA), 
including glyceraldehyde-3-phosphate dehydrogenase and cytoplasmic malate 
dehydrogenase, 3 proteins in response to brassinolide (BL) and 5 proteins in 
response to 2-4-dichlorophenoxyacetic acid (2-4-D). Glyceraldehyde-3-phosphate 
dehydrogenase and cytoplasmic malate dehydrogenase are involved in the synthesis 
of various metabolites and the subsequent production of energy. The enhanced 
phosphorylation of these proteins in response to different hormones indicates that 
this may be the mechanism through which hormones activate metabolic pathways 
in rice leaf sheath and thus stimulate plant growth (Khan et al. 2005).

Enzymes often associate each other (transiently or stably) into large protein 
complexes to increase their efficacy an/or specificity, and in such cases studying 
protein-protein interactions is equally important (Eubel et al. 2005). Approaches 
used for such studies include yeast two-hybrid systems, co-immunoprecipitation, 
pull-down assays, and in vivo fluorescence techniques. However these techniques 
fail to give a global view of protein-protein interaction. Recently, Lonhosky et al. 
(2004) have developed hierarchical and non-hierarchical statistical methods to 
analyse the expression patterns of 526 protein spots on 2-D gels using de-etiolated 
maize chloroplasts as a model system. Quantitative comparisons with cluster analy-
sis of expression patterns over multiple samples could shed light on to the functions 
of proteins with no known function. For example, Tanaka et al. (2005) measured 
changes in the rice seedling’s basal region proteins at five time points after sowing 
using the Mathematical Gene Interaction Network Optimization software (Minos). 
The software employs the Unweighted Pair Group Method with Arithmetic Mean 
(UPGMA) clustering utilizing the S-system differential equation formula (Tanaka 
et al. 2005) and estimates the cluster interaction by a set of differential equation 
coefficients that simulate the time course. In this study, a previously unknown 
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protein was up-regulated along with Cluster 13 which also contained antifungal 
protein 2, and with Cluster 15 containing fructokinase. The same protein was 
down-regulated along with Cluster 30 which also contained RuBisCO binding 
protein a subunit and 60S ribosomal protein L19. This protein expression was 
regulated oppositely to Cluster 29 containing ADP-ribose pyrophosphatase. These 
results suggest that this unknown protein is related to pathogen defence, sugar 
metabolism, and protein maintenance.

Thus the differential display of proteins with 2D-PAGE is a powerful approach 
to study the complex patterns of protein expression over the course of development. 
Cluster interaction analyses of these expression patterns, based on the S-system, 
will be very useful in the identification of protein functions. This approach will be 
applied to resolving the interactions between proteins and might lead to identifying 
the roles for proteins involved in rice plant development (see Komatsu 2007).

11.6  Metabolomics

Metabolomics is the comprehensive analysis of low molecular weight compounds 
in biological samples and is emerging as a biochemical phenotyping tool along with 
transcriptomics and proteomics in functional genomics (see Tarpley and Roessner 2007). 
The diverse chemical nature of the metabolome warrants a range of methodologies for 
extraction, separation, detection and quantification. Most of the commonly used 
technologies are based on chromatographic separation of complex compound 
mixtures, using either liquid or gas chromatography and mass spectrometric 
detection. Nuclear magnetic resonance (NMR) spectroscopy is also playing a major 
role in metabolomics approaches. Fourier-transform ion cyclotron MS (FT-ICR-MS) 
can mass-resolve metabolites with a mass accuracy <1 ppm (see Dunn et al. 2005), 
and thus provides a high throughput method for metabolite fingerprinting. This 
technique has been used in conjunction with proteomics for comparing leaves, 
panicles and calli of wild-type rice (cv. Nipponbare) and a transgenic line 
over-expressing the YK1 gene (homolog of maize HC-toxin reductase gene). 
The YK1 gene is known to confer increased tolerance to rice blast and multiple 
environmental stresses (Takahashi et al. 2005). Although global composition of 
organ-specific metabolites did not differ significantly between the two lines, 
alterations in less than 10% of the metabolites were observed. The transgenic line 
expressed several previously reported stress-responsive proteins suggesting that 
ectopic over-expression of a single gene (YK1) can affect expression of unrelated 
proteins and metabolites.

Metabolites in different tissue sections obtained from various positions along the 
developing rice seedling (cv. IR36) and at a number of post-emergence days were 
determined using GC-MS by Tarpley et al. (2005). They identified a small subset 
of metabolite biomarkers specific to the period of rice development bridging first 
tillering. Because this is an important and biologically representative developmental 
stage, the set of “biomarker” metabolites found could be used for comparative 



26911 Rice Genomics

study of the pattern of metabolite change due to development, environment or 
genotype. Tarpley et al. (2005) validated these biomarkers by comparison with the 
diurnal data obtained by Sato et al. (2004).

he current limitations of routine metabolomic analyses as a part of rice functional 
genomics programs include the access to expertise in the techniques of plant metab-
olomics, the necessary instrumentation, the establishment of adequate sample 
preparation procedures, the need for coordinated comprehensive cataloguing and/or 
control of environmental variables, the availability of databases providing storage 
and access to metabolome-specific data (see Tarpley and Roessner 2007).

11.7  Natural and Induced Variants

Breeders have been exploiting natural variation for centuries to harness valuable 
traits such as disease and pest resistance and cytoplasmic male sterility (Brar and 
Khush 1997). Wild ancestors have been shown to contain valuable alleles contribut-
ing to the enhancement of complex traits such as yield (Tanksley and McCouch 
1997). Chromosomal regions that are associated with such quantitatively inherited 
phenotypes (quantitative trait loci or QTL) contain many genes interacting with 
each other (G × G or epistasis) and with the environment (G × E) to exhibit the trait 
(see Iyer-Pascuzzi et al. 2007). Isolation of these genes could be achieved using 
positional cloning strategies (Yano 2001) and such an approach requires dense 
genetic maps with many visible and molecular markers.

Following the development of the first rice Restriction Fragment Length 
Polymorphism (RFLP) map (McCouch and Kochert 1988), map density has been 
increased using both RFLP and simple sequence repeat (SSR) markers (see Iyer-
Pascuzzi et al. 2007). For ease of use, 3,267 RFLP markers have been converted to 
Cleaved Amplified Polymorphic Sequence (CAPS) markers (Yano et al., http://rgp.
dna.affrc.go.jp/publicdata/geneticmap2000/index.html) which allow PCR based 
detection instead of the more cumbersome technique of Southern blot hybridization. 
The physical maps with overlapping BAC or yeast artificial chromosome (YAC) 
large insert clones and the subsequent near completion of rice genomic sequencing 
has greatly accelerated positional cloning. However, the production of mapping 
populations and the fine mapping of mutant loci are still time consuming. Mapping 
populations of doubled haploid, F

2
, advanced backcross, nearly isogenic, recombinant 

inbred, chromosome segment substitution, introgression and QTL-NIL have been 
produced by different research groups (see Iyer-Pascuzzi et al. 2007), and are being 
utilized for genetic mapping. For example, using mapping populations derived 
from two rice cultivars (cvs. Kasalath and Nipponbare) differing in photoperiod 
sensitivity and flowering time, Yammamoto et al. (2000) demonstrated epistasis 
between heading date6 (Hd6) and Hd2. The green revolution gene semi-dwarf1 
(sd1) was identified using both a natural variant (deletion mutant) and an induced 
mutant (point mutation) both being knockout mutations in the gibberellin biosyn-
thetic gene OsGA20ox2 (see Iyer-Pascuzzi et al. 2007).
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Genetic variability required for plant breeding research can also be generated by 
chemical and ionizing radiation mutagenesis. In fact, more than 500 rice lines have 
been generated using induced mutagenesis and released as new varieties (see http://
www-mvd.iaea.org/MVD). Because of the high density of mutations, genome-wide 
saturation mutagenesis can be achieved using a relatively small mutant population 
(Koornneef et al. 1982; see Bhat et al. 2007). Such a population has the potential to 
provide a large allelic series as a complement to the knockout mutants produced by 
insertional mutagenesis or gene silencing techniques. Recent rapid developments in 
high throughput screening techniques to identify point mutations such as “Targeting 
Induced Local Lesions In Genomes (TILLING)” have given further impetus for 
generating such mutant stocks as a resource for rice functional genomics (see Bhat 
et al. 2007). Commonly used chemical mutagens include ethylmethane sulfonate 
(EMS), diepoxybutane (DEB), N-Methyl-N-nitrosourea (MNU), sodium azide, and 
commonly used irradiation mutagens include fast neutron, gamma and X-rays, 
accelerated ions.

The current worldwide collection of mutant stocks include a fast neutron-induced 
mutant stock (24,660 M

2
 lines) of japonica variety M202 in the United States (Li 

et al. 2001), fast neutron, gamma ray, DEB and EMS induced mutants of indica cv. 
IR64 (~45,000 M

4
 lines) at the International Rice Research Institute (Leung et al. 

2001; http://www.iris.irri.org), EMS induced rice lines (60,000 lines) at the Institute 
of Plant Physiology and Ecology of Shanghai Institute for Biological Sciences 
(http://202.127.18.254/research/field3.html), sodium azide-induced mutant stock 
(2000 M2 lines) at Taiwan Agricultural Research Institute (http://www.agnet.org/
library/article/rh2003009b.html) and MNU induced mutant stock of cvs. Kinmaze 
and Taichung 65 (6,000 lines) (http://www.shigen.nig.ac.jp/rice/oryzabase/nbrp-
Strains/kyushuGrc.jsp). Both forward genetic (phenotyping, map-based cloning, 
genome-wide chip based single-feature polymorphism detection) and reverse 
genetic (PCR based screening and TILLING) approaches are being employed in 
rice gene identification. The Seattle TILLING Project (http://tilling.fhcrc.org:9366/) 
in collaboration with IRRI and the Agricultural Research Station of the US 
Department of Agriculture at Davis is actively developing the TILLING method for 
rice (Till et al. 2007). The technical challenge for rice TILLING is in achieving the 
required mutation density. Till et al. (2007) appear to have achieved a frequency of 
1 mutation per 300 kb in mutant populations generated using EMS and a combination 
of sodium azide and MNU. Other technical improvements in rice TILLING include 
the use of non-labelled primers (instead of fluorescence labelled primers), in 
conjunction with capillary gel electrophoresis (Suzuki et al. 2005) and a simple 
agarose gel method which obviates the need for labelled primers and/or special 
genotyping platforms (Raghavan et al. 2007). IRRI researchers are currently 
employing TILLING for specific traits such as disease resistance or drought tolerance 
and are using phenotype enriched mutant subsets for TILLING.

Once a gene responsible for the phenotype under study is identified it is possible 
to develop “perfect markers” to distinguish favourable from unfavourable alleles. 
Perfect markers allow breeders to easily and reliably predict the plants with desired 
phenotype in advance thus reducing the time and cost associated with elaborate 
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screening. Examples of the successful perfect marker applications are in screening 
for blast and bacterial blight, red pericarp, grain amylose content and aroma 
(see Iyer-Pascuzzi et al. 2007).

11.8  Insertional Mutants

Insertional mutagenesis provides a rapid and direct way to clone mutated genes. 
As the sequence of the inserted element is known, the gene in which it is inserted 
can be easily recovered using various cloning and PCR-based strategies. Most 
commonly used random insertion mutagens are retrotransposons (Tos17), T-DNA, 
and transposons iAc/Ds and En/I (see Hirochika et al. 2004). With a population 
saturated with insertions, i.e., having at least one insertion in each gene, it is 
possible to apply both “forward genetic” and “reverse genetic” approaches to identify 
gene function. In the forward genetics approach, a mutant with a phenotype is first 
identified by screening this population, and sequences flanking the insert are then 
cloned and compared with database sequences to enable assignment of function to 
the mutated gene. In the reverse genetics approach, one starts with a computer 
predicted gene from the genome sequence and searches for an insertion mutant in 
that gene. Oligonucleotide primers from the insertional element and from the gene 
of interest are used for PCR amplification. Appropriately pooled DNA samples are 
used for high throughput screening for this often rare event in such populations. 
Once a mutation in the appropriate gene has been identified homozygotes are iso-
lated and the phenotype confirmed.

Four types of active endogenous transposable elements identified to date in rice 
are (1) long terminal repeat (LTR) retrotransposons such as Tos10, Tos17 and 
Tos19 (Hirochika et al. 1996); (2) long interspersed nuclear element (LINE)-type 
retrotransposon such as Karma (Komatsu et al. 2003b); (3) miniature inverted 
repeat transposable elements (MITEs) such as miniature Ping (mPing) (Jiang et al. 
2003), and; (4) the nonautonomous DNA-based active rice transposon (nDart) 
(Fujino et al. 2005). All of these native rice transposable elements are dormant under 
normal conditions and become active during tissue culture or after treatment with 
inducing agents such as g-irradiation. Low copy number, controllable amplification 
through the length of tissue culture, unlinked transpositions and preferential insertion 
into low copy number genes makes Tos17 an ideal tool for saturation mutagenesis 
(Hirochika 2001). Nearly 50,000 Tos17 insertion lines with each line containing 
~10 copies of Tos17 have been generated (Hirochika et al. 2004). However, only 3% 
of visible mutants could be traced back to a Tos17 insertion suggesting difficulties 
in using this method for forward genetics. To date, more than 25 genes have been 
identified using Tos17 mutants by a forward or reverse genetics approach (see Zhu 
et al. 2007). More than 15,000 Tos17 Flanking Sequence Tags (FSTs) have been 
categorized for search of insertions in genes of interest (http://tos.nias.affrc.go.jp/).

With the vast improvements in rice tissue culture methodology and transformation 
efficiencies, T-DNA has emerged as the preferred insertion mutagen for generating 
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large libraries of insertional mutant lines. Several research groups in Korea, China, 
France and Taiwan (An et al. 2003, 2005; Chen et al. 2003; Sallaud et al. 2004; see 
Guiderdoni et al. 2007) are generating T-DNA insertion libraries, characterizing 
T-DNA flanking sequences at insertion points and gathering phenotypic informa-
tion in web accessible databases (see Guiderdoni et al. 2007). Todate, more than 
460,000 T-DNA lines and ~118,000 FSTs have been produced. Although these 
resources will be useful for reverse genetics, there are limitations in obtaining 
T-DNA insertions into smaller genes such as single exon genes which may account 
for up to 40% of the genes in rice.

Since the first report showing the activity of the autonomous Ac element in 
transgenic rice 18 years ago, sophisticated transposon tagging systems have been 
developed to improve both tagging and screening efficiencies in rice (see Zhu et al. 
2007), and are primarily based on the two-component iAc/Ds (Chin et al. 1999) or 
En/I (Greco et al. 2004) systems. Since the successful cloning of a gene (BFL1/FZP) 
which mediates the transition from spikelet to floret meristem (Komatsu et al. 
2003a; Zhu et al. 2003), several genes have been cloned by transposon tagging. 
Insertional mutagenesis by transposons has distinct advantages over that by T-DNA. 
Large-scale transposon mutagenized populations can be produced using a relatively 
small number of starter lines, as many independent insertions can be generated 
among the progeny of a single parental line. The tagged gene can be confirmed by 
revertants resulting from excision of the transposon. Transposons can also be remobilised 
to produce new insertion lines in order to target genes in a specific chromosomal 
region, i.e., corresponding to mapped QTL. The iAc/Ds-based gene and enhancer 
trap systems in rice yield 5–10% unique stable insertion lines (see Zhu et al. 2007). 
The Ds re-insertions linked to the original location of Ds within the T-DNA (the Ds 
launch pad) varied from 36–67% with the majority being within one cM of the Ds 
launch pad (seel Zhu et al. 2007).

Most of the T-DNA and transposon (Ds or I) constructs used as insertional 
mutagens have been modified to act as gene traps or enhancer traps. Use of a 
reporter gene with a minimal promoter (enhancer trap) or with intron splice acceptors 
(gene trap) linked to T-DNA or Ds transposon sequences facilitates “trapping” of 
genetic regions which do not have a visible phenotype and will report on the expres-
sion of the chromosomal gene at the site of insertion. For example, expression of 
the reporter gene in roots will identify sequences which direct root expression. 
Gene trapping efficiencies of ~6% have been reported for these constructs in 
rice (see Hirochika et al. 2004). The efficiency of T-DNA gene trapping depends 
on the frequency of “clean” T-DNA insertions, i.e., insertions devoid of direct or 
inverted T-DNA repeats or of the incorporation of vector backbone (VB) sequences 
derived from outside the T-DNA borders (Sallaud et al. 2004; Upadhyaya et al. 
unpublished). A “clean” Ds containing T-DNA is also essential for satisfactory 
mobilization of Ds. We have developed a novel method of producing stable Ds 
insertion lines using a transiently-expressed transposase (TET) system (Upadhyaya 
et al. 2006). We have developed constructs suited for high efficiency insertional 
mutagenesis in general, and the TET system in particular. By super-infecting callus 
tissue from single-copy Ds/T-DNA lines, having both Ds excision and reinsertion 
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markers, with Agrobacterium harbouring iAc constructs containing a visual marker, 
sgfpS65T, we have been able to regenerate stable Ds insertion lines at a frequency 
of ~5%, in addition to iAc/Ds double transformants (Upadhyaya et al. 2006). 
Mapped single-copy Ds/T-DNA launch pads, produced using these constructs are 
highly suitable for efficient chromosomal region-directed insertion mutagenesis.

It is presumed that public availability of Tos17, T-DNA, Ac/Ds and En/Spm 
insertion lines and their flanking sequences will enable rice geneticists to find at 
least one insertion in any rice gene and several alleles in most of the genes in the 
near future. This will greatly facilitate unravelling the functions of agronomically 
important rice genes.

Yet another type of insertional mutagenesis is activation tagging. In the classical 
activation tagging approach, random insertion of a CaMV 35S enhancer element in 
the rice genome can result in over-expression of native genes (or even dormant 
genes) in all cell types of the plant. Such increased gene expression can create 
mutations for essential and redundant genes that are either not present or have no 
phenotype in knockout collections. This gain of function approach produces 
dominant mutations affecting the transcriptional control of genes without altering 
the functional gene product. A sizable number of T-DNA activation tagging lines 
have been produced by research groups in France, Korea, China and Taiwan 
(see Guiderdoni et al. 2007). Further refinement of activation tagging comes from 
the development of extensive GAL4 enhancer trapping resources in rice which 
enable transgene expression to be targeted to specific cell types (see Johnson et al. 
2007). In the first step of a two step process known as “transactivation” a large 
number of GAL4 enhancer trapping “driver” lines are generated and patterns of 
reporter gene expression are characterized. “responder” lines are then produced 
having transgenes of interest cloned downstream of the UAS element to which 
GAL4 binds. Crosses between driver and responder lines result in transactivation 
of the target genes by GAL4 showing the specific expression profile of each indi-
vidual driver. In addition, random deployment of the UAS element into the rice 
genome, followed by crosses to specific driver lines, should enable activation tag-
ging to be carried out in specific cell types of the plant. Cell type-specific activation 
tagging has the potential to uncover novel mutations that are missed or “averaged 
out” by the classical activation tagging technique (see Johnson et al. 2007).

11.9  From Rice to Other Cereals – Comparative Genomics

Moore et al. (1995) first showed by comparative mapping studies using RFLP 
markers that the organisation of chromosomes (or chromosome segments) of the 
various cultivated cereals are essentially syntenic to that of rice chromosomes. 
The so-called “Crop-Circle” model where the different cereal genomes can be aligned 
around a circle with the diameter of the circle representing the genome size has 
been updated and refined (Devos 2005). The synteny between rice and other cereals 
has been used extensively in map based cloning of genes in cereals such as wheat. 
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The small size of the rice genome allows markers from rice to be used in a cross 
species-specific way, often “jumping” repetitive regions of the wheat genome.

A significant continuation of rice genome sequencing is the BAC-end sequencing 
of wild-type species of Oryza, each with a coverage of 10 to 19% of their genome 
(http://www.omap.org; Ammiraju et al. 2006). This makes rice a unique resource 
amongst the eukaryotes, with two genomes fully sequenced and a dozen other related 
genomes physically mapped and partially sequenced (see Cooke et al. 2007).

Rice gene sequences can be compared with those of other cereals allowing more 
definitive annotation of coding sequences. Promoter elements conserved across 
species can also be identified by comparative genomics pointing to functionally 
important motifs. Comparative expression profiling studies of coding as well as 
non-coding, noncoding sequences (siRNA and miRNAs) are also facilitating new 
discoveries of biological significance.

11.10  Challenges and Prospects

International collaboration is essential to fully utilise the tools and resources 
currently being developed for rice research worldwide. A set of lines with mutations 
in each of the predicted 50,000 genes together with integrated databases containing 
all the relevant information about each rice gene is critical for assigning gene func-
tion. Current annotation of genes is far from perfect and is an iterative process. 
Other plant genome sequences including that of Arabidopsis can assist in further 
training of gene prediction programs to further improve the annotation. There is a 
need for unified usage of pseudomolecule terminologies by different curating 
groups. There should be an emphasis on manual curation with back-up wet science 
to produce the most accurate gene models. Deep sequencing data can be used to 
assist in gene annotation especially to determine the 3’ and 5’ ends of mRNAs and 
to identify splice variants.

Precise phenotyping of mutants with common descriptors of characters between 
laboratories is also important in assigning gene function. Phenotyping can be 
performed effectively through collaborations between laboratories with comple-
mentary expertise. Towards this goal an International Rice Functional Genomics 
Consortium (IRFGC) has been formed which should provide a common platform 
for information and resource sharing. In this way the goal of understanding the 
structure and function of each gene in the rice genome can be achieved.

The application of the outputs of the rice functional genomics efforts will be via 
the use of naturally occurring, agronomically-useful alleles of rice or other Oryza 
genomes. Molecular markers will allow the rapid integration of these alleles into 
breeding programs. Following the association of a phenotype to a gene, the level 
of, or pattern of expression of that gene can be altered to achieve the desired effect. 
This can be done by looking for mutants in the gene (e.g. TILLING) or by using 
transgenic methods to either reduce gene expression by RNAi technology, or to 



27511 Rice Genomics

overexpress the gene of interest using suitable promoters. These specifically altered 
lines can then be incorporated into breeding programs. These transgenic solutions 
may be used if public antipathy to GM crops can be overcome.

One challenge is identifying genes involved in complex traits of agronomic 
significance such as tolerance to abiotic stress. It is likely that there will be many 
genes with some effect and pinpointing critical genes will require inputs from all 
aspects of genetics and genomics. These characters will be of critical importance in 
altered environments caused by changing climate.

Finally, although rice is an important food crop in its own right, it is also a model 
for other cereals. Discoveries in rice can be applied to other cereal species such as 
maize, wheat and barley. With sequencing projects commencing in maize and 
wheat the functional genomics findings in rice will assist gene selection and breeding 
in these other cereals.

Acknowledgements The authors wish to thank Drs. Danny Llewellyn, Chris Helliwell for 
reviewing the manuscript and Drs. Andrew Eamens, Qian-Hao Zhu and Sadequr Rahman for criti-
cal reading of the manuscript.

References

Ammiraju JS, Yu Y, Luo M et al. (2005) Random sheared fosmid library as a new genomic tool 
to accelerate complete finishing of rice (Oryza sativa spp. Nipponbare) genome sequence: 
sequencing of gap-specific fosmid clones uncovers new euchromatic portions of the genome. 
Theor Appl Genet 111:1596–1607

Ammiraju JS, Luo M, Goicoechea JL et al. (2006) The Oryza bacterial artificial chromosome 
library resource: construction and analysis of 12 deep-coverage large-insert BAC libraries that 
represent the 10 genome types of the genus Oryza. Genome Res 16:140–147

An S, Park S, Jeong DH et al. (2003) Generation and analysis of end sequence database for 
T-DNA tagging lines in rice. Plant Physiol 133:2040–2047

An G, Lee S, Kim SH et al. (2005) Molecular genetics using T-DNA in rice. Plant Cell Physiol 
46:14–22

Antonio BA, Buell R, Yamazaki Y et al. (2007) Informatics resources for rice functional genom-
ics. In: Upadhyaya NM (ed) Rice functional genomics-challenges, progress and prospects. 
Springer, New York, pp 356–394

Bhat RS, Upadhyaya NM, Chaudhury A et al. (2007) Chemical and irradiation induced mutants 
and TILLING. In: Upadhyaya NM (ed) Rice functional genomics-challenges, progress and 
prospects. Springer, New York, pp 149–180

Borsani O, Zhu J, Verslues PE et al. (2005) Endogenous siRNAs derived from a pair of natural 
cis-antisense transcripts regulate salt tolerance in Arabidopsis. Cell 123:1279–1291

Brar DS, Khush GS (1997) Alien introgression in rice. Plant Mol Biol 35:35–47
Brenner S, Johnson M, Bridgham J et al. (2000) Gene expression analysis by massively parallel 

signature sequencing (MPSS) on microbead arrays. Nat Biotechnol 18:630–634
Chen JJ, Rowley JD, Wang SM (2000) Generation of longer cDNA fragments from serial analysis 

of gene expression tags for gene identification. Proc Natl Acad Sci U S A 97:349–353
Chen S, Jin W, Wang M et al. (2003) Distribution and characterization of over 1000 T-DNA tags 

in rice genome. Plant J 36:105–113
Chin HG, Choe MS, Lee SH et al. (1999) Molecular analysis of rice plants harboring an Ac/Ds 

transposable element-mediated gene trapping system. Plant J 19:615–623



276 N.M. Upadhyaya and E.S. Dennis

Cooke R, Piégu B, Panaud O et al. (2007) From rice to other cereals: comparative genomics. In: 
Upadhyaya NM (ed) Rice functional genomics-challenges, progress and prospects. Springer, 
New York, pp 429–479

Devos KM (2005) Updating the ‘crop circle’. Curr Opin Plant Biol 8:155–162
Dunn WB, Bailey NJ, Johnson HE (2005) Measuring the metabolome: current analytical tech-

nologies. Analyst 130:606–625
Eubel H, Braun HP, Millar AH (2005) Blue-native PAGE in plants: a tool in analysis of protein-

protein interactions. Plant Methods 1:11
Fujino K, Sekiguchi H, Kiguchi T (2005) Identification of an active transposon in intact rice 

plants. Mol Genet Genomics 273:150–157
Goff SA, Ricke D, Lan TH et al. (2002) A draft sequence of the rice genome (Oryza sativa L. ssp. 

japonica). Science 296:92–100
Gowda M, Jantasuriyarat C, Dean RA et al. (2004) Robust-LongSAGE (RL-SAGE): a substan-

tially improved LongSAGE method for gene discovery and transcriptome analysis. Plant 
Physiol 134:890–897

Gowda M, Venu RC, Jia Y et al (2007a) Use of robust-long serial analysis of gene expression to 
identify novel fungal and plant genes involved in host-pathogen interactions. Methods Mol 
Biol 354:131–144

Gowda M, Venu RC, Li H et al (2007b) Magnaporthe grisea infection triggers RNA variation and 
antisense transcript expression in rice. Plant Physiol 144:524–533

Greco R, Ouwerkerk PB, Taal AJ et al (2004) Transcription and somatic transposition of the maize 
En/Spm transposon system in rice. Mol Genet Genomics 270:514–523

Griffiths-Jones S, Saini HK, van Dongen S et al. (2008) miRBase: tools for microRNA genomics. 
Nucleic Acids Res 36:D154–D158

Guiderdoni E, An G, Yu S-M et al. (2007) T-DNA insertion mutants as a resource for functional 
genomics. In: Upadhyaya NM (ed) Rice functional genomics-challenges, progress and pros-
pects. Springer, New York, pp 182–321

Hirochika H (2001) Contribution of the Tos17 retrotransposon to rice functional genomics. Curr 
Opin Plant Biol 4:118–122

Hirochika H, Sugimoto K, Otsuki Y et al (1996) Retrotransposons of rice involved in mutations 
induced by tissue culture. Proc Natl Acad Sci U S A 93:7783–7788

Hirochika H, Guiderdoni E, An G et al (2004) Rice mutant resources for gene discovery. Plant 
Mol Biol 54:325–334

International Rice Genome Sequencing Project (2005) The map-based sequence of the rice 
genome. Nature 436:793–800

Iyer-Pascuzzi AS, Sweeny MT, Sarla N et al (2007) Use of naturally occurring alleles for crop 
improvement. In: Upadhyaya NM (ed) Rice functional genomics-challenges, progress and 
prospects. Springer, New York, pp 110–147

Jiang N, Bao Z, Zhang X et al (2003) An active DNA transposon family in rice. Nature 
421:163–167

Johnson AAT, Yu S-M, Tester M (2007) Activation tagging systems in rice. In: Upadhyaya NM 
(ed) Rice functional genomics-challenges, progress and prospects. Springer, New York, pp 
333–353

Jones-Rhoades MW, Bartel DP (2004) Computational identification of plant microRNAs and their 
targets, including a stress-induced miRNA. Mol Cell 14:787–799

Khan M, Takasaki H, Komatsu S (2005) Comprehensive phosphoproteome analysis in rice and 
identification of phosphoproteins responsive to different hormones/stresses. J Proteome Res 
4:1592–1599

Khush GS (1997) Origin,dispersal, cultivation and variation of rice. Plant Mol Biol 35:25–34
Kikuchi S, Satoh K, Nagata T et al (2003) Collection, mapping, and annotation of over 28,000 

cDNA clones from japonica rice. Science 301:376–379
Kikuchi S, Wang G-L, Li L (2007) Genome-wide RNA expression profiling in rice. In: Upadhyaya 

NM (ed) Rice functional genomics-challenges, progress and prospects. Springer, New York, 
pp 31–59



27711 Rice Genomics

Komatsu M, Chujo A, Nagato Y et al (2003a) FRIZZY PANICLE is required to prevent the formation 
of axillary meristems and to establish floral meristem identity in rice spikelets. Development 
130:3841–3850

Komatsu M, Shimamoto K, Kyozuka J (2003b) Two-step regulation and continuous retrotranspo-
sition of the rice LINE-type retrotransposon Karma. Plant Cell 15:1934–1944

Komatsu S (2007) Rice proteomics: a step toward functional analyses of the rice genome. In: 
Upadhyaya NM (ed) Rice functional genomics-challenges, progress and prospects. Springer, 
New York, pp 61–89

Komatsu S, Zang X, Tanaka N (2006) Comparison of two proteomics techniques used to identify 
proteins regulated by gibberellin in rice. J Proteome Res 5:270–276

Koornneef M, Dellaert LW, van der Veen JH (1982) EMS- and radiation-induced mutation 
frequencies at individual loci in Arabidopsis thaliana (L.) Heynh. Mutat Res 93:109–123

Lapidot M, Pilpel Y (2006) Genome-wide natural antisense transcription: coupling its regulation 
to its different regulatory mechanisms. EMBO Rep 7:1216–1222

Leung H, Wu C, Baraoidan M et al (2001) Deletion mutants for functional genomics: progress in 
phenotyping, sequence assignment, and database development. In: Khush G, Brar D, Hardy B 
(eds) Rice genetics IV. New Delhi Science Publishers, Inc., India

Li L, Wang X, Xia M et al (2005) Tiling microarray analysis of rice chromosome 10 to 
identify the transcriptome and relate its expression to chromosomal architecture. Genome 
Biol 6:R52

Li L, Wang X, Stolc V et al (2006) Genome-wide transcription analyses in rice using tiling 
microarrays. Nat Genet 38:124–129

Li X, Song Y, Century K et al (2001) A fast neutron deletion mutagenesis-based reverse genetics 
system for plants. Plant J 27:235–242

Lonhosky PM, Zhang X, Honavar VG et al (2004) A proteomic analysis of maize chloroplast 
biogenesis. Plant Physiol 134:560–574

Lu C, Jeong DH, Kulkarni K et al (2008) Genome-wide analysis for discovery of rice microRNAs 
reveals natural antisense microRNAs (nat-miRNAs). Proc Natl Acad Sci U S A 105:4951–4956

Ma L, Chen C, Liu X et al (2005) A microarray analysis of the rice transcriptome and its compari-
son to Arabidopsis. Genome Res 15:1274–1283

Matsumoto T, Wing RA, Han B et al (2007) Rice genome sequence: the foundation for under-
standing the genetic systems. In: Upadhyaya NM (ed) Rice functional genomics-challenges, 
progress and prospects. Springer, New York, pp 5–30

Matsumura H, Reich S, Ito A et al (2003) Gene expression analysis of plant host-pathogen interac-
tions by SuperSAGE. Proc Natl Acad Sci U S A 100:15718–15723

McCouch SR, Kochert G (1988) Molecular mapping of rice chromosomes. Theor Appl Genet 
76:815–829

Meyers BC, Tej SS, Vu TH et al (2004a) The use of MPSS for whole-genome transcriptional 
analysis in Arabidopsis. Genome Res 14:1641–1653

Meyers BC, Vu TH, Tej SS et al (2004b) Analysis of the transcriptional complexity of Arabidopsis 
thaliana by massively parallel signature sequencing. Nat Biotechnol 22:1006–1011

Mizuno H, Ito K, Wu J et al (2006a) Identification and mapping of expressed genes, simple 
sequence repeats and transposable elements in centromeric regions of rice chromosomes. DNA 
Res 13:267–274

Mizuno H, Wu J, Kanamori H et al (2006b) Sequencing and characterization of telomere and sub-
telomere regions on rice chromosomes 1S, 2S, 2L, 6L, 7S, 7L and 8S. Plant J 46:206–217

Moore G, Devos KM, Wang Z et al (1995) Cereal genome evolution. Grasses, line up and form a 
circle. Curr Biol 5:737–739

Morin RD, Aksay G, Dolgosheina E et al (2008) Comparative analysis of the small RNA tran-
scriptomes of Pinus contorta and Oryza sativa. Genome Res 18:571–584

Nobuta K, Venu RC, Lu C et al (2007) An expression atlas of rice mRNAs and small RNAs. Nat 
Biotechnol 25:473–477

O’Farrell PH (1975) High resolution two-dimensional electrophoresis of proteins. J Biol Chem 
250:4007–4021



278 N.M. Upadhyaya and E.S. Dennis

Patankar S, Munasinghe A, Shoaibi A et al (2001) Serial analysis of gene expression in 
Plasmodium falciparum reveals the global expression profile of erythrocytic stages and the 
presence of anti-sense transcripts in the malarial parasite. Mol Biol Cell 12:3114–3125

Phillips JR, Dalmay T, Bartels D (2007) The role of small RNAs in abiotic stress. FEBS Lett 
581:3592–3597

Raghavan C, Naredo E, Wang H et al (2007) Rapid method for detecting SNPs on agarose gels 
and its application in candidate gene mapping. Mol Breed 19:87–101

Ronaghi M, Karamohamed S, Pettersson B et al (1996) Real-time DNA sequencing using detec-
tion of pyrophosphate release. Anal Biochem 242:84–89

Saha S, Sparks AB, Rago C et al (2002) Using the transcriptome to annotate the genome. Nat 
Biotechnol 20:508–512

Sallaud C, Gay C, Larmande P et al (2004) High throughput T-DNA insertion mutagenesis in rice: 
a first step towards in silico reverse genetics. Plant J 39:450–464

Sato S, Soga T, Nishioka T et al (2004) Simultaneous determination of the main metabolites in 
rice leaves using capillary electrophoresis mass spectrometry and capillary electrophoresis 
diode array detection. Plant J 40:151–163

Satoh K, Doi K, Nagata T et al (2007) Gene organization in rice revealed by full-length cDNA 
mapping and gene expression analysis through microarray. PLoS ONE 2:e1235

Shimono M, Sugano S, Nakayama A et al (2007) Rice WRKY45 plays a crucial role in benzothi-
adiazole-inducible blast resistance. Plant Cell 19:2064–2076

Stolc V, Li L, Wang X et al (2005) A pilot study of transcription unit analysis in rice using oligo-
nucleotide tiling-path microarray. Plant Mol Biol 59:137–149

Sunkar R, Chinnusamy V, Zhu J et al (2007) Small RNAs as big players in plant abiotic stress 
responses and nutrient deprivation. Trends Plant Sci 12:301–309

Sunkar R, Zhou X, Zheng Y et al (2008) Identification of novel and candidate miRNAs in rice by 
high throughput sequencing. BMC Plant Biol 8:25

Suzuki T, Eiguchi M, Satoh H et al (2005) A modified TILLING system for rice mutant screening. 
Rice Genet News Lett 22:89–91

Takahashi H, Hotta Y, Hayashi M et al (2005) High throughput metabolome and proteome analysis 
of transgenic rice plants (Oryza sativa L.). Plant Biotechnol 22:47–60

Tanaka N, Mitsui S, Nobori H et al (2005) Expression and function of proteins during development 
of the basal region in rice seedlings. Mol Cell Proteomics 4:796–808

Tanksley SD, McCouch SR (1997) Seed banks and molecular maps: unlocking genetic potential 
from the wild. Science 277:1063–1066

Tarpley L, Roessner U (2007) Metabolomics: enabling sytstems-level phenotyping in rice functional 
genomics. In: Upadhyaya NM (ed) Rice functional genomics-challenges, progress and prospects. 
Springer, New York, pp 91–107

Tarpley L, Duran AL, Kebrom TH et al (2005) Biomarker metabolites capturing the metabolite 
variance present in a rice plant developmental period. BMC Plant Biol 5:8

Till BJ, Cooper J, Tai TH et al (2007) Discovery of chemically induced mutations in rice by 
TILLING. BMC Plant Biol 7:19

Upadhyaya NM, Zhu QH, Zhou XR et al (2006) Dissociation (Ds) constructs, mapped Ds launch 
pads and a transiently-expressed transposase system suitable for localized insertional 
mutagenesis in rice. Theor Appl Genet 112:1326–1341

Velculescu VE, Zhang L, Vogelstein B et al (1995) Serial analysis of gene expression. Science 
270:484–487

Wing RA, Kim H, Goicoechea JL et al (2007) The Oryza Map Alignment Project (OMAP): a new 
resource for comparative genome studies within Oryza. In: Upadhyaya NM (ed) Rice func-
tional genomics-challenges, progress and prospects. Springer, New York, pp 395–409

Xu Y, Zhou X, Zhang W (2008) MicroRNA prediction with a novel ranking algorithm based on 
random walks. Bioinformatics 24:i50–58

Yammamoto T, Lin H, Sasaki T et al (2000) Identification of heading date quantitative trait locus 
Hd6 and characterization of its epistatic interactions with Hd2 in rice using advanced backcross 
progeny. Genetics 154



27911 Rice Genomics

Yano M (2001) Genetic and molecular dissection of naturally occurring variation. Curr Opin Plant 
Biol 4:130–135

Yazaki J, Shimatani Z, Hashimoto A et al (2004) Transcriptional profiling of genes responsive to 
abscisic acid and gibberellin in rice: phenotyping and comparative analysis between rice and 
Arabidopsis. Physiol Genomics 17:87–100

Yu J, Hu S, Wang J et al (2002) A draft sequence of the rice genome (Oryza sativa L. ssp. indica). 
Science 296:79–92

Yu J, Wang J, Lin W et al (2005) The Genomes of Oryza sativa: a history of duplications. PLoS 
Biol 3:e38

Zhao W, Wang J, He X et al (2004) BGI-RIS: an integrated information resource and comparative 
analysis workbench for rice genomics. Nucleic Acids Res 32:D377–D382

Zhu QH, Hoque MS, Dennis ES et al (2003) Ds tagging of BRANCHED FLORETLESS 1 (BFL1) 
that mediates the transition from spikelet to floret meristem in rice (Oryza sativa L). BMC 
Plant Biol 3:6

Zhu Q-H, Eun MY, Han C-D et al (2007) Transposon insertional mutants: a resource for rice 
functional genomics. In: Upadhyaya NM (ed) Rice functional genomics-challenges, progress 
and prospects. Springer, New York, pp 223–271

Zhu Q-H, Spriggs A, Matthew L et al (2008) A diverse set of microRNAs and microRNA-like 
small RNAs in developing rice grains. Genome Res. doi:10.1101/gr.075572.107



281

Abstract The ability to meet the demands of global food production will require 
efficient means to develop modern cultivars adaptable to a range of adverse environ-
mental conditions in marginal wheat production zones. Breeding programs will be 
relying on the tools used to track allelic combinations contributing to trait variation  
through DNA marker-assisted selection and efficient selection of genotypes 
expressing desirable phenotypes in target environments. The recent developments 
in wheat genomics have provided resources to develop new molecular markers 
and strategies for genetic analysis and identification of marker-trait associations. 
Included are new DNA marker technologies capable of developing high resolution 
genetic maps and QTL mapping allowing detection of trait variation at specific loci. 
The ability to locate the chromosomal region associated with phenotypic variation 
provides a leading edge towards developing functionally-associated markers (FAM) 
to track alleles in a breeding program. Map-based cloning, comparative genomics 
and sequencing the wheat genome provides current and future opportunities for 
discovering genes responsible for trait variation. Determining the function of newly  
discovered genes will allow their effective use in wheat improvement as FAM 
markers for marker-assisted breeding. Therefore, transgenic plants overexpressing 
or silencing genes by RNA interference (RNAi) and non-transgenic approaches 
such as virus-induced gene silencing (VIGS) and Targeting Induced Local Lesions 
IN Genomes (TILLING) provide strategies to determine gene function and 
their effects on phenotypic variation. Transgenic wheat plants and TILLING 
approaches also has the advantage in developing potential new varieties but the 
latter would be the only option in countries where the release of genetically 
modified wheat is constrained.
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12.1  Introduction

Bread wheat (Triticum aestivum L.) is one of the most staple food crops and is the 
most important carbohydrate source for human consumption. The major grain 
protein is gluten, an elastic form of protein that gives rise to unique viscoelastic 
properties of dough produced from bread wheat flour suitable for a range of 
end-products. Global wheat production averages 216 million hectares and leads all 
crops in total production area, including rice and maize. Since, the 1950s, there 
has been substantial increase in wheat production, largely due to genetically 
improved higher yielding, disease resistant, semi-dwarf cultivars. However, since 
the early 1990’s wheat production has remained relatively constant with over 
500 million tonnes per annum and with the imminent global population increase, 
projected requirements will be in excess of 750 million tonnes annually (Lantican 
et al. 2002). To meet the future global demands for grain, high-yielding modern 
cultivars will need to be achieved either through increasing production area, 
increasing yield per sown area or both. It is likely that wheat production will rely 
more on developing new higher-yielding cultivars in marginal environments. 
The existing and future threats of global warming and climate change will no 
doubt place further pressure to increase genetic gain and adaptability of new varieties 
to meet the supply of the growing food demands. Therefore, wheat breeding will 
play a primary role in developing modern cultivars that are adapted to current and 
future adverse environments. However, developing modern wheat cultivars to 
maintain or increase yields either in existing or marginal wheat production areas 
will require continuous innovation and adoption of new breeding methodologies 
and technologies.

Future increases in genetic gain will rely on building the knowledge-base and 
understanding of trait variation that enable wheat varieties to adapt to a range of 
environments. Although consistent expression of a desirable phenotypic in a target 
environment is the primary outcome, equally important is knowledge of the genetic, 
phyisological and biochemical interactions underpinning the control and environ-
mental effects on trait variation. It is the collective interpretation of these interactions 
and how they can be manipulated that will drive selection of high-yielding modern 
wheat cultivars adaptable to a range of marginal environments. In the last 15 years, 
there has an exponential increase in a vast assortment of genomic resources for 
wheat and other related grasses, adding considerable value in increasing our 
knowledge of gene interactions that control phenotypic variation. Although wheat 
is the most important food source for the world, its genome composition makes it 
one of the most difficult to apply functional and comparative genomics for cultivar 
improvement. This chapter summarises recent advances in wheat genomics that 
offer potential for wheat improvement. The latest developments in genetic analysis, 
gene discovery and gene function provide non-transgenic and transgenic options for 
breeding programs to adopt new tools and strategies for developing high-yielding 
cultivars adaptable to changing environments and marginal production zones 
suitable for high-income and developing countries.
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12.2  Genetic Analysis

Wheat is one of the complex genetic systems of the major crop species with an 
allohexaploid genome (2n = 6x = 42, genome AABBDD) of approximately 16,000 
megabases in size and 1-C value of 16.5–19.5 pg (reviewed in Appels et al. 2003). 
It originated from the hybridization of allotretraploid emmer wheat (T. turgidum 
ssp. Dicoccum 2n = 4x = 28, genome AABB) with diploid Aegilops tauschii 
(2n = 2x = 14, genome DD) (McFadden and Sears 1946). The large size, complex 
arrangement of repetitive sequences and the hexaploid nature of the wheat genome 
(reviewed in Appels et al. 2003), makes the development of genomic resources and 
application to breeding programs a challenging task. Nevertheless, the global 
economic importance of wheat and the need to develop higher yielding wheat varieties 
has seen the development of latest genomic tools and technologies to understand 
the genetic control of a range of morphological characteristics, grain quality and 
tolerances to biotic and abiotic stresses for adaptation. Traits are either quantita-
tively or qualitatively inherited and traditional strategies have heavily relied on 
selecting the desired phenotype for the target environment throughout the breeding 
process. Selection based on DNA or functionally-associated markers linked to 
genes controlling trait variation are replacing the often arduous and time consuming 
phenotypic evaluation in early generation selection to predict individuals with 
specific alleles that are likely to express a particular characteristic in a target 
environment. The development of genetic maps and subsequent QTL and linkage 
disequilibrium (LD) mapping is a prerequisite to identify DNA markers linked to 
genes controlling qualitative and quantitative traits prior to implementation in 
marker-assisted selection. The abundance in genomic resources for wheat have 
been exploited to build comprehensive genetic maps for QTL and LD mapping to 
identify DNA markers linked to important genes for use in early generation selection 
during wheat improvement.

12.2.1  Genetic Maps of Wheat

Wheat genetic maps were first developed using restriction fragment length poly-
morphic (RFLP) markers (Chao et al. 1989; Devos et al. 1992, 1993, 1995; Xie 
et al. 1993; Jia et al. 1996; Devos and Gale 1997) and have recently updated with 
PCR based markers. Although amplified fragment length polymorphic (AFLP) 
markers have contributed to increasing the resolution of genetic maps (Vos et al. 
1995), abundant and locus-specific microsatellite or simple sequence repeat (SSR) 
markers (Roder et al. 1998; Pestsova et al. 2000; Gupta et al. 2002) are most 
favoured for genetic mapping in wheat. The International Triticeae Mapping 
Initiative (ITMI) population derived from cross between synthetic and domesticated 
parents (W-7984/Opata-85) is available to the research community and provides a 
valuable resource to determine the chromosomal location of newly developed 
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markers and their location with respect to other wheat molecular markers 
(http://wheat.pw.usda.gov/ITMI/). Although the ITMI population is of consider-
able use for wheat genetic mapping and identifying genes important for wheat 
breeding, the parents and population have limited use to practical wheat breeding. 
Therefore, numerous genetic maps based on breeders homozygous or heterozygous 
populations (doubled haploid, recombinant inbred, F2 and backcross populations) 
have been developed by wheat improvement programs world-wide to identify 
genes and QTL for specific traits of agronomic and regional importance. An example 
of constructing genetic maps from breeders populations using RFLP, AFLP and 
SSR markers are described in Chalmers et al. (2001). The maps have been used 
for the genetic analysis of a range of quality, biotic, abiotic and morphological 
traits important for Australian breeding programs (see separate articles in special 
issue of Australian Journal Agricultural Research, Vol 52). However, the distribution 
of markers across individual maps has made the compilation of markers for any 
given linkage group unwieldy. In a more recent study, approximately 1,2002004 
markers from four independent genetic maps were merged into a single consensus 
map (Somers et al.). The consensus map is a particularly useful reference point for 
targeting additional markers for specific chromosome regions for fine mapping of 
QTL without the need to cross-reference independent maps with common markers.

The US Wheat Genome Project, funded by the National Science Foundation, 
developed an extensive core collection of expressed sequence tags (ESTs). As of 
March 2008, there were in excess of 1,000,000 ESTs represented in public domain 
databases (http://www.ncbi.nlm.nih.gov/) from T. aestivum, T. monococcum, 
Aegilops speltoides and T. turgidum (Chao et al. 2006; http://wheat.pw.usda.gov/
NSF/). The EST collection was generated from at least 42 cDNA libraries, repre-
senting a comprehensive set of sequences expressed at various stages of plant 
development and under certain biotic and abiotic stress conditions. In order to identify 
the gene rich regions in the wheat genome, a selection of 7600 ESTs were used as 
RFLP probes to assign at least 16,000 loci to specific chromosomal regions by 
deletion bin mapping (Zhang et al. 2004; Lazo et al. 2004; Qi et al. 2003, 2004). 
An evaluation of 3025 ESTs identified 29% of the wheat genome having major and 
minor gene-rich regions whereas 30% of the wheat genes are in recombination-poor 
regions (Erayman et al. 2004).

Despite generating a large collection and locating expressed portion of the 
genome to specific regions of chromosomes, ESTs are also a valuable source to 
add value to genetic map development and identifying marker-trait associations. 
Searching for short repetitive elements within databases identified in excess of 
1,0002002 wheat ESTs containing SSRs (Eujayl et al. ; Kantety et al. 2002) and can 
be used for genetic map construction. However, the level of EST-SSR polymor-
phism across bread wheat accessions is lower than those for genomic derived SSRs, 
implying alterations in open reading frames have functional constraints in culti-
vated wheat (Gupta et al. 2003; Gao et al. 2004; Gadaleta et al. 2007). Nevertheless, 
EST-SSR polymorphic between W-7984 and Opata-85 were mapped in the ITMI 
reference genetic map and showed a non-random distribution across homoeolo-
gous genomes with a high degree of clustering at the distal ends of chromosomes. 
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This indicated that EST-SSR were confined to the genic regions of the wheat 
genome and in areas of high recombination (Gao et al. 2004; Yu et al. 2004). Not 
surprisingly, the EST-SSR markers were identified in similar regions of wheat 
chromosomes when ESTs were used in RFLP analysis (Zhang et al. 2004; Lazo et al. 
2004; Qi et al. 2003, 2004). Apart from increasing the resolution of genetic maps 
with higher marker density, EST-SSR markers are of particular interest since they 
represent the transcribed region of the wheat genome. A study by Gao et al. (2004) 
identified that 74% of the mapped EST-SSR showed significant similarities to 
known genes which may be used to associate putative function with trait variation.

SSR (genomic and EST-derived) remain the popular choice for genetic map 
construction, marker-trait association and selection of breeding germplasm. 
Therefore, recent efforts have been made in developing more robust platforms 
supporting high throughput genotyping of wheat germplasm using SSR markers. 
Multiplex-ready PCR has been developed as an automated genotyping technology 
using standardized protocols with the flexibility in fluorescence labelling of SSRs 
and multiplexing capability (Hayden et al. 2008a, b). The high throughput capabil-
ity of multiplex ready PCR has recently been realised with the deployment of three 
QTL for flag leaf and glume resistance to Stagonospora nodorum (Uphaus et al. 
2007; Shankar et al. 2008) across selected Australian germplasm. The selection 
from 2000 backcross individuals using flanking SSR markers screened by Multiplex 
PCR technology, totalled in excess of 14,000 datapoints generated in less than 1 month 
(M. Francki, unpublished data).

Transcribed sequences remain attractive DNA markers because assumptions on 
gene function can be associated with specific traits of interest. An alternative 
marker generated from ESTs includes single nucleotide polymorphism (SNP). 
However, SNP analysis in hexaploid wheat is more challenging than comparable 
studies in diploids, requiring the development of genome-specific SNP markers to 
ensure one of the genomes is amplified to reveal haplotypes in the specific genome 
being studied. Several studies used EST contig assembly to identify SNPs (Mochida 
et al. 2004; Ravel et al. 2006; Somers et al. 2003) and distinguish polymorphism 
between wheat cultivars (for example, Somers et al. 2003; Ravel et al. 2006; Wang 
et al. 2007). As yet, there are no abundant SNP markers for constructing high-
resolution genetic maps. However, improvements in efficient SNP discovery tech-
nologies, similar to the Multiplex-ready PCR for automated SSR analysis, coupled 
with low cost marker platforms is likely increase the development of high resolu-
tion SNP-based genetic maps of wheat and suitable marker systems for implemen-
tation in breeding programs.

12.2.2  Quantitative Trait Loci and Linkage Disequilibrium

Many traits of agronomic significance show continuous or quantitative variation 
controlled by several genes within chromosomal regions having additive or dominance 
effects are known as quantitative trait loci (QTL). QTL are detected by statistical 
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association between marker alleles on a genetic linkage map and individual trait 
differences from a biparental mapping population, defining the chromosomal 
region containing alleles controlling phenotypic variation (for review, see Remington 
and Purugganan 2003). Despite the majority of most studies using structured bi-
parental mapping populations, QTL may represent only a small part of the genetic 
architecture of a particular trait. Identical-by-descent (IBD) provides a powerful 
statistical method that takes into consideration alleles that are common by descent 
contributing to trait variation in complex populations used in pedigrees of arbitrary 
size and complexity (Almasy and Blangero 1998; Crepieux et al. 2004). There are 
now many reported QTL studies for a comprehensive range of biotic, abiotic, 
morphological and grain quality traits in wheat. The associated markers in wheat 
have been useful in defining the effects of gene interactions for trait variation and 
tracking allelic combinations in breeding for wheat improvement. However, the 
precision of QTL mapping is limited to the DNA polymorphism between parents of 
biparental populations, the size of the population, the degree and accuracy of 
phenotyping and distribution of chiasma across the genome. Therefore, to complement 
marker-trait associations, a non-random association of alleles between linked or 
unlinked loci is estimated (linkage disequilibrium, LD) based on a large collection 
of accessions unrelated by descent (for review, see Gupta et al. 2005). Thus, 
association mapping is one of the uses of LD. However, a prerequisite in applying 
LD is to estimate the genetic distance over which LD will decay back to random 
associations of alleles, facilitating the prediction of marker density required to 
effectively associate genotypes with traits (Rafalski and Morgante 2004). A recent 
study by Somers et al. (2007) has shown that bread and durum wheat populations could 
resolve marker-trait associations within a genetic distance of 5 cM. However, it 
should be noted that LD decays with genetic distance varies, as has been previously 
noted between populations of barley land races and elite cultivars (Caldwell et al. 
2006), therefore an appropriate population structure is an important consideration 
prior to development of LD studies (MacKay and Powell 2007). In a recent study 
by Breseghello and Sorrells (2006), the same markers identified in QTL analysis 
and association mapping studies showed significant linkage with kernel characteristics, 
providing complementary analysis of marker-trait associations prior to implemen-
tation of markers for wheat breeding. The full potential of the effects of LD will be 
realised when further association mapping complements QTL studies for a wide 
range of traits in wheat.

12.3  Wheat Gene Discovery

High-resolution genetic maps and refinements in QTL analysis have made significant 
contributions to understanding simple and complex genetic traits. However, an 
intriguing aspect is the identification of gene(s) within the marker interval that 
control trait expression. The increasing genomic resources available for wheat enable 
the isolation of genes within QTL and the development of diagnostic markers for 
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tracking allelic variation in breeding programs. Bacterial artificial chromosome 
(BAC) libraries and map-based cloning, comparative genomics and advances in 
sequencing the wheat genome provide the necessary resources to isolate and 
characterise genes that control trait variation.

12.3.1  Wheat BAC Libraries and Map-based Cloning

The cloning of large genomic fragments of the wheat genome and ordering BACs 
into contiguous segments provides physical maps to align with genetic recombina-
tion maps. However, one of the major limitations in hexaploid wheat is its large size 
and complexity of repetitive DNA making the construction of BAC libraries and 
subsequent contig assembly a challenging task. Nevertheless, several reports have 
developed BAC libraries of the hexaploid wheat genome with average insert sizes 
of 0.79–140 with 3.1–5.6x wheat genome equivalents (Allouis et al. 2003; Liu et al. 
2000; Ling and Chen 2005; Nilmalgoda et al. 2003). In order to assist BAC contig 
assembly, sub-genome BAC libraries of the A genome from T. monococcum 
(Lijavetzky et al. 1999), D genome from T. tauschii (Moullet et al. 1999) and AB 
genome from T. turgidum var. durum (Cenci et al. 2003) will simplifying physical 
map assembly to specific genomes. Furthermore, BAC library construction from 
flow sorted wheat chromosomes of 1B (Janda et al. 2006); 1D, 4D, 6D (Janda et al. 
2004) and 3B (Safar et al. 2004) and similar resources for all wheat chromosomes 
will accelerate future development of sequence-ready physical contig maps of the 
wheat genome. It is interesting to note that BAC coverage ranged from 6–14.1x 
chromosome coverage, reflecting an increased probability of isolating a gene of 
interest using chromosome specific rather than whole genome BAC libraries. 
Nevertheless, both libraries are complementary resources for the isolation of genes 
using for map-based cloning approaches.

The development of genetic maps with high-density molecular has facilitated 
the isolation of BAC clones within a particular marker interval containing the 
gene of interest. High throughput fingerprinting such as those described by Luo 
et al. (2003), followed by contig assembly and anchoring using molecular 
markers provides the alignment of physical and genetic maps to the target 
region. Subsequent sequencing of individual BAC clones and annotation of 
repetitive and low-copy sequences provides information for candidate gene iden-
tification. There are now several genes of agronomic importance for wheat 
breeding that have been isolated using BAC or other large-insert libraries and 
principles of map-based cloning. These include rust resistance genes Lr1 
(Cloutier et al. 2007), Lr10 (Feuillet et al. 2003), Lr21 (Huang et al. 2003), pow-
dery mildew resistance (Pm3b) (Yahiaoui et al. 2004), vernalisation genes Vrn1 
and Vrn2 (Yan et al. 2003, 2004). In each case, the isolation of these genes and 
their contribution to the phenotypic effect was confirmed using functional  studies. 
Although only seven wheat genes have been cloned in recent years, the availabil-
ity of BAC libraries and the increasing efforts in developing high-resolution 
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genetic maps of target chromosomal regions will likely see an increase in the 
number of other agronomically important genes isolated using map-based 
approaches in the near future.

12.3.2  Comparative Genomics with Model Plant Species  
and Grasses

An alternative approach to identifying genes controlling trait variation in wheat is 
to compare genes from closely or distantly related species. The complete genome 
sequence from the model plant, Arabidopsis thaliana (The Arabidopsis Genome 
Initiative 2000) and rice (Goff et al. 2002; Yu et al. 2002; International Rice 
Genome Sequencing Project 2005) has enabled the large scale comparison of gene 
and genomes between model and crops plants. The identification of duplicated 
genes within species (paralogs) and similar genes across species sharing a com-
mon progenitor (orthologs) provide the opportunity to compare and contrast 
model and crop genomes that evolved through evolution (for review see Francki and 
Appels 2007). Wheat gene orthologs that may have similar function can be identi-
fied by comparative sequence and gene structure analysis from taxonomically 
distant species such as Arabidopsis that diverged more than 200 million years ago 
(MYA) (Kellog 2001). However, wheat and rice are members of the Pooideae fam-
ily that diverged from a common ancestral genome about 70 MYA (Wolfe et al. 
1989) allowing rice to be an ideal species to bridge the evolutionary gap 
between monocots and dicots for comparative genomic analysis. The studies 
by Mullan et al. (2007) provide an example of tracing the evolutionary relationship 
of gene orthologs between Arabidopsis, rice and wheat. Arabidopsis genes with 
known function in Na+ transport showed similar intron-exon boundaries in rice and 
wheat despite the effects of over 200 million years of evolutionary forces since 
divergence of monocots and dicots. However, it must be noted that comparison of 
gene structure across divergent species such as wheat and Arabidopsis does not 
necessarily imply similar gene function and studies are needed to determine the 
functional role of orthologs on trait variation in each species. In some instances, 
subtle differences in gene orthologs, even across closely related species, can 
account for major differences in gene function and trait expression. A study by 
Francki et al. (2006) compared invertase genes of rice with counterparts in wheat 
and perennial ryegrass (estimated divergence of wheat and perennial rye grass 
from a common ancestor 15–30 MYA (Soreng and Davis 1998). Unlike wheat and 
perennial ryegrass, rice does not accumulate fructan and is therefore, devoid of 
fructosyltransferase activity. However, rice invertase genes share similar intron-
exon structure as functional fructosyltransferase genes from perennial ryegrass, 
indicating subtle changes in a common gene progenitor caused significant pheno-
typic differences during evolution. Not surprisingly, therefore, the function of 
wheat orthologs having either invertase or fructosyltransferase activity was unpre-
dictable based on comparative genomic analysis.
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QTL mapping provides a direct means to account for trait variation at a specific 
locus by which physical maps can be aligned and putative candidate genes identi-
fied from annotated genome sequence. Therefore, the assumption is that large scale 
conservation in gene content and order (macrosynteny) between wheat and other 
grasses genomes (Gale and Devos 1998; reviewed in Appels et al. 2003) has been 
a popular approach for cross-species transfer of information for candidate gene 
identification. However, it is apparent that microsyntenic rearrangements in gene 
content and order is common between genomes (Francki et al. 2004; La Rota and 
Sorrells 2004; Li et al. 2004; Munkvold et al. 2004; Miftahudin et al. 2004; 
Randhawa et al. 2004; Singh et al. 2007; Sorrells et al. 2003). Therefore, the mosaic 
of conserved and non-conserved regions across genomes can either benefit or 
complicate the use of rice as a model for cross-species transfer of information. Studies 
identifying candidate genes controlling QTL for resistance to Fusarium head blight 
(FHB) highlight successes and failures in the application of comparative genomics 
for candidate gene identification. For example, a QTL for resistance to FHB on 
chromosome 2D has identified a multi-drug resistant associated protein effective 
against mycotoxin accumulation on a syntenic region on rice chromosome 4 (Handa 
et al. 2008). However, a QTL for resistance on chromosome 3B failed to identify a 
candidate gene on a syntenic region on rice chromosome 1 (Liu and Anderson 2003) 
but identified a sequence with similarity to a protein kinase domain characteristic 
of disease resistance genes on rice chromosome 11 (Shen et al. 2006).

The complications caused by micro-rearrangements have prompted an alternative 
model species be proposed for comparative genomics in wheat. The small genome 
size (~400 Mbp) and closer taxonomic relationship to members of the Triticeae with 
an estimated divergence from a common progenior of 35–40 MYA (Bossolini et al. 
2007) identified Brachypodium sylvaticum and B. distachyon as potential model 
species for comparative genomics (Draper et al. 2001). The recent development of 
a BAC library of Brachypodium will form the basis for comparing gene and 
genome organisation across the grasses (Foote et al. 2004). However, initial studies 
indicate that Triticeae-Brachypodium microsyteny is quantitatively similar to 
Triticeae-rice and, therefore, unlikely to substitute for the large scale analysis of 
Triticeae genomes (Bossolini et al. 2007). Nevertheless, Brachypodium offers 
potential as a model species to complement the wheat-rice comparative analysis for 
wheat gene discovery.

12.3.3  Wheat Genome Sequencing

Whole genome sequence of rice (Goff et al. 2002; Yu et al. 2002) or clone-by-clone 
sequencing of the rice (International Rice Genome Sequencing Project 2005) and 
Arabidopsis (The Arabidopsis Genome Initiative 2000) genomes has demonstrated 
that most recent technologies are capable of sequencing whole plant genomes. 
However, the wheat genome is 30x and 128x the size of the rice and Arabidopsis 
genomes, respectively, and contains >70% repetitive DNA making sequencing 



290 M.G. Francki

and annotation of the entire genome an arduous task. Nevertheless, the genomic 
resources available in wheat including the most comprehensive plant EST collec-
tion, high density genetic maps, BAC libraries and extensive genetic analysis 
provides the basis to assemble physical maps and annotate the wheat genome 
sequence to identify the genes controlling trait variation. Despite the resources 
available, whole genome sequencing of wheat will not be completed in the foresee-
able future unless developments in sequencing technologies can be achieved at 
higher throughput and lower cost than is currently available (Stein 2007). It is 
unlikely that shot-gun sequencing would be the strategy of choice as the complexity 
of the genome will preclude accurate sequence assembly and annotation. A pilot 
study to determine the feasibility of sequencing the gene rich regions estimated that 
only one third of the genome would need to be sequenced using a clone-by-clone 
approach (Erayman et al. 2004). However, more recent investigations of randomly 
sequenced wheat BACs showed a gene density of 1 gene per 75 kb, indicating that 
genes are likely to be more evenly distributed across the genome than previously 
determined, substantiating the need for large-scale BAC sequencing of the wheat 
genome (Devos et al. 2005).

Sequencing the largest crop genome would require a consolidated effort by 
the international wheat research community. The International Wheat Genome 
Sequencing Consortium (IWGSC) is governed by six co-chairs representing 
countries including Australia, USA, France Switzerland and Japan (http://www.
wheatgenome.org). The consortium is responsible for a strategic plan, coordinating 
project activities and ensuring sequence of the wheat genome and the DNA based 
tools are made available to the scientific community without restriction. Projects 
commissioned through the IWGSC include physical mapping, sequencing, structure 
and function and the molecular analysis of resistance loci on homoeologous 
group 3 chromosomes and wheat-Brachypodium-rice comparative analysis has 
commenced (http://www.wheatgenome.org). There is little doubt that completing 
the genome sequence of hexaploid wheat will require a highly coordinated, multi-
disciplinary and cross-institutional effort involving international consortium partners 
to assemble, annotate and determine the functional significance of wheat genes and 
repetitive sequences.

12.4  Gene Function

One of the critical facets of wheat gene discovery is determining functional roles in 
trait variation. Generally, this has been the rate-limiting step in identifying which genes 
can be manipulated to control expression of desirable traits for wheat improvement. 
A number of strategies can be achieved to decipher functional attributes of wheat 
genes. These include overexpression and RNA interference (RNAi), Targeting Induced 
Local Lesions in Genomes (TILLING) and virus induced gene silencing (VIGS). 
In some instances, strategies deployed to determine the functional role of genes can 
concurrently enhance germplasm for developing modern wheat varieties.
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12.4.1  Transgenics and Overexpression

Transgenic plants up-regulating gene expression and their phenotypic differences 
to non-transgenic provide a means to determine gene function. Some studies have 
used Arabidopsis and tobacco as preferred species for determining gene function 
by transgenic analysis, as they are more amenable to transformation than wheat. 
Table 12.1 summarises wheat genes that have been transformed in taxonomically 
related or unrelated species and their phenotypic effect in order to elucidate gene 
function. In some instances, over-expression of wheat genes has produced the 
desired phenotypic effect but the precise function of the gene is unknown. For 
example, over-expression of wheat genes Wcor15, Wcs19 and WCOR410 in 
tobacco, Arabidopsis and strawberry, respectively, contribute to freezing tolerance 
but their direct functional role in biochemical, developmental or physiological 
pathways remain unclear (Table 12.1). In other instances, wheat genes have same 
function when overexpressed in a range of plant species. Overexpression of the 
wheat gene, TaOxO, produced high enzymic levels of oxalate oxidase providing 
broad-spectrum disease resistance in poplar, maize, sunflower, potato and soybean 
(Table 12.1). Although wheat genes expressed in other species provides information 
on gene function, their interactions with endogenous genes when over-expressed in 
wheat may not necessarily produce the desired phenotype.

The rapid advancements in gene discovery in the past 5 years have seen parallel 
increases in transgenic wheat expressing endogenous genes. Apart from determin-
ing gene function, transgenic wheat with modified gene expression has the poten-
tial in delivering new commercial varieties improved grain quality, disease 
resistance, abiotic stress tolerance and phenology. However, wheat is more difficult 
to transform than other major crop species relying on either biolistics or 
Agrobacterium-mediated methods to develop transgenic wheat with stably inte-
grated genes. The advantages and disadvantages of each method have been recently 
reviewed (Shewry and Jones 2005; Bhalla 2006; Bhalla et al. 2006).

The major impact of transgenic wheat studies to date has been the modification 
of gene expression to alter grain quality characteristics for processing and end-use 
quality. The overexpression of endogenous genes for high molecular weight 
glutenin-subunits (HMW-GS) or allelic variants (Barro et al. 1997; Alvarez et al. 
2000) have both positive and negative effects on dough characteristics. For 
example, overexpression of subunit classes 1Ax1 can have beneficial effects to 
breadmaking qualities whereas 1Dx5 showed detrimental effects producing ‘over-
strong’ dough (Darlington et al. 2003; Blechl et al. 2007; Rooke et al. 1999; He 
et al. 2005; Barro et al. 1997). Therefore, the presence of an additional cysteine in 
1Dx5 was responsible for a more highly cross-linked glutenin network preventing 
full hydration during dough mixing (Darlington et al. 2003), confirmed by over-
expression of a truncated form of 1Dx5 (He et al. 2005). Similarly, overexpression 
of LMW-GS showed increase dough strength in durum wheat, opening possibili-
ties for different end-products in niche markets (Tosi et al. 2004, 2005). On the 
contrary, overexpression of LMW-GS in bread wheat has negative effects on gluten 
visco-elastic properties (Masci et al. 2003), thereby affecting wheat end-use properties. 
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Similarly, overexpression of pinA genes for grain softness in transgenic hard wheat 
showed an increase in puroindoline content resulting in soft grain phenotype (Hogg 
et al. 2005; Martin et al. 2006) confirming the functional role of endogenous pinA 
controlling grain hardness. These studies clearly show functional attributes of over-
expressing endogenous wheat genes and their contribution to grain quality and 
dough characteristics.

12.4.2  Transgenics and RNA Interference

In some instances, over expression may not necessarily provide a phenotype that 
determines functionality of an endogenous wheat gene. In addition, considerable 
resources are required, including cloning and complete of the target gene and 
inherent issues with regulatory constraints on using vector constructs in transfor-
mation (Shewry and Jones 2005; Bhalla 2006; Bhalla et al. 2006), limiting the 
capability for analysing a large number of genes simultaneously by over expres-
sion. Therefore, alternative transgenic approaches are required to elucidate gene 
function. RNA gene silencing provides a means whereby the phenotypic effect of 
suppressed transcription can be studied (Meins et al. 2005). RNA interference 
(RNAi) is a sequence-specific gene silencing mechanism whereby small interfer-
ing RNAs (siRNA) bind to target mRNA triggering the synthesis of double 
stranded RNA (dsRNA). The dsRNA are targets for cleaving by Dicer enzyme into 
subsequent siRNA molecules causing post-transcriptional gene silencing by 
mRNA degradation and methylation of homologous DNA (Meyer and Saedler 
1996; Tijsterman et al. 2002; Denli and Hannon 2003; Baulcombe 2004; Meins 
et al. 2005). The application of RNAi for gene knockouts in wheat have confirmed 
gene function for VRN1 (Loukoianov et al. 2005), VRN2 (Yan et al. 2004), GBSS 
(Li et al. 2005), SBE-IIa (Regina et al. 2006), SBE-IIb (Regina et al. 2006), EIN2 
(Trevalla et al. 2006), PDS (Trevalla et al. 2006), GPC (Uauy et al. 2006) and 
1Dx5 (Yue et al. 2008) and has been recently reviewed in Fu et al. (2007). 
Interestingly, overexpression and RNAi have complemented functional attributes 
of some wheat genes. For example, the overexpression of 1Dx5 in transgenic 
wheat produced highly cross-linked protein networks resulting in ‘overstrong’ 
dough quality characteristics (Darlington et al. 2003) whereas suppression of 
1Dx5 by RNAi reduced gluten and diminished mixing quality (Yue et al. 2008). A 
major advantage of RNAi technology is the simultaneous silencing of all homoe-
ologs or targeting siRNA to specific copies within the wheat genome and their 
individual or combined effects on plant phenotype.

12.4.3  Virus Induced Gene Silencing (VIGS)

Although the ability to develop gene knockouts provides a means whereby 
gene function can be determined, RNAi analysis requires the development of 
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transformed wheat plants. The limitations for determining the functional attributes 
of a large number of genes may be the efficiency of wheat transformation. This is 
particularly relevant in the post-genomic era where functional analysis of many 
wheat genes will assist in validating sequence annotation. Therefore, alternative 
strategies for more robust and efficient mechanisms for determining gene function 
must be considered and developed. VIGS is a transient system whereby a viral vector 
harbouring an endogenous sequence infects the host plant and triggers cytoplasmic 
degradation of RNA with homology to the target sequence. This strategy has been 
demonstrated to be effective in monocots using either Wheat Streak Mosaic Virus 
(WSMV) or Barley Stripe Mosaic Virus (BSMV) as a viral vector for post 
transcriptional gene silencing (Choi et al. 2000; Holzberg et al. 2002). VIGS has 
been effective in determining gene function for Lr1 (Cloutier et al. 2007), Lr21 
(Scofield et al. 2005), phytoene desaturase (Holzberg et al. 2002; Scofield et al. 
2005) and receptor-like kinases in stripe rust resistance (Zhou et al. 2007). Although 
VIGS offer a means for obtaining the rapid determination of gene function, the 
assays are generally transient and may be limited to silencing of genes to specific 
tissue where the virus infects.

12.4.4  Targeting Induced Local Lesions in Genomes

TILLING is a means whereby DNA sequence base differences can be efficiently 
detected amongst large population sizes. The first TILLING study in plants was 
done in Arabidopsis (McCallum et al. 2000) whereby a ethyl methanesulfonate 
(EMS) mutagenised population was screened and individuals selected for single 
base changes in chromomethylase genes. Details of TILLING methodology has 
been reviewed in Henikoff and Comai (2003), Henikoff et al. (2004), Gilchrist and 
Haughn (2005), Comai and Henikoff (2006). Briefly, DNA is extracted from indi-
viduals of the population, pooled and DNA of the target gene sequence is amplified. 
Following melting and reannealing of DNA, single base differences form heterodu-
plexes and detected using denaturing high-performance liquid chromatography 
(DHPLC) or cleaved using endonucleases such as CEL1 (Colbert et al. 2001) or 
ENDO1 (Triques et al. 2007) specific for single base mismatches followed by gel 
fragment analysis for mutation detection. Additionally, advances in mutation detec-
tion is now progressing beyond gel-based methodologies using non-fluorescence 
and fast capillary electrophoresis for higher throughput capabilities (Suzuki et al. 
2008). TILLING approaches have recently been extended from model plants to 
crop species including barley (Caldwell et al. 2004), maize (Till et al. 2004) 
and rice (Till et al. 2007). Since these crops are diploid species, it was anticipated 
that TILLING in complex polyploid genomes such as hexaploid wheat would be 
more challenging because of redundant gene copies (Slade and Knauf 2005). 
Nevertheless, a TILLING study was done on hexaploid wheat where 94 mutations 
for the granule bound starch synthase (GBSS) genes was detected, identifying a 
near waxy phenotype with a triple homozygous mutation (Slade et al. 2005). 
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Therefore, the application of TILLING to large complex genome such as wheat 
provides alternative approaches to deciphering function of wheat genes.

The choice of systems to determine gene function relies on the resources available 
and the specific objectives of the study. VIGS would be ideally suited for validation 
of function for a large number of gene sequences in the post-genome era (such as 
ESTs) without the need to generate transgenic plants. However, VIGS is an unlikely 
strategy for developing commercial cultivars with modified gene expression. 
Alternatively, transgene overexpression, RNAi and TILLING offer the best 
approaches if both gene function and development of commercial wheat varieties 
are of simultaneous interest. TILLING would be the only option for developing 
new varieties for agricultural production zones in countries where the release of 
genetically modified wheat are constrained.

12.5  Application of Genomics to Wheat Breeding

Significant advances have been made in increasing our knowledge on phenotypic 
variation for cultivar development. Major wheat breeding programs world-wide are 
using DNA markers linked to genes controlling trait variation with some success 
during population enrichment. The knowledge of marker-trait associations for a 
range of agronomic disease and quality characteristics, marker availability and the 
strategies to deploy in a breeding program is summarized in recent reviews (Bonnett 
et al. 2005; Kuchel et al. 2005; William et al. 2007). However, low level DNA 
polymorphism between elite lines, recombination between marker and gene and the 
implementation of flanking markers separated by a large genetic distance can limit 
the effective use of tracking desirable alleles using linked DNA markers. Ideally, 
the gene responsible for trait variation would be of significant benefit in the 
application of marker-assisted selection for wheat improvement. The development 
of functionally associated markers (FAM) requires the isolation and functional 
characterization of genes known to control variation for a particular trait. The genomics 
tools and resources for genetic analysis, gene discovery and gene function provide 
the necessary requirements to identify FAM for wheat improvement. There are now 
at least 25 FAM reported for wheat (reviewed in Bagge et al. 2007) and represent 
diagnostic markers for allelic variation of important genes in major wheat breeding 
programs world-wide. The increasing development in wheat genomic resources 
such as those required for map or sequence-based cloning will provide a substantial 
increase in the number of FAM available to wheat breeding programs.

There is no doubt that breeding programs will need to effectively develop new 
varieties to mitigate the effects of global warming and climate change for future 
increase in wheat production. Adaptation to changing environments will be the key 
strategy to make significant advances and the genomics tools developed to date 
will play an important role. For example, FAM associated with vernalisation 
and photoperiod response will have a significant impact on assessing allelic 
variation in Australian genotypes to associate combinations with phenological 
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adaptation to maximise yield potential affected by changing environments (M. 
Francki, unpublished data). However, this will not be at the expense of using FAM or 
alternative markers as they are made available for numerous other traits associated 
with drought tolerance, extreme temperatures and other phenotypes (biotic and 
other abitoic stress) important for regional adaptation. The future application of 
genomics to identify new FAM for numerous traits will become more important to 
assist breeding high yielding wheat varieties adaptable to changing environments.
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Abstract A growing world population, changing climate and limiting fossil fuels 
will provide new pressures on human production of food, medicine, fuels and feed 
stock in the twenty-first century. Enhanced crop production promises to ameliorate 
these pressures. Crops can be bred for increased yields of calories, starch, nutrients, 
natural medicinal compounds, and other important products. Enhanced resistance 
to biotic and abiotic stresses can be introduced, toxins removed, and industrial 
qualities such as fibre strength and biofuel per mass can be increased. Induced and 
natural mutations provide a powerful method for the generation of heritable 
enhanced traits. While mainly exploited in forward, phenotype driven, approaches, 
the rapid accumulation of plant genomic sequence information and hypotheses 
regarding gene function allows the use of mutations in reverse genetic approaches 
to identify lesions in specific target genes. Such gene-driven approaches promise to 
speed up the process of creating novel phenotypes, and can enable the generation 
of phenotypes unobtainable by traditional forward methods. TILLING (Targeting 
Induced Local Lesions IN Genome) is a high-throughput and low cost reverse 
genetic method for the discovery of induced mutations. The method has been modi-
fied for the identification of natural nucleotide polymorphisms, a process called 
Ecotilling. The methods are general and have been applied to many species, includ-
ing a variety of different crops. In this chapter the current status of the TILLING 
and Ecotilling methods and provide an overview of progress in applying these 
methods to different plant species, with a focus on work related to food production 
for developing nations.
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13.1  Introduction

Agricultural sustainability can be defined as a state where increases in food production 
are at least proportional to the rate of population growth. The projected world popula-
tion by the year 2050 will be 9.2 billion; the bulk of which will be from developing 
and least developed countries. It is estimated that increases in population will be 4.3%, 
61.2% and 156.4% for developed, developing and least developing nations, respec-
tively (United Nations 2007). This suggests that major pressures for crop production 
will befall nations with the least resources available for crop improvement. Furthermore, 
many developing nations rely on so-called understudied crops where only minor invest-
ments have been made in plant biotechnology. The ability of developed nations to provide 
food assistance to meet the expected shortfall is in doubt due to increased demands on 
crops for non-food purposes such as biofuels (von Braun and Pachauri 2006).

Crop productivity is mainly affected by a variety of abiotic and biotic stresses. 
Approximately 70% of potential yield is lost due these stresses (Gale 2002). The 
major abiotic stresses that affect food production are drought, salinity and acidity. 
From the total global arable area, a third is affected by salinity and 40% by acidity 
(Gale 2002). Biotic factors such as diseases, insects and weeds also contribute to 
decreased yields. Crop production is increased either by expanding the arable area or 
using inputs such as improved seed, irrigation and chemicals. According to the Food 
and Agriculture Organization (FAO), about 80% of future increases in crop produc-
tion in developing countries are predicted to come from agricultural intensification 
(FAO 2002). Based on this goal, crop breeders focus towards achieving improved 
cultivars that produce higher yields and at the same time tolerate to the sub-optimal 
soil and climatic conditions. By utilizing various breeding techniques, a number of 
improved cultivars from different species have reached farming communities and 
contributed to increases in global food production. The work on induced mutation 
alone led to over 2,000 officially registered crops from 1940 to 2000, of which 85% 
were the result of gamma- and x-ray mutagenesis (Maluszynski et al. 2000). Induced 
mutations have had a large impact in transforming the agriculture of the world, par-
ticularly in generating crop species having desirable traits (Ahloowalia et al. 2004).

Examples of improved traits with high impact are those which alter the architecture 
of the plant. Architectural changes include alteration in branching pattern and 
reduction in plant height. The major achievement of the Green Revolution in 1960s 
and 1970s was due to the introduction of semi-dwarf cultivars of wheat and rice 
along with crop production packages such as controlled use of irrigation, fertilizer, 
herbicide and fungicide. Semi-dwarf varieties have been produced by exploiting 
natural nucleotide variation and through induced mutations, and have led to tremendous 
increases in productivity. This led to an annual yield increment of about 80 kg/ha 
in wheat and rice produced in developing countries between 1975 and 1984 
(Conway and Toenniessen 1999). According to the International Food Policy 
Research Institute, the Green Revolution represented the successful adaptation and 
transfer of scientific revolution in agriculture (IFPRI 2002). Currently, a number of 
genes affecting plant height have been identified from major cereal crops including 
wheat, rice and maize (for review, Wang and Li 2006).



30913 TILLING for Mutations in Model Plants and Crops

With expanding genomic DNA sequence information from many plant species and 
increasing knowledge regarding the functional roles of specific genes in traits of 
agronomic importance, it is now possible to consider creating specific plant traits in a 
directed manner. One approach is to use transgenes to transfer a single or multiple 
genes of interest within or across species. Using this approach, scientists have been able 
to create rice producing provitamin A in the grain (Ye et al. 2000). While very powerful, 
transgenic approaches have been met with a high level of public disapproval and the use 
of the methods for food production is currently banned in many countries.

This calls for an alternative, non-transgenic, targeted approach for crop improvement 
in order to meet the increasing demand in food production. TILLING (Targeting 
Induced Local Lesions IN Genomes) is a general reverse genetic technique that 
uses traditional mutagenesis followed by high-throughput mutation discovery to 
identify deleterious lesions in specific target genes. The technique has proven to be 
robust and easily applied to a variety of different species including Arabidopsis, 
(Mccallum et al. 2000b; Colbert et al. 2001; Greene et al. 2003; TILL et al. 2003), rice 
(Sato et al. 2006; Till et al. 2007; Suzuki et al. 2008), maize (Till et al. 2004a), 
wheat (Slade et al. 2005), barley (Caldwell et al. 2004), soybean (Cooper et al. 
2008), pea (Triques et al. 2007), and a number of non-plant species such as 
Caenorhabditis elegans, Drosophila and zebrafish (Gilchrist et al. 2006a; Winkler 
et al. 2005; Wienholds et al. 2003). We describe in this chapter the current status of 
TILLING in plants and discuss the potential role of TILLING in improving 
under-studied crops of the developing world. We also describe a related technique 
known as Ecotilling that is used to investigate natural nucleotide variations in the 
genes of interest.

13.2  TILLING Method

The TILLING strategy utilizes traditional mutagenesis followed by high throughput 
mutation discovery (Mccallum et al. 2000b; Colbert et al. 2001). The main steps in 
TILLING are mutagenesis, the development of a non-chimeric population, preparation 
of a germplasm stock, DNA extraction and sample pooling, screening the population 
for induced mutations, and the validation and evaluation of mutants (Fig. 13.1). The 
methods required for each step can be applied to many species, making the TILLING 
process broadly applicable. Mutants discovered by TILLING can be used for 
gene-function studies and can be introduced into breeding programs.

13.2.1  Selecting a Mutagen for TILLING

The choice and dose of mutagen for TILLING will dictate the spectrum and density 
of mutations to be found in individual plants. The best mutagen can be defined as 
one that produces the desired density and spectrum of alleles with the least pleiotropic 
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consequences, low material and labor costs, and minimal health risks. Chemical 
mutagens have been used for many TILLING projects, with ethyl methanesulfonate 
(EMS) being most common (Table 13.1). Chemical mutagens are attractive for 
TILLING because protocols for their use in forward genetic screens have previ-
ously been developed for many species, the mutagens are readily available, easy to 
use, and produce predictable heritable nucleotide changes at high densities. Many 
chemical mutagens, such as EMS, primarily produce single nucleotide changes in 
the genome (Greene et al. 2003; TILL et al. 2003). Single nucleotide changes are 
useful because truncation and missense changes are obtained, providing a broad 
allelic series. Nonsense mutations that create premature stop codons, and splice site 

Fig. 13.1 A TILLING pipeline for gene function analysis and developing new crop varieties. 
A mutagenized population is prepared using a mutagen that primarily causes small lesions (single 
nucleotide polymorphisms, or insertions/deletions) randomly throughout the genome. Many 
mutagenic treatments produce a chimeric plant in the first generation. Chimeras are dissolved and 
a structured population is typically developed. A germplasm stock is prepared for long term 
storage of mutant lines, and DNA is extracted from each individual mutant. DNAs are pooled and 
the library of samples is screened for induced mutations in selected regions of target genes. 
Candidate mutants are removed from the germplasm stock and further characterized genotypically 
and phenotypically. Individuals or lines exhibiting the desired characteristics can be incorporated 
into a breeding program
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mutations that inhibit proper intron splicing can knock out gene function providing 
null alleles. Missense changes can produce variable affects on protein function and 
are valuable for obtaining phenotypes from essential genes that would cause organism 
death if completely knocked out. In addition, missense mutations can provide a 
broad range of phenotypes that can enhance gene function studies, and be useful in 
breeding. The utility of point mutations in breeding may be best exemplified by the 
value of the missense mutations causing the semi-dwarf sd1 phenotype in rice that 
fuelled the Green Revolution (Sasaki et al. 2002).

The spectrum and density of induced mutations identified in TILLING screens 
varies by mutagen and by species (Table 13.1). In Arabidopsis, maize, and wheat, 
EMS produced > 99% GC:AT changes that could be identified by TILLING 
(Greene et al. 2003; TILL et al. 2003; Slade et al. 2005). A study of ~2000 EMS 
induced mutations in Arabidopsis showed that mutations were essentially induced 
randomly throughout the genome (Greene et al. 2003). Random mutagenesis means 
that mutations can be discovered anywhere in the genome regardless of target size 
provided the proper balance of population size and mutation density is obtained. 
With a high density of ~1 mutation per 200 kb in Arabidopsis, a relatively small 
population of 3,000 mutant individuals is typically screened to deliver ~10 alleles 
per ~1.5 kb target region (http://tilling.fhcrc.org/arab/status.html). Approximately 
5% of EMS induced mutations are truncation changes, and 48% missense changes 
(Greene et al. 2003). A high mutation density reduces the population size needed to 
deliver the desired number of alleles, and thus reduces the cost of sample prepara-
tion and screening. Mutation density is, therefore, a key factor in determining the 
scale and costs of a TILLING project. For gene function studies and publicly avail-
able TILLING services, a strategy has been to achieve a high mutation density to 
reduce mutation screening costs. A lower mutation density may be desirable for 
breeding applications.

Other mutagens can be considered for TILLING. For example, mutagenesis of 
rice seed with sodium azide plus MNU (methyl-nitrosourea), and soybean seed 
with MNU produced populations with mutation spectra and densities similar to that 
observed with EMS (Table 13.1). Inducing mutations with physical mutagens has 
a long history beginning with the work of Muller exposing Drosophila to X-rays 
(Muller 1928). With Muller’s initial report, scientists embarked upon an extensive 
use of radiation to induce mutations and 30 years later were reporting extensively 
on induced mutagenesis mediated by ionizing radiation (Bauer 1957; Mac-Key 
1956; Singleton 1955; Smith 1958; Konzak 1957; Sparrow 1956; Gaul 1958; 
Miksche and Shapiro 1963; Hough and Weaver 1959). More recently, Maluszynski 
et al. (2000), and Ahloowalia et al. (2004) have provided very comprehensive 
reviews on officially released induced crop mutants, most of which had been 
induced to mutate using physical agents.

While induced mutations caused by physical mutagens have a long history in 
both basic and applied research, less is known about the spectrum and density of 
lesions in crops caused by such treatments. One of the most widely used physical 
agents is gamma irradiation. A population of rice mutagenized with gamma-irradiation 
was recently used in TILLING screens, yielding only point mutations and small 
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deletions (Sato et al. 2006). The density of induced mutations in this population, 
however, was very low (1 mutation per 6,190 kb). One explanation for the low 
density is that gamma-irradiation produced larger genomic lesions in this popula-
tion that went undetected because of the method used to find mutations. Because 
large lesions would be, on average, more deleterious to gene function than SNPs 
(Single Nucleotide Polymorphisms), fewer such lesions will be tolerated in a 
genome. If a mutagenic treatment induces a mixture of large and small lesions, the 
result would be a lower maximal density of lesions than, for example, what could 
be obtained with a mutagen causing only SNPs. Studies of gamma and carbon 
irradiation of Arabidopsis pollen showed that small and large deletions and inver-
sions can occur due to mutagenic treatment (Naito et al. 2005). Together, this sug-
gests that gamma-irradiation of plant material can cause a combination of large and 
small lesions, and that obtainable mutation densities may be lower when compared 
with chemical mutagenesis. More work is to be done to characterize the spectrum 
and density of gamma-induced lesions in plant genomes, and the effects of using 
different doses of mutagen.

Large genomic lesions such as deletions are useful for creating phenotypes, 
especially when knockouts are desired, including the deletion of tandemly repeated 
genes, such as those involved in disease response. For example, fast neutron 
mutagenesis was used to create deletions in Arabidopsis and rice that could be 
detected by a simple PCR based assay (Li et al. 2001). When compared to mutagens 
causing primarily SNPs, fast neutron mutagenesis is disadvantageous because 
mutation densities are much lower, and a ~>tenfold larger population is required to 
ensure the recovery of a deletion in any gene in the genome. Furthermore, the mutations 
will cause primarily knockouts versus the allelic spectrum of knock-out and missense 
changes caused by point mutations. However, physical mutagens that create large 
deletions and inversions may produce a higher frequency of dominant alleles. This 
may be desirable, particularly when studying polyploid species or vegetatively 
propagated crops. An additional advantage of physical mutagenesis is that the 
procedure is easily centralized and plant material is non-toxic and safe to ship after 
treatment. For example, the FAO/IAEA joint programme provides a gamma-irradiation 
service that is free to its member states (http://www.iaea.org/OurWork/ST/NA/
NAAL/agri/pbu/agriPBUmain.php). When creating mutagenized populations for 
TILLING, it may be worthwhile considering several different mutagens for a 
combined strategy for the recovery of both large deletions and SNP mutations. The 
method of mutation discovery, however, is an important factor in choosing a 
mutagenesis strategy (see Section 13.2.3).

13.2.2  Selecting Tissue for Mutagenesis

The optimal tissue for large-scale mutagenesis for TILLING can be defined as one 
that produces non-chimeric plants harbouring a high density of induced mutations 
and requires the lowest inputs of labor and propagation time. Because most point 
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mutations causing phenotypes will be recessive, an additional criterion is that muta-
tions can be easily made homozygous. The optimal tissue may therefore change 
from species to species and depending on the resources and needs of the scientist. 
Seed mutagenesis has been the choice for many plant species (Table 13.1). For 
chemical mutagenesis, seeds are soaked in a mutagen for a set period of time, 
washed to remove the mutagen, and then sown. The first generation, called M

1
, is 

genotypically chimeric, with different parts of the plant having different genotypes 
because of the multicellular nature of the embryo at the time of mutagenesis 
(Henikoff and Comai 2003). To obtain heritable mutations, the plant must be propa-
gated to produce a generation that is non-chimeric before DNA can be collected for 
TILLING screens. When possible, self-fertilization is used. Populations are 
typically structured using a single seed descent strategy such that one M

2
 progeny 

from the self cross of the M
1
 is selected to create a line for TILLING (for example, 

Till et al. 2003; Caldwell et al. 2004). Tissue is collected from this M
2
 individual 

for later DNA extraction and mutation screening. M
3
 seed are collected from a self 

pollination of the M
2
, and this becomes the germplasm stock. Mutations identified 

in the M
2
 sample are either heterozygous or homozygous. If M

2
 plants selected for 

the TILLING population are chosen randomly, a Mendelian ratio of 2:1 heterozy-
gous to homozygous mutations should be observed in the TILLING screen (Greene 
et al. 2003).

Non-structured, or bulk, populations can also be used for TILLING. As with 
a structured population, the first non-chimeric generation can be screened. A disad-
vantage of the bulk strategy is that siblings sharing the same mutations will be 
screened, increasing the time and cost of mutation discovery. The strategy may 
therefore be best for projects focusing on specific phenotypes that can easily be 
identified and sorted to make a phenotype enriched population. The utility of 
screening a phenotype-enriched population was shown for Lotus japonicus. Perry 
and colleagues created a mutagenized population of Lotus that was enriched for 
nodule and root-specific phenotypes. TILLING screens of 288 plants led to the 
identification of 6 novel alleles (Perry et al. 2003). The advantage of this strategy 
is that the size of the enriched population is much smaller than the entire popula-
tion, saving time and money on mutation screening. The enriched population 
will be depleted in mutations causing non-enriched phenotypes, and the complete 
mutagenized population is screened when targeting genes hypothesized to cause 
other phenotypes.

Efficiencies in the TILLING pipeline can be gained by choosing tissues for 
mutagenesis that create a non-chimeric individual in the M

1
 generation. For maize, 

pollen has been soaked with EMS and then applied to ears of unmutagenized tester 
strains (Till et al. 2004a). Each kernel on the resulting ear contains a unique collection 
of heterozygous mutations. A single kernel defines a line and DNA for mutation 
screening can be extracted from the M

1
 generation.

In vitro methodologies also have great potential for rapidly achieving homozy-
gosity and minimising, if not totally nullifying, the need for the dissociation of 
chimeras in mutagenic populations. Cell suspension cultures, relying on totipo-
tency of cells, involves the production of cell lines from callus followed by the 
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regeneration of plantlets through somatic embryogenesis. Typically, this involves 
the culturing of single cells and small cell aggregates that proliferate and complete 
a growth cycle while suspended in liquid medium. Since Nickell’s (1956) pioneer-
ing work with cell suspension cultures of Phaseolus vulgaris, reproducible 
protocols have been produced for other plant species. This ability to culture 
individual plant cells, from which whole plantlets will arise, therefore permits the 
treatment of individual cells with mutagens. The plantlets that arise from each 
treated cell are genetically similar leading to significant gains in time, especially as 
the need for several cycles of regenerations required to dissociate chimeras are 
eliminated. Because plants from culture develop via mitosis, induced mutations will 
remain heterozygous in adult tissues. To uncover recessive phenotypes, mutations 
must first be made homozygous.

Totipotency is also exploited in the regeneration of doubled haploids (DHs), 
when the chromosome number of gametic cells, i.e. pollen and egg cells, is doubled 
prior to regeneration of a plant (Forster et al. 2007). This process could be incorpo-
rated into induced mutagenesis by the treatment of these gametic cells prior to 
regeneration of the doubled haploids. With spontaneous and/or induced doubling of 
the haploid chromosomes, homozygous individuals are produced, providing the 
most rapid mechanism for attaining homozygousity with the greatest fidelity 
(Szarejko and Forster 2007). By facilitating the possibility of targeting either the 
haploid or doubled haploid cells for mutation treatment, the authors (Szarejko and 
Forster 2007) posit that a mutation is captured in a homozygous, pure line. These 
individuals are homozygous for all loci including the mutated segments of the 
genome being targeted for detection. The savings in time and cost are significant as 
recessive mutations usually are not detectable until the M

2
 or later generations of 

sexual propagation through self-fertilization. Rapid technological advances have 
resulted in the availability of reproducible DH protocols for over 250 plant species 
(Maluszynski et al. 2003) covering most plant genera. Enthusiastic incorporation of 
DH in induced mutagenesis should therefore be successful and lead to significantly 
enhanced efficiency in delivery processes. A major disadvantage, however is that 
unlike self fertilization, where individual progeny are expected to be homozygous 
for ~25% of alleles, a plant created by DH procedures will be homozygous for all 
mutations, including deleterious background mutations that can confound pheno-
typic analysis. Because of this, DH plants will tolerate a lower mutational load, thus 
mutation densities by this method will be lower, necessitating larger populations to 
discover sufficient alleles. For vegetatively propagated crops that produce viable 
pollen, DH may be the only method for creating homozygous alleles.

Where protocols for somatic embryogenesis, through cell lines or friable 
embryogenic calli, for instance, are not available, plantlets could also be regener-
ated but at relatively lowered levels of homozygousity and enhanced levels of chi-
meral sectors through in vitro nodal segments. For obligate vegetatively propagated 
crops for which microspore cultures followed by chromosome doubling are imprac-
ticable, the in vitro nodal segments strategy, while not optimal, is more efficient 
than using stem cuttings or other vegetative propagules itemised by Micke and 
Donini (1993) which include tubers, dormant buds; rhizomes; dormant shoots; etc. 
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If this route is taken, induced crop mutants would be developed, even if genetic 
constitution, including other mutation events, are unknown (Van Harten 1998) but 
due consideration must be given to planning strategies for efficient dissociation of 
chimeras. Where multicellular meristematic tissues have been used as starting 
materials for the induction of mutations, several cycles of regenerations are required 
to dissociate chimeras in order to approximate the homohistont state. The optimal 
number of regenerations to remove chimerism may vary by species, propagation 
techniques and the type of chimeras (mericlinal, periclinal or sectorial chimeras), 
and should be determined empirically. For instance, Novak et al. (1990) and Roux 
(2004) suggested two different numbers of regenerative cycles, 6 and 4, i.e. M

1
V

6
 

and M
1
V

4
, respectively as the minimum for banana. Also, because mutations are 

expected to be heterozygous, choosing a mutagenesis treatment that increases the 
frequency of dominant alleles should be a top priority.

13.2.3  DNA Extraction, Pooling and Mutation Discovery

The DNA extraction method used for TILLING should produce a sufficient yield 
and quality of genomic DNA that is stable for the duration of the project. These 
parameters are determined empirically (Till et al. 2006b). Genomic DNA samples 
are typically prepared from single plants. Samples are normalized to a common 
concentration and pooled together to reduce the cost of mutation screening. 
Pooling of up to eight samples has been used for TILLING (for example, Colbert 
et al. 2001; Till et al. 2004a; Cooper et al. 2008). Several strategies for pooling 
samples have been used. In a one dimensional pooling strategy, each plant is 
represented in a single pool of eight, and 768 unique samples (96 pools) can be 
screened in a single 96 well TILLING assay. Pools with putative mutations are 
then deconstructed and the eight samples comprising the pool are screened individually 
(Colbert et al. 2001; Till et al. 2006b). A two-dimensional pooling strategy has 
also been used (Till et al. 2007; Cooper et al. 2008). In this strategy, individual 
samples are arrayed in 8 × 8 grids and pools are made by combining samples by 
columns and by rows (Fig. 13.2). An individual sample is therefore represented in 
two unique pools in the assay, and a positive mutation produces a signal in two 
assay lanes. The repetition of samples in the two dimensional strategy means that 
at a constant sample pooling (i.e. eightfold), only half the number of samples are 
screened per assay when compared to the one dimensional method (384 versus 
768 for 96 well assays). The advantage of the two dimensional strategy is that 
mutations are validated and individuals identified in a single step, streamlining 
the process and potentially minimizing false positive and false negative error 
rates (Till et al. 2006a).

A variety of methods are available for the discovery of unknown nucleotide 
polymorphisms. For example, traditional Sanger sequencing, denaturing HPLC and 
enzymatic mismatch cleavage have all been used for mutation discovery in reverse 
genetic screens of populations treated with chemical mutagens (McCallum et al. 
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Fig. 13.2 Enzymatic mismatch cleavage and fluorescence detection for mutation discovery in 
TILLING. Schematic diagram of enzymatic mismatch cleavage (panel A). PCR is performed with 
primers end-labelled with IRDye700 (circle) and IRDye800 (star) fluorescent dyes. After PCR, 
amplicons are denatured and annealed to form heteroduplexed molecules. Mismatched regions are 
cleaved by treatment with a single-strand specific nuclease, typically an extract containing CEL I. 
Products are then denatured and size fractionated by denaturing polyacrylamide gel electrophore-
sis. DNA is visualized by fluorescence detection, typically with a LI-COR DNA analyzer. The sum 
of the molecular weights of the cleaved products equals the molecular weight of the undigested full 
length product. Using two different dyes allows the approximate position of the mutation on the 
PCR amplicon to be estimated. A two dimensional pooling strategy was used to discover chemi-
cally induced mutations in rice (panel B). Sixty-four samples are arrayed in an eight by eight grid 
(top). Column pools are prepared by combining all samples in a common column (numbered 1–8). 
The same is done for row pools (A-H). Samples from column and row pools from a grid are loaded 
on adjacent lanes of the gel (bottom). A positive signal found in a column pool will replicate in a 
row pool. The lanes provide coordinates for determining the identity of the mutant sample in the 
grid (E5 in the marked example). Panel B modified from Till et al. 2007

2000a; Colbert et al. 2001; Wienholds et al. 2002; Caldwell et al. 2004). Factors 
important in choosing a mutation discovery platform include equipment cost, main-
tenance costs, reagent costs, and reliability and error rates of the assay. Currently, 
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the most common platform is enzymatic mismatch cleavage using single-strand 
specific nucleases followed by fluorescence detection (Fig. 13.2, Table 13.1). PCR 
is performed using a forward primer 5¢ end labelled with the IRDye700 dye, and a 
reverse primer labelled with IRDye800 to produce amplicons of approximately 1.5 
kb (Fig. 13.2a). Products are then denatured and annealed to form heteroduplexes 
between polymorphic amplicons. Heteroduplexes are cleaved with a single-strand 
specific nuclease and products are size fractionated by denaturing polyacrylamide 
gel electrophoresis (PAGE). Fluorescent signals are detected using the Li-Cor DNA 
analyzer (Fig. 13.2b). The molecular weights of the cleaved fragments indicate the 
position of the nucleotide change within ~10 bp (Greene et al. 2003). The exact 
nucleotide change is then determined by sequencing. Mung bean nuclease, S1 
nuclease, CEL I nuclease, and other members of the S1 family have been shown to 
work in the TILLING assays (Till et al. 2004b; Triques et al. 2007). The accuracy 
of using a crude extract of CEL I to detect nucleotide polymorphisms in pools was 
determined using human SNPs. In a blind study testing discovery efficiencies using 
previously identified human polymorphisms, a false discovery rate of 2% and false 
negative error rate of 7% was reported for screening samples in eightfold pools that 
were arrayed two dimensionally (Till et al. 2006a). The high throughput and low 
cost nature of this mutation discovery method for TILLING is exemplified by fees 
charged by TILLING services that operate on a full-cost recovery basis… At the 
time of writing, users pay USD dollar 2,000 for an allelic series of ~12 induced 
mutations from ~3,000 mutagenized Arabidopsis lines (http://tilling.fhcrc.org/files/
user_fees.html). The sensitivity of the mutation discovery method in a production 
setting is shown by the recovery of the expected 2:1 Mendelian ratio of heterozygous 
to homozygous mutations in the samples from M

2
 Arabidopsis plants (Greene et al. 

2003). If mutation discovery sensitivity was limiting one would expect to find less 
heterozygous mutations because they are represented at half the concentration of 
homozygous polymorphisms in pooled samples.

The TILLING method has been further streamlined through the development of 
computational tools for assay design and data analysis. The CODDLe (Codons 
Optimized to Detect Deleterious Lesions) program uses the expected spectrum of 
mutations for a given mutagen to calculate the ~1.5 kb region of a gene that 
contains the highest number of potential mutations that could adversely affect gene 
function (McCallum et al. 2000b, http://www.proweb.org/coddle). Because a high 
density of mutations can be achieved, sufficient alleles are typically obtained by 
choosing the best 1.5 kb region of the gene rather than screening the entire gene in 
overlapping 1.5 kb segments. In addition to counting nonsense and splice site 
changes, CODDLe uses protein homology to predict the severity of missense 
changes. The CODDLe output links directly to Primer3 primer design software 
(Rozen and Skaletsky 2000). Approximately 90% of primers ordered for the 
Arabidopsis TILLING Project service ordered using this system have produced 
sufficient amplification product for TILLING (http://tilling.fhcrc.org/arab/status.
html). Once mutations have been discovered by TILLING, they can be graphically 
displayed with the PARSESNP program that incorporates the SIFT program to 
predict if missense mutations are likely to affect protein function (Taylor and 
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Greene 2003; Ng and Henikoff 2003; http://www.proweb.org/parsesnp). 
Analysis of Li-Cor gel data for TILLING and Ecotilling is aided by the PC/Mac 
program Gelbuddy (Zerr and Henikoff 2005; www.gelbuddy.org). Gelbuddy pro-
vides molecular weight calibration, automated lane discovery, and automated band 
discovery. All programs described here are freely available and can be used for 
additional applications not linked to TILLING or Ecotilling.

Rapid advancements in next generation sequencing platforms hold great promise 
for increasing the efficiency of mutation discovery for TILLING. Next-generation 
sequencing can be defined as any number of new technologies that promise to 
dramatically increase the speed and reduce the cost of DNA sequencing when 
compared to traditional Sanger sequencing. Technologies include currently 
commercial pyrosequencing and mass spectroscopy based platforms to the devel-
oping field of nanopore sequencing (Hall 2007; Shendure et al. 2008). While whole 
genome sequencing is not at the time of writing cost competitive for the discovery 
of the approximately several hundred induced mutations in a highly mutagenized 
diploid plant in a population of thousands of plants, progress is being made in 
strategies for selective enrichment of desired targets that drive costs downward. 
Strategies include pre amplification of selected targets by PCR and genomic selection 
by microarray hybridization (for example, Albert et al. 2007).

Several large scale TILLING services including the Seattle TILLING Project, 
the Maize TILLING Project and the Rice TILLING Project, are currently evaluating 
next generation sequencing technologies for TILLING using the Solexa and ABI 
SOLiD platforms (Henikoff S, Comai L, personal communication, and http://
genome.purdue.edu/maizetilling/). Next generation sequencing technologies can be 
used to discover all types of lesions, making them suitable for mutation discovery 
regardless of the choice of mutagen and type of lesion created. In addition, mutation 
discovery in polyploids may be more efficient using sequencing methodologies that 
collect data from a single starting molecule because it is not necessary to target 
specific homeologues (see Section 13.4). The accuracies and costs reported for 
TILLING using enzymatic mismatch cleavage will provide valuable data as a baseline 
to evaluate next generation sequencing technologies for TILLING, and can provide 
direction for future technological advancements. In the near-term, implementing 
new sequencing technologies will remain expensive, and likely financially feasible 
only for large scale facilities. Indeed, the high cost of laboratory infrastructure and 
training for mutation discovery, along with the generality of the methods, suggests 
that centralized mutation discovery facilities will be the most efficient and cost 
effective means to support TILLING for the scientific community. However, it is 
expected that the cost of sequencing technologies will drop dramatically, and early 
successes by large scale facilities will be valuable for smaller groups interested in 
TILLING. While new technologies are very exciting, it is important to note that the 
current state of the art for TILLING mutation discovery, enzymatic mismatch 
cleavage followed by fluorescence detection, is not a bottleneck in terms of time or 
cost for the TILLING pipeline as outlined in Fig. 13.1. The major bottleneck lies 
in mutant characterization, and large efficiencies can be gained by developing rapid 
and low cost phenotyping procedures. Advances in mutation discovery will, however, 
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greatly benefit TILLING facilities that provide fee-based mutation discovery, but 
not phenotyping, services.

13.3  Examples of TILLING Projects

The TILLING method has continued to gain in popularity since its first description 
in 2000. There are many active TILLING projects; some are at the level of fully 
operational TILLING services, while others are just at the beginning of platform 
development for a new species. TILLING has been adapted to over 20 species, and 
many groups host web sites describing projects and progress (Table 13.2).

13.3.1  High-Throughput Services

TILLING projects can be grouped into two broad categories: internally focused 
projects aimed at addressing specific biological problems, and service-based projects 
aimed at providing screening services to one or more research community. The first 
publicly available TILLING service was the Arabidopsis TILLING Project run by 
the Seattle TILLING Project (http://tilling.fhcrc.org/). Since its inception in 2001, 
the Arabidopsis TILLING Project has delivered ~8,000 mutations to the research 
community (http://tilling.fhcrc.org/arab/status.html). With the success of 
Arabidopsis, the STP went on to develop TILLING in a variety of different organ-
isms for both large and small scales. The STP initiated pilot projects in maize, rice 
and Drosophila have been developed into large-scale screening services (http://
genome.purdue.edu/maizetilling/,  http://tilling.fhcrc.org/fly/Welcome_to_Fly-
TILL.html, and http://tilling.ucdavis.edu/index.php/Main_Page,)

Other groups have also developed TILLING services (Table 13.2). For 
example, the TILLMore facility at the University of Bologna in Italy offers fee 
for service screening of barley (Hordeum vulgare cv Morex). The Scottish Crops 
Research Institute (SCRI) also offers screening services for EMS induced muta-
tions in barley. The Lotus TILLING facility at John Innes Centre in UK provides 
screening services for EMS induced mutations in Lotus japonicus. The Plant 
Genomics Research Unit, URGV in France currently offers screening services 
in tomato (TOMATILL), pea (PETILL), and Rapeseed (RAPTIL) (http://urgv.
evry.inra.fr/UTILLdb). An internationally organized Grain Legumes Technology 
Transfer Platform (GL-TTP) runs a Medicago TILLING platform. GABI-TILL 
is another large consortium with 13 collaborating institutions in Germany that 
offer screening services for collaborators. The consortium focuses on crops such 
as barley, sugar beet and potato. The number of services highlights the demand 
for induced mutations and reverse genetic screening services in a large number 
of organisms. Based on this, we expect the number of TILLING services to 
continue to grow.
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13.3.2  Other TILLING Projects

Small scale pilot projects are useful to evaluate the efficacy of a TILLING strategy 
(choice and dose of mutagen, method for identifying mutation, etc.), and have led 
to a large number of original research articles (for example, Table 13.1). This indi-
cates that TILLING is a powerful technique to investigate genetic alterations in 
organisms with different genome size and ploidy level. For example, the hexaploid 
wheat with genome size of 1.6 × 1010 bp (over 3.5 times more than rice) was 
successfully used in a TILLING project to create a variety producing low amounts 
of amylose (Slade et al. 2005).

In addition to public screening services, large-scale projects devoted to specific 
biological questions have been developed. For example, the Centre for Novel 
Agricultural Products (CNAP) at the University of York has recently initiated a 
project to obtain high yielding cultivars of Artemisia annua, the source of the 
anti-malarial component artemisinin, using the TILLING technique (CNAP 2006). 
Artemisinin-based therapies (ACTs) remain one of the most effective treatments 
against different species of Plasmodium, the causal agents of malaria (Enserink 
2007). Because of its high demand, the drug is becoming more expensive and is not 
affordable in poorer countries where the epidemics of malaria are high. Thus 
TILLING could have a major impact in the production of medicines, exemplifying 
the utility of TILLING for crop improvement for non-food production. TILLING 
can also be envisioned as a tool for the production of superior crops for other 
non-food uses such as biofuel production.

13.4  Challenges for Crops

Success with organisms such as maize, rice, soybean and wheat show the utility of 
the TILLING method for crops. Some crops face unique challenges for TILLING. 
Polyploidy may at first seem an obstacle, but work with wheat shows that TILLING 
provides a targeted method for developing phenotypes that may not be obtainable when 
using forward genetic strategies (Slade et al. 2005). With TILLING in polyploids, 
severe alleles in different homeologues can be discovered independently, and then 
combined by cross-fertilization to provide the desired phenotype. The main techni-
cal challenge for TILLING in polyploids is the need to PCR amplify only one gene 
target (homeologue) per TILLING assay using enzymatic mismatch cleavage for 
mutation discovery. In theory, multiple gene targets could be amplified and screened 
at the same time, however in practice it has been observed that this approach leads 
to the failure to detect mutations (Cooper et al. 2008). The same issue arises when 
screening closely related genes in diploids. Amplification of a single gene target can 
be accomplished by careful primer design (Slade et al. 2005), or by removing the 
undesired gene target by restriction digestion of the genomic DNA prior to PCR 
(Cooper et al. 2008). Lack of genome sequence data can also be considered a major 
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challenge. While inefficient, primers for TILLING can be developed using cDNA or 
EST sequence data. PCR products from primers are then tested to determine intron 
location and size. This is the strategy used for pilot projects at the STP, and by the 
Maize TILLING Project (http://genome.purdue.edu/maizetilling/index.htm).

One concern in implementing TILLING in breeding will be the mutational load, 
or the number of background mutations in a particular plant. Background mutations 
can modify, mask, or enhance the desired phenotype, or can produce an unlinked 
and unwanted phenotype. Knowing the mutation density from TILLING assays 
allows an estimation of the total number of mutations in a single plant. This infor-
mation can be used when deciding the best course of action to deal with 
background mutations for gene function studies and breeding. For example, using 
the mutation frequency for Arabidopsis mutants, it was estimated that through 
genotype segregation analysis of the progeny from a heterozygous mutation identified 
in the M

2
 generation, a phenotype would be misattributed at a frequency of ~0.0005 

(Henikoff and Comai 2003). Furthermore, using known recombination frequencies, 
the number of backcrosses required to remove the desired number of background 
mutations can be calculated. Because the majority of point mutations causing phe-
notypes are likely recessive, and background point mutations will be distributed 
randomly from plant to plant, a rapid strategy to remove the effects of background 
mutations is by crossing two strong alleles together as is done in a complementation 
or allelism test. This results in all background mutations becoming heterozygous. 
Because the probability that two plants randomly accumulated background mutations 
deleterious to the same gene is vanishingly small, the phenotypes resulting from the 
complementation cross can be attributed to the target gene with high confidence. 
This strategy is suggested by the Arabidopsis TILLING project for gene function 
analysis (http://tilling.fhcrc.org/files/FAQ.html).

For vegetatively propagated crops, the challenges of developing a suitable 
TILLING population mainly lie in the choice of mutagen, tissue to be mutagenized 
and the ability to either obtain a sufficient density of dominant mutations, or to cre-
ate double haploid plants. Work with vegetatively propagated crops is just begin-
ning and the information regarding efficient approaches will have to be gathered 
through trial and error. Where resources for in vitro techniques are limited, small 
TILLING populations can be generated and then rapidly screened, and only plant-
lets with interesting mutations maintained for further analysis. This live population 
strategy has been previously used for Drosophila and Zebrafish (Bentley et al. 
2000; Winkler et al. 2005; Wienholds et al. 2003).

13.5  The Role of TILLING in Orphan Crops

Understudied crops also known as orphan, underutilized, lost, or disadvantaged 
crops, play major roles in the economy of developing countries (Naylor et al. 
2004). They provide income for subsistence farmers and serve as staple food for 
largely low income consumers. Because of genetic diversity and localized selective 
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pressures not found in major crop monocultures, these under researched crops can 
perform better than major crops of the world under extreme soil and climatic con-
ditions prevalent in developing world, particularly in Africa (Ketema 1997; Nelson 
et al. 2004; Williams and Haq 2002). The robust phenotypes and underlying genetic 
information will likely become valuable as crop performance is affected by cli-
mate change.

13.5.1  The Need to Improve Orphan Crops

As their name suggests, despite their huge importance, understudied crops have 
so far received little attention from the scientific community. Due to lack of 
genetic improvement, these crops produce inferior yield in terms of quality and 
quantity. Moreover, some of these crops produce a variety of toxins which are 
hazardous to humans if consumed before post-harvest processing (Getahun et al. 
2003; Vetter 2000).

In general the major bottlenecks affecting the productivity of under-researched 
crops are genetic traits such as low yield (for example, in tef (Eragrostis tef), 
finger millet (Eleusine coracana)), poor in nutrition cassava (Manihot esculenta), 
enset (Ensete ventricosum)), and production of toxic substances (cassava and grass 
pea (Lathyrus sativus)). Environmental factors such as drought, soil acidity and 
salinity, pests, diseases and weeds also contribute for large loss in quality and 
quantity of yield. Hence, an agricultural revolution is needed to increase food 
production of understudied crops in order to feed the ever increasing population in 
the developing world.

13.5.2  TILLING Projects in Understudied Crops

The advancement of genomic techniques and information is making the process of 
moving an organism from “understudied” to “well-studied” easier than ever before. 
Genome sequencing projects are in progress or proposed for several understudied 
plant species (http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj), and col-
lections of cDNA and EST sequences continue to grow, enabling comparative 
genomics studies that can provide predictions regarding gene function. With 
sequence information and gene function predictions, TILLING becomes ideally 
suited for understudied species that lack many of the tools common to well studied 
species. Because it is a non-transgenic method, it can be easily incorporated into 
breeding programs without regulatory restrictions. In this section, we describe 
examples of progress in TILLING two understudied crops and describe unique 
challenges for these species.

Cassava (manioc; Manihot esculenta Crantz), a herbaceous plant with starchy 
tuberous storage roots and a major food security crop especially in sub-Saharan 
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Africa has an annual cultivation acreage of about 16 million hectares. The edible 
storage roots constitute the main source of dietary calories for about 500 million 
people in Africa, Asia and Latin America (http://www.ciat.cgiar.org/ciatinfocus/
cassava.htm). The estimated production for 2007 was 200 million tons (http://www.
fao.org/docrep/010/ah864e/ah864e06.htm#32). In addition to starch, the storage 
roots contain significant amounts of calcium, phosphorus and vitamin C (Nutrient 
Data Laboratory, USDA). The cassava plant is hardy, tolerant to drought and 
capable of producing far more meaningful yields under low input agriculture and 
on poor soils than most major crops. Cassava production is constrained by myriad 
problems, with the most significant being biotic stresses (principally bacterial and 
viral diseases). Additionally, the high contents of the anti-nutritional factor, cyano-
genic glucosides (CG) a deadly poison, coupled with low protein contents make the 
crop unsuitable as a staple. Another bottleneck to large-scale cultivation of cassava 
is the rapid post-harvest physiological deterioration – the production of scopoletin 
as a wound response mechanism which in turn darkens the roots within 48 h of 
harvest (Ceballos et al. 2004; Vetter 2000). Being the cheapest source of starch, the 
crop has potentials for replacing other starch sources for varied industries including 
pharmaceutical, textile, paper and bioethanol applications.

The Joint FAO/IAEA Programme has therefore initiated a TILLING project in 
cassava as a means for directly querying the putative mutants for lesions in target 
genes before further field trialling. The mutants developed jointly with International 
Centre for Tropical Agriculture (CIAT) are an important resource for developing the 
cassava TILLING and Ecotilling platforms. The cassava genome is currently being 
sequenced and the imminent increase in sequence information will lead to a routine 
integration of TILLING in cassava induced mutagenesis as a crop improvement 
strategy. Conversely, induced mutagenesis and efficient reverse genetics strategies 
such as TILLING will contribute significantly to a rapid use of the  bourgeoning 
sequence information in functional genomics studies in cassava.

Parallel to setting up the cassava TILLING platform, efforts are also being directed 
at mitigating the effects of chimerism in cassava mutants through the development of 
validated protocols for the integration of somatic embryogenesis in cassava mutagenesis. 
Protocols for profusely regenerating plantlets from friable embryogenic callus are 
available and current efforts target their adaptation to induced mutations (using both 
physical and chemical mutagens). Being able to eliminate chimeras, regenerating 
plantlets from a single mutagenised cell, will greatly enhance the predictive value of 
lesions that are identified through TILLING.

Tef (Eragrostis tef (Zucc.) Trotter) is grown annually on over 2.5 million hect-
ares of land mainly in Ethiopia. The plant adapts to diverse climatic and soil condi-
tions and grows better than other cereals both under drought and water-logged 
conditions (Ketema 1997). Unlike other cereals, the seeds of tef can be stored easily 
without losing viability under local storage conditions, since it is not attacked by 
storage pests (Ketema 1997). Tef is free of gluten hence safe for people with severe 
allergies to wheat gluten (NRC 1996; Spaenij-Dekking et al. 2005). Compared to 
other cereals, however, the average seed yield from tef is one of the lowest. Lodging 
is the major constraint to increasing the yield of tef (Ketema 1997).
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The tef TILLING project based at the University of Bern in Switzerland is 
recently initiated with financial support from Syngenta Foundation for Sustainable 
Agriculture and University of Bern, and scientific collaboration with University 
of Georgia, FAO/IAEA Programme, and Ethiopian Institute of Agricultural 
Research. The main goal of the project is to obtain semi-dwarf tetraploid tef lines 
which are resistant to crop lodging. Since tef has a tall and tender stem, it is 
susceptible to damage by wind and rain. In addition, when the optimum amount 
of fertilizer is applied to increase the yield, a high incidence of lodging occurs. 
As a consequence, the yield from the crop is severely reduced in terms of total 
grain yield and quality. In general, the yield loss due to lodging is estimated to 
about 30% for tef. So far, the project has generated over 4,000 M

2
 mutagenized 

lines to be utilized in TILLING.
The genes to be investigated are selected based on the information from other 

cereals. The dwarf plants of wheat that tremendously increased the yield during the 
Green Revolution in 1960s and 1970s contain the mutated Reduced height-1 
(Rht-B1 and Rht-D1) gene (Peng et al. 1999). The commercially popular rice 
cultivar known as semi-dwarf (sd-1), is also defective in a gene involved in gibberellin 
biosynthesis (Spielmeyer et al. 2002). In addition, the maize brachytic2 (br2) 
mutants and its ortholog in sorghum dwarf3 (dw3) are also characterized by 
compact lower stalk internodes (Multani et al. 2003). The height reduction in these 
plants results from the loss of a P-glycoprotein (PGP) that modulates polar auxin 
transport in maize stalk (Multani et al. 2003). The Tef TILLING Project will identify 
from tef several of the orthologous genes indicated above and use the sequence 
information to screen the mutagenized population. The ability to create dwarf tef 
by TILLING should have a positive impact on yield when combined with 
optimized fertilizer use.

13.6  Ecotilling

The same methods that were developed for high throughput TILLING can be 
applied for the discovery of natural nucleotide polymorpshisms in populations. 
Proof of principle experiments were performed with 196 Arabidopsis accessions 
known as ecotypes, where the name Ecotilling derives. Screening revealed that 
multiple polymorphisms, including SNPs, indels (insertion and deletions) and 
variation in microsatellite repeat number could be efficiently discovered within a 
single amplicon, contrary to what might be expected from nuclease cleavage of 
end-labeled DNA (Comai et al. 2004). It was hypothesized that the ability to 
observe multiple cleaved fragments from end labelled substrates was due to incom-
plete digestion by CEL I on any one duplexed DNA molecule in the population of 
molecules being digested. A total of 55 distinct haplotypes were discovered in five 
~1 kb Arabidopsis gene fragments. To unambiguously assign haplotypes to indi-
vidual plants, samples were not pooled prior to screening. To uncover homozygous 
polymorphisms between samples, and equal concentration of DNA from the 
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sequenced Columbia accession was added to each sample. Screening therefore 
revealed unique polymorphisms between the test sample and the known sequence 
of the Columbia reference. Based on comparisons with data collected by Sanger 
sequencing, it was concluded that low false positive and false negative error rates 
were associated with Ecotilling.

The accuracy of the Ecotilling method was further explored in a blind study for 
human SNPs in a collection of samples previously characterized by resequencing 
(Till et al. 2006a). Five ~ 1.5 kb gene targets were selected for Ecotilling that over-
lapped regions in genes that were part of a Sanger-based resequencing SNP discov-
ery effort by another group. Ninety samples were in common between the 
resequencing and Ecotilling data sets. A 4% false discovery and 2% false negative 
error negative rate was reported for screening unpooled samples. Samples pooled 
eightfold were screened to increase the efficiency of discovering rare SNPs that 
may be involved in human disease, and 2% false discovery and 7% false negative 
error rates were reported. Importantly, new rare alleles were discovered by 
Ecotilling that went unreported in the resequencing data, suggesting that the high 
sensitivity of Ecotilling makes it a useful strategy for discovering rare alleles such 
as those associated with cancer. Using estimates based on cost-recovery fees from 
large-scale TILLING services, it was estimated that a large scale effort to identify 
rare cancer mutations by Ecotilling would be ~50-fold less expensive than by using 
traditional Sanger sequencing.

One important difference between TILLING and Ecotilling is the amount of 
data that is produced. For a well mutagenzied diploid population, one can expect to 
find approximately four induced mutations when screening a 1.5 kb region in 768 
individuals. The Ecotilling work in Arabidopsis and humans revealed hundreds of 
polymorphisms when screening 96 samples with a 1.5 kb gene target. With an 
informatics load increase approaching two orders of magnitude, the task of identifying 
and managing polymorphic bands in Ecotilling data can become a bottleneck. 
To aid in the analysis of Ecotilling gels, the GelBuddy program was developed for 
the analysis of Li-Cor gel images (Zerr and Henikoff 2005). The freely available 
program provides automated lane identification and molecular weight calibration, 
plus both manual and automated polymorphism band discovery (Till et al. 2006a, 
www.gelbuddy.org). Importantly, automated band detection discovered a few 
polymorphisms that were overlooked during manual analysis. While the overall 
accuracy was lower for automated band detection than by an expertly trained 
human, the method is objective and can be combined with manual editing to 
achieve low error rates and reduce data analysis labor.

As with TILLING, the use of the Ecotilling method continues to grow as it is 
applied to new organisms. Indeed, natural populations may be the best or only 
resource to study and exploit nucleotide diversity in species where mutagenesis is 
difficult or impossible. For example, Ecotilling was used to characterize nucleotide 
variation in 41 accessions of western black cottonwood (Populus trichocarpa), to 
estimate linkage disequilbrium, heterozygosity and nucleotide diversity (Gilchrist 
et al. 2006b). At the FAO/IAEA joint programme, Ecotilling is being applied to 
accessions of banana, cassava, and rice with the hopes that alleles important for 
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biotic and abiotic stress response can be identified. This work is progressing as 
mutagenized populations for TILLING are being developed, and so data gathered 
in Ecotilling can be used when choosing targets to screen for induced mutations 
(Till, BJ, Jankowicz-Cieslak, J, Nakitandwe, J, Bado, S, Afza, R, and Mba C, 
unpublished). Nieto and colleagues used Ecotilling to screen for candidate poly-
morphisms in melon associated with resistance to Melon necrotic spot virus (Nieto 
et al. 2007). A modification of the Ecotilling method using CEL I double strand 
cutting and an agarose gel readout platform was used to characterize salmon 
(Garvin and Gharrett 2007). The ability to incorporate Ecotilling into a production 
screening pipeline is exemplified by the Maize Tilling Project, that now includes 
screening 48 maize accessions with standard TILLING screens (http://genome.
purdue.edu/maizetilling/EcoTILLING.htm). The characterization and exploitation 
of natural nucleotide diversity will undoubtedly play an important role in crop 
improvement in the twenty-first century.

13.7  Conclusions

In less than a decade, TILLING has moved from a proof of concept to a well accepted 
reverse genetic method that has been applied to over 20 different species. Large-scale 
TILLING services have delivered thousands of induced mutations to the international 
research community. Ecotilling has also grown in popularity. With increasing 
pressures on crop productivity expected in the twenty-first century, we predict the use 
of induced and natural mutation to elucidate gene function and to enhance phenotypes 
will continue to gain in importance. TILLING and Ecotilling can provide enhanced 
efficiencies to breeding pipelines and will therefore be useful in meeting expected 
demands. The advancement of new mutation discovery techniques should provide 
further improvements to the TILLING and Ecotilling processes.

Acknowledgements ZT is grateful to Syngenta Foundation for Sustainable Agriculture and 
University of Bern for financial support to the Tef Biotechnology Project. The Food and 
Agriculture Organization of the United Nations and the International Atomic Energy Agency 
through their Joint FAO/IAEA Programme of Nuclear Techniques in Food and Agriculture pro-
vide generous support for induced crop mutagenesis activities; this makes the work of BT and CM 
possible at the Agency’s laboratories in Seibersdorf, Austria.

References

Ahloowalia BS, Maluszynski M, Nichterlein K (2004) Global impact of mutation derived varieties. 
Euphytica 135:187–204

Albert TJ, Molla MN, Muzny DM et al. (2007) Direct selection of human genomic loci by 
microarray hybridization. Nat Methods 4:903–905

Bauer R (1957) The induction of vegetative mutations in Ribes nigrum. Hereditas 43:323–337
Bentley A, MacLennan B, Calvo J et al. (2000) Targeted recovery of mutations in Drosophila. 

Genetics 156:1169–1173



330 Z. Tadele et al.

Caldwell DG, McCallum N, Shaw P et al. (2004) A structured mutant population for forward and 
reverse genetics in barley (Hordeum vulgare L.). Plant J. 40:143–150

Ceballos H, Iglesias CA, Pérez JC et al. (2004) Cassava breeding: opportunities and challenges. 
Plant Mol Biol 56:503–516

CNAP, Centre for Novel Agricultural Products (2006) CNAP Artemisia Project. Press pack. The 
University of York, UK

Colbert T, Till BJ, Tompa R et al. (2001) High-throughput screening for induced point mutations 
Plant Physiol 126:480–484

Comai L Young K, Reynolds SH et al. (2004) Efficient discovery of DNA polymorphisms in natural 
populations by ecotilling. Plant J 37:778–86

Conway G, Toenniessen G (1999) Feeding the world in the twenty-first century. Nature 402:C55–C58
Cooper JL, Till BJ, Laport RG et al. (2008) TILLING to detect induced mutations in soybean. 

BMC Plant Biol 8:9
Enserink M (2007) Malaria treatments: ACT two. Science 318:560–563
FAO, Food and Agricultural Organization (2002) World agriculture: towards 2015/2030. FAO, 

Rome
Forster BP, Heberle-Bors E, Kasha KJ et al. (2007) The resurgence of haploids in higher plants. 

Trends Plant Sci 12:368–375
Gale M (2002) Applications of molecular biology and genomics to geneticenhancement of crop 

tolerance to abiotic stress – a discussion document. Food and Agriculture Organization of the 
United Nations, Rome

Garvin MR, Gharrett AJ (2007) DEco-TILLING: an inexpensive method for single nucleotide 
polymorphism discovery that reduces ascertainment bias. Mol Ecol Notes 7:735–746

Gaul H (1958) Present aspects of induced mutations in plant breeding. Euphytica 7:275–289
Getahun H, Lambein F, Vanhoorne M et al. (2003) Food-aid cereals to reduce neurolathyrism 

related to grasspea preparations during famine. Lancet 362:1808–1810
Gilchrist EJ, O’Neil NJ, Rose AM et al. (2006a) TILLING is an effective reverse genetics 

technique for Caenorhabditis elegans. BMC Genomics 7:262
Gilchrist EJ, Haughn GW, Ying CC et al. (2006b) Use of Ecotilling as an efficient SNP discovery 

tool to survey genetic variation in wild populations of Populus trichocarpa. Mol Ecol 
15:1367–1378

Greene EA, Codomo CA, Taylor NE et al. (2003) Spectrum of chemically induced mutations from 
a large-scale reverse-genetic screen in Arabidopsis. Genetics 164:731–740

Hall N (2007) Advanced sequencing technologies and their wider impact in microbiology. J Expt 
Biol 209:1518–1525

Henikoff S, Comai L (2003) Single-nucleotide mutations for plant functional genomics. Annu Rev 
Plant Biol 54:375–401

Hough LF, Weaver GM (1959) Irradiation as an aid in fruit variety improvement: I. Mutations in 
the Peach. J Hered 50:59–62

IFPRI, International Food Policy Research Institute (2002) Green Revolution: curse or blessing? 
IFPRI, Washington DC

Ketema S (1997) Tef [(Eragrostis tef (Zucc.)Trotter]. Promoting the conservation and use of 
underutilized and neglected crops. 12. Institute of Plant Genetics and Crop Plant Research, 
Gatersleben/International Plant Genetic Resources institute, Rome, Italy. 50 pp

Konzak CF (1957) Genetic effects of radiation on higher plants. Q Rev Biol 32:27–45
Li X, Song Y, Century K et al. (2001) A fast neutron deletion mutagenesis-based reverse genetics 

system for plants. Plant J 27:235–242
Mac-Key J (1956) Mutation Breeding in Europe. Brookhaven Symp Biol 9:141–156
Maluszynski M, Nichterlein K, van Zanten L et al. (2000) Officially released mutant varieties – 

the FAO/IAEA Database. Mut Breed Rev 12:1–84
Maluszynski M, Kasha KJ, Szarejko I (2003) Published doubled haploid protocols in plant spe-

cies. In: Maluszynski M, Kasha KJ, Forster BP, Szarejko I (eds) Doubled hapolid production 
in crop plants: a manual. Kluwer Academic, Dordrecht, The Netherlands, pp 309–335



33113 TILLING for Mutations in Model Plants and Crops

McCallum CM, Comai L, Greene EA et al. (2000a) Targeted screening for induced mutations. Nat 
Biotechnol 18:455–457

McCallum CM, Comai L, Greene EA et al. (2000b) Targeting induced local lesions IN genomes 
(TILLING) for plant functional genomics. Plant Physiol 123:439–442

Micke A, Donini B (1993) Induced Mutations. In: Hayward MD, Bosemark NO, Romagosa I 
(eds) Plant Breeding, Principles and Prospects. Chapman and Hall, London, UK, pp 52–62

Miksche JP, Shapiro S (1963) Use of neutron irradiations in the Brookhaven Mutations Program. 
Technical Report. From International Atomic Energy Agency Symposium on the Biological 
Effects of Neutron Irradiations, Upton, NY

Muller HJ (1928) The measurement of gene mutation rate in Drosophila, its high variability, and 
its dependence upon temperature. Genetics 13:279–357

Multani DBS, Briggs SP, Chamberlin MA et al. (2003) Loss of an MDR Transporter in Compact 
Stalks of Maize br2 and Sorghum dw3 Mutants. Science 302:81–84

Naito K, Kusaba M, Shikazono N et al. (2005) Transmissible and nontransmissible mutations induced by 
irradiating Arabidopsis thaliana pollen with gamma-rays and carbon ions. Genetics 169:881–889

Naylor RL, Falcon WP, Goodman RM et al. (2004) Biotechnology in the developing world: a case 
for increased investments in orphan crops. Food Policy 29:15–44

Nelson RJ, Rosamond L, Naylor RL et al. (2004) The role of genomics research in improvement 
of “orphan” crops. Crop Sci 44:1901–1904

Nickell LG (1956) The continuous submerged cultivation of plant tissue as single cells. Proc Nat 
Acad Sci U S A 42:848–850

Nieto C, Piron F, Dalmais M et al. (2007) EcoTILLING for the identification of allelic variants of 
melon eIF4E, a factor that controls virus susceptibility. BMC Plant Biol 7:34

Ng PC, Henikoff S (2003) SIFT: Predicting amino acid changes that affect protein function. 
Nucleic Acids Res 31:3812–3814

Novak FJ, Afza R, Van Duren M et al. (1990) Mutation induction by gamma irradiation of in vitro 
cultured shoot-tips of banana and plantain (Musa cvs). Top Agric (Trinidad) 60(1):21–28

NRC (National Research Council) (1996) Tef. In: Lost crops of Africa.Vol. I.: Grains. National 
Academy of Press, Washington DC. Nutrient Data Laboratory, United States Department of 
Agriculture pp 215–235. http://www.nutritiondata.com/facts-C00001-01c20cX.html#nutrients-
per-serving. Accessed May 20, 2008

Peng J, Richards DE, Hartley NM et al. (1999) Green revolution genes encode mutant gibberellin 
response modulators. Nature 400:258–261

Perry JA, Wang TL, Welham TJ et al. (2003) A TILLING reverse genetics tool and a web-accessible 
collection of mutants of the legume Lotus japonicus. Plant Physiol. 131:866–871

Roux NS (2004) Mutation Induction in Musa. In: Jain SM, Swennen, R (eds) Banana improvement: 
cellular, molecular biology and induced mutations. Science Publishers Inc., Enfield, NH, USA, 
pp 23–32

Rozen S, Skaletsky H (2000) Primer3 on the WWW for general users and for biologist program-
mers. Methods Mol Biol 132:365–386

Sasaki A, Ashikari M, Ueguchi-Tanaka M et al. (2002) Green revolution: a mutant gibberellin-
synthesis gene in rice. Nature 416:701–702

Sato Y, Shirasawa K, Takahashi Y, Nishimura M, Nishio T (2006) Mutant selection from progeny 
of gamma-ray-irradiated rice by DNA heteroduplex cleavage using Brassica Petiole extract. 
Breed Science 56:179–183

Shendure JA, Porreca GJ, Church GM (2008) Overview of DNA sequencing strategies. Curr 
Protoc Mol Biol Chapter 7:Unit 7.1

Singleton WR (1955) The contribution of radiation genetics to agriculture. Agronomy J 47:113–117
Slade AJ, Fuerstenberg SI, Loeffler D et al. (2005) A reverse genetic, Nontransgenic approach to 

wheat crop improvement by TILLING. Nat Biotechnol. 23:75–81
Smith HH (1958) Radiation in the production of useful mutations. Bot Rev 24:1–24
Spaenij-Dekking L, KooyWinkelaar Y, Koning F (2005) The Ethiopian cereal tef in celiac disease. 

New Engl J Med 353:1748–1749



332 Z. Tadele et al.

Sparrow AH (1956) Cytological changes induced by ionizing radiations and their possible 
relation to the production of useful mutations in plants. Work Conference on Radiation 
Induced Mutations. Biology Department, Brookhaven National Laboratory, Upton,  
New York, pp 76–113

Spielmeyer W, Ellis MH, Chandler PM (2002) Semidwarf (sd-1), “green revolution”rice, contains 
a defective gibberellin 20-oxidase gene. Proc Nat Acad Sci U S A 99:9043–9048

Suzuki T, Eiguchi M, Kumamaru T, Satoh H, Matsusaka H, Moriguchi K, Nagato Y, Kurata N 
(2008) MNU-induced mutant pools and high performance TILLING enable finding of any 
gene mutation in rice. Mol Genet Genomics 279:213–223

Szarejko I, Forster BP (2007) Doubled haploidy and induced mutation. Euphytica158:359–370
Taylor NE, Greene EA (2003) PARSESNP: A tool for the analysis of nucleotide polymorphisms. 

Nucleic Acids Res 31:3808–3811
Till BJ, Reynolds SH, Greene EA et al. (2003) Large-scale discovery of induced point mutations 

with high-throughput TILLING. Genome Res 13:524–530
Till BJ, Reynolds SH, Weil C et al. (2004a) Discovery of induced point mutations in maize genes 

by TILLING. BMC Plant Biol 4:12
Till BJ, Burtner C, Comai L et al. (2004b) Mismatch cleavage by single-strand specific nucleases. 

Nucleic Acids Res 32:2632–2641
Till BJ, Zerr T, Bowers E et al. (2006a) High-throughput discovery of rare human nucleotide 

polymorphisms by Ecotilling. Nucleic Acids Res 34:e99
Till BJ, Zerr T, Comai L et al. (2006b) A protocol for TILLING and Ecotilling in plants and ani-

mals. Nat Protoc 1:2465–2477
Till BJ, Cooper J, Tai TH et al. (2007) Discovery of chemically induced mutations in rice by 

TILLING. BMC Plant Biol 7:19
Triques K, Sturbois B, Gallais S et al. (2007) Characterization of Arabidopsis thaliana mismatch spe-

cific endonucleases: application to mutation discovery by TILLING in pea. Plant J 51:1116–1125
United Nations (2007) World population prospects, the 2006 revision. United Nations Department 

of Economic and Social Affairs, New York
Van Harten AM (1998) Mutation Breeding: Theory and Practical Applications. Cambridge 

University Press, Cambridge, UK, pp 353
Vetter J (2000) Plant cyanogenic glycosides. Toxocon 38:11–36
von Braun J, Pachauri RK (2006) The Promises and Challenges of Biofuels for the Poor in 

Developing Countries. International Food Policy Institute, Washington DC
Wang Y, Li J (2006) Genes controlling plant architecture. Curr Opin Biotechnol 17:123–129
Wienholds E, Schulte-Merker S et al. (2002) Target-selected inactivation of the zebrafish rag1 

gene. Science 297:99–102
Wienholds E, van Eeden F, Kosters M et al. (2003) Efficient target-selected mutagenesis in 

zebrafish. Genome Res 13:2700–2707
Williams JT, Haq N (2002) Global research on underutilized crops. An assessment of current 

activities and proposals for enhanced cooperation. ICUC, Southampton, UK
Winkler S, Schwabedissen A, Backasch D et al. (2005) Target-selected mutant screen by TILLING 

in Drosophila. Genome Res15:718–723
Ye X, Al-Babili S, Klöti A et al. (2000) Engineering the provitamin A (beta-carotene) biosynthetic 

pathway into (carotenoid-free) rice endosperm. Science 287:303–305
Zerr T, Henikoff S (2005) Automated band mapping in electrophoretic gel images using 

background information. Nucleic Acids Res 33:2806–2812



333

Abstract Plants respond and adapt to drought, high-salinity and cold stresses 
in order to survive. Molecular and genomic studies have shown that many genes 
with various functions are induced by drought, high-salinity and cold stresses, and 
that the various signaling factors including transcription factors are involved in 
the stress responses. The development of microarray-based expression profiling 
methods has allowed significant progress in the characterization of the plant stress 
response. Genetic engineering of the stress-inducible genes has become one of the 
promising strategies for the molecular breeding of the stress-tolerant plants. In this 
review, we highlight the application of the microarray analysis to the understanding 
of the plant abiotic stress responses and tolerance.

14.1  Introduction

Plant growth is greatly affected by environmental abiotic stresses, such as drought, 
high salinity and low temperature. Plants must adapt to these stresses in order to 
survive. Expression of a variety of genes is induced by these stresses in various 
plants and several hundred genes that respond to these stresses at the transcriptional 
level have been identified using microarray technology and so on (Shinozaki and 
Yamaguchi-Shinozaki 2000; Kreps et al. 2002; Seki et al. 2002a, 2003; Xiong et al. 
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2002; Zhu 2002; Shinozaki et al. 2003; Lee et al. 2005; Fig. 14.1). It is important 
to analyze the functions of stress-inducible genes not only to understand the molec-
ular mechanisms of stress tolerance and the responses of higher plants but also to 
improve the stress tolerance of crops by gene manipulation. Stress-inducible genes 
have been used to improve the stress tolerance of transgenic plants (Zhang 2003; 
Umezawa et al. 2006; Valliyodan and Nguyen 2006; Fig. 14.1). Identification of the 
stress-co-regulated genes by microarray analysis is useful for identifying the cis-
acting elements (Simpson et al. 2003) and helps us to understand the molecular 
mechanisms of the stress responses (Fig. 14.1).

DNA microarrays are useful for identifying the downstream target genes of the 
stress-related transcription factors and also for identifying potential cis-acting 
DNA-elements by combining the expression data with the genomic sequence data 
(Seki et al. 2001; Maruyama et al. 2004; Fig. 14.1). Many knock-out mutants with 
the stress-tolerant and the stress-sensitive phenotypes have been identified by 
genetic or reverse genetic approaches (Bartels and Sunkar 2005). Microarray analy-
sis of the mutants have identified the genes that are regulated at the transcriptional 
level by the signaling components and helped us understand the regulatory net-
works in the abiotic stress responses (Fig. 14.1).

In this chapter, we summarize recent progress on the microarray analysis for the 
drought, cold and high-salinity stress responses in a model plant, Arabidopsis.

14.2  Identification of the Genes Upregulated by the Stresses

Microarray technology is a powerful tool for the systematic analysis of expression 
profiles of large numbers of genes (Richmond and Somerville 2000; Seki et al. 
2004). Several hundred genes that respond to drought, cold and high-salinity 
stresses have been identified at the transcriptional level by microarray technology 
in Arabidopsis (Fowler and Thomashow 2002; Kreps et al. 2002; Seki et al. 2002a; 

Fig. 14.1 The application of microarray analysis
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Lee et al. 2005). Abiotic stress-responsive genes have also been identified in other 
plant species, such as an Arabidopsis-related halophyte, Thellungiella halophila 
(Inan et al. 2004; Taji et al. 2004; Gong et al. 2005; Wong et al. 2006), barley (Oztur 
et al. 2002), chickpea (Mantri et al. 2007), grapevine (Cramer et al. 2007), hot pep-
per (Hwang et al. 2005), maize (Wang et al. 2003; Yu and Setter 2003), pine 
(Watkinson et al. 2003), Poncirus trifoliata (Sahin-Cevik and Moore 2006), poplar 
(Gu et al. 2004; Brosche et al. 2005), potato (Rensink et al. 2005), rice (Kawasaki 
et al. 2001; Rabbani et al. 2003; Lan et al. 2005), sorghum (Buchanan et al. 2005) 
and wheat (Gulick et al. 2005; Kawaura et al. 2006).

The products of the drought-, high-salinity- and cold-stress-inducible genes can 
be classified into two groups (Shinozaki and Yamaguchi-Shinozaki 2000; Seki et al. 
2002a; 2003). The first group includes functional proteins that probably function in 
stress tolerance. They include late embryogenesis abundant (LEA) proteins, chap-
erones, water channel proteins, transporters, detoxification enzymes, key enzymes 
for osmolyte biosynthesis and proteases. The second group contains regulatory 
proteins, that is, protein factors involved in further regulation of signal transduction 
and gene expression that probably function in the stress response (Shinozaki and 
Yamaguchi-Shinozaki 2000; Seki et al. 2002a, 2003). They include various tran-
scription factors, protein kinases, protein phosphatases, enzymes involved in phos-
pholipid metabolism, F-box proteins, and other signaling molecules, such as 
calmodulin-binding protein (Seki et al. 2002a). Many stress-inducible transcription 
factor genes were identified, suggesting that various transcriptional regulatory 
mechanisms function in regulating drought, cold, or high salinity stress signal 
transduction pathways. Several reviews on the transcriptome in abiotic stress condi-
tions in higher plants have been published recently (Bray 2002; Ramanjulu and 
Bartels 2002; Hazen et al. 2003; Seki et al. 2003, 2004, 2005; Yamaguchi-Shinozaki 
and Shinozaki 2005, 2006).

14.3  Transcriptome Analysis for the Stress-Inducible 
Transcription Factor Genes

14.3.1  Stress-Inducible Transcription Factors

Transcription factors play important roles in plant responses to environmental 
stresses and its development. Transcription factors are sequence-specific DNA-
binding proteins that are capable of activating and/or repressing transcription. The 
Arabidopsis genome encodes more than 1,500 transcription factors (Riechmann 
et al. 2000; Iida et al. 2005) and a number of transcription factor families have been 
implicated in plant stress responses (Shinozaki et al. 2003; Yamaguchi-Shinozaki 
and Shinozaki 2005, 2006). Microarray analysis has also revealed many stress-
inducible transcription factor genes and demonstrated overlap among various 
stress- or hormone-signaling pathways (Seki et al. 2001, 2002a, b, 2004; Chen et al. 
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2002; Cheong et al. 2002; Shinozaki et al. 2003). The major transcription factor 
families that are induced by the abiotic stresses are ERF/AP2, bZIP, NAC, MYB, 
bHLH, Cys2Cys2 zinc-finger, Cys2His2 zinc-finger, WRKY, HB and HSF. These 
transcription factors probably govern expression of stress-inducible genes either 
cooperatively or independently, and may constitute gene networks in drought, cold 
and high-salinity stress responses in Arabidopsis.

14.3.2  Identifying the Target Genes of Transcription Factors

DNA microarrays are useful for identifying the downstream target genes of the 
stress-related transcription factors. The stress-inducible transcription factors and 
cis-acting elements in the promoters of its target genes function in the signal 
transduction network from perception of stress signals to stress-responsive gene 
expression. DNA microarrays are also useful to identify potential cis-acting DNA 
elements by combining the expression data with the genomic sequence data in 
several plant species, such as Arabidopsis and rice in which the complete genomic 
sequence was determined.

Target genes of many abiotic stress-related transcription factors in Arabidopsis 
have been studied by microarray analysis (Table 14.1). The microarray analysis has 
also been used for identification of the target genes of rice (OsDREB1A, Dubouzet 
et al. 2003; Ito et al. 2006) and Brassica (DREB1/CBF homologs, BNCBF5 and 17, 
Savitch et al. 2005) stress-related transcription factors. Recent progress in transcrip-
tome analysis for the stress-related transcription factors is summarized below.

Transcription factors belonging to the ERF/AP2 family that bind to the DRE/
CRT elements were isolated and termed DREB1/CBF and DREB2 (Yamaguchi-
Shinozaki and Shinozaki 2005). Their conserved DNA-binding motif is A/
GCCGAC. The DREB1/CBF genes are rapidly and transiently induced by cold 
stress, the products of which activate the expression of the target stress-inducible 
genes (Jaglo-Ottosen et al. 1998; Liu et al. 1998; Kasuga et al. 1999). Overexpression 
of DREB1/CBF in transgenic plants increased stress tolerance to freezing, drought 
and salt stresses, indicating that the DREB1/CBF proteins function in the acquire-
ment of the stress tolerance (Liu et al. 1998). More than 40 target genes of DREB1/
CBF have been identified by both cDNA and GeneChip microarray analysis (Seki 
et al. 2001; Fowler and Thomashow 2002; Maruyama et al. 2004; Vogel et al. 
2005). The downstream target genes include C2H2 zinc-finger-type- and ERF/
AP2-type- TFs, RNA-binding proteins, sugar transport proteins, LEA proteins, 
KIN (cold-inducible) proteins, RFO (raffinose family oligosaccharides)- 
biosynthesis-related proteins and protease inhibitors. Conserved sequences in the 
promoter regions of the DREB1A/CBF3 target genes were searched, and A/
GCCGACNT was found in their promoter regions between -51 and -450 as a con-
sensus DRE (dehydration-responsive element) (Maruyama et al. 2004).

Constitutive expression of a zinc-finger-type transcription factor, ZAT12/RHL41 
in Arabidopsis caused a small, but reproducible, increase in freezing tolerance 
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(Vogel et al. 2005). Microarray analysis showed that many cold-, oxidative- or light 
stress-responsive genes are upregulated in the overexpressor (Davletova et al. 2005; 
Vogel et al. 2005), indicating an important role for the ZAT12 regulon in cold accli-
mation and reactive oxygen stress signaling. ZAT12 also downregulated the expres-
sion of the DREB1/CBF genes (Vogel et al. 2005), indicating a role for ZAT12 in a 
negative regulatory circuit that dampens expression of the DREB1/CBF cold 
response pathway.

The INDUCER OF CBF EXPRESSION1 (ICE1) gene was identified through the 
map-based cloning of the Arabidopsis ice1 mutation, which affected the expression 
of the CBF3/DREB1A promoter::LUC transgenic plants (Chinnusamy et al. 2003). 
ICE1 encodes a MYC-type bHLH transcription factor that regulates the expression 
of CBF3/DREB1A genes. Microarray analysis showed that among 939 cold-regu-
lated genes, the expression of 369 genes including many transcription factor ones 
was affected in the ice1 mutant (Lee et al. 2005), suggesting that ICE1 may control 
many cold-responsive regulons. Overexpression of ICE1 in transgenic plants 
resulted in improved freezing tolerance, supporting an important role for ICE1 in 
the cold stress response (Chinnusamy et al. 2003).

The ERF/AP2-type transcription factor DREB2 also recognizes the DRE 
sequence and is thought to be a major transcription factor functioning under 
drought- and high-salinity-stress conditions (Liu et al. 1998; Sakuma et al. 2002). 
Overexpression of the constitutive active forms of DREB2A (35S:DREB2A CA) 
increased tolerance to drought (Sakuma et al. 2006a) and heat stress (Sakuma et al. 
2006b), and induces expression of many stress-responsive genes (Sakuma et al. 
2006a, b). The downstream target genes include ones encoding LEA proteins, 
dehydrins, COR15A, RFO (raffinose family oligosaccharides)-biosynthesis-related 
protein, and heat-shock-related proteins. These results indicate that DREB2A func-
tions in both water and heat-stress responses.

The bZIP-type transcription factors ABRE-binding protein (AREB)/ABRE-
binding factor (ABF) can bind to ABRE (ABA-responsive element; PyACGTGGC) 
and activate ABA-dependent gene expression (Uno et al. 2000; Choi et al. 2000). 
Overexpression of ABF3 and ABF4/AREB2 resulted in ABA-hypersensitive and 
drought stress tolerance phenotypes in Arabidopsis (Kang et al. 2002). 
Overexpression of AREB1/ABF2 in transgenic plants is not necessary to activate 
its downstream genes such as RD29B. Transgenic Arabidopsis plants overexpress-
ing an active AREB1 form with internal deletion for overcoming the masked trans-
activation activity showed ABA hypersensitivity and enhanced drought tolerance, 
and eight genes in two groups were upregulated: LEA class genes and ABA- and 
dehydration-inducible regulatory genes such as linker histone H1 and AAA 
ATPase (Fujita et al. 2005). These eight upregulated genes carry two or more 
ABRE motifs in the promoter regions. A Myc transcription factor, AtMYC2 
(JIN1, Jasmonate Insensitive 1), and a MYB transcription factor, AtMYB2, bind 
to cis-elements in the promoter of the drought-inducible gene RD22, and activate 
RD22 in a cooperative manner (Abe et al. 1997). The transgenic plants overex-
pressing AtMYC2 and/or AtMYB2 cDNAs have higher sensitivity to ABA (Abe 
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et al. 2003). Microarray analysis of the transgenic plants overexpressing AtMYC2 
and/or AtMYB2 revealed that several ABA-inducible genes carrying the MYC 
recognition sequence (CANNTG) and the MYB recognition sequences (A/TAACCA 
and C/TAACG/TG) in the promoter regions were upregulated in the transgenic 
plants. Ds insertion mutant of the AtMYC2 gene was less sensitive to ABA and 
showed significantly decreased ABA-induced gene expression of RD22 and 
AtADH1. These results indicated that both AtMYC2 and AtMYB2 function as 
transcriptional activators in ABA-inducible gene expression under drought stress 
conditions in plants.

A MYB transcription factor, AtMYB60, is specifically expressed in guard cells, 
and its expression is negatively modulated during drought (Cominelli et al. 2005). 
A null mutation in AtMYB60 results in the constitutive reduction of stomatal 
opening and in decreased wilting under water stress conditions. A microarray 
experiment showed that a number of genes such as the aquaporin delta-tonoplast 
intrinsic protein gene (d-TIP) is upregulated in the mutant, indicating that 
AtMYB60 is a transcriptional modulator of physiological responses in guard cells 
(Cominelli et al. 2005).

A mutation in a MYB transcription factor, HOS10, results in high-level expression 
of RD29A and other stress-responsive genes by ABA, low temperature and salt 
stress (Zhu et al. 2005). The hos10 plants are extremely sensitive to freezing 
temperatures, completely unable to acclimate to the cold, and are hypersensitive to 
NaCl. The transcript level of NCED3 encoding a key enzyme in ABA biosynthesis 
is much less in hos10 than in wild-type after PEG-induced dehydration stress, 
suggesting that HOS10 controls expression of genes involved in ABA biosynthesis 
under dehydration stress (Zhu et al. 2005).

The transgenic plants overexpressing a MYB transcription factor, AtMYB41, 
showed a dwarf appearance, dependent on smaller cells with abnormal morphology, 
enhanced sensitivity to desiccation, and enhanced permeability of leaf surfaces, 
suggesting discontinuity in the cuticle (Cominelli et al. 2008). AtMYB41-regulated 
genes included ones involved in lipid metabolism and transport, cell-wall modifications, 
and cuticle metabolism, suggesting that AtMYB41 partly controls cell expansion 
and cuticle deposition in response to abiotic stress.

A mutation in a homeodomain transcription factor, HOS9, results in high-level 
expression of RD29A by low temperature, but not by ABA or salinity stress (Zhu 
et al. 2004). The hos9 plants are more sensitive to freezing than the wild-type 
plants. Microarray analysis showed that none of the genes affected by hos9 muta-
tion are controlled by the DREB1/CBF family (Zhu et al. 2004), suggesting that 
HOS9 is important for freezing tolerance by affecting the activity of genes indepen-
dent of the DREB1/CBF pathway.

Several dehydration-inducible genes, such as early response to dehydration 1 
(ERD1) encoding a Clp protease regulatory subunit, ClpD, do not respond to either 
cold or ABA treatment. Promoter analysis of ERD1 revealed that two different 
novel cis-acting elements, a MYC-like sequence (CATGTG) and a 14-bp rps1 
site 1-like sequence (CACTAAATTGTCAC), are involved in induction by dehy-
dration stress (Simpson et al. 2003). Three cDNAs encoding the MYC-like 
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sequence-binding proteins, ANAC019, ANAC055 and ANAC072, which belong to 
the NAC transcription factor family, were isolated by the yeast one-hybrid 
screening method (Tran et al. 2004). Microarray analysis of the transgenic plants 
overexpressing either ANAC019, ANAC055, or ANAC072/RD26 revealed that 
several stress-inducible genes were upregulated in the transgenic plants (Fujita 
et al. 2004; Tran et al. 2004), and the plants showed significantly increased 
drought tolerance (Tran et al. 2004). However, ERD1 was not upregulated in the 
transgenic plants. A cDNA encoding the 14-bp-rps1-site 1-like sequence-binding 
protein, ZFHD1, which belongs to the zinc-finger homeodomain (ZFHD) tran-
scription factor family, was isolated by the yeast one-hybrid screening method 
(Tran et al. 2007a). ZFHD1-overexpressing plants displayed an increased toler-
ance to drought stress. Expression of ERD1 was not upregulated in the overex-
pressors of the ZFHD1, but upregulated in the co-overexpressors of both the 
ZFHD1 and NAC genes. These results indicate that both cis-acting elements are 
necessary for expression of ERD1.

Several recent reviews are available on the roles of the transcription factors in 
the abiotic stress signaling and the expression profiling results (Shinozaki et al. 
2003; Bartels and Sunkar 2005; Seki et al. 2005; Yamaguchi-Shinozaki and 
Shinozaki 2005, 2006; Umezawa et al. 2006). Information on the target genes is 
useful for understanding the transcriptional regulatory networks in cellular 
responses to the abiotic stresses.

14.4  Analysis of the Transcriptome Regulated  
by the Regulatory Proteins

Molecular and genetic studies have shown that various signal transduction sys-
tems function in abiotic stress responses, involving protein phosphorylation and/
or dephosphorylation, phospholipid signaling, calcium signaling, protein degra-
dation and so on (Bartels and Sunkar 2005; Boudsocq and Lauriere 2005; 
Mahajan and Tuteja 2005; Vinocur and Altman 2005). Although these complex 
signaling processes are not yet fully understood, several genes encoding the sig-
naling factors involved in the abiotic stress responses have been identified 
(Shinozaki et al. 2003; Chinnusamy et al. 2004; Bartels and Sunkar 2005; 
Umezawa et al. 2006). Recent progress in the microarray analysis for the stress-
related signaling factors is summarized below (Table 14.1).

The eskimo1 (esk1) mutation resulted in a constitutive freezing-tolerant pheno-
type in the absence of cold acclimation (Xin and Browse 1998). ESK1 encodes a 
DUF231-domain-containing proteins of unknown function (Xin et al. 2007). 
Microarray analysis revealed that 312 ESK1-regulated genes show greater overlap 
with the genes regulated by salt, osmotic and ABA treatments than with ones regu-
lated by cold acclimation or by the DREB1A/CBF3. These results indicate that 
ESK1 encodes a novel negative regulator of cold acclimation and that the esk1 
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mutations mediate freezing tolerance through mechanisms that are substantially 
distinct from those controlled by the DREB1/CBF regulons.

Gain- and loss-of-function studies in Arabidopsis indicated that a histidine 
kinase, AHK1/ATHK1, is a positive regulator of drought and salt stress responses 
and ABA signaling (Urao et al. 1999; Tran et al. 2007b). Microarray analysis of the 
athk1 mutant revealed a down regulation of many stress- and/or ABA-inducible 
genes, including AREB1, ANAC and DREB2A transcription factors and their down-
stream genes, suggesting that AHK1 functions upstream of AREB1, ANAC and 
DREB2A. The loss-of-function mutants of the cytokinin receptor histidine kinases 
AHK2 and AHK3, ahk2, ahk3 and ahk2 ahk3 were strongly tolerant to drought and 
salt stress due to upregulation of many stress- and/or ABA-inducible genes, sug-
gesting that AHK2 and AHK3 negatively controls osmotic stress responses (Tran 
et al. 2007b). In the presence of cytokinin, the cre1 mutant displayed a strong salt 
stress-tolerant phenotype, although the cre1 mutant did not show phenotypic 
changes under drought and salt stress, suggesting that CRE1 also function in the 
stress responses as a negative regulator. Cross-talk may exist among cytokinin, 
ABA and stress signaling pathways.

Transcriptional activation by CBF1/DREB1B might be mediated, at least in 
part, by homologs of the yeast ADA2 and GCN5 proteins that encode compo-
nents of the ADA and SAGA histone acetyltransferase complexes (Stockinger 
et al. 2001). Nonacclimated ada2b mutants were more freezing tolerant than 
nonacclimated wild-type plants (Vlachonasios et al. 2003). In cold acclimation 
experiments, DREB1/CBF genes were induced in the ada2b mutants as in wild-
type plants, but subsequent transcription of cold-regulated (COR) genes was 
reduced in the mutants.

A SNF1-related protein kinase 2 (SnRK2), SRK2C/SnRK2.8, is an osmotic-stress-
activated protein kinase (Umezawa et al. 2004). Knock-out mutants of SRK2C 
exhibited drought hypersensitivity in the roots and the overexpressors of SRK2C 
displayed higher overall drought tolerance than control plants. Microarray analysis 
of the overexpressors revealed that their drought tolerance coincided with upregula-
tion of many stress-responsive genes, such as RD29A, COR15A and DREB1A/CBF3. 
These studies demonstrate that activation of SRK2C mediates drought-stress 
signaling and improves the drought tolerance of Arabidopsis plants.

Under salt-stress conditions, Arabidopsis salt overly sensitive (sos) mutants 
show hypersensitive root growth (Liu and Zhu 1998; Liu et al. 2000). Microarray 
analysis of the sos2 and sos3 mutants revealed that the expression level of the major 
salt-inducible genes (RD29A/COR78, RD17/COR47, COR15A, KIN1 and RD22) in 
the sos mutants were similar to those in the wild-type plants, indicating that the 
SOS2/SOS3 signaling pathway is independent of the DRE/CRT, ABRE and MYC/
MYB pathways (Kamei et al. 2005).

The plants overexpressing an Arabidopsis mitogen-activated protein kinase 
(MAPK) kinase 2, MKK2, exhibited constitutive MPK4 and MPK6 activity, con-
stitutively upregulated expression of the stress-induced marker genes, and increased 
freezing and salt tolerance (Teige et al. 2004). Microarray analysis of the MKK2-
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overexpressing plants demonstrated upregulated expression of 127 genes involved 
in transcriptional regulation, signal transduction, cellular defense and stress metab-
olism. These results indicate that MKK2 plays a critical role in the cold and salt 
stress responses in Arabidopsis.

A mutation in a MAP kinase phosphatase, MKP1, results in the phenotypes 
of salt-tolerance and hypersensitivity to genotoxic stress (Ulm et al. 2002). 
Microarray analysis of the mutants revealed upregulated expression of the 
 abiotic-, biotic- or oxidative-stress-related genes, indicating that MKP1 plays a 
pivotal role in the integration and fine-tuning of plant responses to various 
environmental challenges.

A Leu-rich repeat (LRR) receptor-like kinase in the plasma membrane, RPK1, 
is upregulated by ABA in Arabidopsis. Repression of RPK1 expression decreased 
sensitivity to ABA during germination, growth, and stomatal closure (Osakabe 
et al. 2005). Microarray analysis showed that many ABA-inducible genes are 
downregulated in these plants. These results indicate an important role of RPK1 in 
ABA signal transduction.

Constitutive or conditional enhanced expression of the gene encoding a coiled-
coil (CC)-nucleotide-binding site (NBS)-leucine-rich repeat (LRR) protein, ADR1, 
conferred drought and broad spectrum disease resistance (Chini et al. 2004). 
Microarray analysis of the plants containing a conditional adr1 allele showed that 
salicylic acid-dependent genes, such as PR1 and PR5, and the antioxidant 
responses-related genes, such as glutathione S-transferase are upregulated. These 
results indicate that overlap exists between signaling networks establishing disease 
resistance and drought tolerance.

Hugouvieux et al. (2001) isolated a recessive ABA-hypersensitive Arabidopsis 
mutant, abh1. ABH1 encodes a functional mRNA cap binding protein. DNA chip 
experiments showed that 18 genes including RD20, KIN2 and COR15b had signifi-
cant and threefold reduced transcript levels in the abh1 mutant, and seven of these 
genes are ABA-regulated in the wild type. Consistent with these results, abh1 
plants showed ABA-hypersensitive stomatal closing and reduced wilting during 
drought. Hugouvieux et al. (2001) showed ABA-hypersensitive cytosolic calcium 
increases in abh1 guard cells. These results indicate a functional link between 
mRNA processing and modulation of early ABA signal transduction. Recent stud-
ies revealed that knock-out mutants of several components functioning in RNA 
processing, such as hyl1 (Lu and Fedoroff 2000), cbp20 (Papp et al. 2004), ahg2 
(Nishimura et al. 2005) and sad1 (Xiong et al. 2001), exhibit ABA hypersensitivity. 
Hyl1, CBP20, AHG2 and SAD1 encode nuclear-localized double-stranded RNA 
binding protein, mRNA cap binding protein, poly(A)-specific ribonuclease and 
Sm-like snRNP protein, respectively.

The information on the transcriptome helps us understand the regulatory net-
work of the abiotic stress responses: specificity and cross-talk. The roles of the 
signaling molecules in the abiotic stress signaling and the expression profiling 
results are summarized in recent reviews (Bartels and Sunkar 2005; Boudsocq and 
Lauriere 2005; Umezawa et al. 2006).
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14.5  Genetic Engineering of Abiotic Stress Tolerance Using  
the Stress-Inducible Genes

Genetic engineering of the stress-inducible genes that have important roles in the 
stress responses is one of the most promising strategies for improvement of the 
stress tolerance in plants. Several reviews on the engineering the stress tolerance in 
plants have been published (Zhang 2003; Umezawa et al. 2006; Valliyodan and 
Nguyen 2006; Christensen and Feldmann 2007).

Several stress-inducible genes encoding the functional proteins have been used 
for the improvement of the stress tolerance (Umezawa et al. 2006; Valliyodan and 
Nguyen 2006). Improvement of the stress tolerance using the stress-inducible genes 
encoding the proteins involved in the metabolism of the osmoprotectants, such as 
galactinol (Taji et al. 2002), proline (Yamada et al. 2005) and polyamine (Kasukabe 
et al. 2004), the protective proteins, such as LEA proteins (Chandra Babu et al. 
2004), the reactive oxygen species (ROS)-scavenging proteins (De Block et al. 
2005), transporters (Shi et al. 2003) and ABA-metabolism-related proteins, such as 
a key ABA biosynthesis enzyme (NCED3) (Iuchi et al. 2001) have been reported.

Several transcriptional activators such as DREB1/CBF (Jaglo-Ottosen et al. 
1998; Liu et al. 1998; Kasuga et al. 1999) that upregulate the stress-responsive 
genes have been utilized to produce the stress-tolerant transgenic plants (Zhang 
2003; Umezawa et al. 2006). The DREB1/CBF genes have been successfully used 
to engineer abiotic stress tolerance in various plant species, such as canola (Jaglo-
Ottosen et al. 2001), chrysanthemum (Hong et al. 2006), rice (Ito et al. 2006), 
peanut (Bhatnagar-Mathur et al. 2007) and potato (Behnam et al. 2007).

14.6  Conclusions and Future Perspectives

The microarray-based expression profiling method is useful for identifying the 
stress-inducible genes. Functional analysis of the stress-inducible genes has pro-
vided more information on the signal transduction in the stress responses. Genetic 
engineering of the stress-inducible genes has become one of the most promising 
strategies for improvement of the stress tolerance in plants. Expression profiling 
studies also provide the expression levels of many genes as a detailed snapshot that 
describes the state of a biological system in the plants under some conditions. The 
phenotypic descriptions of the mutants and the transgenic plants for the profiling of 
the stress-related genes can be used to infer the relationships among the genes and 
to understand the molecular mechanism in the stress responses.

Large Arabidopsis microarray data sets are available from GEO (http://www.
ncbi.nlm.nih.gov/geo) (Edgar et al. 2002) and ArrayExpress (http://www.ebi.ac.
uk/arrayexpress) (Brazma et al. 2003). User-friendly web-based Arabidopsis 
microarray data analysis tools, such as Genevestigator (http://www.genevestigator.
ethz.ch/) (Zimmermann et al. 2004) to provide categorized quantitative information 
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about genes, KaPPA-View (http://kpv.kazusa.or.jp/kappa-view/) (Tokimatsu et al. 
2005) to integrate the transcript and metabolite data, and ATTED-II (http://www.
atted.bio.titech.ac.jp) (Obayashi et al. 2006) to identify the co-regulated gene 
groups are also available. Availability of large sets of the plant microarray data and 
user-friendly analytical tools should aid the functional analysis of the stress-
related genes and our better understanding the transcriptional regulatory networks 
in the abiotic stress responses.

Recently, non-coding RNAs, such as small RNAs (Sunkar et al. 2007), alternative 
splicing (Iida et al. 2004; Lee et al. 2006) and chromatin remodeling (Sridha and 
Wu 2006; Kim et al. 2008) have been shown to be involved in the abiotic stress 
responses and tolerance (Seki et al. 2007). The whole genome tiling array (Yamada 
et al. 2003; Stolc et al. 2005; Matsui et al. 2008) is a powerful tool for identification 
of stress-regulated non-coding RNAs, and for analysis of alternative splicing and 
chromatin remodeling. New sequencing technologies developed by 454 Life 
Sciences (http://www.454.com/) (Margulies et al. 2005), Solexa, Inc. (http://www.
solexa.com/) and Applied Biosystems, Inc. (http://www.appliedbiosystems.com/) 
will enable the identification of large numbers of the small RNAs involved in the 
abiotic stress responses. Comparative genomics studies using bioinformatic 
approaches will also lead to our better understanding of the function and biological 
significance of the non-coding RNAs such as small RNAs.

Recently, metabolome analysis has become a useful approach to study meta-
bolic changes in response to stress (Cook et al. 2004; Rizhsky et al. 2004; 
Urano et al. unpublished results). Metabolome profiling experiments enable us 
to identify a large number of metabolites that increased or decreased during the 
stress conditions. Integration of metabolome data with the transcriptome data 
during the stress condition should help us identify the key metabolic pathway 
genes for genetic engineering of the stress tolerance and find novel pathways in 
the stress response.
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Abstract Regulation of microRNAs (miRNAs) in response to abiotic stresses 
constitutes a major part of the biology of plant miRNAs. In this chapter, we exclu-
sively review the current progress in the study of roles of miRNAs in plant abiotic 
stresses. The responses of various miRNAs to different types of abiotic stresses are 
discussed in detail. Finally, the perspective for application of the related studies and 
the future of plant biology are briefly presented.

15.1 Introduction

Since the discovery of lin-4, the first microRNA (miRNA) identified in Caenorhabditis 
elegans (Lee et al. 1993), our knowledge and understanding of the function of miR-
NAs in biological entities have grown tremendously. What was once thought to be a 
novel gene regulating mechanism important to the development in C. elegans has 
now become known as a multifunctional gene regulation system ubiquitous through-
out the plant and animal kingdoms. MicroRNA, a 21 nucleotide (nt) small endoge-
nous RNA, forms an active RNA-induced silencing complex (RISC) with a key 
cellular protein named Argonaute (AGO) and targets gene transcripts for degrada-
tion or translational repression. The first plant miRNAs were cloned in 2002 in 
Arabidopsis thaliana (Llave et al. 2002; Park et al. 2002; Reinhart et al. 2002). Since 
then, many miRNAs and their target genes have been identified and characterized in 
various plants species. The majority of miRNA target genes were found to encode 
various transcriptional factors or important functional enzymes and to play impor-
tant roles in plant development and response to various biotic and abiotic stresses. 
In this chapter, we introduce the basic working mechanism of miRNA-directed 
gene regulation and discuss exclusively the role of miRNAs in abiotic stress.
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15.2  The Biogenesis of miRNAs and the Mechanism  
of miRNA-Directed Gene Regulation in Plants

MicroRNAs are small non-protein coding RNAs that are first transcribed by RNA 
polymerase II (Pol-II), usually from intergenic regions of the genome, into capped 
and poly (A) tailed primary transcripts termed pri-miRNAs (Tang et al. 2008). The 
pri-miRNAs fold up into unique stem-loop structures that can be recognized and 
cleaved by the Dicer-like (DCL) enzymes of the RNase III family. In the plant 
nucleus, DCL-1, in collaboration with its partner protein, HYL1, processes the 
pri-miRNAs in two steps, first into smaller stem-loop structures termed miRNA 
precursors (pre-miRNAs) and then into mature 21 nt long miRNA duplexes with 2 
nt overhangs on the 3’ end. The miRNA duplexes are transported by a nuclear 
transporter, HASTY, from the nucleus to the cytoplasm where they are unwound 
and assembled into the RISCs in single-stranded form. In plants, most miRNAs 
fully or extensively complement their target mRNAs, which results in a cleavage of 
the target mRNAs. The cleaved mRNA products are then degraded and are effectively 
silenced. Plant miRNAs may also regulate genes by translational repression of the 
target mRNAs in some cases (Chen 2004; Brodersen et al. 2008).

15.3 Plant Abiotic Stress and miRNAs

Plant abiotic stress is referred to as any adverse impact of any non-living factors on 
living plants in a specific environment. Unlike animals, plants are predisposed to an 
array of abiotic factors to which they must adapt. These abiotic factors range from 
required resources to pollutants. For every resource required by plants there is an 
optimal range for growth and reproduction. Once the availability of any of these 
resources reaches an upper or lower threshold we say that the plant is abiotically 
stressed. Thresholds are usually determined by hindrance of growth or reproduction 
and can vary widely amongst species. Plants may also experience abiotic stress 
through exposure to other environmental elements that aren’t necessarily required. 
Soil, water, and air pollutants all have the capacity to influence plant growth if 
ambient levels are sufficient to inhibit or enhance plant health. Many potentially 
toxic elements, particularly heavy metals and salt, occur both naturally and as 
anthropogenic pollutants, but may be tolerated at low levels. In fact, some plants 
have even evolved mechanisms to tolerate, and in some cases, accumulate relatively 
high levels of such elements. One environmental factor that demonstrates great 
control over plant growth is soil pH. Soil pH greatly influences nutrient availability 
and high levels of H+or OH− can damage plant tissues. It is common for plants to 
be faced with more than one abiotic stress factor and when this happens, the out-
come is generally an increased level of stress.

Plant abiotic stresses and response of plants to these stresses have been exten-
sively studied. Many genes that encode both transcription factors and important 
detoxifying enzymes have been identified. Only recently have specific miRNAs 



35915 Roles of MicroRNAs in Plant Abiotic Stress

been identified to play important roles in various abiotic stresses. Different forms 
of abiotic stresses may lead to similar responses in plants during the stress. 
Similarly, different kinds of stresses have also been found to trigger responses in 
similar sets of miRNAs. This suggests that plants share common pathways involved 
in different abiotic stress responses. Even so, here we discuss the roles of miRNAs 
in each specific abiotic stress for simplicity (Table 15.1). But overlapping roles of 
specific miRNAs in different abiotic stresses are also discussed.

15.3.1 ABA-Mediated Responses and the miRNAs

Abscisic acid (ABA) is a multifunctional hormone that has been found in all major 
organs and living tissues in higher plants (Taiz and Zeiger 2002). The importance 
of ABA in plant stress responses is evident by its role in stomatal closure (Beardsell 
and Cohen 1975), maintenance of primary root growth, and inhibition of shoot 
growth during water stressed conditions (Saab et al. 1990). The first indication that 
miRNA may be involved in ABA-mediated responses came from observing ABA 
hypersensitivity in an A. thaliana mutant containing a “pleiotropic recessive 
Arabidopsis transposon insertion mutation,” hyl1 (Lu and Fedoroff 2000). The 
HYL1 protein has been identified, as the partner of DCL-1, to play a key role in 
miRNA biogenesis and accumulation but not in posttranscriptional regulation of 
transgenes, which requires a different set of RNA silencing enzymes (Han et al. 
2004; Vazquez et al. 2004). These studies imply that the involvement of HYL1 in 
ABA/miRNA-mediated responses lies in the production of miRNA rather than the 
down-stream functionality of miRNA-associated RISCs.

ABA treatment, gibberellic acid (GA) treatment, and drought stress during seed 
germination in A. thaliana have been shown to trigger the accumulation of miR159 
(Reyes and Chua 2007), which was predicted to target four MYB transcription fac-
tors (MYB33, MYB65, MYB101 and MYB104) (Rhoades et al. 2002). In agree-
ment with the prediction, Reyes and Chua (2007) found that MYB33 and MYB101 
transcript cleavage was mediated by miR159. MYB transcription factors were 
found to positively regulate ABA responses by observing ABA hyposensitivity in 
plants with the null mutant genes myb33 and myb101 and in plants overexpressing 
miR159 (Reyes and Chua 2007). ABA induced accumulation of miR159 was found 
to be dependent on the ABI3 transcription factor when the abi3-1 mutant failed to 
accumulate miR159 during seed germination in response to ABA treatment. 
Interestingly, functional redundancy was discovered in miR159a and miR159b by 
observing expression of the redundant gene pair MYB33 and MYB65 in miR159a, 
miR159b, and miR159ab mutants. Phenotypic abnormalities, as well as increased 
levels of MYB33 and MYB65 transcripts, were observed in miR159ab double 
mutants but not in either miR159a or miR159b single mutants. Also, transgenic 
plants expressing a miR159-resistant allele, mMYB33, were found to phenocopy the 
miR159ab double mutant, further illustrating the phenotypic consequences of 
miR159-mediated regulation of the MYB transcription factors (Allen et al. 2007).
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Studies in A. thaliana have also implicated a role of miR160 in ABA-mediated 
responses. Auxin Response Factors (ARFs), as the name implies, are transcription 
factors that respond to auxin, an important plant hormone involved in an array of 
developmental and other physiological processes. A. thaliana seeds and plants 
expressing a miR160-resistant mutant ARF10 gene, mARF10, demonstrated 
hypersensitivity to ABA, while seeds overexpressing miR160 were less sensitive 
(Liu et al. 2007). Comparative transcriptome analysis between mARF10 and ARF10 
seeds revealed that ABA-responsive genes that are generally expressed during seed 
maturation were overexpressed in germinating mARF10 seeds (Liu et al. 2007).

Regulation of miR417 in A. thaliana under ABA treatment, salt stress, and 
dehydration stress provides yet another example of miRNA mediated adaptive plant 
responses (Jung and Kang 2007). High salt stress was shown to moderately 
decrease transcript levels of miR417, while ABA treatment and dehydration stress 
generated an initial upregulation followed by downregulation (Jung and Kang 
2007). When seeds overexpressing miR417 were subjected to salt treatment, 
 germination and survival rates were decreased. Seeds overexpressing miR417 and 
treated with ABA demonstrated decreased germination rates when compared to 
WT, 40% and 80% respectively (Jung and Kang 2007). Post-germination growth 
was also negatively affected (Jung and Kang 2007). This miRNA is expressed in all 
major tissues of A. thaliana and is obviously influenced by multiple abiotic factors. 
However, the target gene(s) still remains unknown (Jung and Kang 2007).

15.3.2 Oxidative Stress and the miRNAs

Reactive Oxygen Species (ROS) are inherent to plants because they are constantly 
produced by aerobic processes in chloroplasts, mitochondria and peroxisomes 
(Apel and Hirt 2004). Elevated levels of ROS are often associated with plant stress 
produced by biotic factors (e.g. pathogens or herbivory) and/or abiotic factors (e.g. 
high light, UV radiation, temperature extremes, heavy metals, air pollutants, 
drought stress, salt stress, mechanical/physical stress) (Dat et al. 2000). Given that 
ROS may be an integral component of plant adaptive responses and potentially 
toxic (Dat et al. 2000), ROS concentration is under tight regulation within the plant 
(Dat et al. 2000; Apel and Hirt 2004).

ROS levels are maintained primarily by Superoxide Dismutases (SODs). These 
enzymes exist in conjunction with several co-factors including, Cu-Zn, Fe, Ni, and 
Mn. Cu-Zn SODs are encoded by CSD1, CSD2, and CSD3 in Arabidopsis thaliana 
(Sunkar et al. 2006). The miR398 was first predicted to target CSD1 and CSD2 in 
2004 (Bonnet et al. 2004; Jones-Rhoades and Bartel 2004). Sunkar et al. (2006) 
confirmed these targets and discovered that miR398 is downregulated under oxidative 
stress. Downregulation of miR398 is accompanied by an accumulation of CSD1 
and CSD2 transcripts (Sunkar et al. 2006). This was shown to not be a result of 
stress related transcriptional induction of the Cu-Zn SOD genes, but rather, the 
relaxation of miR398 directed cleavage (Sunkar et al. 2006). Further confidence in 
the role of miR398 in oxidative stress was gained by observing the phenotypes of 
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A. thaliana plants expressing a miR398-resistant CSD2 (mCSD2). Plants possessing 
mCSD2 demonstrated greater tolerance to conditions inducing oxidative stress 
when compared to plants possessing the wild-type gene (Sunkar et al. 2006). Later, 
in Sect. 15.3.4.4, we will see that miR398 plays a crucial role in Cu homeostasis 
and discuss the broader implications of this finding.

15.3.3 Water Stress and the miRNAs

15.3.3.1 Water-Deficit (Drought Stress)

The somewhat spontaneous rainfall and water availability patterns experienced by 
most plants on earth have resulted in the evolution of adaptive responses to 
maintain life during times of water deficit. When water becomes scarce plants may 
adapt to maintain sufficient tissue hydration and/or to maintain function whilst 
dehydrated (Taiz and Zeiger 2002). On a grander scale, some plants have even 
evolved life history patterns that result in the avoidance of drought by completing 
their life cycles while water is abundant (Taiz and Zeiger 2002); these plants are 
still likely to have evolved mechanisms for dealing with water deficit within their 
life cycles. In this section we will be discussing the role of miRNAs in drought 
tolerance within the lifetime of the plant.

As discussed earlier, ABA plays a role in water stress responses. However, there 
are also ABA-independent response mechanisms important in drought tolerance 
(Yamaguchi-Shinozaki and Shinozaki 2005). In rice plants experiencing drought 
stress, Zhao et al. (2007) found that miR169g reached a maximum level of 
accumulation in roots after 6 h and in shoots after 24 h. Accompanying this finding 
was the identification of two ABA-independent dehydration-responsive elements 
up-stream of the promoter region of the gene encoding miR169g. Also temporarily 
upregulated was miR393, a plant miRNA thought to regulate expression of mRNAs 
encoding the F-box auxin receptor, TIR1 (Navarro et al. 2006; Zhao et al. 2007). 
Due to its role in auxin degradation and auxin-regulated transcription, TIR1 is 
important in growth and development (Dharmasiri et al. 2005; Kepinski and Leyser 
2005). Thus, the findings of Zhao et al. (2007) further relate regulation of plant 
growth to drought tolerance.

15.3.3.2 Submergence (Anoxia)

Submergence in water can also be a source of stress in plants. The potential 
involvement of post-transcriptional gene regulation in submergence responses was 
first implied in 2003 (Dolferus et al. 2003). Submergence of plants causes low 
oxygen availability, which triggers adaptive strategies that alter metabolism, 
morphology, and physiology (Zhang et al. 2008). In maize, a total of 39 miRNAs 
were shown to have altered levels of expression under submergence stress (Zhang 
et al. 2008). Putative targets of many of these miRNAs are responsible for coding 
proteins that run the gamut in physiological, metabolic and morphological responses 
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(see Zhang et al. 2008). These putative targets were organized into three groups by the 
authors: those involved in organ development and plant growth, those impli-
cated in phytohormone signal cascades, and those that encode proteins involved in 
diverse metabolic pathways (Zhang et al. 2008). Analysis of miRNA expression in 
root cells led to the construction of a potential network of known miRNAs in sub-
mergence tolerance. The findings illustrated in this study highlight the complexity 
of adaptive plant responses and the need to isolate regulatory factors to truly under-
stand their function.

15.3.4 Nutrient Scarcity and the miRNAs

Chief among the abiotic impediments to plant growth is nutrient availability. 
Nutrient deficiencies may manifest themselves in a number of physiological and 
morphological changes. Some of these changes are due to disruptions in physiolog-
ical processes while others are adaptive responses that lead to enhanced nutrient 
uptake, assimilation, or distribution. It is no surprise then that miRNAs are involved 
in nutrient acquisition in times of deprivation.

15.3.4.1 Phosphate Deficiency

The DNA and RNA that are inherent to all life on earth are constructed from nucleotides 
united through a phosphate bridge. Other than being a key structural component of 
nucleic acids and membranes, phosphate is involved in many biological functions 
as an active player in ATP driven energy transfer (Marschner 1995). Plants have 
evolved mechanisms to scavenge Pi from the soil during times of deprivation. Pi 
deficiency may result in changes in root architecture, such as the proliferation of 
roots near the topsoil, where Pi is usually found at higher concentrations (Lynch 
and Brown 2001), and the production of long root hairs (Bates and Lynch 2001). Pi 
deficiency may also trigger an increase in Pi mobilizing root exudates, mychor-
rhizal associations and the induction of high-affinity Pi transporters near the root 
surface (see Lambers et al. 2006 for an in depth review).

Most of what we know about the role of miRNA in phosphorus responses comes 
from studying an A. thaliana Pi accumulator with a mutation in UBC24, an ubiquitin 
conjugating E2 enzyme (Aung et al. 2006; Bari et al. 2006). This mutant was 
derived from an ethylmethane sulfonate (EMS)-mutagenized population of A. thaliana 
and was titled pho2 because it was one of the two plants found to accumulate phos-
phorus (Delhaize and Randall 1995). The miR399 was computationally predicted 
(Jones-Rhoades and Bartel 2004), cloned, and proposed to target UBC24 (Sunkar 
and Zhu 2004). This miRNA has been shown to accumulate specifically in response 
to Pi deprivation (Fujii et al. 2005; Bari et al. 2006). When expression of UBC24 
and miR399 was observed primarily in the vascular cylinder, both were inferred to 
be involved in Pi shuttling (Aung et al. 2006). These findings are not entirely 
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consistent with the other studies that found ubiquitous expression of UBC24 
(Bari et al. 2006). The discretion likely lies in the methodology as proposed by 
Chiou (2007), and in spite of it, there is a clear connection between UBC24 and 
miR399 expression and Pi homeostasis. UBC24 is downregulated and miR399 is 
upregulated under phosphate deficiency (Fujii et al. 2005; Chiou et al. 2006); these 
results insinuated miR399-mediated downregulation of UBC24. Indeed, miR399 
plays a crucial role in UBC24 expression through RISC-mediated cleavage (Allen 
et al. 2005) and likely through translational repression (Bari et al. 2006). The pre-
cise mechanism by which UBC24 influences Pi homeostasis remains unclear, but 
plants with the pho2 mutation or miR399 overexpression demonstrate a significant 
increase in levels of a Pi transporter, PHT1;8, in roots (Aung et al. 2006). Chiou 
suggests that UBC24 could regulate the expression of a transcription factor that is 
involved in Pi homeostasis (Chiou 2007).

The expression of miR399 appears to be controlled in at least two ways. It is likely 
that a MYB transcription factor, PHOSPHATE STARVATION RESPONSE 1 (PHR1), 
is involved in miR399 expression. PHR1 is expressed in response to Pi starvation and 
positively regulates a division of Pi-responsive genes by binding to GNATATNC cis-
elements (Rubio et al. 2001; Franco-Zorrilla et al. 2004; Chiou 2007). This cis-element 
has been found upstream of all known miR399 genes in A. thaliana (Bari et al. 2006; 
Chiou 2007). Furthermore, phr1 mutants demonstrate a significant decline in miR399 
induction under Pi stress (Bari et al. 2006; Chiou 2007).

Expression of miR399 is also partially regulated through a process known as 
target mimicry. For some time the function of Pi deficiency induced non-coding 
RNAs found in tomato, Arabidopsis thaliana, Medicago truncatula, and rice 
(Burleigh and Harrison 1997, 1998, 1999; Liu et al. 1997; Martin et al. 2000; 
Wasaki et al. 2003; Shin et al. 2006) remained somewhat of a riddle. Then it was 
discovered that these otherwise divergent nc-RNAs, of the IPS1/At4 family, shared 
a tightly conserved 24-nt sequence (Shin et al. 2006; Chiou 2007). With this dis-
covery came the observation of mismatches between the conserved sequence and 
miR399 at the site of suspected cleavage (Shin et al. 2006; Franco-Zorrilla et al. 
2007). The mismatch at this site not only inhibits cleavage but the mRNA sequence 
acts somewhat like a sponge and sequesters the miRNA/RISC (Franco-Zorrilla 
et al. 2007). When the mismatch is “corrected” the sequestering action of the 
mRNA is eradicated (Chiou 2007). Since IPS1 is expressed in high abundance just 
as Pi stress is relieved, it is viewed as a mechanism for the plant to return back to 
homeostatic levels of miR399, its target genes, and thus, Pi.

15.3.4.2 MicroRNA as a Long Distance Signal in Phosphate Homeostasis

Long distance signals are the result of the obvious need for communication between 
cells that are located in separate parts of the plant body. Plants have evolved 
complex systems to regulate the trafficking of macromolecular signals through the 
plasmodesmata (Lough and Lucas 2006). Before the confirmation of miR399 as a 
long distance signal involved in Pi homeostasis (Pant et al. 2008), the potential 
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involvement of miRNA and other nc-RNAs in such networks was being seriously 
considered due to their existence in phloem (Lough and Lucas 2006).

Grafting experiments where either the rootstocks or scions of a mutant overex-
pressing miR399 were coupled with WT complementary parts were used to study the 
potential long-distance trafficking of the miRNA (Pant et al. 2008). Chimeric plants 
overexpressing miR399 in the scions demonstrated higher levels of miR399 in roots 
when compared to WT plants (Pant et al. 2008). When WT scions were coupled with 
overexpressing roots, there was no significant difference in miR399 expression in the 
scion (Pant et al. 2008). These results coupled with the miR399 accumulation in the 
roots of Pi starved plants indicated a predominantly unidirectional flow of miR399 
from the shoot to the root. Observation of PHO2 (UBC24) cleavage products indi-
cated that miR399 is likely functioning in the roots (Pant et al. 2008). In short, Pi 
starvation induces the production of miR399 in shoots; miR399 is then shuttled to the 
roots where it alters the expression of UBC24 as described above.

15.3.4.3 Sulfur Deficiency

Sulfur is an essential macronutrient that is a key component of cysteine and methionine 
amino acids that may become incorporated into S-containing coenzymes and 
secondary plant products (Marschner 1995). In fact, cysteine is a precursor to gluta-
thione, a tripeptide that is also a powerful antioxidant which plays a key function in 
protecting chloroplasts from oxidative damage (Marschner 1995). MiR395 has been 
found to be involved in S metabolism by targeting both ATP sulfurylases and the 
sulfate transporter AST68 (Jones-Rhoades and Bartel 2004; Jones-Rhoades et al. 
2006). ATP sulfurylases are the first enzyme involved in the sulfur assimilation 
pathway and increase in expression in response to sulfur deprivation (Lappartient 
and Touraine 1996). The sulfate transporter AST68 is important in sulfur distribu-
tion throughout the plant and is induced under S starvation (Takahashi et al. 1997). 
Unlike the downregulation of the target gene SODs mediated by the upregulation of 
miR398 miR395 was induced along with the target genes (Jones-Rhoades and Bartel 
2004), which represents somewhat of a conundrum. Nevertheless, it may suggest an 
auto/co-regulation and/or homestasis between miR395 and its target genes, which 
are involved in both transcriptional and post-transcriptional regulations. Similar 
observations for other miRNAs and their targets were also found in tomato fruit 
development (Mendu et al. 2009, manuscript submitted). Further investigation is 
required to understand the nuances of how the expression of miRNAs and their target 
genes were not adversely correlated and the mechanisms by which the transcription 
and post-transcription of miRNAs and their target genes are controlled.

15.3.4.4 Copper Deficiency

Copper is an essential plant micronutrient important in photosynthesis, oxidative 
responses and more (Marschner 1995). Cu deficiency induces miR398, which then 
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negatively regulates the translation of CSD1 and CSD2 into Cu-SOD proteins 
(Yamasaki et al. 2007). In higher plants the Cu/Zn-SODs are replaced by Fe-SODs 
(Quinn and Merchant 1995). Reduction of Cu containing SOD proteins increases 
the availability of Cu to be used in other biological processes, one of which is plas-
tocyanin function (Marschner 1995). On the other hand, high concentration of Cu 
is toxic to plants. Arabidopsis plants overexpressing miR398 were more sensitive 
to Cu (V.M. and G. T. unpublished data). Because miR398 partially mediates the 
level of free Cu in the plant, it could be said that it is a part of the regulatory net-
work that controls the Cu ionome.

15.3.5 Mechanical Stress Responses and the miRNAs

Plants experience mechanical stress when bombarded by wind, water, or any other 
entity that imposes physical force upon the plant body. Studies concerning miRNA 
and mechanical stress are still in their infancy; however, some interesting results 
have come from observing miRNA expression in tension- and compression-stressed 
Populus trichocarpa. The following results were obtained by performing compara-
tive analysis of miRNA expression in P. trichocarpa experiencing mechanical stress 
via bending the plant stem in an arch for 4 days and in plants free of mechanical 
stress. P. trichocarpa miRNA transcript levels of miR156, miR162, miR164, 
miR475, miR480, and miR481 were suppressed in the xylem tissue of mechanically 
stressed plants when compared to the un-stressed P. trichocarpa (Lu et al. 2005). 
Relative induction of transcript levels of ptr-miR408 were observed in stressed 
xylem tissues (Lu et al. 2005). The study of mutants overexpressing specific miR-
NAs or miRNA-resistant target sequences would aid in determining the role of these 
miRNAs in mechanical stress responses. The authors of this study noted the impor-
tance of identifying conserved and tree specific miRNAs that were mediated by 
mechanical stress. Many conserved miRNAs have evolved different functions, and 
the existence of tree specific miRNAs reveals the evolution of regulatory devices that 
are associated with divergence. It is thought that studying the evolution of these 
miRNAs and their functions will enrich our understanding of gene regulatory 
changes associated with trait emergence and speciation (Lu et al. 2005).

15.3.6  Dynamic Regulation of miRNAs in Response  
to Abiotic Stresses

Various studies have identified numerous miRNAs that were either up regulated or 
down regulated upon stress treatment (see Table 15.1 for a summary). Recent studies 
indicate that the responses of miRNAs to various abiotic stresses are more dynamic 
than previously appreciated. In maize, the expressions of miR159, miR395, miR474 
and miR528 were suppressed at the early stage of water submergence and increased 
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after 24 h post-submergence, showing a dynamic regulation of miRNAs during 
water stress (Zhang et al. 2008).

More recently, we showed that the regulation of miR398 in response to ABA and 
salt stress was more dynamic in plants than previously reported (Jia et al. 2009). 
Our results demonstrated that, in poplars, miR398 was first induced upon 3–4 h of 
ABA or salt stress. However, this induction was declined after 48 h and finally 
accumulated again over a longer stress (72 h). In contrast, such dynamic regulation 
of miR398 under salt stress was completely lost in Arabidopsis in which miR398 
was steadily suppressed. Interestingly, ABA treatment caused a deviate dynamic 
regulation of miR398 in Arabidopsis, showing an opposite response as compared 
to that in poplars. Furthermore, the expression of miR398 target genes, superoxide 
dismutase (SOD) or Cu/Zn superoxide dismutases (CSDs), was in perfect reverse 
correlation with the miR398 level, suggesting a primary control of SOD or CSD 
expression by miR398 under abiotic stress. Taken together, our data consistently 
show a correlated dynamic regulation between miR398 and its targets by ABA and 
salt stress, and raise the possibility that miRNAs might be dynamically and differ-
entially regulated under various stress conditions in different plant species.

15.4 Other Small RNAs and Abiotic Stress

Other endogenous small RNAs, such as short interfering RNAs (siRNAs), are also 
involved in RISC mediated gene regulation much like miRNAs, but differ in their 
biogenesis (Tang 2005). Although there are a variety of ways that siRNAs can be 
generated in plants, they all share the common feature of a relatively long dsRNA 
precursor strand from which a relatively short sequence of RNA (21–26 nt) is 
produced. Some siRNAs are derived from dsRNAs produced from transcripts of 
repeat DNA and heterochromatin (Mallory and Vaucheret 2006); others are gener-
ated from dsRNA formed from the products of miRNA-directed cleavage of 
mRNA (Vaucheret 2005; Vazquez et al. 2004). The siRNAs may also be derived 
from dsRNAs produced by the annealing of two antisense mRNAs encoded by 
natural cis-antisense gene pairs; these siRNAs are termed nat-siRNAs (Borsani 
et al. 2005).

SiRNA-mediated stress responses were first observed in salt stressed A. thaliana 
(Borsani et al. 2005). A siRNA generated from the 3’ end of SRO5 (At5g62520) 
was found to be complementary to the 3’ end of D1-pyroline-5-carboxylate dehy-
drogenase, known as P5CDH (Borsani et al. 2005). SRO5 is salt stress induced and 
the transcripts complement with P5CDH transcripts to form a dsRNA that is the 
precursor for a 24-nt nat-siRNA that mediates the cleavage of P5CDH transcripts 
(Borsani et al. 2005). A 21-nt nat-siRNA is derived from the cleavage products, and 
this nat-siRNA may mediate the cleavage of more P5CDH transcripts (Borsani 
et al. 2005). Downregulation of P5CDH is accompanied by accumulation of proline, 
which is thought to aid in stress tolerance by ROS scavenging and possibly 
osmoprotection (Borsani et al. 2005).
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15.5 MicroRNA, Abiotic Stress, and the Future of Plant Biology

Plants are constantly subjected to various abiotic stresses and miRNAs are likely 
acquiring new functions in regulating gene expression in response to these stresses. 
By focusing effort on the study of plant abiotic stress responses, we are gaining 
insights into plant biology that can be applied practically in crop systems and to 
unlock the secrets of life. As mentioned earlier, the expanding human population 
is increasingly stressing agroecosystems. Farming practices throughout the world 
have led to the degradation of soil quality, and many soils have a naturally low 
occurrence of plant required and/or beneficial soil components. Furthermore, 
these abiotic stresses are changing in both type and degree with intensive indus-
trial and farming practices. Previously dominant types of abiotic stresses may 
disappear and new types of abiotic stresses may emerge. For example, zinc is 
becoming more apparent as a “trouble nutrient” because much of the world exhibits 
moderate to intense Zn deficiency in soils due to farming and natural occurrence, 
and this is often accompanied by Zn deficiency in humans (Cakmak 2008). 
Nevertheless, it is almost completely unknown how zinc deficiency affects the 
expression of miRNAs or whether it induces birth of new miRNAs. Identification 
of new abiotic stress regulated miRNAs would help understand the impact of 
abiotic stresses on plant productivity.

On the other hand, certain abiotic stresses are becoming more severe. For 
example, UV-B stress becomes evident with the gradual destruction of the ozone 
layer. A number of miRNAs were induced or suppressed by UV-B treatment in 
Populus tremula (Jia et al., 2009). These could serve as effective environmental 
biomarkers for monitoring the change of UV-B intensity or the integrity of the 
ozone layer. Most importantly, in depth understanding of the roles of these abiotic 
stress-regulated miRNAs and their target genes will eventually contribute to the 
improvement of plant productivity to feed an increased population of human 
beings.

Application of miRNA analysis and experimentation could also help reveal 
ecophysiological responses to abiotic stress in natural ecosystems. Climate change 
and pollution have already begun to alter the ecosystem functioning. Understanding 
the genes responsible for plant adaptation to the environment will help us predict 
future changes and protect species at particular risk. It is quite easy to imagine 
ecosystem management/ecological research that involves plants expressing differ-
ent levels of endogenous miRNA or artificial miRNA under various environmental 
scenarios and extrapolates the level of tolerance or vulnerability conferred by the 
phenotypic differences. In conclusion, miRNAs are not only key players in plant 
abiotic stress responses, but also could be employed as a tool (artificial miRNAs) 
to manipulate the expression of many identified and to be identified stress-response 
genes. In the coming years, miRNA biotechnology will be instrumental in expand-
ing our understanding of the genetic aspects of every avenue of plant biology.
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Abstract Salinity is nowadays considered one of the main factors that limit crop pro-
ductivity and a threat to world’s food production. Hence, to breed salt tolerant varieties 
of crops and horticultural species is necessary to increase or at least maintain food 
production in order to feed the growing world’s population. Plant tolerance to salinity 
is a complex phenomenon at both cellular and plant level. Since salt causes several 
types of stresses, plants face salinity using different strategies, whose relative impor-
tance depends on the species and the growing conditions. Here we present an overview 
of the salt tolerance mechanisms to counteract osmotic, ionic and oxidative stress, as 
well as an update of the knowledge on the processes involved in salt tolerance gained 
in part through the new genomic approaches. To breed new cultivars able to grow and 
maintain crop productivity on saline conditions requires variability for some of the 
traits related to salinity tolerance, the discovery of quantitative trait loci (QTL) regu-
lating those traits, a deep understanding of QTL interaction with other QTL and with 
the environment, and the transfer of QTL from donors to elite lines using phenotypic 
and marker assisted selection. We have summarised part of the information related to 
these four issues and some guidance is given to maximize the efficiency of the selec-
tion processes. Genetic transformation has become a powerful tool in plant breeding 
programs since it allows the introduction of gene(s) controlling traits without affecting 
the rest of the characteristics of an elite genotype. In this chapter we have reviewed 
the available information on several topics such as: salt tolerance improvement aided 
by genetic transformation, functional analysis of genes related salt-tolerance, the com-
plexity of the trait and its evaluation method, the number of genes to be introduced, 
and the sources of genetic variability. Finally, the use of genomic tools like transcrip-
tomic analysis, post-transcriptional gene silencing, insertional mutagenesis and gene 
traps, to perform the genetic dissection of this complex trait is discussed.
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16.1 Introduction

Over 6% of the world’s total land area (840 million hectares) is affected by salinity 
or sodicity (FAO 2005). This enormous area has only had small consequences for 
agriculture because there was enough good land for rain-fed crops: of the 1,500 
million hectares dedicated to rain-fed agriculture only 32 millions were affected by 
secondary salinisation, the salinisation caused by agricultural practices (FAO 
2005). This scenario is completely different when irrigated land is considered. The 
230 million hectares of irrigated land produce about one third of world’s food and 
over 20% of this productive land is affected by secondary salinisation (FAO 2005) 
because salts dissolved in the irrigation water are deposited in the soil following 
evapotranspiration. And the greatest danger comes from the continuously increasing 
secondary salinisation in irrigated areas. In California for example, where irrigation 
started about 130 years ago, half of the irrigated area was affected by salinity more 
than 20 years ago (Lewis 1984). The risk of secondary salinisation is proportional 
to the amount of salts in the irrigation water. This risk will increase as population 
increases because cities (including gardens and sport premises) and industry will 
pay for the best quality water leaving the worst to agriculture.

Salinity is nowadays considered one of the main factors that limit crop productivity 
and a threat to world’s food production. In addition, world’s population is expected 
to increase about 50% by 2050. Hence, it is necessary to sustain agricultural pro-
ductivity on the increasingly saline irrigated land by salt tolerant cultivars. However, 
it should be pointed out that salt-tolerant cultivars will only be part of the solution. 
Salinity in agricultural systems tends to increase rather than remain stable, and may 
rise in the 8–10 years period that takes to release a new cultivar. For this reason, 
plant breeding cannot be the full answer to the problem of salinisation but part 
of an integrated programme that would also include irrigation and drainage 
management (Flowers and Yeo 1995).

Higher plants do not have a salt-tolerant metabolism even if the plant itself 
thrives in seawater (Flowers 1972a, b). Salt tolerance in organisms other than the 
halobacteria do not depend on salt-tolerant proteins, but on keeping a defined 
micro-environment in the cytoplasm, regulated for the quantity and quality of 
inorganic ions. Single-celled aquatic organisms or cell cultures can excrete into the 
medium any dangerous substance. Animals have their cells designed to excrete 
into the bloodstream and special organs to deal with these toxic compounds. The 
plant root can only excrete into the solution being drawn towards it by transpiration, 
but the aboveground cells have nowhere to excrete apart from the small volume 
of the apoplast. The large central vacuole is the limited place where plant cells 
can store toxic materials, hence its importance in saline conditions. Glicophytes, 
where most of the crops are included, are not affected by the external salinity per 
se, but by growth fall below net ion import leading to ever-increasing internal 
concentrations and, eventually, to catastrophic failure (Munns and Termaat 1986). 
Contrarily, in halophytes, growth and net salt uptake are coupled, even if we do 
not know what controls what (Yeo and Flowers 1986). The targets to produce a 
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plant tolerant to salinity are ion transport and compartmentalization and the 
synthesis of compatible solutes (osmolytes or osmoprotectants) to counteract 
osmotic and ionic stresses, oxidative protection, and the maintenance of ion 
homeostasis. But plant responses to salinity are even more complex at both the 
whole plant level and cellular level, and research efforts have been focused on 
understanding the physiological and molecular basis of salt tolerance in higher 
plants (Mansour and Salama 2004; Sairam and Tyagi 2004; Bartels and Dunkar 
2005; Munns and Tester 2008).

In the first section of this chapter, we will describe the mechanisms developed 
by plants to cope with salinity and the relative importance of each one of them, 
which vary not only with the species but also with other factors such as stress level, 
exposure time to salinity, environmental conditions, etc. Advances in our knowl-
edge of the physiological and molecular basis of salt tolerance so far achieved, with 
special mention to the emerging progress thanks to the new genomic approaches, 
are summarised. The achievement of salt tolerant cultivars is reviewed in the second 
part of the chapter, with special attention to the search for natural variation in phe-
notypic and physiological characters, the discovery of quantitative trait loci regulat-
ing salt tolerance, the interaction of these loci with the environment and other loci, 
and to design efficient breeding programmes based in marker assisted selection 
coupled with phenotypic selection. In the next section, the transfer and expression 
of genes related to salt tolerance into elite cultivars or parents of modern F

1
 hybrids 

through genetic transformation is a very attractive approach because, this way, 
susceptible but productive cultivars could be transformed into tolerant ones, while 
maintaining all the valuable traits today’s cultivars possess. Here we will review the 
progress in this field, raise the problems associated with the functional analysis of 
salt tolerance-related genes and discuss the adequacy of genomic tools to perform 
the genetic dissection of this complex trait.

16.2  Salt Tolerance Mechanisms at Physiological  
and Molecular Levels

Salt causes several types of plant stress including osmotic stress and ionic stress 
due to the accumulation of toxic saline ions, nutritional stress due to the altered 
nutrient uptake, especially of ions such as K+ and Ca2+, and oxidative stress. 
However, the main physiological mechanism responsible of plant growth reduction 
and how environment and genotype modulate plant salinity response are not yet 
known.

To understand the physiological mechanisms responsible for salinity tolerance, 
it is important to bear in mind that plants respond to salinity by using two main 
tolerance mechanisms: mechanisms of osmotic tolerance to avoid the osmotic 
effect of the salt outside the roots, which occurs normally at low stress levels and 
over short periods of salt stress, and mechanisms of ionic tolerance to avoid the 
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toxic effect of the salt within the plant, the main effect induced by long-term or high 
stress levels. However, the timescale over which ion-specific damage is manifested 
depends on the salt sensitivity of the species and the stress level. Thus, the ion-
specific effect will start earlier in plants with a low ability to regulate the transport 
of saline ions to the shoot, or when high salt levels are applied. Although the two 
phases are generally separated in time for most plants, it is also possible for ion 
toxicity to take effect during the first phase itself and for osmotic effects to persist 
in the second phase (De Costa et al. 2007; Muñoz-Mayor et al. 2008).

16.2.1 Plant Response to Osmotic Stress Induced by Salinity

The osmotic effect starts immediately after the imposition of salt stress, before the 
saline ions are taken up by the roots. The salt concentration around the roots 
reduces the osmotic potential of the growing medium and thus the plant’s ability 
to take up water and nutrients by the roots, similar to the effect induced by 
drought. (Munns 2002). The plant needs to accumulate solutes to maintain cell 
volume and turgor, so the response to turgor reduction is osmotic adjustment, 
which is a major component of salt stress tolerance. Osmotic potential may be 
reduced either by the simple effect of solute concentration due to reduced water 
uptake by the plant or by the active solute accumulation. Osmotic adjustment is 
defined as the lowering of osmotic potential in plant tissue due to net accumula-
tion of solute (Blum et al. 1996).

The main solutes contributing to osmotic adjustment are the inorganic solutes, 
which are taken up from the substrate and transported to the shoot, and the organic 
solutes, which are synthesised by the plant. Na+ and Cl− are energetically efficient 
osmolytes for osmotic adjustment, but must be compartmentalised into the vacuole 
to minimise cytotoxicity. Within the cytoplasm, osmotic adjustment is achieved by 
accumulation of compatible osmolytes. Some compatible osmolytes are essential 
elemental ions, such as K+, but the majority of these are organic solutes, especially 
sugars (mainly fructose and glucose) and organic acids. Other osmolytes are sugar 
alcohols (glycerol and methylated inositols), complex sugars (trehalose, raffinose 
and fructans), quaternary amino acid derivatives (proline, glycine betaine, b-alanine 
betaine, proline betaine), tertiary amines and sulfonium compounds (Zhu 2001). 
Another function of compatible osmolytes that may occur at lower concentrations 
is osmoprotection, which includes protection of thylakoid and plasma membrane 
integrity, stabilising proteins, a sink for energy or reducing power, a source of car-
bon and nitrogen for recovery, or scavenging of reactive oxygen species generated 
by salt stress (Bartels and Dunkar 2005). These beneficial impacts have been shown 
by overexpression of different genes involved in osmolyte accumulation (Ge et al. 
2008; Yang et al. 2008). However, consensus has not been reached on the effective-
ness of accumulation of osmolytes by genetic modification, as occurs in the case of 
proline. Therefore, further studies are required to give an insight into the role of the 
osmolytes and their effective utilisation for stress tolerance.
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The use of organic solutes for osmotic adjustment is energetically much more 
expensive than the use of the saline ions proceeding from the substrate (Yeo 1983). 
Thus, the ATP requirement for the synthesis or accumulation of solutes in leaves 
was reported by Ravens (1985) as 3.5 for Na+, 34 for mannitol, 41 for proline, 50 
for glycine betaine and about 52 for sucrose. In this respect, salt tolerance may not 
always be associated with low Na+ concentration in the leaves. While the more 
tolerant genotypes of many species are those better able to prevent excessive ion 
accumulation, the leaves of halophytes do contain high salt concentrations (Santa-
Cruz et al. 1999), which are necessary to adjust the leaf water relations to low 
external potentials and plants use the cheapest solutes from an energetic point of 
view (Neumann 1997). Such a situation also seems to occur in species that are not 
very sensitive to salt, such as tomato grown at low-mid salinity levels, as the higher 
the fruit yield, the higher the contribution of inorganic solutes, including the saline 
ions, to the osmotic potential (Alarcon et al. 1993; Estañ et al. 2005). Thus, breed-
ing for Na+ accumulation, rather than exclusion, could be a more effective strategy 
for improving salt tolerance of conventional crop plants.

16.2.2 Plant Response to Ionic Stress Induced by Salinity

Since NaCl is the major component of most saline soils, our usage of the terms 
salinity and salt stress here refers to stress caused by NaCl. The ionic stress starts 
generally later than osmotic stress, when the toxic saline ions are transported to the 
shoot and build up to toxic levels within the leaves. Thus, roots must exclude most 
of the Na+ and Cl− dissolved in the growing medium, or the salt in the shoot will 
gradually build up with time to toxic levels. The cause of injury is probably salt 
load exceeding the ability of the cells to compartmentalise salts in the vacuole. Salts 
would then build up rapidly in the cytoplasm and inhibit enzyme activity (Yokoi 
et al. 2002). Alternatively, they might build up in the cell walls and dehydrate the 
cell (Flowers et al. 1991). The rate of cell death is crucial for the survival of the 
plant. If new leaves are continually produced at a rate greater than that at which old 
leaves die, there will be enough photosynthesizing leaves on the plant to produce 
flowers and seeds, although reduced in number. However, if old leaves die more 
quickly than new ones develop, the plant may not survive.

In most studies on salinity it has not been possible to determine whether the 
toxic effects observed are due to Na+, Cl− or to a contribution of the two. In only a 
few species such as citrus (Moya et al. 2003) has there been conclusive evidence of 
greater sensitivity to Cl− than to Na+. Consequently, Na+ is considered the primary 
cause of ion-specific damage for many plants (Tester and Davenport 2003). However, 
similar relationships between fruit yield and leaf ionic concentrations for Na+ and 
Cl− were observed in tomato, which suggests that the toxic effects are due, at least 
in the long term, to the contribution of both ions (Estañ et al. 2005).

Salt tolerance of cultivated species is generally correlated to an efficient Na+ 
and Cl− exclusion mechanism and better maintenance of leaf K+ concentration at 
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high external NaCl (Gorham et al. 1990; Matsushita and Matoh 1991). However, 
the higher salt tolerance of wild tomato species over cultivated forms has gener-
ally been associated with the halophytic character of Na+ accumulation in the 
wild relatives (Cuartero and Fernandez-Muñoz 1999). Tester and Davenport 
(2003) suggested that although halophytes accumulate Na+ in the shoot, it is 
unlikely that halophytic species have higher rates of Na+ transport at high salini-
ties or over the long term than salt-sensitive species. Studies of halophytes at low 
salinities tend to obscure the true situation, because many halophytes show 
growth stimulation upon addition of NaCl to a growth medium when NaCl is 
rapidly accumulated and employed preferentially as an osmoticum (Alarcon et al. 
1993; Glenn et al. 1999). Several recent reviews of this area of study have been 
carried out (Tester and Davenport 2003; Apse and Blumwald 2007; Munns and 
Tester 2008), and these describe in detail the transport of Na+ from the growing 
medium into the roots, the Na+ loading into and unloading from the xylem, and 
its redistribution within the plant.

16.2.3 Plant Response to Oxidative Stress Induced by Salinity

In addition to its known components of osmotic stress and ion toxicity, salt stress 
is also manifested as an oxidative stress, all of which contribute to its deleterious 
effects (Hernandez et al. 2000; Mittova et al. 2002). Oxidative stress is character-
ised by the overproduction of reactive oxygen species (ROS) represented predomi-
nantly by superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet 
oxygen. Plants have defensive mechanisms and utilise several biochemical strate-
gies to avoid damage caused by ROS. Plant enzymatic defences include antioxidant 
enzymes such as the phenol peroxidase, ascorbate peroxidase, glutathione peroxi-
dase, superoxide dismutase, and catalase which, together with other enzymes of the 
ascorbate-glutathione cycle, promote the scavenging of ROS (Hernandez et al. 2001; 
Hong et al. 2007). The biochemical defence system also includes carotenoids, 
ascorbate, glutathione and tocopherols. Several authors have suggested that the 
function of sugars, poliols, glycine-betaine and proline could be to protect cells 
against the hydroxyl radical (Sickler et al. 2007).

The sources of ROS under stress, mechanisms of ROS detoxification and the 
role of ROS in stress signalling are all active areas of current research and have been 
extensively studied and reviewed (Ben Amor et al. 2007). However, more studies 
are necessary before a definitive conclusion can be reached about the role of the 
ROS production under stress. Thus, increased ROS production has long been 
known under the heading of ‘oxidative stress’, which in itself is a negative term 
implying a harmful process. In contrast to this negative term, implying a state to be 
avoided, Foyer and Noctor (2005) proposed that the syndrome would be more use-
fully described as ‘oxidative signalling’, that is, an important and critical function 
associated with the mechanisms by which plant cells sense the environment and 
make appropriate adjustments to gene expression, metabolism and physiology.
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16.2.4  Homeostasis and Protection or Damage Repair  
Induced by Salinity

Responses to salt stress are often discussed in terms of homeostasis and protection 
or damage repair (Zhu 2001). Mechanisms of ion homeostasis and osmotic homeo-
stasis attempt to restore the cellular ion or water content to levels similar to those 
present under unstressed conditions. Protection and damage repair mechanisms 
attempt to prevent or repair cellular damage caused by altered ion or water content 
under stress. To understand the molecular mechanisms that plants have developed to 
cope with salinity, key genes for salt stress should be identified. Present engineering 
strategies for enhanced salt tolerance rely on the transfer of one or several genes 
either involved in signalling and regulatory pathways or encoding enzymes present 
in pathways leading to the synthesis of functional and structural protectants, such as 
osmolytes and antioxidants, as is indicated in the next sections. Osmotic homeosta-
sis probably depends on the action of genes for solute synthesis, and a number of 
channels and carriers for uptake and compartmentalisation of inorganic solutes, 
especially K+ (Rodriguez-Navarro 2000). Aquaporins may also have a role in 
osmotic homeostasis by facilitating water movement, but despite some progress 
achieved recently, not much is currently known about the levels of physiological 
relevant aquaporin function and regulation, and its effects on plant water balance 
(Kaldenhoff et al. 2008). Because of the most important effect induced by salinity to 
long-term is the toxic effect induced by the transport of saline ions to the shoot, most 
approaches have been directed to studying cation transporters and their regulation, 
especially the Na+ transporters genes, like SOS1 (Shi et al. 2002), AtHKT1 (Rus et al. 
2004) and AtNHX1 (Apse and Blumwald 2002), whereas the Cl− transport mecha-
nisms in plants have been rarely studied (Colmenero-Flores et al. 2007).

In spite of the important work carried out on the Na+ transport mechanism 
in plants in recent years, more advances are necessary to understand the role and 
regulation of genes involved in the re-establishment of Na+ homeostasis under salt 
stress (Maathuis 2006; Pardo et al. 2006; Apse and Blumwald 2007; Munns and 
Tester 2008). Moreover, these genes should be identified not only in model species 
like Arabidopsis but also in crop species, since their role may be different depend-
ing on the species, as seems to occur in the HKT1 genes. Recent studies on the role 
of AtHKT1 in Na+ transport have shown that this gene appears to control retrieval 
of Na+ from the xylem before it reaches the shoot (Davenport et al. 2007). 
However, the HKT gene family is quite diverse, and this diversity led to early 
reports of apparently contradictory properties (see ‘AtHKT1;1, A case study of 
confusion’, in Munns and Tester 2008). Increased clarity has been provided by 
dividing the HKT gene family into two distinct subfamilies (Platten et al. 2006). 
Recently, Nagata et al. (2008) did a comparative molecular-biological analysis of 
membrane transport genes in different organisms, ranging from bacteria to animals 
and plants. They compared the numbers of membrane transporter genes in 
Arabidopsis and rice. Although many transporter genes are similar in these plants, 
Arabidopsis has a more diverse array of genes for multi-efflux transport and for 
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response to stress signals, and rice has more secondary transporter genes for car-
bohydrate and nutrient transport.

Another of the genes controlling long-distance transport in Arabidopsis thaliana 
is the SOS1 gene, which encodes a plasma membrane Na+/H+ antiporter that is 
essential for salt tolerance (Shi et al. 2003). Key intermediaries in the regulation of 
SOS1 are the protein kinase SOS2 and its associated Ca2+-sensor protein SOS3 
(Pardo et al. 2006). Co-expression of the three proteins in a yeast strain lacking 
endogenous Na+ transporters restored salt tolerance to a much greater extent than 
SOS1 alone, whereas SOS2 or SOS3 individually failed to stimulate SOS1 activity 
(Quintero et al. 2002). Despite these advances, the function of SOS1 in plants needs 
to be clarified, as this transporter seems to function in retrieving Na+ from the 
xylem to prevent excess Na+ accumulation in the shoot under severe salt stress (Shi 
et al. 2003). On the contrary, SOS1 functions to load Na+ into the xylem for con-
trolled delivery to the shoot when salinity is moderate (Shi et al. 2002).

Na+ has to be compartmentalised in the vacuole to prevent excess Na+ accumulation 
in the cytoplasm. Arabidopsis AtNHX1 protein was the first Na+/H+ exchanger 
identified in plants (Gaxiola et al. 1999). The presence of Na+/H+ antiporter activi-
ties has been physiologically characterised in tonoplast vesicles and it is molecu-
larly represented by six Arabidopsis genes, AtNHX1–6 (Yokoi et al. 2002). AtNHX1 
steady-state transcript levels were increased in response to NaCl, KCl, sorbitol, and 
ABA, suggesting that AtNHX1 transcript upregulation is not specific to ionic stress 
but is common to osmotic stress (Gaxiola et al. 1999; Shi and Zhu 2002). 
Overexpression of NHX antiporters has been used to improve salt tolerance in sev-
eral plant species (Zhang and Blumwald 2001; Wu et al. 2004). Pardo et al. (2006) 
summarised the important work carried out in transformed plants with NHX anti-
porters and concluded that relevant information is still missing about the way NHX 
expression affects ion compartmentalisation within the cell, overall ion homeosta-
sis, and osmotic adjustment, in order to fulfil the physiological premises basis that 
sustain the increase in salt tolerance.

With respect to the Na+ pumps, there are no classical pumps in higher plants. 
In fungi and mosses there is a Na+ pump, ENA1, which hydrolyses ATP to pump 
Na+ out of the cell (Benito and Rodriguez-Navarro 2003). Also in yeast are the 
HAL genes (Serrano et al. 1999). Overexpression of HAL1 conferred salt toler-
ance in yeast by facilitating intracellular K+ accumulation and decreasing intrac-
ellular Na+ (Rios et al. 1997). According to Munns (2005), the expression of these 
genes, which do not have orthologues in higher plants, may introduce new mech-
anisms for Na+ and/or K+ homeostasis. HAL1 was introduced into tomato and its 
overexpression led to higher salt tolerance in the progeny of different transgenic 
plants, and furthermore, a similar mechanism to that in yeast was observed, 
namely by facilitating K+/Na+ selectivity under salt stress (Gisbert et al. 2000; 
Rus et al. 2001). Afterwards, a transgenic line with a very high gene expression 
level was selected in order to corroborate the tolerance induced by HAL1 in 
tomato. However, the fruit yield of the homozygous plants was lower than that of 
the azygous plants, in spite of the lower Na+ uptake and Na+ translocation to the 
shoot that persisted over time in the homozygous line (Muñoz-Mayor et al. 2008). 
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Moreover, the ability of HAL1 to reduce Na+ uptake in the long-term was shown 
by the low accumulation of Na+ in fruits. In-depth physiological characterisation 
of these plants showed that the greater ability for Na+ exclusion in the homozy-
gous line caused another type of osmotic problem, as leaves required increased 
synthesis of organic solutes to maintain osmotic balance, which has a high energy 
cost (Balibrea et al. 2003), and hence a growth penalty that negatively impacted 
on fruit yield. These results demonstrate the importance of considering the 
osmotic component of salt stress, especially when overexpression is used as a 
tool to identify genes involved in salt tolerance. It may be concluded that the 
constitutive expression of a gene may induce improvements in a trait, e.g. Na+ 
exclusion, but this positive effect may provoke other physiological problems in 
the plant. In this sense, studies with AtNHX1-overexpressing tomato showed 
greater K+ uptake than control lines but nevertheless were prone to K+ deficiency 
symptoms at leaf K+ concentrations greater than the control line (Leidi et al. 
2005). According to Pardo et al. (2006), this paradoxical phenotype is likely to 
be due to exacerbated activity of the AtNHX1 antiporter in the transgenic lines 
which could increase the vacuolar pool at the expense of the cytoplasmic K+ pool, 
thereby inducing a K+ starvation signal and eliciting greater K+ uptake by roots. 
Thus, proper modulation of gene expression in time and space may be more 
important than mere overexpression of the transgene (Tonsor et al. 2005), as is 
pointed out below.

Taken together, tolerance to salinity stress is a complex phenomenon at both the 
cellular and the whole plant level, and a considerable gap still exists between the 
knowledge gained by physiological and molecular studies in response to salt stress 
and the knowledge required to develop crop plants with enhanced tolerance to 
field saline conditions. A focus on comprehensive physiological, molecular and 
metabolic aspects of salt stress in crop plants is needed to advance in the knowl-
edge of the salt tolerance basis and to facilitate the development of crop plants 
with enhanced stress tolerance. New tools for functional genomics emerged in 
recent years may enhance significantly the descriptive power of physiological 
analysis (Sanchez et al. 2008; Weckwertha 2008), although it is absolutely neces-
sary to elucidate not only processes involved in ionic stress tolerance and compat-
ible solute synthesis, but also other processes as mechanisms of osmotic tolerance, 
which remain unknown (Munns and Tester 2008). Furthermore, to benefit more 
from the new genomic approaches, molecular studies with plants grown in physi-
ologically realistic conditions are needed. Finally, it should be mentioned that 
differences in salt tolerance mechanisms between salt-sensitive glycophytes and 
salt-tolerant halophytes may result from changes in regulation of the same basic 
set of genes involved in salt tolerance. Many genes encoding potential salt toler-
ance determinants have been identified in model plant species, but a comparative 
study of the expression of those genes in both halophytes and glycophytes has 
been hampered by the lack of genetic and molecular tools available for the halo-
phytic species. An important step forward has been provided by the use of 
Arabidopsis molecular and genetic tools to characterise the halophyte T. halo-
phila, which is allowing have shown that the two species exhibit both shared and 
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 divergent responses to salt stress (Gong et al. 2005a; Kant et al. 2006). Currently, 
we are trying to identify genes involved in salt tolerance in the wild salt-tolerant 
tomato species S. pennellii, using insertional mutagenesis as a genetic tool, as 
discussed in next sections.

16.3 Breeding for Salinity Tolerance

The first question that arises when breeding for salinity tolerance is the possibility 
to develop genotypes tolerant to salinity. Natural evolution has shaped flowering 
plant species and ecotypes to live under saline conditions, so that there is some 
compatibility between plant life and saline conditions and, therefore, it should be 
possible to artificially reproduce this process. However, the term ‘tolerant geno-
type’ depends upon the context. In natural environments a tolerant genotype is one 
that competes in the ecosystem and produce offspring. In an agricultural setting a 
tolerant genotype has to produce an economic yield (Yeo 2007). Breeders try to 
obtain genotypes not only able to live under saline conditions (biological tolerance) 
but also to grow and maintain agricultural productivity (agricultural tolerance) with 
the aid of appropriate cultivation methods. The success achieved in producing salt-
tolerant varieties of crops has, however, been very limited. About 29 cultivars in 
only 12 species had been released for their salt tolerance until year 2000 (Flowers 
et al. 2000) and there has been little advance since then.

Obtaining salt-tolerant cultivars comprises three steps: (1) the presence of 
genetic variability for salinity tolerance in the species to be bred, in species that can 
be crossed with the target species, or even in organisms genetically far from the 
target species (2) to find out the gene or genes underlying the tolerance, and (3) the 
transmission of the gene(s) responsible of the tolerance to the cultivars.

16.3.1  Variability in Salinity Tolerance

All the crops where genetic variability for salt tolerance has been investigated have 
shown some degree of tolerance, either in the cultivated species or in closely related 
species that can be crossed with the cultivated one. Examples of species showing intra-
specific variability are sorghum (Igartua and Garcia 1999), strawberry clover 
(Rumbaugh et al. 1993), rice (Alia et al. 2006), cotton (Ashraf 2002), lentil (Ashraf 
and Waheed 1990), etc. Inter-specific variability among genetically related species has 
been demonstrated in crops as different as tomato (Bolarin et al. 1991), durum wheat 
(Munns et al. 2000), eucalyptus (Niknam and McComb 2000) and many others.

Tolerance to salinity in higher plants affects numerous plant processes at all levels 
of organization (ion transport, osmotic adjustment, ion selectivity, nutrition, com-
partmentation, growth, water use, water use efficiency, etc.). Variability for osmotic 
adjustment has been demonstrated in wheat (Morgan 1992) barley (Blum 1989), rice 
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(Lilley and Ludlow 1996), sorghum (Basnayake et al. 1993), maize (Bolaños et al. 
1993), tomato (Borsani et al. 2002) etc.; for Na+ transport, in rice (Yeo 1992) and 
tomato (Cuartero et al. 2002). Cuartero et al. (2002) also demonstrated phenotypic 
variability in tomato for the relation [Na+]/leaf area reduction, for the relation [K+]/
[Na+] in leaf, and for selective Na+ accumulation in old leaves.

It seems that the necessary variability for starting a breeding program is not hin-
dering the development of salt tolerant cultivars in most crops. However “tolerance 
to salinity” is a very inaccurate term because it depends on the stage of plant develop-
ment and where the tolerance has been measured. The easiest stage of development 
for determining tolerance to salinity is germination because experiments can be per-
formed in the lab under controlled environmental conditions and with a high number 
of genotypes at the same time. But tolerance to salinity at germination stage has 
proved without relation to tolerance at adult stage in sorghum (Krishnamurthy et al. 
2007), lentil (Ashraf and Waheed 1990), tomato (Foolad and Lin 1997), and rice 
(Moradi et al. 2003). Lack of relation between tolerance in vegetative stages and 
harvest has also been demonstrated (Greenway and Munns 1980; Shannon et al. 
1987; Caro et al. 1991). Tolerance to salinity in one stage of development seems quite 
independent from tolerance to salinity in other stages what complicates indirect selec-
tion and comparison of results coming from different experiments and researchers.

Quantification of salt-tolerance is also difficult in the field, because (1) the stress 
may be experimentally uncontrollable because of variable rainfall, (2) the notoriously 
high field heterogeneity for salinity is liable to confound any planting plan designed 
for field experiments, and (3) salt uptake and sensitivity are modulated by environmen-
tal conditions that may affect each variety differently: any parameter which affects the 
transpiration rate (such as light intensity, temperature and humidity), can change dra-
matically a plant’s susceptibility to salinity (Yeo et al. 1990). To avoid field problems 
measuring tolerance, plants are usually grown on inert substrates supplemented with a 
nutrient solution salinized with NaCl or a known mixture of salts enriched in NaCl.

Salt concentrations at which plants are grown to measure tolerance to salinity 
deserve also attention. The degree of salt sensitivity of genotypes at the germination 
stage is generally maintained when different salt concentrations are tested (Cuartero 
and Fernandez-Muñoz 1999; Foolad 2004), but this behaviour is not general and 
Cruz (1990) points out that the most tolerant tomato cultivars at 5–7 dS m−1 do not 
correspond with the most tolerant ones at 13 dS m−1. It is necessary to define salin-
ity conditions on the field and selection and experiments should be performed at 
those established salinity conditions (Cuartero et al. 2008).

16.3.2 Determinants Underlying Salinity Tolerance

It is known that most of the processes empirically determined to be important in 
plant tolerance to salinity exhibit quantitative inheritance (they show continuous 
variation) and a high degree of environmental influence (Cuartero and Fernandez-
Muñoz 1999; Zhang et al. 1999; Mikiko et al. 2001).



384 J. Cuartero et al.

Direct selection under field conditions for quantitative traits is difficult 
because fluctuating environmental factors adversely affect the accuracy and 
repeatability of such traits. Indirect selection for markers linked to quantitative 
traits has been suggested and put into practice for some time (Sax 1923; Falconer 
1981). For an indirect selection marker to be useful in a breeding program, it has 
to exhibit both a significant genetic correlation with the trait and higher herita-
bility than the trait itself (Falconer 1981). Molecular (DNA) and biochemical 
markers closely linked to quantitative trait loci (QTLs) affecting salt tolerance 
are good candidates because their expression are almost independent from the 
environment, and powerful biometric methods have been developed and applied 
to QTL mapping.

The main goal of QTL detection is marker-assisted selection (MAS) and QTL 
cloning (Asins 2002). The success in both of them depends on our ability to locate 
the QTL in chromosome regions as narrow as possible.

Salinity affects most of the biological processes in plants; hence tolerance to 
salinity is determined by many components. Some of them have been reviewed in 
the first part of this chapter, that is: accumulation of solutes (inorganic and organic) 
to maintain cell volume and turgor to counteract osmotic stress; ion exclusion from 
the root and ion compartmentalization to fight against ionic stress; preferential 
transport of water, K+ and Ca2+ to restore nutritional status; and over-production of 
antioxidant enzymes and antioxidant compounds to avoid oxidative stress. All of 
those characters are quantitatively inherited and will require the detection of the 
QTL governing their expression.

The basis of QTL detection is the identification of significant statistical associa-
tion between phenotypes and specific genetic markers, established by the joint 
analysis of segregation of markers and phenotypes in individuals or lines. The most 
extensively segregating generation used has been the F

2
 because it can be rapidly 

obtained. Additive and dominant effects can be properly detected in F2 generations, 
but F

2
 have two important drawbacks: the genotypes cannot be replicated and evaluated 

several times and in several environments, and epistatic interactions are frequently 
undetected. According to Asins (2002) recombinant inbred lines (RIL) or double 
haploids (DH) can be reproduced independently and continuously evaluated with 
respect to additional quantitative traits and markers, with all the information being 
cumulative. Additive and epistatic interaction can be determined with RIL and DH 
but not dominant or over-dominance effects.

When dealing with a complex character as tolerance to salinity that depends 
on a number of quantitative traits, QTL analysis allows an integrative approach. 
Total phenotypic variation can be explained in three main ways: the identifica-
tion of QTLs partially controlling the tolerance by analysing multiple traits in 
the same segregating population; the contribution of QTL × Environment (E) 
interaction; and the contribution of QTL × QTL interactions or epistastatic 
effects. Such analyses under different salinity levels and plant stage(s) can only 
be properly and efficiently carried out using populations of DHs or RILs 
(Cuartero et al. 2006).
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16.3.2.1 QTL × E Interaction

Since salt concentration in the soil is highly variable, it is frequent to test plant 
tolerance to salinity in several salt concentrations applied to the root system. 
Genotype × salt treatment interaction has been found in several occasions and spe-
cies (Bolarin et al. 1991; Asins et al. 1993; Igartua 1995; Lee et al. 2004). It is then 
not surprising that QTL also show interaction with the environment, which means 
that expression of particular chromosome regions differs across environments and 
markers identified would be significant in only one or some of the environments. 
However, genotype × salt interactions are detected with ANOVA in the numerous 
experiments including several genotypes and two or more environmental condi-
tions, but to detect QTL × E interaction it is necessary to study segregant popula-
tions with several replicates of each genotype in two or more environments, and 
unfortunately this kind of studies are rare. In addition F

2
 population, the most fre-

quent segregant population analyzed, is a poor plant material to detect QTL × E 
interactions and studies with RIL or DH populations in two or more environments 
are uncommon.

When appropriate segregant populations (RIL or DH) are grown in at least two 
salinity conditions (control and saline), more QTL have been identified in saline 
than in control conditions, and significant QTL × E interaction has been found in 
all the experiments designed to detect the interaction. Monforte et al. (1997) found 
only 6 QTL with expression in saline and control conditions, while 9 where 
expressed in the control and 18 specific for saline conditions. Takehisa et al. 
(2004) described 37 and 20 QTL in the fields irrigated with saline and fresh water 
respectively. Manneh et al. (2007) reported 8 markers expressed in control and 
saline conditions while 28 where expressed in only one of the conditions tested. 
Villalta et al. (2008) detected 4 QTL in control and 20 in saline conditions in one 
population, and 11 in saline, 2 in control and 2 in saline and control conditions in 
another population. Those examples have used only two experimental environments: 
control and saline conditions. It is necessary to asses that QTL detected under 
saline condition are expressed in different salt concentrations, otherwise QTL 
should be found for each specific salt concentration on which tolerant genotypes 
were to be grown.

QTL × E interaction, as genotype × environment interaction, has an evolutionary 
base because, according to Asins (2002), this sensitivity to the environment results 
in phenotypic plasticity (the possibility to take alternative development fates 
depending on environment) which is likely to be of particular importance in plants 
because they cannot move from one environment to another. But, from the view-
point of the breeder, QTL × E interaction complicates the use of QTL in MAS for 
tolerance to salinity because salinity in the soils is not constant but variable, spa-
tially in the field and also temporarily due to rain and irrigation variation from one 
year to another. To deal with this unpredictable situation breeders have to manage 
as many QTL related to tolerance to salinity as possible in order to breed salt toler-
ant genotypes. Some authors see the QTL × E interaction as lack of consistency of 
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QTL effects in different environments and suggest using only QTL expressed in 
most of the environments in MAS programmes. However, as mentioned before, 
there are many more QTL related to tolerance to salinity expressed only under 
saline conditions and, according to their importance, they are key QTL to breed salt 
tolerant genotypes.

The number of QTL related to some characters important in salt tolerance is 
high: 33 in the case of Monforte et al. (1997), 57 detected by Takehisa et al. (2004), 
38 by Manneh et al. (2007), and 17 or 21, depending on the population considered, 
by Villalta et al. (2008). This number will probably increase when more characters 
and environmental conditions (salt concentrations) are considered, making very 
difficult to handle all of them in a MAS programme. Fortunately some QTL asso-
ciations have been found when they have been mapped (Villalta et al. 2008) which 
will assist in the introduction of those QTL clusters in elite lines.

16.3.2.2 QTL × QTL Interaction

QTL detection experiments are notoriously poor at detecting interactions between 
loci (Frankel and Schork 1996). For this reason, we do not have a good idea as to 
how common such epistatic effects are, but when experiments have been designed 
to test specifically for their presence, these interactions have been found (Flint and 
Mott 2001). The molecular dissection of variation in bristle number in Drosophila 
indicated that the combination of two QTL had much larger effect than predicted 
from their individual effects (Gurganus et al. 1999). Epistasis has also been docu-
mented in plants. Lark et al. (1995) demonstrated epistasis in soybean, Eshed and 
Zamir (1996) in tomato, Lukens and Doebley (1999) in maize, Maheswaran et al. 
(2000) in rice, etc. The detection of epistasis seems to be independent of the species 
and the lack of information about QTL × QTL interaction could be explained by 
the plant material employed in the experiments. According to Asins (2002), epistasis 
between QTL can hardly be detected in advanced backcrosses or F

2
 populations. 

The reason is that every backcross generation reduces the number of gene combina-
tions while increasing genes from the recurrent genotype and in F

2
 populations, 

even if large, there are few individuals with two-locus double homozygotes. RIL or 
DH populations are, definitely, the appropriate plant material to detect epistasis.

MAS will lose efficiency if QTL × QTL interactions do exist and are ignored in 
the selection process because they have not been detected and quantified.

16.3.3  Transmission of Determinants Responsible  
of Salt Tolerance

The traits governing tolerance to salinity are quantitatively inherited with low heri-
tability (Cuartero et al. 2006). In addition, these traits are difficult to measure in 
segregating populations, requiring meticulous control of environmental variables 
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and replication of progenies over locations and seasons. MAS is an attractive 
approach when a few QTL control a significant portion of the variability for the 
traits under selection (Zhang et al. 1999).

Translating results from gene or QTL discovery to farm applications requires an 
agronomic approach rather than a purely academic perspective. We need not only 
an understanding of the genetic mechanisms underlying a particular trait but also a 
keen sense of the target environments and the appropriate germplasm to use as 
vehicles to deliver the traits (Leung 2008). It is important to note that cultivars bred 
for salt tolerance have to be not only salt tolerant, but also achieve the same desir-
able traits of productivity, quality, resistance to diseases, and adaptation to cultural 
techniques the current cultivars have. Elite lines, cultivars or parents of today’s 
hybrids would be the ideal candidates to be improved for tolerance to salinity by 
introducing the tolerant QTL from the donors.

Today cultivars are the result of many years of selection and incorporation of 
traits demanded by consumers and growers. The delicate equilibrium among pro-
ductivity, quality, resistance to diseases, and other agronomic traits showed by 
those cultivars could be probably altered with the introduction of a substantial 
number of QTL as those required for tolerance to salinity. Even with the help of 
codominant molecular markers tightly linked to the QTL to be transmitted, MAS 
programmes will need the phenotypic selection of the breeder generation after 
generation. Phenotypic selection can only be properly practised in generations 
approaching homocigosity slowly. Accordingly, MAS programmes should be 
designed to slowly approach the recurrent parent genotype. Cuartero and Fernández-
Muñoz (1999) described an example of such a programme. A partial solution would 
be to breed rootstocks tolerant to salinity, grafting onto them the shoot of today 
cultivars. Martinez-Rodriguez et al. (2008) have recently demonstrated the benefi-
cial effects of some rootstocks chosen because of their tolerance to salinity on 
tomato yield irrigated with saline water.

Despite innovations like better marker systems and improved genetic mapping 
strategies, the success of MAS has been very limited even taking into account that 
tolerance of the breeding lines is not expected to be as high as that of the tolerant 
donors. Manneh et al. (2007) pointed out the reliability of MAS to identify superior 
yielding rice genotypes under stress in the field. Several rice lines have been bred 
and released in the Philippines, Bangladesh, and India demonstrating significant 
yield advantages over salt-sensitive varieties (Ismail et al. 2007). Those two exam-
ples of success in breeding for salinity tolerance have been performed with rice. 
Rice has two important advantages over other species, especially dicotyledonous 
species: (1) tolerance to salinity is controlled by a few QTL with large effects, and 
(2) it is especially sensitive to salinity only during early seedling and reproduction 
stages (Leung 2008). The partial success on breeding salt tolerant rice varieties, 
 a feasible plant model, should encourage the work with other species.

Salinity increases steadily in agricultural soils because of the irrigation water 
employed and because inadequate irrigation practices. If a soil salinity target has 
been fixed at the beginning of a breeding programme, it can substantially increase 
in the about 10 year’s period needed to obtain a new cultivar with tolerance to 
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 salinity. So, breeding salinity tolerance cultivars cannot be alone a long term 
 solution to grow in saline soils but it must be complemented by other cultural tech-
niques to stabilize the soil salinity level (Cuartero et al. 2008).

16.4 Improving Salt Tolerance Trough Gene Transformation

Despite great efforts to increase the level of salinity tolerance in species of agronomic 
interest, the results obtained through conventional breeding methods, as well as by 
some biotechnological approaches (e.g. in vitro selection) have been rather scarce 
(Flowers 2004; Yamaguchi and Blumwald 2005; Ashraf et al. 2008). The difficulty 
in obtaining practical results through these and other approaches explains the expecta-
tions generated to obtain salt tolerant cultivars via genetic transformation.

In numerous papers published from early 1990s until the present time, several 
authors have claimed enhancement of salt tolerance through either overexpression of 
endogenous genes or, more frequently, heterologous expression of genes that sup-
posedly act on different mechanisms involved in the process (Cuartero et al. 2006).

Genes that have proven somewhat effective in providing stress tolerance using a 
transgenic approach belong to different categories. Preliminary research in this 
field was mainly focused on the overproduction of metabolically compatible 
(organic) solutes in transgenic plants (Chen and Murata 2002; Penna 2003; Kavi 
Kishor et al. 2005). More recently, attention has been paid to the modification of 
the glycine betaine biosynthesis pathway by using genes isolated from different 
sources (Su et al. 2006; Shirasawa et al. 2006; Zhou et al. 2007; Waditee et al. 2007; 
Park et al. 2007), most probably because the quaternary ammonium compound 
glycine betaine is accumulated in numerous halophytes from several families 
(Rhodes and Hanson 1993; Flowers and Colmer 2008). In this respect, it has been 
shown that the accumulation of glycine betaine in genetically modified plants of 
tomato is more effective in the chloroplasts than in the cytosol (Park et al. 2007), 
in a similar way to that previously observed in rice (Sakamoto et al. 1998). Notably, 
the accumulation of glycine betaine in transplastomic plants of carrot led to high 
levels of salt tolerance (up to 400 mM NaCl; Kumar et al. 2004).

Another strategy to increase the level of salt tolerance has been the transfer of genes 
codifying different kinds of proteins functionally related to macromolecules protection 
(LEA proteins, osmotin, chaperons, mRNA binding proteins; Wang et al. 2003; Zhang 
et al. 2007) or the protection of key metabolic enzymes (Arrillaga et al. 1998).

The scavenging of reactive oxygen intermediates through the transfer and 
expression of genes encoding detoxification enzymes (e.g. glutathione S-transferase, 
superoxide dismutase, ascorbate peroxidase, catalase) is an alternative way to pro-
tect cells against oxidative stress, thus limiting the damage produced by salt treat-
ments (Apel and Hirt 2004). Interestingly the co-expression of more than one gene 
involved in oxidative stress protection in both the chloroplasts and cytosol gave rise 
to plants with increased tolerance to different types of abiotic stress (Zhao and Zang 
2006; Tseng et al. 2007; Lee et al. 2007).
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Genetic manipulation with genes encoding membrane proteins involved in the 
uptake and transport of water and ions, such as water channel proteins and ion 
transporters, is an alternative approach (Yamaguchi and Blumwald 2005; 
Chinnusamy et al. 2005; Forrest and Bhave 2007). As ion transport across the tono-
plast into vacuoles is energised by a proton moving force (Gaxiola et al. 2007), the 
strategy based on the use of antiporters has generated high expectations in recent 
years. By overexpressing the vacuolar Na+/H+ antiport from Arabidopsis thaliana 
(AtNHX1), a high level of salt tolerance was reported in genetically modified plants 
of arabidopsis (Apse et al. 1999), tomato (Zhang and Blumwald 2001) and canola 
(Zhang et al. 2001). Thereafter, the AtNHX1 gene was overexpressed in genetically 
modified plants of wheat (Xue et al. 2004), corn (Yin et al. 2004), beet (Yang et al. 
2005), cotton (He et al. 2005) and tall fescue (Tian et al. 2006; Zhao et al. 2007), 
and in all the cases the authors indicated enhancement of salt tolerance. The greater 
tolerance conferred by the AtNHX1 gene has been attributed to a process of Na+ 
compartmentalisation into the vacuoles (Yamaguchi and Blumwald 2005). Despite 
being an attractive hypothesis, additional compelling evidence is needed before 
drawing a definitive conclusion. Since monovalent ions are judged toxic at the 
concentrations required for osmotic adjustment, it is generally assumed that Na+ 
and Cl− are compartmentalised in halophytes, predominantly in vacuoles, so that 
concentrations in the cytoplasm are maintained within tolerable limits. However, as 
stated by Flowers and Colmer (2008), experimental evidence for compartmentalisa-
tion of Na+ into vacuoles is still limited, even in halophytes.

New AtNHX genes have been cloned and characterised (Yokoi et al. 2002; 
Aharon et al. 2003; Wang et al. 2007; Liu et al. 2008) and much effort has been 
made to identify orthologous genes in different species and perform the functional 
analyses, usually by overexpression in genetically modified plants. Examples are 
AgNHX1 from Atriplex gmelini (Ohta et al. 2002); BnNHX1 from Brassica napus 
(Wang et al. 2004); GhNHX1 from Gossypium hirsutum (Wu et al. 2004); OsNHX1 
from Oryza sativa (Fukuda et al. 2004; Wu et al. 2005; Chen et al. 2007); HbNHX1 
from Hordeum brevisubulatum (Lu et al. 2005); GmNHX1 from Glycine max 
(Sun et al. 2006; Li et al. 2006); SsNHX1 from Suaeda salsa (Zhao et al. 2006b, c; 
Li et al. 2007); PgNHX1 from Pennisetum glaucum (Verma et al. 2007; Rajagopal 
et al. 2007); TNHX1 from Triticum aestivum (Brini et al. 2007); and AeNHX1 from 
Agropirum elongatum (Qiao et al. 2007).

Overexpression of a vacuolar H+-pyrophosphatase (AVP1) from Arabidopsis 
thaliana in transgenic plants of the same species increases the level of salt tolerance 
(Gaxiola et al. 2001). Similar results have been achieved by overexpressing the 
homologues from Thellungiella halophila (TsVP) in tobacco (Gao et al. 2006) and 
cotton (Lv et al. 2008), Suaeda salsa (SsVP) in arabidopsis (Guo et al. 2006), and 
Triticum aestivum (TVP1) also in arabidopsis (Brini et al. 2007). Interestingly, 
TsVP and SsVP genes have been cloned from halophytes (Thellungiella halophila 
and Suaeda salsa, respectively).

Likewise, a higher level of salt tolerance has been described through the overex-
pression of genes that codify plasma membrane Na+/H+ antiports cloned from dif-
ferent sources. For example, AtSOS1 from Arabidopsis thaliana (Shi et al. 2003); 
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SOD2 from Schizosaccharomyces pombe (Gao et al. 2003; Zhao et al. 2006a); 
nhaA from Escherichia coli (Wu et al. 2005); and OsSOS1 from Oryza sativa 
(Martínez-Atienza et al. 2007).

Regulatory genes such as transcription factors and those codifying signal trans-
duction components or receptor-related proteins are another target (Kaur and Gupta 
2005; Agarwal et al. 2006). Cloning of genes codifying transcription factors is a 
promising field as they lie upstream of many other genes. Recent research has 
allowed the identification of several transcription factors that are important in regu-
lating plant stress responses, including not only different kinds of abiotic stress but 
also pathogen-induced defence responses, various physiological processes, hor-
monal signalling pathways and several developmental processes (Agarwal et al. 
2006; Ham et al. 2006; Sohn et al. 2006; Seong et al. 2007; Ogawa et al. 2007; Liu 
et al. 2007; Dai et al. 2007; Nakashima et al. 2007).

It has also been suggested that genes codifying calcium sensors (Cheong et al. 2003) 
or even DNA helicases (pea DNA helicase 45, PDH45, Sanan-Mishra et al. 2005) and 
RNA helicases (DEAD-box helicase, Gong et al. 2005b; Owttrim 2006) could be 
involved in the process of salt tolerance. The role of siRNAs in stress conditions is also 
under study (Sunkar and Zhu 2004; Borsani et al. 2005; Jung and Kang 2007). Finally, 
knowledge of the processes related to DNA/RNA metabolism and G-protein signalling 
pathways could be useful in elucidating the less known stress signalling networks and 
thereby be helpful for engineering salinity-tolerance in crop plants (Tuteja 2007).

16.5 Functional Analysis of Salt Tolerance-Related Genes

Overall, the results obtained in this field show that the expression of different kinds 
of genes in transgenic plants can increase salinity tolerance, at least to some extent. 
Unfortunately, it is not possible to conclude for the moment that true halotolerant 
cultivars (i.e. with a sufficient tolerance level from an agronomic point of view) 
have been obtained via transformation. In fact, it would be best to avoid excessive 
optimism when drawing conclusions on the current state of this topic (Flowers 
2004). Furthermore, when performing the functional analysis of a salt tolerance-
related gene it would be advisable to take into consideration aspects such as the 
species used in the transformation, the procedure for evaluating the tolerance to 
salinity, and the complexity of the trait.

With respect to the first issue, the majority of transformation experiments have 
been carried out with the model species arabidopsis and tobacco (Vij and Tyagi 
2007) which means we should be cautious when drawing conclusions. It would be 
best to perform such experiments in crops (Grover et al. 2003; Yamaguchi and 
Blumwald 2005; Cuartero et al. 2006; Bhatnagar-Mathur et al. 2008), as it is not 
certain what will occur when the genes that have given a positive result in models 
are expressed in cultivated species. The suitability of tobacco as a model in this 
field has been seriously questioned (Murthy and Tester 1996) and results from 
the evaluation of salt tolerance in transgenic arabidopsis plants cannot easily be 
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extrapolated to a crop species, as the important trait in the latter is the maintenance 
of production under stress. Extrapolations between different crop species cannot 
even be made, since the effects of salinity can be very different between species. If 
true advances are sought, the best approach is to focus efforts on cultivated species 
where the transformation technology is already available. Without doubt, the dif-
ficulties will be greater and the advances slower in crops than in model species, but 
the results will indicate the true importance of a certain transgene in the genetic 
context in which the tolerant phenotype will supposedly occur. Last but not least, 
any results could be of practical interest (Cuartero et al. 2006).

Regarding the procedure for evaluating the tolerance to salinity, if the published 
results are scrutinised, some of the methods of evaluation of transgenic materials 
appear of doubtful value. Results of a descriptive type or those based upon photo-
graphic evidence of the performance of plants may lead to confusing or erroneous 
conclusions (Flowers 2004). Responses to salt are frequently studied using small 
samples, in the very short-term, by using shock treatments and, furthermore, the 
data are collected during very specific growth periods (Yamaguchi and Blumwald 
2005), in spite of the fact that in most crop species salt sensitivity depends on the 
growth stage (Perez-Alfocea et al. 1993; Khatum and Flowers 1995). Moreover, 
tolerance estimated on the basis of seed germination is not correlated with tolerance 
at later growth stages (Foolad and Lin 1997; Cuartero and Fernandez-Muñoz 1999). 
The usefulness of in vitro tests, frequently used for the evaluation of salt tolerance, 
could also be questioned because transpiring conditions have a major influence on 
Na+ transport and tolerance (Moller and Tester 2007). However, a clear relationship 
between tolerance to salinity in vitro (callus) and in vivo (plants grown in green-
house) has been observed for cultivated and wild tomato species (Perez-Alfocea 
et al. 1994; Cano et al. 1996) and similar results were obtained for cultivated spe-
cies of Cucumis and Citrullus (melon, cucumber, and watermelon) and related wild 
species (Barage 2002). In vitro tests can provide complementary information on the 
effect of some transgenes (e.g. genes involved in ionic homeostasis) and can be 
useful for the pre-selection of transgenic lines (if an in vitro and in vivo correlation 
has previously been shown), but they should not be used as the only criterion to 
determine the degree of salt tolerance. In evaluating the tolerance of transgenic 
crops, it is important to perform long-term experiments, focus on growth and yield, 
and provide quantitative data (Flowers 2004; Munns and Tester 2008).

Bressan et al. (2008) have discussed the convenience of defining a minimum set 
of criteria for establishing unambiguously that transgenic plants do indeed show 
tolerance that is attributable to the transgene. In this respect, an important aspect 
in the functional analysis of a salt tolerance-related gene is the plant material to be 
used. The use of TG1 plants (primary transformants) is questionable because epi-
genetic effects (which are very important in some cases) may lead to erroneous 
conclusions. The evaluation in TG2 avoids the above problem, but it is necessary 
to take into account that this is a segregant progeny. In the authors’ opinion, the 
best materials are the homozygous and azygous lines obtained in TG3. Thus, each 
homozygous line should be compared with two controls: the wild type and the 
corresponding azygous line without the transgene. Positional effects can generate 
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great differences in the expression of a given transgene in independent transgenic 
lines, indicating the necessity for selecting those with the best expression for the 
trait (Pineda 2005). Dose effects of the transgene can be estimated by comparing 
the behaviour of homozygous versus hemizygous lines (i.e. those derived from the 
sexual crossing between the homozygous and azygous lines). The relative toler-
ance of these lines can be estimated in the short- and mid-term, although, ulti-
mately, the long-term response (estimating yield with quantitative data) must also 
be reported.

16.5.1 Complexity of the Trait and Sources of Genetic Variation

Salt tolerance is a complex trait (Bohnert et al. 1996; Tuteja 2007; Munns and 
Tester 2008). If one takes into account the diversity of mechanisms involved, the 
question that immediately arises is whether the introduction of a single gene can 
produce a sufficient level of tolerance or whether it is necessary to introduce 
several genes involved in different processes (e.g. osmotic adjustment, osmopro-
tection, ionic homeostasis, oxygen free radical scavengeing, stress response, 
restoration of enzymatic activity, photorespiration; Bohnert et al. 1996). Of 
course a particular gene (e.g. one that codes for a transcription factor) can have a 
cascade effect, modifying the expression of many genes. Alternatively, the 
expression of a gene involved in the compartmentalisation of ions in the vacuoles 
may alleviate toxic effects. Even so, it seems unlikely that a single gene could 
affect all the processes influenced by salinity. What is most likely is that the 
transference and expression, in a co-ordinated way, of a series of genes, each of 
which would affect one of the principal mechanisms of the process, would pro-
duce tolerant plants. The problem is that there is still not a clear idea of which 
genes have to be transferred.

When considering the future targets in this field, one can argue that rather than 
looking for salt tolerant-related genes in salt sensitive species, like arabidopsis, it 
would be better to focus on halotolerant plants. Flowers and Colmer (2008) have 
recently reviewed the mechanisms of tolerance in halophytes, plants that are able 
to survive and reproduce in environments where the salt concentration is around 
200 mM NaCl or more. In this respect, the authors have proposed that research 
should be concentrated on a number of ‘model’ (halotolerant) species that are rep-
resentative of the various mechanisms that might be involved in tolerance. As these 
halophytes are evolutionarily distant from the main crop species, from a breeding 
point of view it would perhaps be better to take advantage of the existence of halo-
tolerant accesions of wild species related to a given crop, as occurs in the genus 
Solanum (Cuartero et al. 2006), Citrullus (Barage 2002), Cucumis (Barage et al. 
2002) and many others. Unfortunately, despite the wealth of sources of variation, it 
is still not known which are the key genes determining the high level of salt toler-
ance in those plants.
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16.6 Genomic Approaches for Dissection of Salinity Tolerance

The use of functional genomic approaches may serve to overcome the above men-
tioned problems. Transcriptomic analysis provides the expression profiles of hundreds or 
thousands of genes. At present, this kind of approach is being used to identify those genes 
that are expressed or deactivated in response to saline or other types of abiotic stress 
(Cuartero et al. 2006, and references therein). Although these methods might lead to an 
overestimation of the number of genes supposedly involved, which would make the 
identification of relevant genes among an enormous number of other genes with purely 
secondary or irrelevant functions more difficult, it is foreseeable that transcriptomic 
analysis will become a valuable tool in the near future. However, in order to fulfil the 
expectations created in this field, it would be sensible to take into account the stage of 
development at which the saline treatment is applied, to perform tissue-specific studies 
and to avoid traumatic or unnatural treatments (Munns 2005). In fact, transcriptomics 
studies can produce different answers depending on the tissue examined and whether the 
plant is growing or dying (Munns and Tester 2008). The relationship between the inten-
sity of saline treatment and the degree of salt tolerance is another point to be considered. 
 A high-salt treatment for a sensitive plant like arabidopsis will induce changes predomi-
nantly associated with senescence; however, a low-salt treatment may not result in 
discernable changes in gene expression (Munns and Tester 2008). The opposite situation 
should also be taken into account, as a high-salt treatment for a salt-tolerant plant (e.g. 
halophyte) may not produce any remarkable change in gene expression (as those plants 
grow normally in that situation and tolerate salt concentrations that kill or inhibit the 
growth of the majority of glycophytes) and a low-salt treatment may just reflect an abnor-
mal situation for that species. Rather than apply these approaches either to model (salt-
sensitive) species or halophytes, it would be better to apply them in both crop species 
and halotolerant accessions of related wild species and thus, by comparison, try to 
identify the genes responsible for tolerance (Bohnert et al. 2006; Cuartero et al. 2006).

Other genomic approaches should provide very useful information. For example, 
major advances have been achieved in the study of mechanisms of post-transcriptional 
gene silencing and high throughput systems are available to infer gene function 
(Baulcombe 2004; Herr et al. 2005; Cherian et al. 2006). We foresee that, if sys-
tematically applied in a large-scale program using halotolerant plants, this approach 
would be particularly valuable for the identification of genes involved in different 
mechanisms related to salt tolerance.

Overexpression has hitherto been the most widely used strategy for both the 
functional analysis of candidate genes as well as for the increase in salt tolerance 
in transgenic plants. The underlying idea is that by overexpressing a certain gene or 
by expressing it in a constitutive way it would always have a positive effect on the 
phenotype. But increasing evidence supports the idea that sometimes strong and 
constitutive promoters (e.g. CaMV-35S, mostly for dicots, or actin and ubiquitin1, 
for monocot species) involve a high energetic cost and yield a penalty in transgenic 
plants (Rus et al. 2001; Grover et al. 2003; Pineda 2005; Muñoz-Mayor et al. 2008) 
and, in other cases, the beneficial effects of the transgene are masked by pleiotropic 
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effects derived from the use of strong promoters (Romero et al. 1997; Capell et al. 
1998; Kasuga et al. 1999). Yield penalty and/or pleiotropy not only make the inter-
pretation of the results on the functional analysis of a given transgene difficult but 
also hamper any practical application. In fact, evidence from research in this field 
supports the advantages of using inducible promoters (Kasuga et al. 1999; Garg 
et al. 2002; Rohila et al. 2002; Lee et al. 2003; Su and Wu 2004; Nakashima et al. 
2007). Moreover, the use of inducible or specific promoters will be essential when 
tackling the co-transference and co-expression of several genes to avoid homology-
based gene silencing (Grover et al. 2003; Cuartero et al. 2006). It is expected that 
the identification of new cis regulatory elements, which allow proper expression in 
time and space, will be a major target in the near future (Yamaguchi and Blumwald 
2005; Cherian et al. 2006; Cuartero et al. 2006; Bhatnagar-Mathur et al. 2008).

The use of mutants as genomic tools should also be one of the main research areas 
in the coming years. One of the key factors explaining our present knowledge in several 
areas of plant development lies in the detection and characterisation of mutants that 
have altered developmental traits, for example those affected in tomato fruit 
 development and maturation (Emmanuel and Levy 2002; Tanksley 2004; Giovannoni 
2007; Lozano et al. 2009). By comparison, the number of mutants with the level of salt 
tolerance affected in other species than arabidopsis which are already available for the 
scientific community is rather scarce, perhaps due to the difficulty in performing proper 
evaluation of the trait. Occasional spontaneous mutants or, alternatively, those generated 
by chemical (e.g. EMS) or physical (e.g. fast neutrons) methods could provide the basis 
for advancing the knowledge of physiological processes related to salt tolerance. 
However, in the absence of obvious candidate genes, the isolation of a gene altered in 
the mutant through a positional cloning strategy requires huge effort. Fortunately, at 
present we can overcome these problems by using alternative approaches.

Insertional mutagenesis with T-DNA or transposable elements constitutes a 
basic tool for the identification of genes and the analysis of their function. With 
respect to insertional mutagenesis with T-DNA, we can approach the tagging of 
genes by using a simple construction with a marker gene. In this way, the integra-
tion of T-DNA within the structural sequence or the controlling elements of a given 
gene will lead to its disruption and the consequent loss-of-function or, depending 
of the characteristics of the T-DNA-insert, gain-of-function or change in its level of 
expression (Krysan et al. 1999). Upon detecting the mutant phenotype in TG1 (in 
the case of dominant, semidominant or additive effects) or TG2 (recessive), its 
cloning can be easier as the gene is tagged by the T-DNA.

By comparison with classical insertional mutagenesis, trapping systems (Springer 
2000) can be particularly useful for the identification of genes related to salt toler-
ance. The advantage of using enhancer, promoter or gene traps resides in its self dual 
nature. Like any other T-DNA, those traps act as insertion mutagens, but also, when 
T-DNA is integrated inside an endogenous gene in the appropriate orientation, the 
reporter gene lies under the control of the regulatory elements of the tagged gene. 
By analysing the reporter gene expression one can obtain a precise picture of the 
spatial and temporal expression pattern of the endogenous gene tagged by the trap. 
In this respect, trapping strategies bring great advantages over insertional  mutagenesis 
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by allowing identification of functionally redundant genes, those expressed at 
 multiple developmental stages (generating confusion during phenotyping), genes 
whose disruption causes early lethality, and genes whose disruption causes a soft 
phenotype that may not be detected (in this case, the reporter expression gives a clue 
to identify the phenotype during evaluation). In addition, gene identification is inde-
pendent of the expression level of the gene, avoiding the risk of rejecting genes that 
are expressed at low levels, even though they have major effects on the phenotype. 
Finally, this is the best way to identify genes that are activated or repressed in 
response either to an external stimulus or biotic and abiotic stress situations.

Using an enhancer trap (kindly provided by Dr. Thomas Jack, Department of 
Biological Sciences, Dartmouth College, USA) and a promoter trap (developed in 
the laboratory of Drs. Rafael Lozano and Trinidad Angosto, Universidad de 
Almería, Spain), a collection of more than 2,000 T-DNA lines of halotolerant 
accessions of the wild tomato-related species Solanum pennellii has been generated 
(Anton et al 2009). Scrutiny of this collection to identify insertion mutants with 
altered levels of saline stress (mainly hypersensitive) is under way. Given that the 
collection of T-DNA lines is going to enlarge progressively, identification of new 
salt tolerance related-genes is expected in the near future. It is foreseeable that the 
use of these genomic approaches will allow the genetic dissection of the trait and, 
thereafter, the proper design of a breeding program.

16.7 Conclusions

A significant gap still exists between the knowledge gained in physiological and 
molecular studies of responses to salt stress, and the knowledge required to develop 
crop plants with enhanced tolerance to saline conditions. A focus on physiological, 
molecular and metabolic aspects of salt stress in crop plants would help to bridge 
this gap. It is still necessary to elucidate some processes involved in ionic stress 
tolerance, synthesis of compatible solute and also other processes as the mecha-
nisms of osmotic tolerance. New tools arising from functional genomics may 
significantly enhance the descriptive power of physiological analysis and molecular 
studies with plants grown under realistic saline conditions.

It seems then that the necessary variability for starting breeding programs is not 
hindering the development of salt tolerant cultivars in most crops, although it is neces-
sary to look for variability to some key physiological traits related to osmotic and ionic 
stresses, in specifically salt concentrations and plant development stages. QTL detec-
tion and mapping requires the development of large RIL or DH generations from 
parents with a wide variation in a number of traits related to tolerance to salinity. These 
populations will help to: (1) locate the QTL in chromosome regions as narrow as pos-
sible, (2) accumulate QTL information gained in different experiments and growing 
seasons, and (3) quantify QTL × E and QTL × QTL interactions. Elite cultivars or elite 
lines, parents of today’s hybrids, are the ideal candidates to receive the salt tolerance 
QTL from donor genotypes. Introduction of QTL should be made by combining 
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marker assisted and phenotypic selection in breeding programs approaching slowly the 
recurrent elite lines. This will allow breeders to maintain the delicate equilibrium 
among productivity, quality, resistance to diseases, and other agronomic traits showed 
by elite cultivars and lines, that could be otherwise be altered with the introduction of 
a substantial number of QTL as those required to obtain tolerance to salinity.

Expression of some transgenes promotes a high level of salt tolerance in different 
species. Despite these interesting results, it is not possible to conclude yet that cultivars 
tolerant enough from an agronomic point of view have been obtained via transforma-
tion. To fulfil the expectations created by the plant transformation technique, it is 
necessary to advance on different aspects: (1) identification of genes actually involved 
in the process of salt tolerance, (2) isolation of genes from adequate sources of varia-
tion (wild species related to a given crop), (3) design vectors that allow the transfer and 
coordinate expression of several genes (since salt tolerance is a complex trait), and (4) 
identification of regulatory elements modulating spatially and temporarily the expres-
sion level of the transgenes. Despite present limitations, it is foreseeable that breeding 
programmes will benefit from ongoing functional genomics projects that could allow 
the use of genetic transformation as a regular breeding tool.
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Abstract In the struggle to achieve global food security, crop breeding retains an 
important role in crop production. A current trend is the diversification of the aims of 
crop production, to include an increased awareness of aspects and consequences of 
food quality. The added emphasis on food and feed quality made crop breeding more 
challenging and required a combination of new tools. We illustrate these concepts 
by taking examples from barley, one of the most ancient of domesticated grains 
with a diverse profile of utilisation (feed, brewing, new nutritional uses). Genomic-
assisted breeding (GAB) is the ‘umbrella’ term used to describe a suite of tools now 
being applied to plant breeding. In the context of genomic-assisted breeding, we 
will briefly discuss in the second section of this chapter the molecular genetic-based 
tools underpinning GAB (understanding gene expression, candidate gene selection, 
allelic complement, quantitative trait loci [QTLs] and fine mapping). The subject of 
the third section is the use of DNA microarray as a potentially important tool in crop 
improvement. This section includes a discussion about what can we expect using 
the DNA microarray technology and what could be major considerations when the 
technique is applied. We consider the use of cDNA vs. oligonucleotide microarrays, 
target purification, labelling, hybridisation, image acquisition, minimising random 
errors, experimental design, biological and technical variability, quality control, nor-
malisation, statistical and practical significances, fold changes, validation and pos-
sible additional regulatory mechanisms in gene expression. The subject of the fourth 
section is the applications of DNA microarrays to study of global gene expression 
during grain filling in monocot crops, especially barley. We compare large arrays 
vs. tissue/pathway specific approaches using an example of focused microarray 
and how it follows predicted changes during grain development. We describe of an 
extension of the study to field grown material and conclude that such an approach is 
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able to interpret differences in the gene expression profiles of barley storage protein 
homologues. Therefore, microarray analysis could provide the knowledge required 
designing an improved amino acid profile with the possibility of breeding selectively 
for specific alleles/homologues to confer enhanced amino acid profile of the barley 
storage proteins and we outline the potential of microarray as a tool to support 
genomic-assisted breeding approach to improve the nutritional quality of barley.

17.1 Introduction

Barley (Hordeum vulgare L.) is today the world’s fourth major cereal crop 
(see Bethke et al. 2000). Archaeological remains of barley grains have been found 
at various sites in the Fertile Crescent (for example Abu Hureyra and Jericho) that 
indicate that the crop was domesticated around 8000 BC (see Zohary and Hopf 
2000). Recent evidence indicates that a second, independent domestication event 
may have occurred in Central Asia at the eastern edge of the Iranian Plateau (Morrell 
and Clegg 2007). It is suggested that the Fertile Crescent domestication contributes 
the majority of the diversity in European and American cultivars, whereas the second 
domestication contributed most of the diversity found in barley from Central Asia to 
the Far East. (Morrell and Clegg 2007; Saisho and Purugganan 2007).

The progenitor of cultivated barley (Hordeum spontaneum C. Koch.) is still 
present in its primary habitats in the Fertile Crescent, from Israel and Jordan to 
south Turkey, Iraqi Kurdistan, and south-western Iran (Harlan and Zohary 1966; 
Brown et al. 1978). In the same area, H. spontaneum also occupies an array of 
secondary habitats, such as open Mediterranean marquis, abandoned fields, and 
roadsides. Similar marginal habitats have been more recently colonized by H. spon-
taneum in the Aegean region, South-eastern Iran, and central Asia, including 
Afghanistan and the Himalayan region (see Zohary and Hopf 2000).

From the wild ancestors of the Fertile Crescent, barley has become arguably the 
most widely adapted cereal grain species, because it is found at high altitudes and 
farther into deserts than any other cereal crop. Barley varieties show a large variation 
in morphological, ecological and agricultural traits, including two row and six row 
spikes, growth habit, maturity, plant height, grain size, disease resistance etc. As an 
example, 133 barley cultivars are approved in Germany, ranging from protein-rich 
winter barley (which is used as fodder) to starch-rich spring barley used for malting.

17.1.1  Current Uses: Feed, Brewing and the Emerging 
Importance in Food

Today, as stated, barley is grown in many regions throughout the world, in part due 
to its ability to adapt to less favourable growing conditions. In 2005, 154 million 
tons of barley was harvested worldwide, with more than half produced in the 
European Union. Of the total annual barley production, approximately two thirds is 
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used for feed, one third for malting and a small (2%) but increasing percentage used 
as food and in food processing.

Barley is primarily incorporated into monogastric feed formulations to provide 
a source of protein, energy but also fibre, which fosters general well-being through 
prebiotic activity by selectively stimulating the growth and/or activity of one or a 
limited number of bacteria in the colon and thus improve host health.

The protein content and quality is one of the major determinants of the 
nutritional value of barley grains and grain-derived products. However, present day 
cultivars are characterised by low protein content and deficiencies in essential 
amino acids (AA) (Table 17.1). The major storage proteins in barley also have 
significantly high levels of two non-essential AAs, proline and glutamine, which 
are readily de-aminated during digestion. The excess nitrogen is excreted, resulting 
in environmental nitrogen load. The impact of the poor protein quality of barley, in 
particular the amino acid imbalance, is currently addressed through the addition of 
amino acid supplements, produced via fermentation, to diet formulations. The net 
result of the ‘industrial solution’ to poor protein quality is that little research effort 
has been directed specifically toward improving amino acid and protein composi-
tion of barley or other cereals. Therefore, when breeding barley under modern high 
input agriculture conditions, the most important selection criteria have been yield 
and high nitrogen content. Although nitrogen utilisation efficiency by livestock has 
been greatly improved through optimised diet formulation incorporating soybean 

Table 17.1 AA concentrations of barley, the high lysine mutant of barley and soybean grains and 
the ideal AA concentration in pig diet (g/16 g nitrogen.) (Modified from Lasztity 1996; Boisen 
et al. 2000.)

Amino acids Barley High lysine mutant 1508 Soybean
Ideal AA in the diet 
for growing pig

Lysine 3.5 5.4 5.7 7.1
Histidine 2.1 2.8 2.5 2.5
Arginine 4.4 7.1 7.1 –
Aspartic acid 6.1 8.3 11.3 –
Threonine 3.5 4.3 3.3 4.5
Serine 4.2 4.8 4.6 –
Glutamic acid 24.6 17.0 14.6 –
Proline 10.9 7.3 0.9 –
Glycine 4.2 5.6 5.1 –
Alanine 4.1 5.1 3.6 –
Cysteine 2.5 2.1 1.3 3.6 (+ Met)
Valine 5.4 5.8 4.4 5.2
Methionine 1.6 2.2 1,2 1.8
Isoleucine 3.8 3.6 4.7 4.0
Leucine 6.9 6.9 6.6 8.0
Tyrosine 2.5 3.7 4.0 –
Phenylalanine 5.1 4.4 5.1 8.0 (+ Tyr)
Tryptophan 1.4 1.6 1.1 1.2
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meal and essential AA supplements, barley remains a sub-optimal source of protein 
due to (1) the large excess of proline and glutamine, which is deaminated by the 
animals and excreted causing environmental pollution (2) the deficiency in essen-
tial amino acids (lysine, threonine, methionine, cysteine, leucine and valine) some 
of which (leucine and valine) are not commercially available.

To date, despite the fact that over the past 30–40 years research has identified 
significant naturally occurring variation in nutritional quality traits, most attempts 
to address the quality of the amino acid composition in barley have focused on 
genetic and molecular manipulations, which have had limited success. Over the 
last 5 decades, large-scale mutagenesis programs have been devoted to improving 
the amino acid composition of barley. A range of primarily recessive mutants has 
been identified that confer a high lysine phenotype (see Munck 1992). However, 
the high lysine trait is invariably associated with pleiotropic effects that affect 
yield, quality and agronomic performance. Despite substantial improvements in 
the yield of lys mutants, they are not commercially viable (see Munck 1992). 
Additional alleles have been found, in particular in the lys3 locus where the lys3a 
allele confers the highest lysine phenotype (Doll 1980). At present there is a 
limited understanding of the nature of the different lys mutations with the excep-
tion of Mutant 56 that has a large deletion covering the locus for the major group 
of prolamine storage proteins, the B-hordeins (Kreis et al. 1983). In the lys3a 
mutant, there is a decrease in the amount of B and C hordeins due to reduced 
transcription but an increase in the high molecular weight D-hordeins (Kreis et al. 
1984). There are enhanced transcript and protein levels of chymotrypsin inhibi-
tors and a a-amylase/subtilisin inhibitor protein, all of which have high lysine 
content.

In addition to a mutation approach, the manipulation of the genome using 
molecular genetic transformation technology has been applied with the aim of 
improving the seed lysine content in a wide range of species (Galili et al. 2005). 
The efforts have addressed (1) circumvention of the feedback regulation of lysine 
and threonine biosynthesis in the aspartate family pathway by overexpressing 
bacterial genes encoding feedback-insensitive aspartate kinase and dihydrodipi-
ciolinate synthase; (2) reducing lysine catabolism and (3) the introduction of 
genes encoding heterologous storage proteins with for example high of levels 
lysine and methionine including synthetic proteins designed with high lysine and 
methionine content. However, although significant increase in free lysine content 
has been achieved, but other drawbacks have been reported such as reduced seed 
viability.

The application of anti-sense or RNAi technology has illustrated the potential 
to modify the proportion of storage proteins in a grain. In rice, it has been shown 
that anti-sense suppression of glutelin synthesis results in an increased accumula-
tion of prolamins that confers improved functional properties with regard to the 
brewing of sake (Maruta et al. 2002). In oilseed rape (Brassica napus), Kohno-
Murase et al. (1995) suppressed the synthesis of nutritionally poor storage pro-
teins, cruciferin, by anti-sense technology and reported a corresponding increase 
in napin, the other major storage protein, which have a proportionally higher 
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lysine and methionine content. In maize, RNAi inhibition of the 22 kD a-zeins 
transcript resulted in an 18.5% increase in lysine content, with limited changes in 
the abundance of other storage proteins (Segal et al. 2003). Similarly targeting 
the 19 kD a-zein gene family using an anti-sense construct led to significant 
increases in lysine, threonine and tryptophan (Huang et al. 2004). To date there 
has only been one reported modification of the hordein composition in barley 
(Lange et al. 2007). Using anti-sense technology targeted towards C-hordeins, the 
prolamine with the highest mole percentage of proline and glutamine, resulted in 
a reduction of the C-hordein content and relative increase in the B-, D- and 
g-hordeins as well as increases in the amounts of albumins/globulins and glute-
lins. Overall, the induced changes resulted in decreased proline, glutamine and 
phenylalanine levels and increased amounts of the remaining amino acids (Lange 
et al. 2007).

In spite that barley is predominately used as feed, a significant proportion of 
barley plant breeding has focused on malting quality. Sparrow (1970) defined 
malting as “the commercial exploitation of those processes that lead to germina-
tion”. Problems in defining and analysing malting quality derived from the com-
plex interactions of a very wide range of characters are reinforced by the estimated 
150 quantitative trait loci that interact and influence malting quality. However, 
there are four major aspects of the malting process that can be considered: hor-
mone control, production of enzymes, the substrates like starch, protein and cell 
wall within the endosperm, and the transport of soluble materials to the embryo. 
In short, malting quality is a complex trait and the “ideal” malting barley remains 
to be described.

Barley is thought to have been first used for food, but evolved primarily into 
a feed, malting and brewing grain due, in part, to the rise in prominence of wheat 
and rice. In spite of the limited current use of barley as food (2% of the word 
production), throughout history, barley has remained a major food source for 
some cultures, principally in Asia and northern Africa (Newman and Newman 
2006).

Today, it is increasingly recognised that the major advantage of incorporating 
barley into various food products stems from its potential health benefits (Baik and 
Ullrich 2008). It is widely accepted that barley b-glucans are effective in lowering 
blood cholesterol level and decrease diabetic risks (Pins and Kaur 2006). In 2005, 
the American National Barley Foods Council submitted a health claim petition to 
the Food and Drug Administration of the USA suggesting that the increase in beta-
glucan soluble fibre (from de-hulled or hulless whole or pearl barley, barley flakes, 
barley grits, barley meal, barley flour, barley bran, and beta-glucan enriched barley 
meal or flour) could prevent coronary heart disease. The Food and Drug Administration 
of the USA (Food and Drug Administration HHS 2008) ratified the claim. Barley 
is also a rich source of tocols, including tocopherols and tocotrienols, which are 
known to reduce serum LDL cholesterol (Panfili et al. 2008). Therefore, in summary 
barley as a food and nutraceutical continues to attract considerable attention from 
the food industry along with greater consumer awareness of the role of food quality 
in supporting wellness and the quality of life.
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17.1.2 Breeding for Quality Traits

The impact of global climate change on agricultural production is both direct, as a 
result of increasing temperatures and more erratic rainfall (Parry et al. 2005), and 
indirect, resulting from the pressure to produce additional yield and bioenergy, 
while minimising carbon inputs into crop production (Powlson et al. 2005). There 
is therefore an urgent need to breed new crop varieties that have both improved 
yield (Parry et al. 2007) and improved nutrient content (Hirel et al. 2007). This is 
in fact nothing new and was addressed during the advent of the so-called ‘green 
revolution’. However, what is new is the need to understand the impact of nutri-
tional quality of cereals, in particular barley, and the potential to improve animal 
and human nutrition and overall wellness. To this end, genomics-based technologies, 
which hold very significant potential to assist focused barley breeding programmes, 
need to be efficiently implemented.

17.2 Genetic Analysis: Combining Methods

In the previous section, it was concluded that plant breeding remains essential 
and breeding for complex traits, such as nutritional quality, are ever more 
important given the tangible link between food and feed quality and overall 
health. Many crop traits are quantitative, complex and controlled by multiple, 
interacting genes. Advances in genomics have made it possible to analyse the 
architecture of cereal genomes to assign quantitative traits loci to key agro-
nomical traits. The advent of molecular markers combined with the progress in 
quantitative traits loci mapping has resulted in new breeding approaches such 
as marker-assisted selection and ‘breeding by design’ (Ribaut and Hoisington 
1998; Peleman and van der Voort 2003).

With an increase in the number of genomes which have been sequenced and the 
large and ever-growing amount of expressed sequence tag (EST) sequences available, 
we are entering the post genomics era where the need to identify and apportion gene 
function becomes the focus. Therefore, moving from the genomic era into a post 
genomic era ushers in functional genomics and systems biology. Both approaches 
combine a wide range of technologies designed to collect, integrate and synthesis data 
derived from genetic, proteomic, metabolomic and physiological analysis to provide a 
platform to understand gene function in the context of the genome and environment.

17.2.1 Genomic-Assisted Breeding

The emergence of the post genomic era has seen the rapid evolution of high 
throughput technologies, which are designed to support the study of multiple genes 
(DNA microarray), the gene products (protein array, proteomics) and overall 
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impact on metabolic profile (metabolomics). The integration of these technology 
platforms offers significant potential to analyse genes and gene products in parallel 
and reveal complex regulatory events. Further insights may be gained from gene 
expression values from microarray profiling as genetic studies of gene expression 
have treated transcript abundance itself as a quantitative trait and have mapped it to 
local-acting or distant-acting expression quantitative trait loci (eQTLs) (Brem et al. 
2002; Zhang et al. 2007). The combination of molecular and genetic analysis can 
unravel the genetic network and elucidate epistasis, which is often found in phenotypes 
with interactive and interrelated metabolic and ontogenetic pathways (Lee 1995). 
Overlaying the combination of molecular and genetic studies with an understanding 
of plant metabolism regulation can provide new tools for breeders to increase crop 
yields (Morandini and Salamini 2003). Therefore by combining conventional 
breeding protocols with established and emerging genomics-based approaches 
(functional genomics, quantitative loci analysis and marker assisted breeding), the 
concept of genomic-assisted breeding (GAB) has evolved. Genomic-assisted breeding 
provides the opportunity to enhance the prediction of the phenotype from a genotype 
for manipulation and design of complex traits supporting enhanced plant breeding 
(Varshney et al. 2007).

17.2.2 Molecular Genetic-Based Tools Underpinning GAB

Genetics and genetic analysis has long been the basis of traditional plant breeding, 
which has been and continues to be successful. As mentioned above, DNA marker 
technology, which emerged during the 1980s, offers great promise for plant breeding. 
Owing to genetic linkage, DNA markers can be used to detect the presence of 
allelic variation in the genes underlying these traits. The application of DNA markers 
has fostered the development of marker assisted (MAS) plant breeding, which can 
support increased efficiency and precision, although to date results are inconsistent 
(Hospital 2008).

The first DNA markers were developed from genomic DNA probes which were 
completely random and not characterised. The increased availability of sequence 
data for genes through genome and EST-sequencing projects has lead to the next 
generation of DNA markers, called ‘functional’ markers or expression based markers 
(Andersen and Lubberstedt 2003). Functional markers have significant advantages 
over random markers because they can be linked to the desired trait allele and 
therefore the associated phenotype. Functional markers can be derived from the 
gene responsible for the trait of interest and target the functional polymorphism in 
the gene, thus allowing its selection in different genetic backgrounds without re-
validating the marker-QTL allele relationship (Varshney et al. 2005a). In addition 
to being useful for identifying the ‘perfect’ or ‘ideal’ markers in marker-assisted 
selection, functional markers are an important resource for estimating functional 
variation in natural or breeding populations and for studying genome evolution, 
through comparative mapping (Varshney et al. 2005b).
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In summary, genomic-assisted breeding encompasses and extensive range of 
tools, techniques and approaches, which in concept, can produce an enhanced pic-
ture of the genome-phenotype relationship (Fig. 17.1). It is beyond the scope of this 
chapter to go into more detail offered in other chapters within this volume. 
Therefore the following is an overview of the tools and technologies related to the 
creation and utilisation of functional markers and how these will enable GAB.

17.2.2.1 Understanding Gene Expression

Functional markers are synonymous with expression based markers and are 
distinguished from genomic DNA markers on the basis that they are derived from 
expressed sequence information. More specifically functional markers can be 

Gene Expression
profiling

Microarray

Quantitative Trait
Loci mapping

Fine Mapping

Marker Assisted
Breeding

Real-Time PCRNorthern

Candidate Gene
identification

Allelic
Contribution

Fig. 17.1 The components of genomic-assisted breeding, the figure is presented as series of 
technical steps which would be under taken in practise to achieve the functional markers that 
would then be applied in a marker assisted breeding programme. The origin of pictures: the left is 
a Northern Vincze and Bowra (2005), the middle on the top is a microarray results from Hansen (HM 
personal communication 2007), the right is a real time PCR from Hansen et al. (2009)
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associated with alleles which confer phenotypic variation within both natural land 
races/germplasm and breeding lines. Information derived from the functional 
marker association can contribute to the understanding of important complex agro-
nomical traits when placed in the context of the species ploidy, level of gene dupli-
cation (gene families), epigenesis and gene expression. Stripping away the 
discussion of epigenetics, ploidy etc. reveals that transcriptional activity of a gene 
is the underlying genetic component. As a consequence of the importance of tran-
scription information, there is a need for ways of reliably determining, quantifying, 
presenting and integrating such information which in turn provides the building 
blocks for functional marker development. Therefore understanding the temporal, 
spatial and developmental expression profile of a gene or genes is an important first 
step towards creating markers which are linked to the underlying metabolism 
responsible for a phenotype/trait.

Determining the steady state level of mRNA provides a snapshot of the accumula-
tion level of a gene transcript according to species, tissue type and developmental 
stage. The recent advent of DNA microarray has opened the opportunity to assess the 
steady state level of many genes in parallel and therefore improves on Northerns and 
RT-PCR in terms of numbers that can be handled easily Using microarray as a basis for 
gene expression analysis provides the opportunity to integrate expression data from genes 
coding for proteins associated with specific metabolic pathways and draw correlative 
interactions between genes which could confer synergy within the transcriptome 
(first step in Fig. 17.1; the selection of the method to study gene expression).

17.2.2.2 Candidate Gene Selection

Expression information derived from microarray is a powerful step towards gener-
ating a more complete picture of gene expression and therefore by correlation, the 
gene product. The utility of the derived information is made more relevant if a 
targeted pathway specific analysis is applied (see Sects. 17.3 and 17.4). DNA 
microarray can suggest target genes which, through the action of the gene product, 
can confer significant influence on the plant phenotype under specified environ-
mental conditions, where this phenotype is observed. The gene or genes identified 
to confer a phenotype, are called candidate genes as shown in step 2 in Fig. 17.1, 
and provide the basis for establishing targeted functional markers which can be 
integrated into mapping and marker assisted programmes.

17.2.2.3 Allelic Complement

Drawing on studies from the field of human diseases suggests that genetic variation 
affecting gene expression has significant effects on phenotypic variability. Variation 
in Cis-acting factors that confer regulation leads to preferential expression of an 
allelic transcript, and can be detected in vivo by comparisons of the relative abun-
dance of these allelic transcripts using intragenic polymorphisms (Pastinen and 
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Hudson 2004). Such surveys of allelic expression have established that unequal 
representation of marker alleles in transcripts from heterozygous individuals is 
common and occurs in approximately 5–20% of heterozygous individuals, and in 
15–50% of their genes (Pastinen et al. 2004). Allelic expression analysis may also 
detect epigenetic regulation, genomic imprinting and random mono-allelic expres-
sion (Pastinen and Hudson 2004). In plants, hybridization is a common process and 
it plays a vital role in plant breeding. Hybridization can generate phenotypic nov-
elty, including a broad array of new and sometimes transgressive phenotypes 
(Rieseberg et al. 2003). Intra-specific hybridization between two cultivars, eco-
types, or accessions can also result in up- or down regulation of gene expression, 
for examples, in diploid and triploid maize hybrids (Stupar et al. 2008 and refer-
ences therein) in diploid wheat (Wu et al. 2003; Wang et al. 2006) and rice hybrids 
(Bao et al. 2005). Differences in allelic expression of non-imprinted autosomal 
genes occur in intra-specific maize hybrids and show unequal expression of the 
parental alleles (Guo et al. 2006; Stupar et al. 2007). Therefore, the knowledge of 
allelic variability, including expression patterns, is a vital element in genomic-
assisted breeding and forms step 3 in Fig. 17.1.

17.2.2.4 Quantitative Trait Loci (QTLs) and Fine Mapping

Many important agronomical traits are under the control of multiple genes working 
synergistically across the genome. Complex traits are referred to as quantitative traits. 
The association between a complex phenotypic trait and genetic markers on the 
chromosomes can be detected through statistical analysis, leading to the identification 
of quantitative trait loci (QTL), chromosome regions that appear to be associated 
with the given phenotype (step 4 in Fig. 17.1). Quantitative trait loci usually cover 
a large section of the associated chromosomes, potentially containing many genes, 
most of which will have no role in conferring the phenotype. One mechanism by 
which a gene might be associated with the trait is through altered transcription. 
Microarrays have the ability to measure a large percentage of the genes in the 
genome, and this assessment parallels the genome-wide scan performed by QTL 
methods (Han et al. 2008). In recent years there has been increasing number 
of reports that attempt to combine microarray data with QTL data (Wayne and 
McIntyre 2002; Alba et al. 2004; Han et al. 2008). This has resulted in the develop-
ment of a web-based software tool for combined visualization and exploration 
of gene expression data and QTL in animal science: the GeneNetwork website 
(WebQTL, http://www.genenetwork.org/). This allows the assessment of the 
relationship between gene expressions and QTL in recombinant inbred mice (Wang 
et al. 2003). We suggest that a similar approach offers future potential for plant 
sciences, however, it is important to stress that comparing QTL and microarray data 
is not straightforward. The high level of experimental errors and limitations in 
microarray data analysis, discussed in Sect. 17.3, can introduce mistakes in the 
identification of relevant genes. In addition, QTL studies include the entire genome, 
including noncoding regions, while microarray studies seldom do this.
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While QTLs are defined through the application of markers, these are non-specific 
markers and not functional markers. Fine-mapping involves the identification of 
markers that are very tightly linked to a targeted gene (step 5 in Fig. 17.1). In case 
when the genes supporting the quantitative trait have been identified, for example 
using a microarray, these can become functional markers, and in turn can be used 
to assist the development of genetic maps with a high density of molecular markers. 
The net result is the development of genetic and physical maps to understand the 
genome architecture and assist the implementation of molecular-assisted breeding 
strategies (step 6 in Fig. 17.1).

17.3  Messenger RNA Expression Profiling Using DNA 
Microarray Technology

DNA microarray has become a standard method for the analysis of the transcrip-
tome, suitable for all biological species. However, drawing conclusions from the 
large amount of data obtained has been and remains a challenge to the extent that 
the original excitement surrounding DNA microarray has been replaced by an 
emerging view the expectation have exceed reality (Walker and Hughes 2008). 
There have been difficulties with accurate reporting of the results, with experimen-
tal reproducibility and with identifying and interpreting the biologically relevant 
information. In spite of this microarray has significant untapped potential. In this 
context the following section will focus on the technical and biological issues 
which currently constrain the successful exploitation of the technology and raise 
awareness of the value of data and the impact on data interpretation.

17.3.1  The Principle of mRNA Expression Profiling: What Can 
Be Expected?

Over the last 10 years, a considerable amount of plant genomic data has been generated, 
including complete genome sequences of Arabidopsis thaliana, Medicago truncatula, Orysa 
sativa, Populus trichocarpa (NCBI Reference Sequence: ftp://ftp.ncbi.nih.gov/genomes/); 
and many more are in progress. The publicly available data sets have contributed to the 
rapid development of the DNA microarray technology, which enables a simultaneous 
analysis of a large numbers (up to 2.1 million) of mRNAs expressed in a single 
biological sample. The transcriptional profiles generated contain potential information 
concerning the total cellular of the cell, the principal determinant of protein levels and 
therefore of cellular phenotype (Lockhart and Winzeler 2000). Interpreting the large 
volume of data generated by microarray technology poses a number of unusual new chal-
lenges; one of them is to develop an explanation of the behaviour of a single gene that 
is consistent and well supported by complementary information provided by thousands 
of other genes (Breitling 2006). Therefore it is very important to stress that realising the 
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true potential of microarray requires appropriate awareness of the sources technical and 
biologically variation and how to when extracting information from the data generated.

17.3.2 The Development of Array Technology

Gene expression analysis first began with the development of a hybridisation-based 
technique referred to as ‘Northern blot’ (Alwine et al. 1977). Over the following 
decades a variety of techniques have emerged based around hybridisation, PCR and 
or a combination of both, for example quantitative real-time RT-PCR (Nolan et al. 
2006), differential display (Liang and Pardee 1992), and suppressive subtractive 
hybridisation (Diatchenko et al. 1996). However, while producing significant data, 
these techniques have limited potential for large scale gene analysis. To meet this 
challenge a number of other technique was developed: serial analysis of gene 
expression (SAGE) (Velculescu et al. 1995), massive parallel signature sequencing 
(MPSS) (Brenner et al. 2000), cDNA microarray (Schena et al. 1995), and oligo 
microarray chip technologies (Lockhart et al. 1996) have emerged as the techniques 
of choice when addressing global gene expression studies. Therefore in this context 
our discussion will focus on the use and application of both cDNA and oligo 
microarray chip technologies.

17.3.2.1 cDNA vs Oligonucleotide Microarrays

DNA microarrays can be fabricated using either complementary DNA (cDNA) 
clones, derived from cDNA libraries, which have been constructed from mRNA of 
the target organism or from short synthetic oligonucleotides designed from 
sequence information derived from genomic or EST sequencing programmes. The 
cDNA or the oligonucleotides that form the targets for hybridisation are called 
probes. The choice of DNA microarray will depend on the number of probes under 
examination, costs, customization requirements, and the type of scientific question 
being asked. As a result, of the design criteria microarrays can have as little 100 
probes to up to 2.1 million micron-scale probes on one chip.

Fabrication of the microarray starts with the preparation of the probes. These 
can be (a) cDNA sequences derived from EST clones or small fragments of PCR 
products or (b) synthetic oligonucleotides, which are short sequences designed to 
complement known expressed sequences, predicted open reading frames or 3’UTRs. 
The oligo-nucleotides may be long (60-mer) or short (25-mer) probes depending on 
the desired purpose; longer probes are more specific to individual target genes, 
shorter probes may be spotted in higher density across the array and are cheaper to 
manufacture. Complementary cDNA-based probes can be spotted using a robot onto 
a surface, normally a glass slide coated with a charged polymer (for example 
Poly-L-lysine, amino-silane or amino-reactive silanes) to provide adhesion. In the 
case of oligo-nucleotides probes, it is possible to synthesise them directly onto the 
support surface. In the robotic spotting procedure, the syringe with a capillary tube, to 
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which a low but constant pressure is applied, spots a few nanoliters of each probe 
to a number of glass slides. The DNA is diluted in a spotting buffer containing 50% 
dimethyl sulfoxide (DMSO) or 1.5 M betaine to ensure optimal spot morphology, 
signal intensity and DNA distribution. After spotting, DNA is immobilised to the 
matrix by cross-linking with ultraviolet irradiation (200–400 mJ), when covalent 
bonds are formed between the amine groups of the matrix and the DNA. After fixa-
tion, the slides are blocked using either succinic anhydride or bovine albumin (BSA) 
in 50% formamide. The remaining free amine groups on the surface are reduced by 
succinic anhydride mixture to avoid any unspecific hybridisation. The BSA solution 
is also used for blocking free amine groups.

The resulting “grid” of probes provides the address to receive the “target” 
complementary cDNA or cRNA derived from experimental samples. The technique 
supports the fabrication of ‘in-house’ printed microarrays. The fabrication of in- 
house microarrays are easily customized through the choice of probes and probe 
locations on the slide. In summary ‘in-house’ cDNA base microarrays are not 
expensive and allow flexibility.

However, as can be seen from the description of probe and array preparation, the 
procedure involves a significant number of steps, all of which can contribute to 
overall technical variation that should be controlled during the experimental design 
and should be carefully considered during the data analysis.

17.3.2.2 Target Purification, Labelling, Hybridisation

The DNA probes arrayed on a surface generate a grid reference and associated 
address to which the ‘test’ cDNA or cRNA is hybridised. The purity and integrity 
of the RNA is one of the most crucial factors influencing dye stability and probe-
target hybridisation. Consequently, it is essential that potential contaminants such 
as genomic DNA, cellular proteins, lipids and polysaccharides all of which can 
affect the signal intensity by non-specific binding to the probe, are removed.

The target cDNA is labelled with a fluorophors to enable the probe address on 
the microarray to be identified. Two-colour microarrays or two-channel microarrays 
are typically used with cDNA prepared from two samples to be compared (e.g. 
stressed versus non-stressed plants) and they are labelled with two different fluoro-
phores. Fluorescent dyes commonly used for cDNA labelling include cyanine3 
(Cy3), which has a fluorescence emission wavelength of 570 nm (emits green light), 
and guanine5 (Cy5) with a fluorescence emission wavelength of 670 nm (emits red 
light). The labelling is performed using either direct incorporation of fluorescent 
nucleotides during reverse transcription or a two-step indirect- or amino allyl 
labelling incorporation method. The direct incorporation of nucleotides labelled 
with Cy3 and Cy5 is typically low and influenced by the cDNA sequence, thereby 
negatively affecting cDNA yield. The indirect method is free of this problem, and 
it is emerging as the preferred protocol circumventing low incorporation rates and 
dye biases. The indirect method utilizes an amino allyl modified dUTP (instead of 
the pre-labelled nucleotide), which is coupled to a reactive ester of Cy3 and Cy5 
(Yu et al. 2002).
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The two Cy-labelled cDNA samples are mixed and hybridized to a single 
microarray, which is subsequently scanned in a microarray scanner to visual-
ize fluorescence of the two fluorophores after excitation with a laser beam of 
a defined wavelength. Relative intensities of each fluorophore may then be 
used in ratio-based analysis to identify up-regulated and down-regulated genes 
(Tang et al. 2007).

Oligonucleotide microarrays often contain control probes designed to hybridise 
with internal RNA controls called spike-ins. Spike-ins are in vitro synthesised, poly-
adenylated transcripts, which specifically anneal only to complementary control 
probes on microarrays, with minimal self- or cross-hybridization. The degree of 
hybridization between the spike-ins and the control probes is used to normalize the 
hybridization measurements for the target probes. Although it is suggested that 
absolute levels of gene expression may be determined using the two-colour array, the 
relative differences in expression among different spots within a sample and between 
samples is the preferred method of data analysis for the two-colour system.

As alternative to the two colours array, single-channel microarrays or one-colour 
microarray experiments can be performed. The apparent benefit of the single-channel 
arrays is that it offers estimations of the absolute levels of gene expression. Therefore 
the comparison of two conditions requires two separate single-dye hybridizations. 
As only a single dye is used, the data collected represent absolute values of gene 
expression. These may be compared to other genes within a sample or to reference 
(‘normalizing’) probes used to calibrate data across the entire array and across 
multiple arrays. One of the strengths of the single-dye system is that an aberrant 
sample cannot affect the raw data derived from other samples, because each array 
chip is exposed to only one sample. In a two-colour system, a single low-quality 
sample may drastically impinge on overall data precision even if the other sample 
was of high quality. Another benefit is that data are more easily compared to arrays 
from different experiments; the absolute values of gene expression may be compared 
between studies conducted months or years apart. A drawback to the one-colour 
system is that, when compared to the two-colour system, sufficient replication has 
to be performed to control for between slide and treatment variation.

17.3.2.3 Image Acquisition

In the preceding section, the practical issues relating to array fabrication and the 
labelling of the target were addressed; the next step is hybridisation. The procedure 
of hybridising complementary target to slides arrayed with the probes also requires 
optimisation to minimise background and ensure high-quality signal intensity. 
Theoretically, the hybridising conditions (such as target concentration, ionic 
strength of the buffers and temperature) should and can vary according to the melting 
temperature of the probes that form the array. However, it is usual practise to use a 
compromise, which indirectly affects the reliability of comparisons between exper-
iments. Following hybridisation, the slides are washed sequentially with buffers of 
increased stringency e.g. a three step washing procedure; (1) low stringency buffer 
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wash (2 x SSC, 0.1% SDS), (2) medium stringency wash (0.1 x SSC, 0.1% SDS), 
(3) (0.1 x SSC) followed by a brief wash in doubled deionised water. After the final 
wash, the slides are scanned immediately to avoid bias emerging from the greater 
susceptibility of Cy5 flourophore to photodegradation compared to Cy3. The image 
is acquired at 633 and 543 nm to excite Cy5 and Cy3, respectively. The results of 
the scan are used to calculate the relative expression levels of each gene to identify 
differentially expressed genes.

17.3.3 Minimising Random Errors

17.3.3.1 Experimental Design

The importance of experimental design can never be overstated and microarray 
studies are no different. In fact, given that microarray is beset with a significant 
number of sources for technical variation, appropriate experimental design to 
control for technical and biological variation is paramount (reviewed in Churchill 
2002; Chen et al. 2004). However, while it essential to seek the assistance of advice 
and support of statisticians; this is best done when the actual biological question has 
been formulated. Although it may sound obvious to state the need to formulate a 
biological question, but a brief review of the literature suggests that developing a list 
of differentially expressed genes has been and remains the prime motive for conducting 
a significant majority of microarray experiments (White and Salamonsen 2005).

17.3.3.2 Biological and Technical Variability

As stated above microarray experiments have multiple sources of both biological 
and technical variation, each of which must be considered in the experimental 
design. The amount and type of biological variation will vary according to the 
organism, growth conditions and overall objective of the experiment. In the specific 
case of plants, biological variation between individuals and within individual plants 
is compounded by growth conditions (environment) and differential rates of devel-
opment. Therefore it is extremely important to design experiments to ensure ade-
quate replication and sample size such the results obtained truly reflects the 
population under investigation. Having stressed the need to design an experiment 
where all sources of biological variation are controlled for and data points replicated, 
reality is that often there are constraints imposed on the optimal experimental 
design. Microarray experiments are no exception, and indeed given the associated 
costs of the procedure it likely that care has to be taken not compromise the experiment 
due to financial constraints.

Microarray as a technique combines multiple steps, which in turn are made up 
of many manipulations, as result micro array is ‘riddled’ with sources of technical 
variation. Technical variation arises from RNA extraction, reverse transcription, 
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label incorporation and hybridisation steps. Differences in hybridization efficiencies 
can occur between spots, between different print-tip groups across the array and 
between slides in the same and different print runs which combine to contribute to 
measurement errors. Technical variation and measurement error can also interact. 
For example, the scanning properties of the fluorescent dyes can vary with the spot 
intensity and spatial position on the slide (Smyth and Speed 2003).

17.3.3.3 Quality Control

It is critical that microarray experiments are carefully controlled, particularly when 
using dual colour fluorescence microarrays in which the endpoint is a ratio of 
expression between two or more samples. As in any experiment, treatment controls 
must be carefully incorporated into the study design. To ensure that there is only 
one source of experimental variation, consistency must also be applied to tissue 
collection, processing and RNA extraction, as well as the microarray hybridisa-
tions. Even with a single variable, such as a differentiation stimulus, it is possible 
to end up comparing cells or tissues in completely different physiological states. In 
this situation, differentially expressed genes will likely be the consequence, rather 
than the cause, of the differences in phenotype. This problem can be minimised by 
using carefully controlled inducible systems and examining early rather than later 
time points (White and Salamonsen 2005).

17.3.3.4 Normalisation

Having acquired data, the next and not insignificant challenge is the transformation 
of the data, to allow relevant information to be obtained. Often, the first essential 
step is the normalisation of microarray data to adjust for systematic non-biological 
effects arising from technical variation and measurement error (see ‘Experimental 
design’ above). The aim of normalisation is to remove the ‘noise’ from the data, 
while still maintaining the ability to detect significantly differentially expressed 
genes. Dual colour fluorescence microarrays require normalisation to account for 
differences between microarrays, print-tips groups and fluorescent dye channels 
(reviewed in Smyth and Speed 2003). There is no universally accepted method of 
microarray data normalisation and a description and comparison of all available 
methods is beyond the scope of this book chapter.

17.3.3.5 Statistical and Practical Significances

The aim of a microarray experiment is usually to identify differentially expressed 
genes, with a measure of statistical significance (reviewed Dudoit et al. 2002; 
Cui and Churchill 2003). Most microarray experiments are designed with only 



42317 DNA Microarray as Part of a Genomic-Assisted Breeding Approach

one categorical factor (e.g. treatment or genotype), therefore the paired t-test is 
widely applied to analyse them. Experiments with multiple categorical factors 
(e.g. genotype and time) require methods based on the analysis of variance 
(ANOVA). Once the data are appropriately normalised, it is common practice to 
apply univariate testing for each gene and calculate the Student’s t-statistics 
(Dudoit et al. 2002), using the null hypothesis that the mean expression levels of 
the two samples (e.g. treatment and control) equal. However, while statistical 
analysis is clearly useful it is important to retain a sense of perspective. This 
point is encapsulated by Kirk (1996) who defined the difference between statisti-
cal significance and practical significance: ‘Statistical significance is concerned 
with whether a research result is due to chance or sampling variability; practical 
significance is concerned with whether the result is useful in the real world’. 
Therefore, and by way of caution the utility of the microarray data may not be 
decided by the significance of the differential expression of a gene but by the 
understanding of the biological relevance of the change, and indeed to what 
extent gene expression is directly correlated with protein synthesis and thus 
phenotype.

17.3.3.6 Fold Changes

In the previous section, the utility of statistical analysis was discussed, while 
emphasising the need to retain the biological context. That said, detecting genes 
that show reproducible differences in mRNA abundance between sample classes is 
probably the most basic and important step of microarray analysis. As a direct 
consequence there are a large number of methods used in an attempt to establish 
differential gene expression; all have certain virtues and failings. Despite being 
widely used, a simple calculation of fold-change and apportioning an arbitrary 
threshold is a flawed approach. A large body of literature indicates the importance 
of statistical analysis of microarray data, and points out that the risk of misusing 
fold change to identify differentially expressed genes is substantial (Lee et al. 
2000). Furthermore, the fold change ratio of a microarray experiment is not an 
absolute measure of expression ratios, because it is the sum of both background and 
signal intensities. Unavoidable differences in affinity between probes will result in 
differences in apportioned fold change (Kothapalli et al. 2002). Hence, the fold 
change is only a relative measure and only to some extend reflect the absolute dif-
ference in expression between the conditions compared. Therefore fold change will 
fail to discriminate between changes that are false and those that are reproducible 
because setting a fold-change threshold is very subjective. Similarly when the number 
of replicates is very small, the use of methods based on Student’s t-test, including 
the popular “Permutation t-test method”, SAM (Tusher et al. 2001), is questionable 
and should be replaced by equally simple approaches that are designed for small 
numbers of replicates, such as Rank Products (Breitling et al. 2004; Breitling and 
Herzyk 2005). Rank Products have the additional benefit that, by design, the 
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method can detect rare but interesting expression changes (with statistical significance), 
that would be missed by many other approaches (Breitling 2006).

17.3.4 Validation

Despite the fact that microarray is rapidly becoming a dominant technology, the 
research community does not yet accept microarray data without independent 
validation (reviewed in Rockett and Hellmann 2004). There are a number of reasons 
for this caution, including the relatively recent development of the technology, the 
lack of standard operating procedures, the potential for errors in the data and the 
already mentioned potential biological and technical errors during the performance 
of a microarray experiment (Kothapalli et al. 2002; White and Salamonsen 2005).

Different techniques can be considered for microarray validation: Northern blot, 
RNAse protection assay and quantitative real-time RT-PCR (qRT-PCR). The advantage 
of Northern blot and RNase protection assay is that they provide a semi-quantitative 
measure as well as reveal the size of transcripts and potentially the number of 
transcripts that correspond to the probe sequence. Quantitative real-time RT-PCR is 
the most commonly used technique for validation of microarray results, due to the 
enhanced level of sensitivity (Mackay et al. 2002). A review of the literature 
illustrates that microarray data generally are in good agreement with but not always 
confirmed by qRT-PCR (Jason et al. 2008; Linton et al. 2008). In the developmental 
study of watermelon, Wechter et al. (2008) reported that 72 of the 750 (9.6%) 
tissue-type quantitative-reactions were in conflict with the microarray results, thus 
90.4% were in agreement. The failure to validate microarray data with qRT-PCR is 
often apportioned to the use of tissue sources which are, inadvertently, at different 
developmental stages (Gregersen et al. 2005; Lee et al. 2008).

Hansen et al. (2009) pointed out one more possible error in qRT-PCR validation 
experiments, especially when the research focuses on gene families. The study was 
conducted with primers designed to homologous regions within selected gene 
families. The rationale was to capture the ‘average’ expression level within a gene 
family; hence the qRT-PCR results were compared to an average of the microarray 
data which combined the expression of the alleles. Adopting such an approach 
resulted in a good correlation between the microarray and the qRT-PCR results, 
although the allelic variation observed and reported as part of the study (Hansen 
et al. 2009) was lost. Extrapolating from this rationale, we would like to urge cau-
tion when designing primers for qRT-PCR validation, because to design primers 
requires full knowledge of the allelic complement in any given genome. Without 
full sequence information used for primer design, gene expression observed using 
qRT-PCR can be an over- or under-estimation of relevant gene expression, thus 
compromising the attempt to get valid microarray derived results.

Identifying the functions of differentially expressed genes may be considered 
the ultimate validation of microarray data. Though the experiments may be 
carried out some time later, each level of data validation (mRNA, protein and 
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function) should be considered at the microarray experimental design stage, to 
allow the necessary additional controlled samples to be obtained (White and 
Salamonsen 2005).

17.3.5 Additional Regulatory Mechanisms in Gene Expression

The limitations of DNA microarray analysis discussed so far create challenges that 
require creative advances both in the technology and its application. However, a 
fundamental criticism of the DNA microarray methodology concerns the relevance 
of mRNA expression levels in establishing the actual functional levels of proteins. 
The transcription of genomic DNA to mRNA is only one of many stages involved 
in the biosynthesis of functional proteins. Alternative splicing, translational control, 
post-translational modification and the sub-cellular localisation of proteins are all 
additional potential regulatory stages that can control the production of functional 
proteins. It is clear that mRNA levels may not necessarily correlate with protein 
activity. While in some applications the product of the mRNA is not a concern for 
most experiments However, in most research-orientated applications the aim is to 
identify changes in mRNA profiles that are functional, and impact on protein 
expression (Walker and Hughes 2008).

17.3.6 Applications of DNA Microarrays

DNA microarray technology has revolutionized life-science research. Using arrays, 
researchers can examine the full complexity of a genome in a single experiment, 
allowing them to identify and study complex genetic regulatory networks and to 
begin to understand biology on a genome-wide scale. Arrays have been applied to 
studies in gene expression, genome mapping, SNP discrimination, transcription 
factor activity, toxicity, pathogen identification and detection, and many other 
applications. Walker and Hughes (2008) suggested the term: “Delineating molecular 
pathways” when analysing microarray results. Experimentation using DNA 
microarrays requires no previous knowledge about which genes might be of interest 
since expression from very large sets of genes can be examined in an unbiased 
manner. The technology can be used to identify unexpected transcriptional targets 
downstream of any stage in a molecular pathway, if those stages can either be 
specifically activated or repressed experimentally. This was demonstrated during 
the study the effect of antisense suppression of the C-hordein coding gene in barley 
(see below; Hansen et al. 2007).

Of particular relevance to this discussion is the utility of microarray as a platform 
to assist the development of functional markers which are applied as within the 
emerging concept genomic-assisted breeding. In next section we describe progress 
towards this objective.
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17.4  Specific Example: Studies of Profiling Global Gene 
Expression During Grain Filling in Monocot

In the preceding sections we introduced the concept of genomic-assisted breeding, 
and the relevance of functional markers, following this we discussed the emerging 
interest in developing microarray and its associated output as a tool to support the 
identification of functional marker. In this section the objective is to illustrate with 
examples the utility of microarray as a tool to assist genomic-assisted breeding for 
quality traits.

17.4.1  Microarray in Plants: Specific Focus on Grain Fillings 
Studies in Monocots

Over the past decade, advances in genomic technologies have resulted in a variety 
of microarray platforms that can be used for global gene expression profiling. 
Microarrays only measure the steady state levels of those genes for which a probe, 
either a clone or sequence, is available and, therefore, should be considered a 
targeted approach to expression profiling. The application of microarray for studying 
grain development in monocots continues to increase. Table 17.2 provides a snapshot 
of the latest publications describing crop, type of method used, number of genes 
spotted and how many genes were shown to be significantly regulated during the period 
of study.

A common feature of the studies cited above is that most of the experimental 
plant material was grown under controlled conditions either in greenhouses or 
growth cabinets. Given the fact that a ‘systems approach’ must integrate the impact 
of the environment and since environment has a significant impact on plant performance, 
extrapolation of results from glasshouse-grown material to field-grown material is 
not straightforward. Recent studies have demonstrated the general utility of microarray 
analysis of field-grown plants (Duan and Sun 2005; Lu et al. 2005). Moreover, when 
comparing plant material grown in controlled conditions with field-grown material 
significant differences have been illustrated (Dhanaraj et al. 2007).

17.4.2 Large Arrays vs Tissue/Pathway Specific Approaches

The principal benefit of microarray technology is that it can simultaneously mea-
sure the differential expression of a large numbers of genes and thereby identify the 
relationship between genes involved in the control and regulation of cellular develop-
ment and response of any organism. As a result of the volume of data generated and 
the type of analysis applied, typically microarray results are presented as a long 
list of genes judged to be significantly regulated. Table 17.2 shows the number of 
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Table 17.2 Examples of microarray based grain development studies: studies on grain filling of 
rice, wheat and barley using various global expression techniques

Crop

Type of 
global 
analysis

Source and 
number of 
genes 
spotted/
investigated Description of targets

Number of 
differentially 
expressed genes 
(P < 0.05)

Ricea Affymetrix 21,000 33 Rice samples, 
including 17 from

269

GeneChip of 
sequenced 
rice 
genome

various stages of grain 
filling

1.3%

Riceb, j Affymetrix 22,000 Wt vs. endospermless 
mutant at 2–3, 4–6

1,600

Custom oligo 
DNA 
array

DAP 7.2%

Wheatc cDNA chip 7,835 Wheat endosperm of 3, 7, 
14, 21, 28

2,237

Collected 
EST’s 
from 
various 
libraries

and 35 DAF 28.6%

Wheatd cDNA chip 2,304 Developing grain at 5–40 
DAP

326

Grain specific 
cDNA

14.1%

Wheate Affymetrix 55,052 Developing caryopses at 14,550
Wheat 

genome 
array

6, 8, 10, 12, 14, 17, 21, 28, 
35, 42 DAA

26.4%

Barleyf Differential 
display

11,787 Pericarp (0, 6, 12, 16 DAF), 
embryo (12,

2,384

Seed cDNA 
libraries

18, 26 DAF), endosperm (0, 
6, 12, 16, 26 DAF)

20.2%

Barleyg Differential 
display

1,421 Developing grain at 0, 2, 4, 
6, 8, 10, 12

337

Developing 
caryopses, 
etiolated 
seedlings 
and roots

DAF 23%

Barleyh Differential 
display

620 Developing grain at 0, 1, 2, 
3, 4, 5, 6, 7

61

Developing 
caryopses, 
etiolated 
seedlings 
and roots

DAF 9.8%

(continued)
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genes thought to be to expressed differentially among different monocots during grain 
developments (the list of genes are available in the cited articles). Whilst generating 
list of genes can have merit, there is an increasing realisation that combining molecu-
lar data derived from microarrays with information related to metabolic pathways is 
more useful. This combination provides a powerful tool to unravel metabolic control, 
regulation and cellular response to a range of stimuli, thereby offer greater insight into 
an organism’s phenotype. The ability to link microarray data to biochemical data is 
being fostered by advances in bioinformatics: the application of Artificial Neural 
Networks as a result pathway specific analysis (also know as functional enrichment) 
is becoming popular (Curtis et al. 2005). However, despite the progress, achieving the 
ambition is not trivial even with well-annotated model organisms (human, mouse, or 
rat). This is not due to a lack of information, for the identified genes, but the magni-
tude of the task related collecting and examining gene information from multiple 
databases for thousands of genes (Olson 2006). For those working with plant systems, 
the matter is further compounded by the lack of fully annotated genome data for the 
major cereals. To date rice is the only cereal genome comprehensively annotated. 
Although the DNA sequences for cvs. Nipponbare and 93-11 are complete, rice 
genome sequence resources are constantly being revised and gene annotation updated 
(Collard et al. 2008). Therefore in the light of the cereal genomics it is reasonable to 
question the efficacy of microarrays fabricated from many thousands of cDNA or 
oligos, where a significant percentage of the genes are not fully annotated.

Crop

Type of 
global 
analysis

Source and 
number of 
genes 
spotted/
investigated Description of targets

Number of 
differentially 
expressed genes 
(P < 0.05)

Barleyi, k cDNA chip 1,035 Developing grain at 10, 15, 
18, 20, 25

501

Pathway 
enriched 
grain 
specific 
cDNA

DAP 48.4%

a Zhu et al. (2003)
b Kondou et al. (2006)
c Laudencia-Chingcuanco et al. (2007)
dLaudencia-Chingcuanco et al. (2006)
eWan et al. (2008)
fSreenivasulu et al. (2006)
gSreenivasulu et al. (2004)
hSreenivasulu et al. (2002)
iHansen et al. (2009)
jMaterial was grown in pots outdoors
kMaterial derived from field-grown plants
Days after flowering (DAF), days after pollination (DAP) and days after anthesis (DAA)

Table 17.2 (continued)
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Instead of using large-scale microarrays for which data analysis may contribute to 
a loss of relevant information, a possible alternative is to employ organ/tissue/cell 
specific arrays that contain lower number of genes that are analysed in a path-
way specific manner dictated by the relevant biological question. The viability 
and usefulness of this approach is illustrated in the next section, presenting the 
results of a grain specific microarray combined with pathway specific analysis.

17.4.3  Can Focused Microarray Follow Predicted Changes 
During Grain Development?

When perturbing and modulating plant regulatory mechanisms or metabolic path-
ways by genetic transformation, pleiotropic effects will invariably follow as inter-
connected pathways will also be affected (Brown 2002; Gupta and Kaur 2005; 
Hansen et al. 2007; Lange et al. 2007). Under these conditions microarray analysis 
could be a very powerful tool to elucidate and evaluate changes in metabolism that 
underpin the phenotype of the transgenic lines. Hansen et al. (2007) reported the use 
a grain-specific microarray to study the changes in the transcriptome of a transgenic 
barley line containing an antisense C-hordein gene. The C-hordein antisense line is 
characterised by marked changes in the targeted storage protein and as conse-
quence in the overall amino acid profile (Lange et al. 2007). The reported custom-
made cDNA array for developing grains of barley contains a comprehensive set of 
genes known to be involved in nitrogen mobilization, transport and AA metabo-
lism. The results of the transcriptome analysis indicated that the transcript encoding 
C-hordein was down-regulated and this showed excellent correlation with the rela-
tive changes in the proportion of storage proteins and amino acid composition in 
the grain. As an apparent consequence, the level of sulphur-rich B/g- and 
D-hordeins also increased in the transgenic line (Lange et al. 2007), which cor-
related with a higher steady state mRNA level of the corresponding genes. The 
increased synthesis of sulphur-rich hordeins appeared to increase the demand for 
sulphur-rich amino acids (cysteine and methionine), resulting in an up-regulation 
of key genes in the appropriate biosynthetic pathways. This study demonstrated the 
utility of the grain-specific cDNA microarray analysis to detect perturbations 
induced by an antisense suppression of plant processes (Hansen et al. 2007).

17.4.4  Extension of the Study to Field Grown Material: 
Expression of Alleles Coding Storage Proteins During 
Grain Development

The microarray analysis is expected to provide important information on the 
general transcriptional regulation of basic metabolism in the developing seeds and 
lead to the identification of genes that show significant up- or down-regulation in 
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response to altered genetic makeup or environmental effects. The grain-specific 
cDNA microarray reported by Hansen et al. (2007) was used in a further study 
designed to investigate amino acid biosynthesis and storage protein accumulation 
in the developing grains of field-grown barley (Hansen et al. 2009). The aim was 
to analyse the transcription of genes associated with the biosynthesis of storage 
products during the development of field grown barley grains and identify co-regu-
lated genes. A distance matrix was constructed which enabled the identification 
of three clusters corresponding to the early, middle and late phase of grain devel-
opment. The gene expression pattern associated with the clusters was investigated 
using a pathway-specific analysis with specific reference to the temporal expres-
sion levels of a range of genes involved mainly in the photosynthesis process, 
amino acid and storage protein metabolism. Hansen et al. (2009) conclude that the 
grain-specific microarray is a reliable and cost-effective tool for monitoring 
temporal changes in the transcriptome of the major metabolic pathways in the 
barley grain. Moreover, this microarray is sensitive enough to monitor differences 
in the gene expression profiles of different homologues from the storage protein 
families using field-grown material.

17.4.5 From Microarray to In Silico Plant Design

Throughout this chapter the aim has been to develop an argument that supports 
DNA microarray as having a pivotal role within genomic-assisted breeding. While 
this concept has yet to emerge fully, it is interesting to speculate further and con-
ceptualise a vision for future plant breeding. We present a hypothetical model of 
‘virtual genomic-assisted breeding’ (Fig. 17.2). Our model combines elements of 
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Fig. 17.2 The combined use of molecular genomic based tools with more traditional plant breeding 
tools supports genomic-assisted breeding. However, as further advances are made we propose that 
ultimately predictive in silico crop design will be possible
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the emerging genomic-assisted breeding with crop modelling and network analysis 
interfaced with in-silico crop design.

Crop modelling has already demonstrated considerable power in predicting crop 
performance based on plant physiology and agronomic data (Hammer et al. 2002). 
Yin et al. (2004) suggested the potential synergy between crop modelling and the 
emerging molecular genetics as a way of strengthen the crop models, and more 
specifically, bridge the gap between plant physiologist and geneticists.

Similarly network analysis, which has already been applied to biochemical pathways 
and QTL analysis, as discussed above, has the potential to interface between the 
pathway specific analysis, which forms part of the ‘bottom-up’ system analysis and 
the crop modelling, which is a ‘top-down’ system analysis (Hammer et al. 2004).

17.5 Conclusion

Future crop development requires the successful integration of molecular tools with 
traditional breeding techniques. In the preceding we have outlined the need for a 
genomic-assisted breeding approach improve nutritional quality of barley. More 
specifically, the potential of microarray as a tool to support breeding for crop quality 
traits was evaluated and discussed. While microarray has received much attention, 
the true potential has yet to be realised, in part due the many technical issues 
surrounding the technique. In the light of limited success, we propose that using 
smaller but focused grain-specific microarray coupled with pathway-specific analysis 
offers a reliable tool for monitoring temporal changes in the transcriptome of the 
major metabolic pathways in the barley grain. Such an approach is able to monitor 
differences in the gene expression profiles of storage protein homologues. 
Therefore, microarray analysis could provide the knowledge required to design an 
improved AA profile with the intriguing possibility of breeding selectively for 
specific alleles/homologues to confer enhanced amino acid profile of the barley 
storage proteins (Hansen et al. 2009).
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Abstract In recent years, plant research has received a significant boost, partly 
due to the huge amount of data derived from the sequencing projects of some 
genomes, especially those obtained in the model system Arabidopsis thaliana. The 
use of this crucifer in many plant biology laboratories all over the world, together 
with the development of new technologies, have considerably increased research 
resources for dissecting gene function. Forward and reverse genetic approaches 
are still fundamental for assessing gene function through the isolation and charac-
terization of mutants. In this chapter, we first take an overview, using Arabidopsis 
as a reference, of the methodologies and procedures used to infer gene function in 
plants through mutagenesis screens and look at how high-throughput analysis of 
gene-indexed mutant collections is contributing to assessing plant gene function on 
a genomic scale. We then discuss the forward and reverse genetic approaches cur-
rently used in crops for understanding gene function, highlighting the importance 
of mutagenesis as a basis for generating useful genetic variants and its significance 
for crop improvement.

18.1 Introduction

The plant biology community entered the “genomic” era when the genomic sequences 
of Arabidopsis and rice were obtained in 2000 and 2002, respectively (The 
Arabidopsis Genome Initiative [AGI] 2000; Goff et al. 2002; Yu et al. 2002). Since 
then, the greatest challenge for plant research has become to assign a function to all 
the genes identified in the already sequenced genomes and in those whose sequencing 
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is near completion. To this end, different high-throughput genomic technologies 
such as microarrays or shotgun mass spectrometry (Brown and Botstein 1999; 
Yates 2004; Steinmetz and Davis 2004) have been developed and successfully 
applied in Arabidopsis. Nonetheless, in spite of the vast amount of data generated 
by these methodologies, in most cases they are not sufficient to unequivocally 
assign gene function (Alonso and Ecker 2006).

As an alternative or complementary way for dissecting gene function, classical 
forward genetics based on mutant analysis has proved decisive in the identification 
of genes controlling different aspects of plant biology. The availability of whole-
genome sequences has made it possible to develop high-throughput mapping meth-
ods that have significantly improved gene cloning (Jander et al. 2002; Peters et al. 
2004; Ponce et al. 2006). This, together with the constantly growing collections of 
gene-tagged (or gene-indexed) mutants, the development of TILLING and RNAi-
mediated gene silencing strategies, is making possible to carry out reverse genetics in 
plants. In this review, we focus on how these forward and reverse genetics approaches 
are currently being used in Arabidopsis and crops on a genomic scale to ascertain 
gene function.

18.2 Forward Genetics

Arabidopsis thaliana is a model organism widely used in plant biology research 
to perform genetic and molecular analyses of complex biological processes 
(Meyerowitz et al. 1994). Arabidopsis has become an extremely useful tool for 
the functional analysis of genes through the isolation and characterization of 
thousands of mutants affected in different aspects of plant growth, development 
or physiology.

In classical forward genetic approaches, gene function is assigned based on the 
analysis of the mutant phenotype generated by a mutation perturbing the activity of 
a gene, compared with that of wild-type plants. In the course of the last two decades, 
a vast number of mutagenesis screens have been carried out in Arabidopsis thaliana 
in order to identify genes that underlie a specific developmental or physiological 
plant process (e.g. leaf [Berná et al. 1999], root [Benfey et al. 1993], flower 
[Bowman et al. 1989], seed [Mayer et al. 1991; Léon-Kloosterziel et al. 1996; 
McElver et al. 2001] or trichome cell [Hülskamp et al. 1994] development, toler-
ance to salt stress [Wu et al. 1996; Quesada et al. 2000] or response to vernalization 
[Chandler et al. 1996]). The rationale behind this approach is that the mutation 
perturbs the function of a gene required for a specific process and, as a result, 
causes an abnormal phenotype in the plant. For instance, if the mutant plant shows 
an alteration in leaf morphology it can be inferred that the gene perturbed is 
required for normal leaf development. Following this approach, hundreds of genes 
have been identified in Arabidopsis and other plant species by mutagenesis in the 
last 20 years and many of the genes underlying these mutants have been cloned. 
The main drawback of this approach is the functional redundancy that exists in the 
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Arabidopsis genome, probably as a consequence of an early event of whole-genome 
duplication (The AGI 2000). Accordingly, loss-of-function mutations in a particu-
lar gene might not result in a mutant phenotype clearly distinguishable from the 
wild-type one. In such cases, in order to obtain a mutant phenotype, it is necessary 
to inactivate (by mutation) two or more functionally related genes by constructing 
a double, triple or quadruple mutant (see for instance Eshed et al. 2001; Kumaran 
et al. 2002; Ditta et al. 2004; Adamczyk et al. 2007; Allen et al. 2007).

A wide range of chemical and physical mutagens has been used to obtain 
Arabidopsis mutants, differing in the extent (number of mutations inherited by the 
progeny) and the nature (ranging from the introduction of single nucleotide 
changes to large chromosomal rearrangements) of the damage caused to the 
genome. Irradiation with physical mutagens, such as fast neutrons, g-rays, X-rays 
or carbon ions, has been extensively used in Arabidopsis, yielding a large number 
of mutants, which in some cases have been molecularly characterized (e.g. Redei 
and Koncz 1992; Shirley et al. 1992; Bruggemann et al. 1996; Cecchini et al. 
1998; Niyogi et al. 1998; Shikazono et al. 1998, 2005; Quesada et al. 2000; Li and 
Zhang 2002). Ionizing radiations produce deletions, ranging from one to thou-
sands nucleotides, as well as chromosomal rearrangements, typically resulting in 
loss-of-function or, in most cases, null alleles. The analysis of mutations induced 
by ionizing radiations has been instrumental in identifying genomic regions 
essential for gamete viability (Vizir and Mulligan 1999; Naito et al. 2005). 
However, since most large deletions are poorly transmitted to the progeny through 
the pollen (Naito et al. 2005), only a fraction of the ion-radiation-induced mutants 
are useful for further genetic and molecular analyses. Besides, identification of the 
deletion or reorganization in the genome is a very laborious task. Despite this, 
techniques such as subtractive hybridization (Straus and Ausbel 1990; Sun et al. 
1992) and a new knockout methodology, Deleteagene (Li et al. 2001; Li and 
Zhang 2002) have been successfully applied for gene identification in deletion-
mutants (Sun et al. 1992; Silverstone et al. 1998; Li et al. 2001).

As regards chemical agents, ethyl nitrosomethylurea (NMU) and ethyl methane-
sulphonate (EMS) are now the most extensively used mutagens in the Arabidopsis 
community when performing forward genetics. This is due to the high efficiency of 
these mutagens, which usually introduce hundreds of mutations per plant genome 
(Alonso and Ecker 2006). In addition, compared with irradiation-induced muta-
tions, the EMS generates more embryonic and chlorophyll mutants and does not 
often produce double strand breaks leading to deletion or inversion mutations 
(Koorneef et al. 1982). NMU and EMS generally induce point mutations, mostly 
single-nucleotide substitutions, generating in most cases recessive alleles, although 
dominant or semi-dominant alleles have also been reported (see for instance, Berná 
et al. 1999; Soppe et al. 2000; Ochando et al. 2006; Würschum et al. 2006). Most 
EMS-derived alleles are hypomorphic and viable.

To identify mutants with a looked for phenotype from a mutagenesis screen, 
the first step is to mutagenize usually thousands of wild-type seeds (M

1
 genera-

tion), sow them and led the M
1
 plants growth to maturity. The M

2
 seeds produced 

by the M
1
 plants are collected, sowed, and the M

2
 plants screened (Fig. 18.1a). 
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Although seeds of Arabidopsis contain around 15,000–20,000 cells (Jürgens 
1994), only 2–3 of them contribute to the seed output. These cells are known  
as the number of genetically effective cells (Müller 1965; Li and Rédei 1969;  

Fig. 18.1 Overview of the main steps followed in the forward genetic approach to establish gene 
function by mutagenesis. M

1
 wild-type (e.g. Ler) seeds are exposed to the mutagen to obtain M

2
 

progenies which are screened for mutant plants. (a) Isolation of M
2
 mutant individuals with the 

desired phenotype and (b) cross of M
3
 mutant plants with a hereditable phenotype to the wild type 

(e.g. Ler) to (c) ascertain, after analysis of the F
1
 and F

2
 progenies, the inheritance pattern of the 

mutation. (d) The mutant is further backcrossed to the wild type (e.g. Ler) to remove undesired 
additional mutations, (e) crossed to other mutants showing a similar phenotype for complementa-
tion analysis or (f) to a wild-type accession in a different genetic background (e.g. Col-0) for (g) 
gene mapping (by genotyping with polymorphic markers F

2
 mutant plants) and (h) cloning. The 

asterisk denotes a mutation in a gene of a genomic candidate interval. Transcription units and 
intergenic regions are indicated by black boxes and lines, respectively. For simplicity, only the 
isolation of a recessive mutation affecting leaf development is shown
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Grinikh and Shevchenko 1976; Rédei and Koncz 1992). The next step is to confirm 
the heritability of the mutant phenotype by sowing the M

3
 seeds collected from 

the putative M
2
 mutants and studying the phenotype of the M

3
 plants (Fig. 18.1b). 

From each M
3
 progeny with a fully heritable mutant phenotype, individuals are 

selected and back-crossed to the wild type, to determine the recessivity or domi-
nance of the mutation in the F

1
 progeny. To ascertain the monogenic nature of the 

mutation under study, F
2
 inbred descendant from the F

1
 plants are sown and stud-

ied (Fig. 18.1c). Given that the EMS and NMU cause numerous mutations in the 
genome, it is convenient to back-cross the mutant plants to the wild type at least 
three times and select the mutant plants in the resulting F

2
 progenies in order to 

remove additional and undesired mutations (Fig. 18.1d). Comprehensive 
descriptions of methods used to carry out mutagenesis screens in Arabidopsis 
have been provided previously (Redei and Koncz 1992; Weigel and Glazebrook 
2002; Østergaard and Yanofsky 2004; Kim et al. 2006).

Usually, the confirmed mutants are later classified into phenotypic classes in order to 
simplify allelism tests. The reason for this is the assumption that individuals exhibiting 
similar mutant phenotypes are probably carrying mutations affecting the same gene. 
Thus, if the F

1
 progeny resulting from the cross of two different and recessive mutants 

grouped in the same phenotypic class shows a mutant phenotype, it is generally 
concluded that both mutations perturb the same gene. On the contrary, if the F

1
 plants 

display a wild-type appearance, the mutations are probably within different genes 
(Fig. 18.1e). Eventually, the mutant plants can be crossed to previously described and 
characterized mutants with a similar phenotype in order to establish whether they are 
allelic and, therefore, affected in the same gene (Fig. 18.1e).

The ideal of a mutagenesis screen would be to identify all the genes involved in 
a particular biological process. For this purpose, it is necessary to isolate a suffi-
ciently high number of mutants to obtain a collection of mutant alleles representa-
tive of all the genes responsible for a specific process. When this happens, the 
mutant screen has reached “saturation” and several mutant alleles are obtained for 
each gene (Jürgens et al. 1991; Berná et al. 1999). Saturation mutagenesis can be 
carried out only in model organisms such as Arabidopsis, where large progenies of 
mutagenized individuals can be screened. Given the high efficiency of chemical 
mutagens, it is possible to obtain alleles of different phenotypic strengths (an allelic 
series) for a gene of interest, contributing to a better understanding of its function 
in the process under study.

18.2.1 Gene Mapping and Cloning

Map-based cloning or positional cloning is the most frequently used method to 
identify a gene whose perturbation by a chemical or physical mutagen causes a 
mutant phenotype, when these mutations are untagged. For this purpose, the first 
step is to obtain a mapping population segregating for the mutant phenotype, by 
crossing the mutant of interest to a wild-type plant in a different genetic background 



442 A. Hricová et al.

(Fig. 18.1f). Columbia-0 (Col-0) and Landsberg erecta (Ler) are the most often 
used ecotypes in Arabidopsis laboratories, irrespectively of whether Col-0 is the 
mutant genetic background and Ler that of the wild type or vice versa. If the 
mutation is recessive, as usually occurs with the EMS, the DNA of F

2
 plants dis-

playing the mutant phenotype (a quarter of the total number of F
2
 plants if the 

penetrance of the mutation is complete) is individually extracted and used to 
carry out linkage analysis to polymorphic markers whose map positions are pre-
viously known (Fig. 18.1g). Many different collections are currently available, 
including thousands of polymorphic markers between Col-0 and Ler such as the 
Cereon Arabidopsis Polymorphic Collection (Cambridge, MA, USA). Most 
markers in this collection are single nucleotide (SNPs) and insertion-deletion 
(InDel) polymorphisms.

In recent years, different high-throughput mapping approaches based on the 
polymerase chain reaction (PCR) have been developed in Arabidopsis for low 
resolution mapping (Ponce et al. 1999; Jander et al. 2002; Peters et al. 2004; Ponce 
et al. 2006). In addition, high-density DNA arrays have been designed for mapping 
deletions caused by physical mutagens (Spiegelman et al. 2000; Gong et al. 2004). 
To clone the gene of interest, the candidate genomic interval must be further 
narrowed-down by genotyping additional F

2
 individuals (Fig. 18.1g, h). Given the 

large collection of molecular markers currently available for the Arabidopsis 
community, less than 2 months is usually enough to delimit a 100–200 kb candidate 
interval (Ponce et al. 2006). This makes final identification of the gene a straight-
forward task, which is in sharp contrast to the situation existing prior to the completion 
of the sequencing of the Arabidopsis genome (The AGI 2000), when cloning a gene of 
interest by chromosome-walking (Bender et al. 1983) used to take several years.

18.3 Reverse Genetics

Knowledge of the whole Arabidopsis genome sequence, combined with the 
generation of nearly saturation collections of randomly obtained T-DNA-tagged 
lines or indexed-mutants, has led to the development of reverse genetics and 
functional genomics in this model system. In less than a decade, a new scenario 
has been created in which, in a few weeks, it is possible to obtain a mutant allele 
of a particular gene.

18.3.1 Arabidopsis Genome Sequence

The almost complete Arabidopsis genome sequence was released at the end of 
2000, becoming the first plant genome to be unmasked (The AGI 2000). This date 
opened up a new omics era for plant biologists, whose major goal became to assign 
a function to every one of the 25,498 predicted genes by the year 2010 (Chory et al. 
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2000; Somerville and Dangl 2000). Two years later, a high quality draft of a crop 
genome, rice, was published (Goff et al. 2002; Yu et al. 2002). To date Arabidopsis 
(Swarbreck et al. 2008) and rice (International Rice Genome Sequencing Project 
2005) are the only plants whose genomes have been completely sequenced and 
annotated to a high standard.

Since 2000, first TIGR (Haas et al. 2005) and then TAIR (Swarbreck et al. 2008) 
have re-annotated the sequence of the Arabidopsis genome seven times thanks to 
new sequencing and array-based technologies. This has made possible to discover 
new, previously undetected genes. The most recent update of the Arabidopsis 
genome sequence and annotation (TAIR7, Swarbreck et al. 2008) has led to 120 out 
of 135 Mb of the genome sequence being completed, and 26,819 nuclear protein-
coding genes being predicted, 3,866 of them alternatively spliced. Of the predicted 
protein-coding genes, 22,032 are transcriptionally supported by at least one cDNA 
and/or EST (Expressed Sequence Tag) and 4,000 show similarity to uncharacter-
ized proteins. Moreover, 758 genes display no significant homology to GeneBank 
database (http://www.ncbi.nlm.nih.gov/Genbank/) accessions, of which 286 have 
no transcriptional support and probably correspond to erroneous gene predictions. 
Gene density is 4.44 kb per gene. Additionally, 1,054 nuclear RNA-coding genes 
and 3,889 pseudogenes and transposons have been annotated.

Organelle Arabidopsis genomes have also been completely characterized 
(Unseld et al. 1997; Sato et al. 1999). The chloroplast genome contains 88 protein-
coding and 45 RNA-coding genes, while the numbers for mitochondria are 122 and 
24, respectively.

Summarizing, the last gene content prediction for the Arabidopsis genome is 
27,029 protein-coding genes and 1,123 RNA-coding genes.

18.3.2 T-DNA as a Mutagen

Despite the availability of the whole genome sequence and the development of 
robust computational and technological tools for gene discovering, the most 
trustworthy way of determining the function of a gene is still the isolation and 
characterization of mutant alleles. Unfortunately, it is not easy to obtain mutant 
alleles in a directed way, since reports of knock-out mutants obtained by homol-
ogous recombination are extremely rare in plants (Kempin et al. 1997; Beetham 
et al. 1999). Although improvements to this procedure have been made in crops 
such as rice (Terada et al. 2002, 2007), the easiest way to find mutant alleles of 
a given gene is to look for them in nearly-saturation collections of sequenced-
indexed mutants.

The T-DNA, which is naturally present in the Ti plasmid of the ground-living 
bacterium Agrobacterium tumefaciens, has been shown to be one of the most useful 
and powerful genetic tools for achieving transgenesis in plants (Gelvin 1998), as 
well as to find mutant alleles of a particular gene. This piece of DNA jumps from 
the bacterial Ti plasmid to the plant genome and stably integrates on it, making 
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almost any gene susceptible to being disrupted by a T-DNA insertion: the longer 
the gene, the most probability of a T-DNA landing on it in a transformation experi-
ment. Assuming a median gene length of 2.1 kb, from the start to the stop codon of 
the genomic sequence, and random genomic T-DNA integration, Krysan and col-
leagues (1999) estimated that 280,000 T-DNA inserts were necessary to have a 99% 
chance of mutating a particular gene. A T-DNA insertion usually disrupts a gene 
generating recessive hypomorphic or null alleles. The extent of the damage is prob-
ably greater the further upstream in the gene the T-DNA is inserted. Moreover, it is 
more likely to disrupt a gene if the T-DNA integrates in an exon, since insertions in 
introns can be spliced out (Miesak and Coruzzi 2002). Integrations in gene promot-
ers can also eliminate transcription.

Since the right and left border sequences of the T-DNA (RB and LB, respec-
tively) are the only ones necessary to mediate the transfer event, the T-DNA can be 
manipulated to contain any desired sequence to be introduced in the Arabidopsis 
genome in order to facilitate transformant selection or to reveal or manipulate gene 
expression. The T-DNA used for insertional tagging usually includes a dominant 
selectable marker which confers resistance to antibiotics (typically kanamycin) or 
herbicides (generally gluphosinate). This allows the easy screening for transfor-
mants in mutagenesis experiments.

The main advantage of insertional screens is that the T-DNA-tagged genes can 
be isolated more easily than by using chemical or physical mutagens through the 
rapid identification of the genomic sequences flanking the T-DNA insertion by 
means of techniques such as plasmid rescue (Behringer and Medford 1992; 
Feldmann 1992; Okuley et al. 1994; Nakazawa et al. 2001), inverse PCR (IPCR; 
Gash et al. 1992; Ponce et al. 1998; Quesada et al. 1999) or TAIL (Thermal 
Asymmetric Interlaced) PCR (Liu and Whittier 1995; Liu et al. 1995; Sessions 
et al. 2002).

18.3.3 Collections of Insertional Mutants

The development of an easy protocol of Agrobacterium-mediated transformation, the 
floral dip method (Clough and Bent 1998), has permitted several Arabidopsis inser-
tional mutant collections to be generated in the last decade. The goal of these collec-
tions is to reach a high degree of saturation of the plant genome with T-DNA insertions, 
and hence to obtain large numbers of indexed-mutants to perform high-throughput 
functional studies. These collections are generated in a similar way. A huge number, 
usually several thousands, of T

0
 wild-type plants are transformed. T

1
 seeds are col-

lected and transformant T
1
 plants, which are hemizygous for any integrated T-DNA, 

are selected and individually grown. Each T
1
 line establishes a T

2
 population in which 

resistant plants, homozygous or hemizygous for the T-DNA are selected, giving rise to 
several T

3
 populations. The genomic insertion sites of T-DNA integration events, 

named as flanking sequence tags (FSTs), are determined in transformant individual 
lines and compiled in databases. This allows sequence homology searches (e.g. using 
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the BLAST program [http://www.ncbi.nlm.nih.gov/blast/Blast.cgi]) to be performed 
in order to find putative insertional alleles of the gene of interest.

There are three main collections of T-DNA induced mutants which can be used 
in Arabidopsis functional genomic research: the Salk, SAIL and GABI-Kat. All 
three of them were generated using the Columbia ecotype, probably the most fre-
quently used by the Arabidopsis community and the one whose genome was 
sequenced in 2000. The SAIL (Syngenta Arabidopsis Insertion Library) collection 
of T-DNA indexed mutants was the first one to be generated (Sessions et al. 2002) 
and includes about 100,000 transformed lines, in which the integration sites have 
been determined in 52,964. The Salk collection, obtained at the SIGnAL (Salk 
Institute Genomic Arabidopsis Laboratory) in 2003 (Alonso et al. 2003), comprises 
150,000 lines, including 225,000 estimated independent-T-DNA integration events. 
A total of 88,122 T-DNA insertion sites were mapped on the genome, revealing 
mutations in 21,799 AGI-predicted genes. The Salk collection today contains by far 
the highest number of insertional lines, it is the best characterized (with insertions 
mapped to date in about 150,000 lines) and the closest to saturation, for which rea-
son it has become the most popular. The last of the big collections of T-DNA lines 
with mapped insertions is the GABI-Kat (Genome Analysis of the Plant Biological 
System), created at the Max Planck Institute of Germany (Rosso et al. 2003), which 
includes 59,979 transformant lines harboring insertions in 13,889 of the AGI-
predicted genes. Other T-DNA mutant collections include the one generated at the 
Institute of Agronomics Research at Versailles (Samson et al. 2002) and that 
obtained by Rios and colleagues at the Max Planck Institute (Ríos et al. 2002).

The design of sophisticated T-DNA constructs has allowed development of other 
insertional mutagenesis approaches based on the use of transposable elements 
(transposon tagging). One of the most popular systems of transposon tagging in 
Arabidopsis takes advantage of the maize transposable element system 
Activator/Dissociation (Ac/Ds) (Sundaresan et al. 1995). In this approach, the Ds 
element usually contains a promoter or exon trap reporter gene, which makes it pos-
sible to determine whether the Ds integration happened near a cis-regulatory element 
(enhancer trap) or in a coding region (gene trap). The IMA (Parinov et al. 1999), 
RIKEN (Ito et al. 2002; Kuromori et al. 2004), CSHL (http://genetrap.cshl.org/), and 
EXOTIC (http://www.jic.ac.uk/science/cdb/exotic/index.htm) indexed-collections 
include around 65,000 lines whose Ds insertion sites have been mapped. Transposon 
tagging has been also achieved in Arabidopsis using the Enhancer/Suppresor muta-
tor (En/Spm) transposable elements from maize (Tissier et al. 1999).

18.3.4  Obtaining and Characterizing T-DNA Tagged Mutants 
from Publicly Available Collections

In Arabidopsis research, the most usual way to carry out reverse genetics is to look 
for mutant alleles in publicly available tagged lines collections, in the expectation 
of finding a mutant phenotype. Although each of the above-mentioned high-throughput 
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mutagenesis projects has its own webpage, information about most of the inser-
tional collections is gathered in several websites, such as the Arabidopsis thaliana 
Integrated Database (Pan et al. 2003; http://www.atidb.org/) or the SIGnAL on its 
T-DNA Express section (http://signal.salk.edu/cgi-bin/tdnaexpress). These sites 
allow all the information on the existing and available indexed-lines to be obtained 
in a friendly graphical way (Haag 2007). Thus, by introducing the AGI code of a 
gene whose function is going to be established, it is possible to obtain its relative 
genomic position, the insertional lines which are available and, for most of the 
lines, the orientation of the insertion and the genomic sequence adjacent to the LB 
of the T-DNA (Fig. 18.2a, b). To date, more than 379,000 mapped indexed-lines 
have been obtained (http://signal.salk.edu). With such a high density of mapped 
insertions it is quite probable to find at least one mutant allele in any given gene.

The next step in obtaining a mutant is to order the tagged lines from NASC 
(European Arabidopsis Stock Centre; http://arabidopsis.info/) or ABRC (Arabidopsis 
Biological Resource Center at the Ohio State University; http://www.biosci.ohio-
state.edu/pcmb/Facilities/abrc/index.html) websites (Fig. 18.2c). These fundamental 
institutions receive seeds and DNA stocks donations from laboratories all over the 
world and maintain and distribute them to the Arabidopsis community. Most of the 
indexed-lines generated in the different mutagenesis projects are already available 
through NASC or ABRC. For a modest fee (a few pounds or dollars), it is possible to 
receive some T

3
 seeds (Fig. 18.2d) which have to be screened to find the homozygous 

plants for the insertion, and checked whether they show a selectable mutant pheno-
type (Fig. 18.2e). Since resistance markers are frequently silenced in tagged lines, the 
most appropriate way to select the homozygous T

3
 plants is to genotype the putative 

tagged locus by PCR using one gene-specific primer and one T-DNA specific-primer 
(Fig. 18.2f). The heritability of the phenotype of the T

3
 mutant plants is checked in 

the T
4
 generation (Fig. 18.2g). Taking into account the recessive nature of the inser-

tional alleles (see Sect. 18.3.2) and the fact that only a few T
3
 seeds per line are pro-

vided by NASC or ABRC, occasionally no T-DNA mutant homozygous plants will 
be found in T

3
. In these cases, is required to generate T

4
 populations from hemizygous 

T
3
 individuals. The problem of identifying T-DNA homozygous mutant plants should 

be avoided thanks to the ambitious goal of the Salk collection: to obtain two homozy-
gous insertional mutant lines for every Arabidopsis gene or, in other words, to achieve 
a collection of certified homozygous mutant lines. To date, around 18,000 of these 
lines, representing 13,000 genes, have already been deposited at the ABRC. 
Regardless of whether the line is certified homozygous or not, it is convenient to 
check by PCR and further sequencing the correct limits of the T-DNA integration.

Another consideration to take into account when working with T-DNA indexed 
mutants is the number of insertions per line. This, for the Salk collection, is 1.5 
(Alonso et al. 2003). Since T-DNA tagged lines can bear more than one insertion, it 
is prudent to backcross the line at least once in order to eliminate unwanted T-DNA 
insertions (Fig. 18.2h). Moreover, T-DNA insertions are sometimes complex. They 
can display internal reorganizations or generate untagged mutations, such as dele-
tions or chromosomal rearrangements due to abortive insertions (Tax and Vernon 
2001). For this reason it is convenient to perform a co-segregation analysis of the 
mutant phenotype with a T-DNA insertion in the presumed tagged gene.
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Fig. 18.2 Obtaining and characterizing tagged-mutant lines from publicly available insertional 
mutant collections. (a) In the reverse genetics approach, the functional characterization of any 
Arabidopsis gene starts from knowledge of its sequence. (b) The information about T-DNA insertions 
in the Arabidopsis genome, derived from different high-throughput tagging mutagenesis experiments, 
is accessible through several web pages (e.g. http://signal.salk.edu/cgi-bin/tdnaexpress). (c and d) 
Seeds of the publicly available insertional lines are provided by NASC in Europe and ABRC in the 
USA. (e) Assuming a recessive insertional mutation, wild-type (without T-DNA or hemizygous for 
the insertion) and mutant (homozygous for the insertion) plants can appear among the T

3
 population. 

(f) T
3
 plants are genotyped using combinations of T-DNA and gene specific primers (black arrows) in 

order to detect or confirm homozygous plants. The transcription unit of the gene disrupted by the 
insertion and the T-DNA are depicted as a gray arrowed box and an inverted triangle, respectively. (g) 
The heritability of the mutant phenotype is checked in the T

4
 generation. (h) T

3
 or T

4
 mutant plants 

are backcrossed to eliminate T-DNA insertions not responsible for the mutant phenotype
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The high number of T-DNA insertions spread along the Arabidopsis genome, 
obtained from the different high-throughput insertional mutagenesis experiments, 
makes it feasible to obtain a mutant allelic series for any given gene (see Sect. 
18.2). The isolation of several mutant alleles of a particular gene giving rise to 
related phenotypes is usually clear evidence that the mutant phenotype is caused by 
the perturbation of that gene and that its function has been identified. Alternatively, 
if just one mutant allele leading to a mutant phenotype has been isolated, pheno-
typic rescue of the mutant with the wild-type allele using transgenesis is necessary 
in order to demonstrate gene function.

18.3.5 Activation Tagging Mutagenesis

To infer gene function when working with insertional loss-of-function mutants can 
be difficult in some cases. On the one hand, null alleles of some genes can be lethal 
in homozygosis if they code for essential housekeeping functions or are involved in 
embryo development. On the other hand, no mutant phenotype is observed in many 
loss-of-function mutants, because only around 35% of the predicted proteins of 
Arabidopsis are unique (The AGI 2000). In these cases, gain of function alleles can 
help to assign a function to a gene. For this, different T-DNA vectors, which usually 
include several copies of the enhancer element from the constitutively active pro-
moter of the Cauliflower mosaic virus 35S gene (CaMV35S), have been developed 
(Weigel et al. 2000). Once these enhancers are integrated in the Arabidopsis 
genome they can cause transcriptional activation of close genes. Given that acti-
vated genes can be associated with a T-DNA insertion this approach has been 
named activation tagging. Integration of the activation construct can disrupt a gene 
but can also lead to enhanced or ectopic expression of the nearby gene, generating 
a new phenotype different from the loss-of-function one. Several collections of 
Arabidopsis activation-tagging lines have been generated (Weigel et al. 2000; 
Ichikawa et al. 2003) as a genome research resource. However, activation tagging 
can enhance the expression of more than one gene, hindering interpretation of the 
mutant phenotype (Ichikawa et al. 2003). The FOX (Full-length cDNA Over-
eXpression) hunting system has recently been created to avoid this problem and a 
collection of Arabidopsis transgenic lines over-expressing full-length cDNAs has 
been obtained (Ichikawa et al. 2006).

18.3.6  Small RNAs as New Tools for Targeted Mutagenesis  
in Plants

The discovery in many eukaryotes of small molecules of RNA, known as silencing 
RNAs (sRNA), which mediate gene silencing at the transcriptional and post-
transcriptional levels (Hannon et al. 2006), has opened up new revolutionary possibilities 
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of directed gene inactivation in plants and animals. In plants, different strategies 
have been devised to inactivate gene activity, taking advantage of this innate mecha-
nism of gene silencing (Ossowski et al. 2008). These strategies usually include stable 
transformation with a transgene construct which produces or induces the formation 
of double stranded molecules of RNA (dsRNA). This gives rises to the generation of 
short interfering RNAs (siRNAs) which pair with complementary mRNA molecules, 
triggering a sequence-specific mRNA degradation that silences the targeted gene, a 
phenomenon termed RNA interference (RNAi) (Waterhouse and Helliwell 2003).

Compared to the insertional mutagenesis, RNAi-mediated gene silencing allows 
several sequence-related genes to be targeted simultaneously, making it possible to 
assess the phenotypic effect of interfering with the activity of all of them. However, 
RNAi can cause a range of effects in gene expression, ranging from complete inac-
tivation to no reduction. The considerable variability in gene silencing limits high-
throughput with RNAi because it requires several independent lines to be obtained 
and analysed, complicating interpretation of the results (Alonso and Ecker 2006). 
Additionally, it requires laborious plant transformation methods which are not 
available at the moment for many plant species.

MicroRNAs (miRNA) are a particular class of sRNAs which mediate the spe-
cific post-transcriptional control of endogenous mRNAs and originate from single-
stranded precursor transcripts with imperfect fold-backs (Bartel 2004; Jover-Gil 
et al. 2005). In plants, miRNAs direct the cleavage of complementary mRNAs 
through RNA-induced silencing protein complexes (RISCs; Hammond et al. 2000). 
Recently, highly-specific artificial miRNAs (amiRNAs) have been developed in 
plants, using the sequence of endogenous miRNA precursors as a template 
(Parizotto et al. 2004), and they have been shown to effectively interfere with 
reporter or endogenous gene expression (Alvarez et al. 2006; Schwab et al. 2006). 
Once introduced by transgenesis in plants, amiRNAs could specifically target a 
particular gene or gene family, allowing functionally redundant genes or those with 
overlapping functions to be characterized (Alonso and Ecker 2006). Besides, the 
WDM (Web MicroRNA Designer) platform has been created to automate amiRNA 
design in Arabidopsis (Schwab et al. 2006) and in more than thirty plant species, 
including important crops such as rice or maize (Ossowski et al. 2008).

18.3.7 Tilling

Targeting Induced Local Lesion in Genomes (TILLING) is a highly sensitive 
method based on random chemical mutagenesis (by EMS), which allows the iden-
tification of point mutations in a genomic region of interest, after PCR screens of 
arrayed DNAs obtained from mutagenized individuals (McCallum et al. 2000a, b). 
Hence, this methodology combines traditional chemical mutagenesis with reverse 
genetics, providing a wide range of alleles very useful for dissecting gene function. 
A high-throughput TILLLING protocol for Arabidopsis has been generated (Till 
et al. 2006). Based on this, a service for the Arabidopsis research community, 
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known as the Arabidopsis TILLING Project (ATP) is available and users can 
request different EMS-derived alleles in genomic regions of interest (Till et al. 
2003). TILLING has been applied to detect induced mutations in other plant spe-
cies such as maize, rice, Lotus japonicus or soybean (see forward).

An exhaustive description of the TILLING method and its implementation in 
crops can be found in another chapter of this book.

18.4  Recent Progress in Crop Mutations  
and Functional Genomics

Despite the importance of Arabidopsis in plant biology, some desirable agronomic 
traits are not present in this model plant. Therefore, large-scale genomic projects of 
lesser-studied but economically important plant species would help to improve our 
knowledge about, for instance, how developmental and/or metabolic pathways are 
shared by different plants, which of them are species-specific and how they have 
been modified through evolution. The isolation of mutants in agronomic important 
plants is a major goal of classical crop mutation breeding programmes. Innovative 
breeding methods, together with new biotechnological tools and sequence genomic 
data, are a useful complement to classical breeding approaches.

One of the greatest advantages of mutagenesis as a method for dissecting gene 
function is that it can lead to different mutant alleles of a particular gene, causing 
different degrees of phenotypic trait modifications (see Sects. 18.2 and 18.3). To 
identify a gene whose mutations produce a phenotype different from the wild-type, 
the map-based cloning approach is the most effective strategy as long as the gene 
is untagged (see Sect. 18.2.1). However, positional cloning in agronomically impor-
tant plants with large genomes, such as barley, maize or wheat is still challenging. 
Mutational approaches play an increasingly important role in creating crop varieties 
with modified traits. Yield, maturation, grain quality, biotic and abiotic stress resis-
tance are the most manipulated/improved crop traits through mutagenesis. 
Mutation-derived varieties have been released for more than 175 crops and plant 
species, including cereals, grain legumes, oil and industrial crops, fruits, vegetable, 
horticultural and ornamental plants (Ahloowalia et al. 2004; Chopra 2005).

The potential of the different mutagenesis approaches combined with the 
genomic knowledge derived from plant genome sequencing projects is starting to 
make functional genomics possible in crops. According to the National Centre for 
Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/genomes/static/
gpstat.html), genome sequencing of five land plants, Carica papaya (370 Mb), 
Physcomitrella patens (510 Mb), Populus trichocarpa (480 Mb), Ricinus communis 
(400 Mb), and Vitis vinifera (500 Mb) is nearly completed. Sequencing projects of 
another 23 plant genomes are in progress, including agronomically interesting 
plants like Brassica oleracea (600 Mb), Brassica rapa (500 Mb), Glycine max 
(1,200 Mb), Medicago trunculata (500 Mb), Solanum tuberosum (840 Mb), 
Sorghum bicolor (760 Mb), and Triticum aestivum (16,000 Mb).
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In the next sections, different methods and recently developed strategies for per-
forming forward and reverse genetics in economically important crops are discussed.

18.4.1 Rice

Rice (Oryza sativa) serves as a model plant for cereal crop genomics. A high qual-
ity map-based draft of the nuclear genomic sequences of two divergent cultivars, 
Oryza sativa L. ssp. japonica and Oryza sativa L. ssp. indica has been obtained 
(Goff et al. 2002; Yu et al. 2002), providing a reference platform for genomics in 
cereals and grasses. Rice was chosen as a model because (a) its genome is the 
smallest of the graminaceous crops (389 Mb; International Rice Genome 
Sequencing Project 2005), (b) its global importance as a food crop and (c) the exis-
tence of a large-scale collaboration in the rice research community all around the 
world. The availability of a vast amount of information on rice germplasm 
resources, including mutants (Ryu et al. 2004; Sallaud et al. 2004), a large set of 
full-length cDNAs, more than 1,220,000 ESTs and DNA arrays (http://www.ncbi.
nlm.nih.gov/dbEST; Lan et al. 2004) has helped in the design of novel rice variet-
ies. Sequencing of the rice genome has led to the identification of more than 
37,000 predicted genes (International Rice Genome Sequencing Project 2005), 
and one of the main goals of the rice community is to determine their function as 
quickly as possible.

In recent years, despite extensive efforts using chemical or irradiation mutagen-
esis, the function of only a handful of agriculturally important rice genes has been 
revealed, most of them through laborious map-based cloning (Jung et al. 2007). 
Some of these genes include XANTHOMONAS ORYZAE PV.ORYZAE RESISTANCE 
21 (Xa21), which is involved in bacterial resistance (Song et al. 1995), MONOCULM 
1 (Moc1) which controls tillering number (Li et al. 2003), PISTILLATE FLORETS 
9 (Pi9) and 2 (Pi2), which are required for fungal resistance (Qu et al. 2006; 
Zhou et al. 2006), GIBBERELLIN-INSENSITIVE DWARF 1 (Gid1), 2 (Gid2) and 
SLENDER RICE 1 (Slr1), which are involved in the gibberellin signaling pathway 
(Ikeda et al. 2001; Sasaki et al. 2003; Ueguchi-Tanaka et al. 2005), SEMI-DWARF 
1 (Sd1) required for gibberellin synthesis (Sasaki et al. 2002), LOW SILICON RICE 
1 (Lsi1), a silicon transporter (Ma et al. 2006), QTL OF SEED SHATTERING IN 
CHROMOSOME 1 (qSH1) which controls grain abscission (Konishi et al. 2006) 
and SUBMERGENCE TOLERANCE 1 (Sub1) (Xu et al. 2006). The knowledge of 
the function of these genes allows their introgression in relevant cultivars to pro-
duce varieties of agronomical importance. As an example of this, the Sub1 gene has 
been introgressed into a widely grown Asian rice cultivar using marker-assisted 
selection. This new variety maintains the high yield and other agronomic properties 
of the recurrent parent, and is tolerant to submergence. Hence, it is expected to 
provide protection against damaging floods (Xu et al. 2006).

Insertional mutagenesis has been successfully applied in rice to obtain loss-
of-function mutants and to identify the tagged genes (Jeon et al. 2000; Jung et al. 
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2003). High-throughput insertional mutagenesis in this plant has been carried out 
using (a) the endogenous retrotransposon Tos17, (b) the T-DNA of A. tumefaciens, 
(c) heterologous transposons such as Ds and dSpm and (d) the FOX system (see 
Sect. 18.3.5) (An et al. 2005; Kumar et al. 2005; Jeong et al. 2006; Hsing et al. 
2007). An important experimental approach for rice reverse genetics is the screen-
ing of T-DNA insertional mutants through searches for FSTs in the databases (see 
Sect. 18.3.3). All the rice FSTs are publicly available at the Rice Functional 
Genomic Express Database (RiceGE; http://signal.salk.edu/cgi-bin/RiceGE) devel-
oped by The Salk Institute. Taken together, approximately 500,000 insertional 
mutant lines have been generated by the international rice research community 
(http://www.pi.csiro.au/fgrttpub/home.htm/, http://orygenesdb.cirad.fr/, http://tll.
org.sg/sri.asp/, http://www.plb.ucdavis.edu/Labs/sundar/, http://www.niab.go.kr/).

Using chemical (such as diepoxybutane and EMS) and physical (such as fast 
neutrons and g-rays) mutagens, around 60,000 mutants of Indica Rice I64 have 
been obtained. These lines are suitable for forward genetics and through TILLING 
for reverse genetics analysis (Wu et al. 2005). Finally, the RNAi technique has 
recently been used to dissect defense-signaling pathways in rice (Mei et al. 2007).

18.4.2 Maize

Maize (Zea mays) has been used as a model organism in Genetics since the nineteenth 
century (Coe et al. 2001) and mutants affecting the kernel (of great agronomic 
importance), meiosis, or genes essential for inflorescence development have been 
identified and characterized. Furthermore, maize has played a prominent role in 
studies of evolution and plant domestication (Candela and Hake 2008).

The completion of a draft sequence covering about 95% of the maize nuclear 
genome (2,400 Mb) was announced at the beginning of 2008 (http://www.maizese-
quence.org/index.html). The sequence of the maize genome containing 40,000–
60,000 predicted genes represents an important resource for plant breeding and 
biotechnology companies, and will become a valuable reference for research.

Chemical mutagenesis in maize has been carried out by EMS. Researchers tend 
to prefer pollen grains rather than seeds for mutagenise because this guarantees that 
every mutation is a unique event (Neuffer 1982). As mentioned above, the main 
disadvantage when performing EMS mutagenesis in species with large genomes, 
such as maize, is the difficulty in identifying the mutated gene by map-based clon-
ing. Nonetheless, the availability of the rice genomic sequence, which provides an 
anchor genome to potentially determine gene order in maize thanks to synteny 
conservation, and the draft sequence of the maize genome will accelerate map-
based cloning (Hale et al. 2007). In the Maize Genetics and Genomics Database 
(MaizeGDB; http://www.maizegdb.org/ems-phenotype.php) a collection of maize 
phenotypic EMS-induced mutants is available for the research community.

Collections of insertional lines generated using the maize transposons Ac/Ds and 
Spm (Settles 2005) have been obtained. Nevertheless, the Mutator (Mu) family of 
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transposons is the most frequently used for gene tagging in maize because it offers 
several advantages, such as high mutation rates and the generation of many inser-
tional copies per genome (Walbot et al. 2002), reducing the size of the population 
to be screened for the desired phenotypes (Lunde et al. 2003). Additionally, given 
that Mu elements are present in a high numbers in the maize genome, they are a 
useful tool for gene targeting. However, the segregation of numerous Mu elements 
complicates the isolation of simple knockout phenotypes (May et al. 2003). 
Moreover, transposable elements can generate unstable insertions, making it diffi-
cult to correlate a mutant phenotype with a single insertion site (May et al. 2003). 
To address the problem associated with a high copy number of transposons per 
genome and to facilitate the identification of insertions linked to the phenotype of 
interest, the UniformMu population, derived from an active Mu line introgressed 
into the W22 inbred line, has been developed (McCarty et al. 2005; Settles et al. 
2007). Several collections of Mu-induced mutants and databases are available: the 
RescueMu generated with the Mu1 element (http://www.maizegdb.org/rescuemu-
phenotype.php), the UniformMu generated by the UniformMu Maize Project and 
the Photosyntetic Mutant Library, a library of Mu-induced non-photosynthetic 
maize mutants (http://chloroplast.uoregon.edu/). In total, more than 150,000 muta-
genized lines with stabilized insertions have been obtained in maize, through the 
use of transposon-efficient systems (Bensen et al. 1995; May et al. 2003; Fernandes 
et al. 2004; Stern et al. 2004; McCarty et al. 2005).

A maize TILLING project for reverse genetics in maize based on EMS-
mutagenized populations in two genetic backgrounds, W22 and B73, has been 
already initiated (Till et al. 2004; Weil and Monde 2007).

Gene silencing using RNAi (see Sect. 18.3.6) has also been successfully used in 
maize to ascertain gene function, and more than 100 genes have already been tar-
geted, providing a large number of stable transgenic lines (McGinnis et al. 2007).

18.4.3 Tomato

Tomato (Lycopersicon esculentum) is a model plant for fruit development, ripening 
and metabolism, for which extensive genomic data are available. With its small 
genome (950 Mb; Shibata 2005), numerous molecular markers, more than 257,000 
available ESTs (http://sgn.cornell.edu/, http://www.tigr.org./tdb/lgi) and many 
mapped traits, tomato is one of the targets chosen in 2004 for genome sequencing 
(http://www.ncbi.nlm.nih.gov/genomes/static/gpstat.html). The International 
Solanaceae Genomics Project (SOL; http://www.sgn.cornell.edu/) was established 
with the goal of obtaining a high quality sequence of the tomato genome in order 
for use as a reference sequence for the Solanaceae. The function of most tomato 
genes (current rough estimations range from 30,000 to 35,000) is still unknown.

Mutational approaches have been highly exploited to study the genetic and 
molecular basis of many tomato traits (Menda et al. 2004) and mutants are still of 
direct use in classical breeding. In a recent mutagenesis experiment using EMS and 
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fast-neutrons, a total of 13,000 M
2
 families were visually phenotyped (Menda et al. 

2004), and more than 3,000 mutants from different experiments have been cata-
logued (http://zamir.sgn.cornell.edu/mutants). Most phenotypes among the “mutant 
library” are related to plant size, type of plant sterility, plant habit and leaf morphol-
ogy. On the contrary, phenotypes related to fruit development, flower morphology 
and disease responses are less abundant (Menda et al. 2004). The rarest mutants 
(less than 1%) showed alterations in flowering time, flower color and inflorescence 
structure. Almost half of the described mutants displayed some rate of pleiotropy. 
More recently, 3,839 additional mutant plants have been obtained from EMS muta-
genesis of the miniature dwarf tomato cultivar Micro-Tom (Watanabe et al. 2007), 
originally bred for home gardening purposes (Scott and Harbaugh 1989; Emannuel 
and Levy 2002). Moreover, successful application of EMS mutagenesis in tomato 
has yielded mutants with an increased resistance to the parasitic weed Orobanche 
ramosa. These results suggest that chemical mutagenesis can produce tomatoes 
with improved traits and can be useful in breeding programs focused on, for exam-
ple, limiting the damage caused by parasitic plants (Kostov et al. 2007).

A physical mutagenesis using g-rays have been also performed on Micro-Tom. 
A total of 6,347 lines were obtained and categorized according to morphological 
phenotypes. Segregation data suggest that most of the mutants have single recessive 
mutations (Matsukara et al. 2007). Because g-ray mutagenesis causes mainly 
large-scale deletions (up to 6 Mb; Naito et al. 2005) (see Sect. 18.2), the reverse 
genetics approach is difficult to apply in the identification and isolation of the 
mutated genes.

Insertional mutagenesis, using the maize Ac/Ds transposable elements or the 
T-DNA, has been also applied in tomato. Several genes have been cloned by Ac/Ds 
transposon tagging. These include Cf-9 (Jones et al. 1994) and Cf-4 (Takken et al. 
1998), both involved in resistance to Cladosporium fluvum, DWARF (D), encoding 
a cytochrome P450 homolog (Bishop et al. 1996), DEFECTIVE CHLOROPLAST 
AND LEAVES (DCL), controlling chloroplast development and palisade cell mor-
phogenesis (Keddie et al. 1996), FEEBLY (FB) involved in metabolism and devel-
opment (van der Biezen et al. 1996), and DEFECTIVE EMBRYO AND MERISTEM 
(DEM) required for correct organization of the shoot apical meristem in developing 
embryos and meristem maintenance in roots (Keddie et al. 1998).

By using activation-tagging (see Sect. 18.3.5), more than 10,000 tomato trans-
genic lines have been generated (Shibata 2005; Mathews et al. 2003) and around 
13% of them show one or more visually observable phenotypes, demonstrating the 
effectiveness of this method for the induction of dominant mutations in tomato.

18.4.4 Other Important Crops and Species

Brassica species, such as B. oleracea, B. rapa and B. napus, are important vegetable 
and oilseed crops. As the second oilseed crop in the world, numerous studies have 
been performed on B. napus with the main focus on increasing yield (Zhang et al. 
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2006b). This research was carried out via genetic breeding, but with a significant 
contribution on the part of molecular biology and genetics. Currently, several 
databases for Brassica species are available: (a) one database functions on B. napus 
mitochondrial genome and the comparative analysis with Arabidopsis (Handa 
2003), (b) the KEGG database providing EST and fatty acid metabolism resources 
(Kanehisa and Goto 2000), and (c) the databases incorporating Gene Ontology 
annotation, SSR molecular markers and expression profiles of thousands of 
uni-genes and MarkerQTL (Love et al. 2005; Erwin et al. 2007). Recently, the 
RAPESEED database (http://rapeseed.plantsignal.cn) was created to provide a 
platform for functional genomics studies of oilseed crops with emphasis on seed 
development and fatty acids. As regards functional genomics through mutagen-
esis, a total of 14,700 M

3
 EMS-induced mutant plants were generated and a 

TILLING reverse genetics strategy was carried out to identify point mutations 
(Wu et al. 2008).

Barrel Medick, or simply Medicago (Medicago truncatula), is the reference for 
legume species. Its relatively small diploid genome (500 Mb), compared for 
instance with those of maize (2,400 Mb) or tomato (950 Mb) makes it useful for 
both genetics and genomics. Moreover, Medicago is suitable for reverse genetics 
approaches, since transformation is relatively easy to perform (Araújo et al. 2004; 
Crane et al. 2006). A number of useful genetic tools and genomic resources have 
been developed, such as high-density genetic and physical maps (Choi et al. 2004), 
different types of mutant populations (including EMS-, fast-neutrons-, and transpo-
son-tagged mutants [Tadege et al. 2005]), as well as tools and protocols for tran-
scriptome, proteome, and metabolome analysis (Gallardo et al. 2003; Watson et al. 
2003; Barnett et al. 2004; Manthey et al. 2004; Broeckling et al. 2005). The most 
recent technique advance for Medicago functional genomics is the commercial 
availability of an Affymetrix GeneChip (http://www.affymetrix.com/products/
arrays/specific/medicago.affx), which contains probe sets for the majority of the 
genes in this species.

The fact that grain traits can only be studied within cereals underlines the need 
for functional genomics resources for these species. Conventional cereal breeding 
is a time-consuming process, taking up to 12 years in some cases. Hence, breed-
ers are interested in the use of new technologies that could make this process 
more rapid and effective. Genetic studies have resulted in the generation of mul-
tiple genetic maps with extensive number of molecular markers for many traits 
(Buerstmayer et al. 2002; Schmierer et al. 2005). Currently, the development of 
high-throughput methods for validating gene function in cereals is a priority. 
However, the lack of efficient transformation systems for the Triticeae and their 
large genomes are hindering the exploration of resources such as insertional 
mutagenesis. In contrast, chemical (using EMS and sodium azide) and physical 
mutagenesis (using fast neutrons and X- and g-rays) provide a valuable alterna-
tive for obtaining mutant populations which can promote forward and reverse 
genetics in Triticeae.

A large collection of chemically and physically-induced barley (Hordeum vul-
gare) mutants has been collected lasting recent decades. Examples of viable 
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mutants are eceriferum (waxless) (Lundqvist and Lundqvist 1988), breviaristatum 
(short awn) (Kucera et al. 1975), erectoides (dense spike) (Hagberg 1958), praema-
turum (early-heading) (Hagberg 1958; Gustafsson et al. 1960) or albostrians 
(chlorophyll-deficient) (Hagemann and Scholz 1962). Pathogen-resistant (Jørgensen 
1996; Zhang et al. 2006a) and anthocynin-deficient (Olsen et al. 1993) mutants 
have been also identified. Many of the lethal mutants isolated to date are affected 
in pigment biosynthesis, such as albina, xantha, viridis and tigrina (Hennigsen 
et al. 1993; Hanssonn et al. 1997).

The forward genetics approach has been employed in common wheat (Triticum 
aestivum) and durum wheat (Triticum durum) (Sakin et al. 2005). Some EMS-
induced mutants have been reported, such as waxy and low-amylose endosperm 
(Yasui 2006), lesion mimic (Kamlofski et al. 2007) or several male-sterile mutants 
(Sasakuma et al. 1978). The thermotolerant mutants tht (Behl et al. 1986; Mullarkey 
and Jones 2000) have been obtained and analyzed thanks to the use of two chemical 
agents, EMS and sodium azide (Jones 1997) although the mutated genes have not 
yet been cloned. In wheat, a powerful reverse genetics approach was recently 
implemented through the combination of EMS mutagenesis and TILLING (see 
Sect. 18.3.7; Slade et al. 2005). Because of the tolerance of polyploid wheat to high 
mutation rates, this method is very efficient in identifying mutations in target genes. 
To date, wheat RNAi (see Sect. 18.3.6) has been successfully applied to targeting a 
wide range of genes, including those encoding transcription factors, storage 
proteins, starch biosynthetic enzymes and proteins involved in signaling and devel-
opmental processes (Loukoianov et al. 2005; Regina et al. 2006; Travella et al. 
2006; Uauy et al. 2006; Yue et al. 2007).

Transposon elements, as major contributors and tools in genomic mutagenesis 
of many species, have also been used in cereals. Two-element tagging strategies, 
particularly the Ac/Ds maize system (see Sect. 18.3.5) have proven effective in 
barley (McElroy et al. 1997) and wheat (Takumi et al. 1999).

Many research resources have been established for barley, wheat, rye, oat and 
sugarcane, such as EST projects, the development of markers and their implementa-
tion in marker-assisted breeding, genomics, and comparative mapping (http://bar-
leygenomics.wsu.edu/, http://wheat.pw.usda.gov/ggpages/genomics.shtml).

18.4.5 Weeds

Despite the fact that weeds cause large yield losses in crops, there is little known 
about the genomics of economically relevant weed species. Although the whole-
genome sequencing of the model “weed” Arabidopsis is largely inapplicable to any 
other weed species, the weed research community is taking full advantage of the 
Arabidopsis genome knowledge and trying to employ some of the information to 
weed genomics. Apart from Arabidopsis, other reference genomes like wheat, sor-
ghum and rice are used to study different biological processes in weeds (Foley 
2002; Chao et al. 2005). Comparative genomics, mutagenesis strategies, DNA 
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microarrays, ESTs databases and transformation systems provide the most practical 
tools for the characterization of interesting genes underlying specific weed-like 
characteristics (Foley 2002; Fukao et al. 2003; Borsics et al. 2002).

Forward and reverse genetics approaches have been used in weeds (Gu et al. 2004; 
Horvath and Anderson, 2002; Horvath et al. 2003), although there are some limitations 
to their application due to the lack of high-throughput transformation technologies, 
which limits the production of large mutant libraries. Reverse genetics tools such as 
TILLING (and especially EcoTILLING), and RNAi could be potentially performed 
in weed genomics (Waterhouse and Heliwell, 2003; Comai et al. 2004).

The selection of weed candidates for further genomic studies is crucial. Currently, 
four model systems are studied: leafy spurge (Euphorbia esula), weedy rice (Oryza 
sativa f. spontanea), Johnsongrass (Sorghum halepense) and thale cress (Arabidopsis 
thaliana). Another candidate recommended for the study of weed biology through 
genomics is the consummate weed waterhemp (Amaranthus spp.) because of its 
rapid evolution, economic importance, and relatively small genome (657 Mb) (Basu 
et al. 2004; Chao et al. 2005). It has been reported that this plant species has devel-
oped resistance to several herbicides (Heap 2004). The resistance of weeds to her-
bicides is a characteristic that can potentially cause significant economic losses. 
Three hundred and seventeen unique herbicide resistant biotypes, including 183 
weed species, have been reported to date (http://www.weedresearch.com/). Recently, 
a g-ray mutagenesis approach has been used to generate mutant plants of Amaranthus 
tricolor displaying increased drought tolerance and productivity (Slabbert 2007). 
Other g-rays mutants have also been isolated in the related species Amaranthus  
cruentus showing enhanced grain yield (Gajdošová et al. 2007).

18.5 Conclusions and Perspectives

The dawning of the genomic era at the beginning of the twenty-first century has 
produced a revolution in Biology comparable to those generated by the discovery 
of the molecular nature of genetic material, the tri-dimensional structure of DNA 
or the development of molecular tools and technologies for performing genetic 
engineering. Today, the huge amount of data derived from the analysis of com-
pletely sequenced plant genomes, such as Arabidopsis and rice, and from those well 
on the way to being sequenced, are providing the research community with invalu-
able resources for carrying out functional and comparative genomic studies. 
Functional genomics and systems biology (Kirschner 2005; Yuan et al. 2008) are 
facilitating the identification of gene networks that control the genetic variation of 
agronomically important traits.

In this chapter, we have attempted to highlight the important role played by muta-
genesis in the dissection of gene function through the identification and characteriza-
tion of mutants. The powerful methodologies and technologies depicted in this chapter, 
such as chemical, physical or insertional mutagenesis, activation-tagging, TILLING or 
amiRNAs are incessantly contributing to our understanding of how genes function in 
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different biological processes. Many of these methodologies are the basis of forward 
and reverse genetics approaches, which, first developed in Arabidopsis, are now being 
applied to agronomically important plants. The generation and further analysis of 
mutant lines in crops and comparison of the effects of the perturbation of homologous 
genes in different plant species is already providing information about the conservation 
or modification of gene function during evolution.

World food demand is constanly increasing mainly due to human overpopula-
tion. Moreover, rapid climate change is forcing the development of crop varieties 
able to deal with this enviromental challenge. Gene mutations leading to trait 
improvement in existing cultivars or the breeding of new varieties obtained from 
mutagenesis has contributed to enhance germplasm technology. In many cases, 
gene mutation has triggered improvements in the value of a cultivar or a new crop. 
With the information regarding the location and function of gene(s) encoding for 
valuable traits, scientists will be well equipped to undertake the efficient implemen-
tation of genomic-assisted crop improvements and the breeding of new varieties 
with precise combinations of desirable traits.
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Abstract Plant proteomics is a relatively new research field that focuses on 
large-scale functional analysis of plant proteins. This new research field has 
already demonstrated immense potential for getting significantly deeper insight  
into the functional interaction of plant proteins and their roles in plant growth  
and development. The knowledge of key proteins responsible for valuable crop traits in 
the context of expression of other involved proteins plays pivotal role in discovery phase 
of crop improvement effort. This chapter introduces the field of plant proteomics in 
practical manner. Set of six figures helps to understand principles of protein extraction, 
separation and identification by mass spectrometry. Protein and peptide separation is 
introduced in greater details taking into account “gel-based” and “gel-free” methods.

19.1 Introduction

Proteins were mentioned for the first time in 1838 by Swedish chemist Jöns Jakob 
Berzelius. The name protein is derived from the Greek word “prẃta”(prota) that 
could be translated to English as “of primary importance”. Proteins are functional 
molecules that operate through the all metabolic and regulatory pathways in the 
cells, tissues and organisms and thus proteins are key players in improvement of 
nutritional and agricultural traits of crop plants. Proteins are often organized into 
multiprotein complexes that function as molecular drivers of many processes and 
are localized within specialized subcellular compartments. The world of proteins is 
very complex. Due to alternative transcription initiation and/or alternative splicing, 
the expression of single gene might produce several transcripts. One transcript is 
most likely to be translated to more than one protein due to alternative translation 
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initiation. Additionally, these proteins might be further posttranslationaly modified 
(for instance reversible phosphorylation temporary “turn off” the protein activity). 
With such high level of complexity, large scale protein analysis (proteomics) 
becomes necessary tool of advanced plant science research. The word “proteomics” 
was first time mentioned in 1996 by Marc Wilkins, who was that time graduate 
student at Macquarie University in Australia (Wilkins et al. 1996) as protein alter-
native to genomics. Proteomics can be called a post-genomics methodology, 
because the success of protein identification greatly relies on completion of 
genomic sequencing and characterization of individual proteins. Proteomics aims 
at the analysis of entire proteome, all proteins within a particular biological sample. 
Such information will provide comprehensive knowledge regarding metabolic pro-
cesses that occurs in the investigated system. However, this ambitious goal is not 
feasible at present because of extremly broad range in abundance of protein species 
and detection limits of current mass spectrometers. Despite development of mass 
spectrometers toward detection of single molecule, presently only small percentage 
of entire proteome is possible to unravel. The ambition of this chapter is to provide 
aid to any researchers considering or initiating plant proteomics experiments.

19.2 Protein Extractions

Each proteomic approach starts with a sample preparation. Thus, an efficient 
protocol is absolutely essential and must be developed to release the proteins in a 
soluble form. There is no ‘perfect protocol’ and the optimal procedure must be 
determined individually for each sample type. Ideally, a protein extract should con-
tain all proteins from the sample with no contamination of other compounds.

An extraction of proteins from plant tissues is challenging. Plant extracts are rich 
in proteases, oxidative enzymes, and compounds that interfere with subsequent 
protein separation and identification. These include cell wall polyphenols, polysac-
charides, starches, oils, and various secondary metabolites. Salts, chlorophyll and 
other molecules (lignins, pigments, etc.) that are contained in the differentiated green 
tissues at high levels might also interfere with proteomic analysis. In addition, 
a relatively large abundance of photosynthetic proteins in leaves and storage 
proteins in seeds dominating protein profiles prevents detection of low abun-
dant proteins (Isaacson et al. 2006).

In order to isolate the proteins of interest, the specific plant tissues must be 
disrupted in the first step. Several disruption techniques, both mechanical and 
chemical are available. Usually, the sample is grounded in liquid nitrogen using 
amortar and apestle. Upon cell disruption proteases may be liberated, that could 
greatly complicate the protein separation. Thus protein sample should be protected 
from unwanted proteolysis by addition of a cocktail of five to six protease inhibitors 
and keeping the protein mixture cooled during the preparation. Choosing an appro-
priate protocol largely depends on the nature of the extracted tissue and on the 
downstream application (e.g., analysis of protein complexes, membrane proteins or 
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proteins with specific post-translational modifications). So far, there are two 
dominant methods for protein isolation from plant tissues (Fig. 19.1). The most 
common method is based on precipitation of proteins from homogenized tissue or 
cells with trichloroacetic acid (TCA) in acetone. This protocol has successfully 
been used with tissues from young plants; however, it was not a best choice for 
more complex plant tissues. An alternative protocol is based on the solubiliza-
tion of proteins in phenol, followed by their precipitation with ammonium acetate 
in methanol. This method was developed in the 1990s and was used successfully 
with olive leaves, wood, and recalcitrant tissues such as orange pee, tomato, banana 
and avocado fruits. Although the phenol-based method is more time consuming and 
laborious than the TCA precipitation, it has the potential to generate samples of high 
purity. The compounds such as polysaccharides and other water-soluble contami-
nants are partitioned into a discrete aqueous phase or are centrifuged into a separate 
pellet, away from the protein-enriched phenolic layer. Additionally, the combina-
tion of phenol and TCA/acetone precipitation was proposed (Wang et al. 2006). 

Fig. 19.1 Flowchart of protein extraction protocol. Solid lines indicate phenol extraction method; 
dashed lines indicate TCA/acetone extraction method
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The procedure is universally applicable for high efficient extraction of proteins 
from plants tested on a wide range of tissues. The protocol was evaluated on different 
problematic tissues high in polyphenols, sugars or pigments; low in proteins or 
(with) extreme acidity. In all cases acceptable protein quality profile was achieved.

Overall, a great deal of strategy and consideration are required in choosing the 
right sample preparation protocol. Up to date, number of methods has been published 
(Canas et al. 2007). Several examples of methods for protein extraction from various 
plant tissues are summarized in the Table 19.1.

19.3 Protein Separation

Separating and analyzing each tiny poppy seed inside a poppy head would be an 
extremely difficult task. Reduce these poppy seeds to sub-microscopic size and 
you’ll begin to understand the challenge of proteomics, which main goal is to analyze 
complete proteome. Although new technologies have been developed, separation of 
one protein from others is typically the most laborious and limiting aspect of pro-
teomics. Thus, reliable and effective methods of sample preparation and separation are 
keys to success of proteomic research.

Crude protein extracts contain not only proteins of interest but also interfering 
substances, such as salts, small ionic molecules, ionic detergents, saccharides, lipids, 
and other non-protein components. It is necessary to deplete or entirely remove these 
interfering substances from the sample. Their presence in the sample may lead to 
difficulty in further protein separation and also disturb the detection and identification 
of proteins in proteome studies. Depending on the type of sample, there are various 
ways to prepare protein sample for further separation (Zellner et al. 2005). The basic 
methods include precipitations, dialysis, ultrafiltration and ultracentrifugation. In bulk 
protein purification, a common first step to isolate proteins is precipitation relying 
on different chemical principles. It can be performed by ammonium sulfate, TCA, 

Table 19.1 The summary of basic extraction methods used for various plant tissues

Plant Extraction method Reference

Soybean seed Phenol Hajduch et al. (2005)
Brassica seeds Phenol Hajduch et al. (2006)
Soybean seeds Urea, urea/thiourea, phenol,  

TCA/acetone
Natarajan et al. (2005)

Soybean cotyledons TCA/acetone Narajan et al. (2005)
Cultured root tissues TCA/acetone Narajan et al. (2005)
Tobacco flowers TCA/acetone Narajan et al. (2005)
Apple fruit Urea, TCA/acetone, hot SDS Song et al. (2006)
Banana SDS lysis, phenol Song et al. (2006)
Potato tubers Phenol/TCA Delaplace et al. (2006)
Recal citrant plant Ttissues Phenol Wang et al. (2006)
Tomato fruit Phenol Faurobert et al. (2007)
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TCA in acetone, ethanol, or acetone (Jiang et al. 2004). Although many protein 
precipitation methods have the advantages for concentrating and eliminating inter-
ferences, they also have the disadvantages of protein irreversible denaturation and 
protein insolubilization. Dialysis is an old established procedure for reducing the 
salt concentration in sample and its separation based on principles of diffusion that 
allows the low molecular weight contaminant removal from sample solutions. Using 
dialysis, the maximal interfering substances can be reduced. However, the proteins 
in sample might be lost, get the high volume of interchanged buffer and spend more 
time than with other desalting techniques (Manza et al. 2005). Ultrafiltration and 
ultracentrifugation can remove high or low molecular weight interfering substances 
in a relatively short time by using either selective permeable membranes (Tirumalai 
et al. 2003; Haper et al. 2004) or a centrifugal force (Lebowitz et al. 2002), 
respectively. Although the removal of these interferences can concentrate proteins, 
some with similar molecular weight as proteins are also concentrated. It means that 
each purification method has some advantages and disadvantages in the same time. 
Therefore, an alternative or multi-steps method might be required for protein 
concentration and/or desalting in order to get sample of high quality.

Plant proteome is highly complex and consist of thousands of protein species 
with different chemical and physical properties. Because of limited resolution 
power of analytical separation techniques, usually only most abundant proteins are 
identified by subsequent mass spectrometry analysis (MS). Since abundance of 
protein species may differ by 7–10 orders of magnitude, the relatively low abundant 
proteins are usually masked by more abundant ones. This makes difficult to relate 
results of proteome profiling to the system biology. Low copy number regulatory 
proteins such as kinases, phosphatases, or GTPases can be detected only after 
applying additional fractionation strategies to reduce sample complexity (Stasyk 
and Huber 2004).

To gain a better understanding of plant metabolism, initial pre-fractionation 
methods can be used. These include protein and peptide affinity purification (Lee 
and Lee 2004), protein chromatography (Lescuyer et al. 2004), preparative protein 
isoelectric focusing (Görg et al. 2002) and fractional centrifugation or other sample 
treatment methods (Righetti et al. 2005).

Even initial pre-fractionation techniques are applied, the protein sample is still 
far too complex to be directly analyzed by MS for protein identification. Depends 
on further techniques of complexity reduction, either “gel-based” or “gel-free” 
proteomics approaches are used.

19.3.1 Gel-based Proteomics

One dimensional gel electrophoresis (1-DE) is a common laboratory technique that 
can be use both as preparative and analytical method. The principle of electropho-
resis relies on the movement of a charged ions in an electric field. In practice, the 
proteins are usually denatured in a solution containing a detergent – sodium 
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dodecyl sulphate (SDS). In these conditions, protein to protein interactions are 
prevented, proteins are unfolded and negatively loaded SDS-protein complexes are 
formed. The amount of detergent bound is so large that any differences in native 
charge are eliminated. The bigger the molecule, the more SDS is bound, so that all 
macromolecules treated with SDS have the same charge to mass ratio. Thus, the 
force per unit mass in an electric field is the same, and all molecules should have 
the same velocity if there is no frictional drag. But electrophoresis with SDS is 
nearly always carried in gels that suppress connective currents produced by small 
temperature gradients and serves as molecular sieves. During SDS gel electropho-
resis, the SDS-protein complex moves in electric field toward the positive pole. 
Molecules that are small compared with the pores in the gel readily move through 
the gel, whereas molecules much larger than the pores are almost immobile. 
Intermediate-size molecules move through the gel with various degrees of facility. 
Polyacrylamide gels are choice supporting media for electrophoresis because they 
are chemically inert and are readily formed by the polymerization of acrylamide. 
Moreover, their pore sizes can be controlled by choosing various concentrations 
of acrylamide and a cross-linking reagent (piperazine, methylenebisacrylamide) at 
the time of polymerization.

However, it became quickly apparent that SDS-PAGE is not able to separate 
complex protein mixtures. Thus, two dimensional gel electrophoresis (2-DE) was 
introduced in 1975 (O’Farrell 1975; Klose 1975). This technique sorts proteins 
according to two independent properties in two discrete steps: the first-dimension 
step – isoelectric focusing (IEF) separates proteins according to their isoelectric 
point (pI); the second-dimension step - SDS-PAGE separates proteins according to 
their molecular weight (MW) (Fig. 19.2). The result looks like a Dalmatian’s coat 
with spots corresponding usually to a single protein species. Thousands of different 
proteins and their isoforms can thus be separated and information such as the pro-
tein pI, the apparent MW, and the amount of each protein can be determined. 
However, for a long time 2-DE led a limited existence due to gel to gel variation. 
This status improved by introduction of immobilized IEF gradient strips that dra-
matically increased reproducibility as well as the resolution of 2-DE by an order of 
magnitude (Corbett et al. 1994). The presence of an immobilized pH gradient inside 
the IPG strip has a crucial importance. Under the influence of an electric field, a 
protein as an amphoteric molecule will move to the position in the pH gradient 
where its net charge is zero. A protein with a negative net charge will migrate 
toward the anode, becoming less negatively charged until it reaches zero net charge. 
A positively charged protein moves at the same time through the pH gradient until 
it also reaches its pI. If a protein is going to diffuse away from its pI, it immediately 
gains charge and migrates back. This is the focusing effect of IEF, which concen-
trates proteins at their pIs and allows proteins to be separated on the basis of very 
small charge differences. After focusing, the proteins in the IPG strip have to be 
denatured, reduced and alkylated. Each strip is then transfered onto SDS-PAGE gel 
and the electrophoresis is carried out (Rabilloud 2002; Rehm 2006).

Several detection methods are widely used for on-gel protein visualization 
after SDS-PAGE or 2-DE. Most popular, colloidal Coomassie blue staining 
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(Neuhoff et al. 1988) provides good dynamic range of detected proteins and excellent 
compatibility with MS. It has gained popularity in the early days of proteomics, 
when its sensitivity matched almost exactly the needs in protein amounts required 
for a decent analysis by MS. Presently when more sensitive MS instruments are 
available, detection by colloidal Coommassie causes bigger consumption of 
sample to gain comparable number of detected proteins in comparission to more 
sensitive stains. However, if the quantity of sample is no problem, it is still method 
of choice due to very easy and cheep implementation, and great linear dynamic 
range. Fluorescent detection methods offer a good alternative, and thus the metal 
chelate-based methods (Berggren et al. 2000; Rabilloud et al. 2001) have become 
increasingly popular. More recently, these methods offer an interesting sensitivity 
allied to a very good compatibility with MS analysis (Lamanda et al. 2004).

Fig. 19.2 Schematic diagram of two-dimensional electrophoresis. The technique sort proteins 
according to two independent properties in two discrete steps: the first-dimension step – isoelectric 
focusing separates proteins according to their isoelectric point (pI); the second-dimension step – 
polyacrylamide gel electrophoresis in presence of SDS separates proteins according to their MWs
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Last but not least, silver staining still offers the maximal sensitivity, and all the 
ancillary advantages associated on light absorption-based methods, such as easy 
visualization, spot excision, and quantitation despite poor linear dynamic range. 
Development of silver-ammonia (Chevallet et al. 2006) and other methods 
(Shevchenko et al. 1996) solved poor compatibility of silver staining with MS. 
The ammoniacal silver is good choice for silver-based detection methods for 
proteomics studies. However, it must be kept in mind that ammoniacal silver is not 
compatible with all electrophoresis systems. Although it is fully compatible with 
the popular Tris-glycine system and the more recent Tris taurine system (Tastet 
et al. 2003), it is not compatible with the Tris-tricine systems.

To take full advantage of the 2-DE separation, multiplex quantitative analysis of 
the component proteins of related but different protein samples can be performed 
on the same gel. This technique is known as two dimensional difference in-gel 
electrophoresis (2D-DIGE) and allows labeling protein mixtures with fluorescent 
cyanine dyes, such as Cy2, Cy3 and Cy5 maleimides (Alban et al. 2003). These 
CyDyes are structurally similar, but spectrally different (Cy2, lem = 520 nm; Cy3, 
lem = 580 nm; Cy5, lem = 670 nm). Compared to conventional 2-DE, 2D-DIGE 
has the major advantage because control and experimental sample are run in the 
same gel. These samples are then scanned using different wave lengths and because 
they were run in the same gel, the images can be perfectly overlaid (Fig. 19.3). This 
reduces the number of gels that must be run to make statistically valid comparisons 
and raises the confidence with which protein changes between samples can be 
detected and quantified. Use of a third dye (Cy2) permits an internal standard to be 
created by pooling an equal aliquot of all biological samples in the experiment. The 
internal standard is then run on every gel in the experiment. This means that every 
protein spot from all samples will be represented in the internal standard. This in 
turn allows more accurate quantification and spot statistics between gels.

In addition, the post-translational modifications of phosphoproteins and glyco-
proteins can be detected directly on the gel (Sriyam et al. 2007). A new phospho-
protein specific fluorescence-dye called “Pro-Q™ Diamond” recently became 
available from Molecular Probes (Eugene, OR, USA), and can be used to detect 
phosphorylated tyrosine, serine, or threonine residues of proteins on SDS-PAGE 
and 2-DE (Steinberg et al. 2003; Agrawal and Thelen 2005). Additionally, a 
recently developed approach for the detection of glycosylated proteins relies upon 
the utilization of a fluorescent hydrazide. Pro-Q™ Emerald 300 and Pro-Q™ 
Emerald 488 glycoprotein stains provide an attractive alternative to the labeling 
with radioactive sugars that are conjugated to glycoprotein by periodic acid 
Schiff’s mechanism (Wu et al. 2005). Gels stained with both Pro-Q™ Diamond 
phosphoprotein stain and  Pro-Q™ Emerald glycoprotein stain can be also post-
stained with SYPRO Ruby dye, which allows sequential detection of total protein 
profile in the same gel.

Evaluation of only two visualized high-resolution 2DE gels by manual compari-
son is not an easy task. In large studies with patterns containing several hundreds or 
thousand spots, it may be almost impossible to detect the appearance of a few new 
spots or the disappearance of single spot. Image collection hardware and image evalu-
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ation software are necessary to detect these differences as well as to obtain maximum 
information from the gel patterns. The systems that are commonly available in retail 
(ImageMaster 2D Platinum or DeCyder from GE, PDQuest from BioRad, Melanie 
from GeneBio, Dymension from Syngene, Delta 2D from Decodon, Progenesis from 
Nonlinear Dynamic, etc.) seamlessly perform classical or DIGE gel analysis. These 
systems provide powerful solutions from data acquisition to protein spot information. 
The spot detection and matching algorithms facilitate the extraction of statistically 
valid differences between groups of 2-D gels, while requiring minimal user interven-
tion. The application integrates filtering, querying, reporting, statistical and graphing 
options so it is easily to view, compare, analyze and present the results.

As analytical 2-DE is remarkably well suited to studying protein expression in 
biological systems, it is used in most laboratories where proteomics are performed. 
However, this separation technique has some drawbacks that can severely limit the 
ability to monitor protein expression on a truly global scale. Proteins notably dif-
ficult to separate using 2-DE are membrane, low copy number, large (>150 kDa), 
and highly basic proteins. Driven by the urgent need to study these “difficult” pro-
teins together with their less challenging counterparts, some alternative separation 
methods have to be used.

Fig. 19.3 Schematic diagram of the DIGE technology platform. Two different samples are 
derivatized with two different fluorophores (Cy3 and Cy5), combined and then run on a single 2-D 
gel together with internal standard labeled with Cy2. Proteins are detected using a dual laser 
scanning device or xenon-arc-based instrument equipped with different excitation/emission filters 
in order to generate three separate images. The images are then matched by a computer-assisted 
overlay method, signals are normalized, and spots are quantified
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19.3.2 Gel-Free Proteomics

Although, the methods that performs protein/peptide separations in the liquid phase 
generally have a lower ability to resolve complex mixtures and provide inferior 
visualization of proteomes as compared to 2-DE, their advantages are analysis of 
difficult proteins, flexibility, relative speed, and ease of sample handling automa-
tion. Because handling of samples occurs in the liquid phase, it is feasible to auto-
mate a large part of the experimental procedures, including sample preparation for 
MS, data acquisition, and database searches. This automation also shortens the time 
between sample preparation and protein identification. Liquid separations can be 
performed using chromatography, electrophoresis, or a combination of these 
methods.

Chromatography is usually used to separate different compounds in a mixture 
and to determine the exact amount of each compound. Many types of available 
matrix used for column chromatography are usually packed in the column in the 
form of small beads. Because some of the chromatographic separations are non-
denaturing, intact proteins can easily be mass-measured prior to enzymatic or 
chemical degradation. Also, the lack of free acrylamide in the separation process 
prevents any chemical blocking of the amino terminus of the separated 
proteins.

Reversed-phase liquid chromatography (RP-LC) is the most used method for 
peptide separation. Additionally, it can efficiently separate also small stable pro-
teins. Peptide and/or proteins adsorb to the hydrophobic surface that consists of 
porous silica particles coated in general with n-alkyl chains (Fig. 19.4a). For 
peptides, silica particles with pore dimensions of 100 to 300 Å are used. For 
proteins, the pore diameter should be ten times bigger. The n-alkyl chains are 4-, 
8-, or 18-C long and their length unpredictably changes the separating properties 
of the RP-LC. Two peptides that show two separate peaks on C18 columns may 
exhibit only one peak on C4 columns (or vice versa). The sample is normally 
eluded with a rising acetonitrile gradient. Methanol or 2-propanol also serves 
well. The quality of separation depends beside of the beads also on the steepness 
of the gradient and the temperature. The temperature is in play because peptide 
can maintain a secondary structure (a-helix, ß-fold), which influences the adsorp-
tion (high temperature prevent secondary structures). Regarding the column 
dimension (typically 10–20 cm), the separation of peptides and smaller proteins 
improves with longer columns. On the other hand larger proteins are separated on 
shorter columns because the yield becomes too low. However, RP-LC is rarely 
used to separate larger proteins because they like to denature under these condi-
tions (Rehm 2006).

Many soluble proteins have hydrophobic areas on their surface. These areas 
might be associated with hydrophobic surfaces in aqueous solution. To increase 
these interactions, high concentrations of certain ions (NH4+, Rb+, K+, Na+, 
PO

4
3−, SO

4
2−, etc.) should be added. Whereas chaotropic salt disrupts the water 

structure and thereby reduces the inclination for hydrophobic interactions.  
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The protein sample is loaded with high ionic strength (largely ammonium sulfate) 
onto a hydrophobic matrix and the captured proteins are eluded with detergents 
that cover the hydrophobic areas of the proteins and thereby loosen them from the 
matrix. Matrices for hydrophobic chromatography are derivatized either with 

Fig. 19.4 Schematic diagram of chromatographic separations. a: Reverse phase chromatogra-
phy. Peptide and/or proteins adsorb to the hydrophobic surface that consists of porous silica 
particles coated in general with n-alkyl chains. The chains are 4-, 8-, or 18-C long. The sample 
is normally eluded with a rising acetonitrile gradient. b: Size-exclussion chromatography. The 
columns separate proteins according to their size. The matrix consists of tiny porous beads. 
Protein molecules that are small enough to enter the holes in the beads are delayed and travel 
more slowly through the column. c: Ion-exchange chromatography. The column is packed with 
small beads that carry positive or negative charges that retard proteins of the opposite charge. 
The association between a protein and the matrix depends on the pH and ionic strength of the 
solution passing down the column. d: Affinity chromatography. The columns contain a matrix 
covalently coupled to a molecule that interacts specifically with the protein of interest (e.g., 
antibody or an enzyme substrate). Protein that binds specifically to column can be released by 
pH salt gradient
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phenyl residues (e.g., phenylsepharose) or octyl residues (e.g., octylsepharose) 
(Wu and Karger 1996).

Size-exclusion chromatography (SEC), also known as gel permeation chro-
matography or gel-filtration chromatography, is generally considered the premier 
method for determining the molar mass averages of polydisperse macromolecules, 
separation of target protein in a mixture, and salt removal or buffer exchange. 
The dissolved analyte is injected onto a column packed with porous, inert material 
(porous gels or other rigid inorganic packing particles) and is carried through the 
column by solvent (Fig. 19.4b). Both molecular weight and shapes of proteins 
contribute to the degree of retention. Smaller molecules diffuse further into the 
pores of the beads and therefore move through the bed more slowly, while larger 
molecules enter less or not at all and thus move through the bed more quickly. 
The process has been described as an inverse molecular sieving mechanism that 
depends on hydrodynamic volume of a dissolved molecule with respect to the average 
pore size of the column packing material (Striegel 2008). Although it is widely 
used, low-pressure SEC is not ideal for protein purification for several reasons: 
(1) the resolution is bad, (2) the sample volume is limited, and (3) the chroma-
tography takes a long time because the flow rate is limited. In addition, (4) the 
sample is diluted by at least a factor of 3.

In ion exchanger chromatography (IEC), proteins bind to a matrix via electro-
static interactions. The matrix carries positively charged groups (anion exchanger) 
or negatively charged groups (cation exchanger). Extent and strength of the binding 
of a protein to the ion exchanger depends on the pH and ion strength of the buffer, 
the pI of the protein, and the density of the charges on the matrix (Fig. 19.4c). 
Technically speaking, the IEC is easier than the SEC. The IEC does not require 
perfectly poured column, and the sample volume can be larger than the column 
volume. The charged sample is loaded on the column which is equilibrated with a 
buffer of low ion strength (e.g., 20 mM salt). Unbound proteins are washed out and 
the captured protein is eluded through increasing the salt concentration or changing 
the pH. The easiest way is to chromatograph at a steady pH. The captured protein 
is then eluded through stepwise changes in ion strength. With bigger proteins and 
integral membrane proteins, it is fruitless to try to improve the IEC with a salt or 
pH gradient. The concentration effect of the IEC gets lost, and the purification fac-
tors are increased only slightly. It is more efficient and reproducible to elude the 
protein with a well-balanced step gradient (Choudhary and Horvath 1996).

Selective separation of a specific protein or group of proteins can be achieved 
using affinity chromatography that is based on the ability of a biologically active 
molecule to bind specifically and reversibly to a complementary molecule. 
The binding sites of the immobilized substances must be sterically accessible after 
their coupling to the solid support and should not be deformed by immobilization. 
In the case of specific proteins, an affinant is attached to the active surface of the 
column packing material or column surface. The sample is injected onto the column 
and the protein(s) of interest captured by the affinant (Fig. 19.4d). Compounds that 
do not possess a complementary binding site for the bound ligand will either 
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pass directly through the column or be eluted by a low-stringency washing step. 
The bound protein(s) is then recovered by washing the column with a competitive 
substrate or a solution that disrupts the interaction between protein and affinant 
(e.g., denaturants). While the use of antibodies directed to a specific protein 
remains the most popular affinity-based fractionation method, many other affinity 
techniques to isolate a specific class of protein or peptide have been developed. 
These methods include immobilized metal ion affinity chromatography (IMAC) 
containing nickel or copper ions, to capture histidine-containing peptides (Wang 
et al. 2002; Tishchenko et al. 2002) or gallium and alternatively zirconium to 
isolate phosphopeptides (Feng et al. 2007; Posewitz and Tempst 1999). In addition, 
affinity methods have been developed to select peptides containing specific 
types of residues such as cysteine, tryptophan or methionine (Zhang et al. 2004). 
There are as well a variety of different lectins that have been used to selectively 
separate glycoproteins based on the composition of the carbohydrate side chain 
(Madera et al. 2005).

Since the resolving power of a single chromatographic step is very limited and 
because of use of different types of columns and solvent systems naturally leads 
to different protein or peptide separation, efforts have been made to develop mul-
tidimensional approaches. Recently, a separation of peptides by 2-dimensional 
liquid chromatography in conjunction with MS was commercially introduced 
under the name MudPIT (Multi Dimensional Protein Identification Technology 
(Wolters et al. 2001; Wang and Hanash 2003). The first dimension is normally a 
strong cation exchange column (SCX), as these have high loading capacities. The 
second dimension is RP-LC, which complements the SCX as it is efficient at 
removing salts and has the added advantage of being compatible with electro-
spray (ESI) MS analysis. The sample preparation is relatively straightforward, the 
samples are denatured, the cysteines reduced and alkylated, and the proteins 
digested with a protease such as trypsin. The samples are then acidified and 
loaded onto the SCX column. Charged peptides bind to the SCX column, whereas 
any uncharged peptides pass through and bind to a reverse phase trap column. 
The peptides are then eluted from the trap column onto an analytical RP column, 
using a reverse phase gradient, separated and eluted into a tandem mass spec-
trometer. Peptide fragmentation data is then obtained to identify the peptides and 
hence the proteins from which they are derived. In the next step, salt at a particu-
lar concentration is injected onto the SCX column, displacing further peptides 
from it onto the RP trap column. Salt is removed by washing, an analytical RP 
separation is performed, and the eluting peptides are analyzed by MS. Incremental 
increases of salt are used. The end result is multiple protein identifications from 
each salt step (Fig. 19.5).

An advantage of performing a liquid-phase separation is the inherent flexibility 
available for experimental design. It is not necessary to limit protein separation to 
chromatographic or other approaches; any combination may be tried and found to 
be especially useful for a given biological system (Nilsson and Davidsson 2000; 
Issaq et al. 2002).
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19.3.3 Alternative Separation Technologies

The Rotofor cell (Bio-Rad) has been developed for preparative scale IEF in liquid 
phase (Dolnik 2008; Davidssona and Sjogrena 2005). This technique has a unique 
ability to enrich low-abundance proteins up to 500 times at their respective 
isoelectric points. The individual proteins might be then isolated on the basis of 
their size differences in the liquid phase continuous SDS-PAGE (Pons et al. 2005; 
Rathinasabapathi et al. 2001). The Prep cell (Bio-Rad) has been designed for 
that purpose. Two-dimensional preparative liquid-phase electrophoresis (2D-LPE) 
allows high protein loads (up to 1 g) and large volumes (up to 55 mL), thus yielding 
sufficient amounts of low abundance proteins for further characterization by MS 
(Yuana and Desiderioa 2005).

Fig. 19.5 Schematic diagram of the MudPIT approach. The protein mixture is divided in aliquots, 
which are each digested by a protease. After protease inactivation, the aliquots are pooled 
and acidified. This procedure is intended to maximize the probability for every protein to be 
represented by at least one peptide in the subsequent analysis. The peptide mixture is then loaded 
on a strong cation exchanger (SCX) column, followed by a reverse phase column (RP) coupled 
by a nanospray device to a tandem mass spectrometer. The SCX column is eluted by salt gradient. 
This transfers a population of peptides in the RP column, where they bind. Using a reverse phase 
gradient, the separated peptides are eluted into a tandem mass spectrometer. Peptide fragmentation 
data is then obtained to identify the peptides and hence the proteins from which they are derived. 
When the reverse phase gradient is fully developed, a step of more concentrated salt is performed 
on the SCX column, etc
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A novel approach similar to 2-DE is under development at Lynx Therapeutics 
(Hayward, California). As in 2-DE systems, the Lynx Protein Profiler uses separa-
tion by charge combined with separation by mass. However, the gels are replaced 
by flat plates that contain multiple channels. In the first-dimension, electrophoresis 
in an entangled polymer sieving solution is performed for separation based upon 
mass. In this system, proteins are not complexed with SDS but are fluorescently 
prelabeled for detection. The separation range is 6,000–200,000 MW. After the 
first-dimension separation, the separated proteins are electrically driven orthogo-
nally into 100 parallel channels, which are coated with covalently attached buffers. 
Applying an electric field to these channels generates a stable pH gradient within 
which proteins are resolved upon the basis of their isoelectric points (Wehr 2001).

An alternative approach for complex mixture analysis has been developed also 
by Ciphergen Biosystems, Inc. (Fremont, California). This technology, marketed 
as the Protein-Chip system, selectively captures the proteins of interest using 
an aluminum strip with eight spots that carry different affinity adsorbents. 
The adsorbents might be nonspecific, such as cationic, anionic, hydrophobic, or 
hydrophilic materials, or highly specific, such as antibodies or receptors. Proteins 
are adsorbed from a complex mixture, unbound material and interferences are 
washed away, and bound species are analyzed by MS systems (Chapman 2002; 
Vorderwülbecke et al. 2005).

In addition, microscale lab-on-a-chip devices have been developed for 
performing chemical reactions and separations (Mouradian 2002; Peng et al. 2008; 
Le Nel et al. 2008). Several versions of this technology have been commercialized, 
but all rely on similar principles of microfluidics. Reagents and chemicals are 
transported electrically using electroosmotic flow or, in some cases, by hydrody-
namic flow using pressure or vacuum. Analytes are separated by electromigration 
using electrophoresis and electroosmosis.

19.4 Protein Identification

Two methods, Edman degradation and MS, are used for protein identification. A 
more powerful method is MS that determine the precise molecular weights of spe-
cific cleavage peptides and/or fragments derived from a given protein. These data are 
compared with theoretical protein sequences calculated from the protein sequence 
databases, that in principle results in protein identification. In addition, MS could be 
used for identification and location of post-translational protein modifications.

19.4.1 Protein Digestion

Protein identification is based on the knowledge that endoproteases cleave protein 
at certain sides (Adams et al. 1999). Although hundreds of endoproteases are 
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known, only a small number can be used in protein analyses. They needs to be 
available in large quantities, high purity, and well characterized. Among of those 
that fulfill these criteria, trypsin is most widely used. This proteolytic enzyme 
specifically hydrolyzes proteins at the C-terminal side of arginine and lysine, 
except those when following C-terminal residue is proline.

When proteins are separated either with one or two dimensional electrophoresis, 
“in-gel” digestion should be performed prior MS analysis (Jensen et al. 1999). 
Generally, excised gel pieces are destained, reduced, and alkylated prior digestion 
with trypsin. The peptides are then eluted from the gel. “In-solution” digestion is 
used for “gel-free” proteomics, where the proteins are cleaved directly in the liquid 
phase before separation (Wolters et al. 2001).

19.4.2 Mass Spectrometry

Mass spectrometry can, in principle, sequence any size of protein, but the problem 
becomes computationally more difficult as the size increases. Thus, usually peptides 
obtained by cleavage of the protein are used for identification. There are two basic 
methodologies for protein identification - peptide mass fingerprinting (PMF) and 
tandem mass spectrometry (MS/MS). While PMF provides exact mass-to-charge 
ratio (m/z) of ions derived from a peptide mixture, MS/MS approach goes further 
and fragment these precursor (parent) ions and thus provides also peptide 
sequencing information (Fig. 19.6). In addition, when database search did not 
result in positive match or no comprehensive database is available for studied 
organism, peptide fragmentation data can be used for direct deduction of peptide 
sequence (DeNovo sequencing).

The mass spectrometer in general consists of three distinct components: the 
ionization source, the mass analyzer, and the detector. The ionization source is the 
region of the instrument in which the sample of interest is ionized, with a positive or 
negative charge. The mass analyzer is where ions created in the source region are 
guided through the instrument to the detector, where their m/z ration is measured. 
Two soft ionization sources-electrospray ionization (ESI) and matrix-assisted laser 
desorption/ionization (MALDI) (Karas et al. 1985) are currently the principal 
methods for peptide/protein ionization in proteomics. MALDI coupled with time-
of-flight (TOF), known as MALDI-TOF, is used predominantly for the analysis of 
simple peptide mixtures by means of PMF. For the MALDI TOF analysis, sample 
is co-crystallized with a matrix on MALDI plate. The matrix is typically a small 
organic molecule that has two functions: (1) help to crystallize a sample and (2) 
absorb light at specific wavelength. The mixture is excited by a pulsed laser. The 
matrix absorbs the laser light and the mixture ablates from the surface. The sample 
molecules are surrounded by matrix as they leave the surface. After a short distance 
the sample begins to “desolvate.” During the desolvation process a proton is trans-
ferred from the matrix to the analyte forming the MH+ or MH

2
2+ ions which are 
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typically measured in TOF analyzer. This analyzer works on simple principle: time 
of flight for particular ion is proportional to its m/z value. Although, MALDI-TOF 
instrument is sensitive, robust, easy-to-use and is able to participate in automatic 
flow-through, it has a limitation in generation of PMF data only. The combinations 
of MS technologies, such as TOF/TOF or hybrid quadrupole time-of-flight 
(Q-TOF) are even more advantageous for protein identification.

Nowadays, an MS/MS coupled to a liquid chromatography (LC-MS/MS) 
represents the most widely used proteomic technology applied for protein identifi-
cation. It relies on separation of peptides by LC prior the analysis on MS/MS instru-
ment. A solution containing peptide is usually pushed through a capillary which is 
charged by high voltage. As the liquid leaves the capillary droplets are formed and 
analyte can pick up some of the charge as it is desolvated (Alexandrov et al. 1984). 
This ionization is called electrospray (ESI), or nanospray (nls/min flow rate) ion-
izations (NSI) that is in principle directly impacted by the solution phase chemistry 
of peptides that varies in accordance to their physicochemical properties, including 
pKa value, polarity, hydrophobicity, and ionization potential, and by the concentra-
tion and type of peptides infused into the ionization source. Produced ions are then 
introduced into the tandem mass analyzer and m/z values are acquired. Since the 
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Fig. 19.6 Protein identification strategy. After protein cleavage with protease (usually with 
trypsin), resulted peptides are analyzed either by peptide mass fingerprinting (PMF) or tandem 
mass spectrometry (MS/MS). Peptide mass fingerprinting provides a list of m/z values of peptides 
for database search, while MS/MS approach further fragment selected peptides and m/z values of 
peptide fragments can be use either from database searches or for direct deduction of peptide 
sequence (DeNovo sequencing)
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droplets may contain many protons, the analyte could be highly charged. The mul-
tiple charges permit high molecular weight compounds to be observed with “low 
mass” instruments. There are three basic tandem mass analyzers used with ESI or 
NSI sources: (1) ion trap, (2) triple quadrupole (QQQ) and (3) quadrupole – time 
of flight (Q-TOF).

To elucidate even relatively simple cellular pathways, it is usually necessary to 
draw comparisons between several physiological conditions. Performing multiple 
pair-wise comparisons produces coverage gaps, since different peptides and pro-
teins would be identified in each experiment. Therefore, a multiplexed quantitative 
technology not dependent on residue specific chemistry is advantageous toward 
differential profiling of large numbers of proteins. The introduction of an MS 
based isotopic tagging methods with cysteine-specific reagents such as ICAT 
Reagent or isobaric multiplex tagging methods with amine-specific stable isotope 
reagents such as iTRAQ Reagent (Applied Biosystems) enable quantitative pro-
teomic analyses (Ross et al. 2004). In addition, an absolute quantification method 
using stable isotope labeling based on the work of Stemmann et al. (2001) was 
recently commercialized (AQUA, Thermo-Finningan). A multiplex protein abso-
lute and relative quantification could be performed also directly (label-free) by 
Expression System (Waters) employing an advanced software (Protein Lynx 
Global Server, Waters).

19.4.3 MS Data for Protein Identification

For protein identification based on PMF, the measured masses of the cleaved 
peptides are compared with the calculated ones of  theoretical digests of proteins 
contained in databases. As was mention previously, every peptidase used in pro-
teomics research cleave protein in certain fashion. In the case of most widely 
used trypsin, it is behind the lysine and arginine. For this reason, every protein 
will yield to a specific number of tryptic peptides, based on number of lysines 
and arginines in the protein sequence. The computer is used to generate a list of 
theoretical tryptic peptides with their exact masses derived from each protein 
sequence available in the selected database and match them with the m/z values 
acquired by mass spectrometer. However, in situation where multiple proteins 
are isolated in one protein spot or for some other reason, such as low mass accu-
racy, or post-translational modifications, make PMF results questionable and in 
need of further validation or verification, MS/MS technique is applied. Upon 
obtaining MS/MS data from fragmenting a peptide two courses of action can be 
pursued. One is de novo sequencing, the other is search engine based identifica-
tion. If the peptide is not contained in any database than de novo sequencing is 
a necessity. If the peptide however is expected to be present in a database it is 
more efficient to use a search engine. The reason is that complete de novo 
sequencing requires the present of all fragments corresponding to all cleavages. 
In reality this will only happen in circa 10% of all MS/MS experiments. Most 
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spectral data will be incomplete. The assumption that a peptide comes from a 
certain database reduces the solution space by many orders of magnitude and 
makes it possible to identify the true peptide sequence even with incomplete 
cleavage information. There exist a number of various search engines. The most 
widely used is SEQUEST (Yates et al. 1995a, b). It employs autocorrelation to 
estimate the similitude between the theoretical and experimental spectra. The 
overlap is expressed as a score which is the heart of all protein identification 
search engines. Mass spectrometry data derived from the unidentified protein are 
compared with theoretical data from known proteins, and a score is assigned 
according to how well the two sets of data matched. Any score above an arbi-
trary confidence threshold is termed a “hit.” The top such hit is expected to 
identify the analysed protein. If there are no scores above this threshold (“no 
hits”), then the protein remains unidentified.

19.5 Conclusions

The main purpose of this chapter is to aid researchers in initiating proteomics 
experiments. Despite it short existence, proteomics already made a great impact in 
modern biology. Using PubMed search with keyword “proteomics”, over 13,000 
publications appears with oldest published only in 1998. In the case of plants, the 
number of proteome studies is rapidly expanding mainly due to completion of 
genomic sequences in organisms such as Arabidopsis thaliana. However, with 
development of MS methods, organisms with limited database resources are sub-
ject of proteomics investigations as well (Hajduch et al. 2006). Every proteomics 
experiment starts with protein isolation. Although numbers of protocols are avail-
able, optimal isolation procedure needs to be determined for each sample type 
individually. Prior protein identification, proteins in extracts must be separated to 
reduce complexity. Overall, proteome analysis is a powerful tool in functional 
characterization of plants. Proteomics approaches open up new perspectives for 
analysis of complex traits of crop species at various levels. In addition, proteomics 
data may be compared with transcriptomics data in order to understand the cor-
relation between protein and transcript expression profiles. Further integration 
with transcriptomics will address important points in gene-protein relation and 
gene regulation in general, while integration with metabolomics will deliver new 
information related to regulation of metabolic processes on protein level. In near 
future, more tight correlation of proteomics data with other “omics” can be 
expected. These data will provide further in-depth proteome characterization of 
plant and subcellular compartments and potentially will identify new targets for 
crop improvements.
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Abstract The new era of functional genomics is leading towards the discovery 
of gene functions. Genomics, transcriptomics, proteomics and metabolomics aim 
to acquire a comprehensive and integrated understanding of living organisms. 
Metabolomics defines the phenotype of an organism from the chemical point of 
view, by analysing the ultimate products of the entire metabolic network at a 
certain point in time. Plant metabolomics is a powerful tool in systems biology and 
functional genomics studies, it has already been applied for agricultural purposes 
(screening of progeny stability, analysis of plant-pathogen interaction), in substantial 
equivalence studies of GMO and in quality evaluation of food, beverages and 
phytomedicines. The range of metabolites in an organism is so diverse that so far 
none of the analytical technologies applied for metabolomics studies purpose result 
to be adequate, and a combination of them must be used

20.1 Introduction

Dixon et al. (2006) wrote: “biological systems are exceedingly complex”. To understand 
these systems is a major challenge for mankind.

With the achievement of the complete genome sequence of bacteria first, then 
humans, and now green plants as well (Arabidopsis and rice), science has made a 
first step in the understanding of the function of the entire gene set of living systems: 
the era of functional genomics has started. Although the complete sequence of some 
organisms has been obtained, still 20–40% of the open reading frames cannot be 
annotated (Goodacre 2005). In the case of the Arabidopsis genome, only 9% of the 
genes have been characterized (Haas et al. 2005). This has led to a renewed interest 
into the correlation between genes and their phenotypic expression. The traditional 
dogma of molecular biology (from gene to transcript to protein) has been put aside 
with the new concept of systems biology. The flow of information deriving from 
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genes is in reality networked by many loops with their downstream products, resulting 
in a complex and dynamic system of transcripts, proteins and metabolites. As a 
consequence, changes in the quantities of individual enzymes might have little effect 
on metabolic fluxes through pathways, but may have significant effects on the 
concentrations of individual metabolites (Goodacre et al. 2004).

Genomics, transcriptomics, proteomics, and metabolomics, are the new platforms 
for the development of functional genomics. The goal of the “omics” approaches is 
to acquire a comprehensive and integrated understanding of biology. Combined 
information from these technologies is needed to help us in understanding a cell at 
the system level.

Metabolites are the downstream products of gene expression. The analysis of the 
metabolome of an organism is expected to provide the most direct link between 
genome and phenotype, thus dealing with the most important question of functional 
genomics. In this perspective, metabolomics has been suggested to provide the most 
“functional” information among the “omics” technologies (Sumner et al. 2003).

20.2 Characteristics of Metabolomics

Taking a look at the quantitative dimensions of the different “omics” elements in 
the context of human genome (Fig. 20.1), one can perceive that measuring the 
metabolome of an organism is the most straightforward way to understand the 
complexity of the biological system.
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300,000 to 1M proteins

~30,000 metabolites 

genome 
msec
to 
min 

msec

to 

years

msec

to 

days 

protein modification 

signal transduction 

organ function, 

aging, storage 

development, 

differentiation 

DNA replication 

signal 

“ome” dimension time scale of biological processes

Fig. 20.1 Complexity of the different “omics” levels with respect to quantitative dimensions and 
time scales of processes within an organism. Adapted from Lay et al. (2006)



49520 Metabolomics: Novel Tool for Studying Complex Biological Systems

Metabolomics is the comprehensive identification and quantification of all 
low-molecular weight molecules (<3,000 m/z) present in a cell or tissue under a 
given set of conditions (Goodacre et al. 2004). Different metabolomics-related 
strategies are currently employed, none of which fulfills the exact objectives of 
metabolomics. These are:

Metabolite profiling, which is focused on a set of pre-defined metabolites, •	
generally associated with a specific pathway
Metabolic fingerprinting, a radid high-throughput analysis which is used to •	
classify samples (normally based on their provenance or origin)
Metabolite targeted analysis, which is restricted to one or two metabolites related to •	
specific metabolic reaction that would be affected by biotic or abiotic perturbation

A term that can lead to confusion is metabonomics, which is used for NMR-clinical 
applications on tissues or biological fluids whose change in metabolite levels is the 
result of disease or therapeutic treatment.

After the term “metabolome” was first introduced to describe the set of metabo-
lites synthesized by an organism (Oliver et al. 1998), and “metabolomics” was for 
the first time defined (Fiehn 2001), the literature in this field has showed an expo-
nential growth. Metabolomics is nowadays applied to a wide variety of disciplines. 
In the field of functional genomics, we have already discussed the special role 
played by metabolomics in deciphering the gene function by establishing a better 
understanding of the correlation between genes and the functional phenotype of an 
organism (Bino et al. 2004).

In the context of systems biology, the potential of the metabolomics platform has 
just started to be exploited. The general system biology approach consists of a 
perturbation of the system (biologically, genetically, or chemically), followed by 
monitoring the impact of the perturbation at the genomics, proteomics, and metabo-
lomics levels (Ryan and Robards 2006). Metabolomics is the core of system biology, 
as it is best suited for the systems biology approach owing to its comprehensive 
information content concerning dynamic metabolic networks (Weckwerth 2003). 
By many criteria, the concentration of different metabolites in tissues or body fluids 
is closely linked to the variations in phenotype that are most relevant to human 
growth, development and health (Watkins and German 2002). Thus, global “omics” 
approaches to metabolite analyses are likely to be the most valuable tools for studying 
various approaches to improve human health through diet or drugs. In pharmacology, 
the metabonomics has already started to be applied for toxicology, drug discovery 
and human health assessment. The concept of biomarkers has been introduced: the 
metabolome fingerprinting of mammalian disease models versus control should be 
used to discover early biomarkers of disease. Application of biomarkers discovery 
is at its infancy for disease prognoses, diagnoses, and therapy monitoring, but looks 
very promising (Goodacre 2007).

As in the analysis of the effects of toxicological and pharmaceuticals, metabo-
lomics can be used for the evaluation of the effects of nutritionals on the human 
metabolome. The emerging science called “nutrigenomics” studies how specific genes 
and bioactive food component interact, with the aim of “prescribing” individu-
alized diets using “functional foods” (Afman and Muller 2006; Mariman 2006; 
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Gibney et al. 2005). Obviously understanding the effects of food on health also 
requires knowledge of all metabolites in our food, i.e. plant metabolomics will play 
a major role in this field.

20.3 Plant Metabolomics

The aim of plant metabolomics is to analyse all the products of the entire metabolic 
network at a certain point in time. The size of the total metabolome in the plant 
kingdom has been estimated to be about 200,000 primary and secondary metabolites 
(Fiehn 2002). About 150,000 have been identified (Encyclopedia of Natural 
Products) and ca. 4,000 new are reported every year (Verpoorte et al. 1999). But in 
fact the number might be much bigger, assuming that the 250,000 species all have 
specific secondary metabolite pathways. The size of the metabolome of a plant is 
also difficult to estimate. If we assume that this is in the same order as the number 
of genes, it would be ca. 30,000 compounds. This means a great challenge for the 
scientists to accomplish the main aim of metabolomics: to take a snapshot of the 
metabolome qualitatively and quantitatively.

Despite the many sophisticated analytical technologies that can be used, so far, 
none of the methods proposed for the profiling of all the metabolites in a plant (or 
other organisms) proves to be adequate. Plant metabolites are too many, chemically 
too complex and too much different in chemical characteristics and occur in a very 
broad dynamic range of concentrations. All this implies that the analytical methods 
must be selective for the broadest possible range of metabolites, and sensitive to 
fluctuation in their quantity. As a result, no single technique is suitable for the analy-
sis of the complete plant metabolome, but a combination of techniques must be used 
(Weckwerth 2003).

Another characteristic of metabolomics is the unbiased approach. “Omics” 
technologies aim to the non-targeted identification of all gene products produced directly 
or indirectly (i.e. transcripts, proteins and metabolites) and present in a specific biological 
sample (Fridman and Pichersky 2005).

The required unbiased nature of metabolomics analysis is already challenged at 
the initial step of the analytical workflow: the sampling. All the information about 
the living organism must be taken in consideration and, when possible, controlled 
before starting the experiment in order to reduce experimental errors. The sampling 
method can influence the reproducibility of the analytical sample (Dunn and Ellis 
2005; Verpoorte et al. 2008). Bino et al. (2004) proposed a comprehensive protocol 
in the MIAMET (Minimum Information About a Metabolomics Experiment), 
which includes the important steps of the experimental design. After the problem 
of harvesting the plant material, follows the extraction process. Polar/non-polar 
extractions are the most frequently applied method and are performed by physical/
chemical disruption of the cells, removal of the cell pellet by centrifugation and 
distribution of metabolites to polar (methanol/water) and non-polar (chloroform) 
solvents (Dunn and Ellis 2005). In any case, there is no extraction method which 
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does not imply an intrinsic bias towards certain groups of metabolites. Once again, 
the unbiased nature of metabolomics is violated by choosing a certain extraction 
procedure. The same consideration is true for the subsequent detection technique 
employed. For a comprehensive description of the critical issues relating to the 
generation of metabolomics data, we refer to other authors (Ryan and Robards 
2006a; Kim et al. 2006; Verpoorte et al. 2008). Here we will briefly illustrate some 
characteristics and limitations of the most common metabolomics tools.

20.4 Analytical Tools

20.4.1 Methodologies Employed

Comprehensiveness, sensitivity, selectivity, reproducibility, and short time of analysis 
are the required parameters for the analytical tools employed in metabolomics. 
The technology platforms used in plant metabolomics can be categorized in 
chromatographic or spectrometric methods. GC, LC, capillary electrophoresis (CE) 
are included in the chromatographic methods, whereas MS and NMR belong to the 
other group. As a general consideration the chromatographic techniques require some 
preliminary steps before the measurement, such as pre-fractionation or derivatization. 
Consequently, the spectrum of metabolites analyzed is not as comprehensive as it is 
for spectrometric methods. Also reproducibility is a problem connected to chromato-
graphic separation methods, different column types from different manufacturers do 
not give the same result, and the characteristics of a certain type of column will change 
over time of production, as well as of use. In most cases, the above mentioned chro-
matographic methods are coupled to MS. GC-MS and LC-MS are the most popular 
analytical tools in metabolomics, while CE-MS is gaining importance. The strategy 
is to separate the metabolites before analyzing them in the mass spectrometer.

In GC-MS the high sensitivity of MS (at “pg” level) is coupled to the high sepa-
ration efficiency of GC. But only volatile compounds can be submitted to GC analysis. 
A derivatization step prior to the analysis, like sililation, is required for hydrophilic or 
thermolabile metabolites. The generated chromatograms become much more com-
plicated by the many derivatives yielded by metabolites with more than one reactive 
site. To overcome this problem, the introduction of fast acquisition rate time-of-flight 
(TOF) instruments, sometime coupled with deconvolution softwares, optimizes the 
identification of all the compounds in the chromatogram (Dunn and Ellis 2005). High 
mass resolution, together with high mass accuracy, is guaranteed by the employment 
of Fourier-transform ion cyclotron resonance, (FT-ICR)-MS, which is now applied 
to the metabolomics field (Brown et al. 2005; Murch et al. 2004; Tohge et al. 2005). 
The GC-MS method is supported by commercially available databases for compound 
identification and spectra elucidation. Although not covering the huge number of 
natural metabolites, those databases represent user-friendly tools for structural 
confirmation of metabolites, particularly for the well known primary metabolites.
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LC-MS is considered an important additional technology for plant metabolomics 
(Hall 2006). Molecules which are not detectable by GC, either because they cannot 
be made volatile or because they are unstable during the derivatization, or at the 
high temperatures in the GC, can be detected by LC. Aqueous samples can be 
analyzed by LC, with minimal sample preparation or even directly. The LC-MS 
analysis requires that the compound can be ionized, either as a positively or negatively 
charged ion. This can be achieved by electrospray ionization (ESI), atmospheric 
pressure chemical ionization (APCI), atmospheric pressure ionization (API), and 
atmospheric pressure photoionization (APPI). New ESI-MS instruments operate 
switching continuously between positive and negative modes during a run. This 
allows that the broadest range of molecules can be detected. To give more robust 
results, LC can be combined with tandem mass spectrometry (LC/MS/MS). 
The MS-fragmentation pattern observed add to the selectivity of the system, and 
thus to the correct identification of the peaks. A major limitation in using LC-MS is 
that the technology is not yet supported by an extensive spectral database, thus the 
metabolite identification step is more time consuming than in GC-MS. Furthermore, 
among the chromatographic methods, LC has the smallest peak capacity, meaning a 
reduced resolution of individual metabolites in the mixture (Fukusaki and Kobayashi 
2005). Nevertheless, the last advances in column performance have improved LC 
application in metabolomics. Another strategy that has been introduced to overcome 
the peak resolution limitation is the introduction of a second dimension. Comprehensive 
2-dimensional LC chromatography (LC x LC) is normally employed in proteomics 
studies, but it has demonstrated to be a powerful technique also when applied to 
plant metabolomics research (Mondello et al. 2005; Dugo et al. 2006; van der 
Klift et al. 2008). The separation of the entire sample is highly improved, since all 
the fractions eluted in the first dimension are submitted to a second separation. 
Some other technical problems arise in regards to mobile phase immiscibility, 
precipitation of buffer salts and incompatibility of stationary phase (Ryan and Robards 
2006b). Nevertheless, LC × LC is very promising in metabolomics studies. In an 
analogues way as comprehensive 2-dimensional LC, GC has also been developed 
as GC × GC for the characterization of complex samples, but with very few examples 
for plant extract analysis (Shellie et al. 2003; Hope et al. 2005; Pierce et al. 2006).

Capillary electrophoresis (CE) is gaining popularity due to the ease of application, 
the reduced costs, and the small volumes required (less than nL). It is based on the 
different electrophoretic mobilities of ions in electrophoretic media. Capillary zone 
electrophoresis (CZE) and micellar electrokinetic chromatography (MEKC) have 
been applied for the metabolomic analysis of small molecules, such as microbial 
extracts (Markuszewski et al. 2003; Soga et al. 2003; Panagiotou et al. 2005). CE 
offers high-resolution chromatographic separation coupled to sensitive detection 
when combined with MS. For this reason we can expect it will be more widely 
applied to the analysis of plant extracts, being suitable for the detection of a diverse 
range of primary and secondary metabolites (Sato et al. 2004).

Yet, all the chromatographic based methods have intrinsic biases against certain 
classes of compounds (Weckwerth 2003). The employment of combinations of two 
or more separation methods with different selectivity and the application in parallel 
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to the same sample is a strategy to solve this limitation (Sumner 2006). Another 
major limitation is represented by the need of construction of calibration curves, as 
all compounds will leave a different detector response. Consequently absolute 
quantification of all metabolites can not be achieved by chromatography, only for 
each single compound percentage of changes can be determined.

Nuclear magnetic resonance (NMR) spectroscopy is presently the method of choice 
for medical metabolomics (metabonomics). Changes in the metabolites composition 
of biofluids are directly investigated as resulting from disease conditions, drug activity 
or drug toxicity. Important biomarkers can thus be identified for the comparison of the 
healthy vs diseased humans. Despite the lesser sensitivity in comparison to GC and 
LC methods, NMR is widely applied to the analysis of plant metabolites. It is rapid, 
non-destructive, reproducible, and it requires very minimal sample preparation 
(Lindon et al. 2003). Spectra can be recorded from crude extracts without derivatization, 
making the composition of the sample closer to the actual levels in tissues (Last et al. 
2007). NMR also allows quantitative assessment of single metabolites present in the 
mixture, and it represents a direct structure elucidation tool as well. Unlike chro-
matographic or mass spectrometry methods, NMR is not selective for certain class 
of analyzed compounds. The requisite is for the molecules to bear a “magnetically 
active” nucleus, normally 1H, because of its high natural abundance, but it can also 
be 13C, 15N, or 31P. Which means that every kind of organic molecule can be detected 
using NMR. Furthermore, the introduction of NMR detectors cooled to near-cryogenic 
temperatures (cryoprobes) make it possible to gain much higher sensitivity, and this 
to measure smaller amounts of sample or to use less time (Lindon et al. 2003).

1H NMR spectra contain several hundred signals which are limited to a very 
small chemical shift range (about 10 ppm). Furthermore, the instrument is relatively 
not sensitive, so that signals from compounds present at low concentrations may not 
be detected. As a result, the one-dimensional (1D) spectra show many overlapping 
peaks which hamper the identification of the compounds (Fig. 20.2).
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Two-dimensional (2D) NMR experiments represent, however, a major tool for 
the resolution of overlapping signals, and for the characterization of unidentified 
compounds following to a first metabolic fingerprinting obtained with the traditional 
1D NMR. Among other 2D techniques, J-resolved spectra require relatively short 
time of measurement, and show interesting applications in resolving complex spectra 
of mixtures, allowing the identification of minor compounds. In this kind of spectra 
the second dimension gives for each signal the coupling constant. J-resolved 
represents a useful deconvolution tool in NMR-based metabolomics (see below). 
The result is a less complex spectrum, while the resolution is higher (Fig. 20.3 and 
20.4) (Liang et al. 2006; Hendrawati et al. 2006).

Fig. 20.3 J-resolved spectra in the region between d 6.25 and d 6.50 of tobacco leaf extracted by 
MeOD:KH

2
PO

4
 buffer in D

2
O (1:1), pH 6.0 (500 MHz). In the upper trace the original 1H NMR 

is shown. In the middle trace the 2D J-resolved spectrum reveals the presence of three doublets 
(overlapping in the original 1H NMR spectrum). In the lower trace the original signals are pro-
jected in 1D as singlets
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Another possible application of NMR to metabolomics studies is the stable isotope 
(13C, 31P or 15N) labeling. This technique can be applied to enhance the signal of low 
natural abundant isotopes, and it can thus provide a powerful tool for the metabolic 
flux analysis (Kruger et al. 2003; Ratcliffe and Schachar-Hill 2005; Mustafa 2007). 
This is also very useful in unraveling biosynthetic pathways, through a retrobio-
synthetic approach (Werner et al. 1997).

20.4.2 Data Processing and Mining

The complexity of the spectra obtained either with NMR or MS requires elaboration 
of the data using chemometrics tools. The visual inspection of those spectra can in 
fact only give a very minimal view of all the information included. The application 
of multivariate statistical techniques (chemometrics) is thus required to obtain the 
maximum of information from such complex data. The raw data produced as chro-
matograms or NMR spectra must be first converted in a “clean” format which is 
suitable for the analysis. This step is called data processing, and it represents one of 
the most crucial and time-consuming steps of the entire data analysis. Signal deconvo-
lution, phasing, baseline correction, noise suppression, peak alignment, peak picking 
and quantification, they all guarantee a reliable comparative metabolomic analysis 
based on the sample-to-sample variability loss. In this way the raw instrumental 
data are cleaned up and ready to be submitted to the multivariate analysis (MVA).

A chromatogram, or a NMR spectrum are characterized by several hundreds peaks. 
These all represent variables in the data matrix, which is also composed by the 
observations (samples). Metabolomics data must be considered as multivariate in the 
extent that they consist of these matrixes. Like other “omics” data sets, they contain 
many more variables than samples. Sometimes the number of variables can be reduced 
by applying a bucketing procedure. The whole data set space is divided in equally sized 
subset of data (buckets or bins) and the intensities are summed within each of them 
(Holmes et al. 1994). For example, in the case of NMR data, the number of variables 
can be reduced to about 250 bins of 0.04 ppm width. The bucketing procedure of NMR 
data can also avoid misinterpretations caused by peak shifts due to pH effect.

The aim of metabolomics analysis is to classify samples into different groups 
(e.g. genotypes or treatments) or predict its origin. In this context the MVA can be 
applied, in the extent that it extracts the information from data containing multiple 
variables, by using all the variables simultaneously. MVA can be divided into 
two categories: the “unsupervised” and the “supervised” methods. The unsupervised 
multivariate techniques are used to establish any existing clustering within the data set. 
The most commonly used unsupervised methods are principal component analysis 
(PCA) and hierarchical cluster analysis (HCA), but others are also routinely applied, 
such as non-linear mapping (NLM), and a self-organizing map (SOM). PCA can 
reduce the number of variables needed to describe the variance in the data set. 
Mathematically based on eigenvectors, the PCA generates a set of lines and planes 
that closely describe the system of the original matrix of data formed by N rows 
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(the observations) and K columns (the variables). The first principal component 
(PC1) is the line in the K-dimensional space that approximates the best the data in 
the least squares sense (Eriksson et al. 2006). In other words, PC1 defines the direction 
of maximum spread (variance) in the data set. Then the second component (PC2) 
is calculated. This is orthogonal to the first one, and improves the approximation of 
the X-data, defining the direction of greatest remaining spread (Colquhoun 2007). 
The two components originate a plane in which the projections of all the observa-
tions are identified by co-ordinates (scores). The score plot represents the graphical 
visualization of the plane, and shows similarities between the observations. The model 
can calculate as many PCs as necessary to summarize the information in a data set. 
The loading plot is geometrically built on the orientation of the PCs in relation to 
the original variables. The loading plot allows the evaluation of the influence of 
each variable (metabolite) onto the PCs (which variables are responsible for the 
pattern? How these variables ARE correlated to each other?), and to the total infor-
mation of the entire metabolome. PCA may reveal groups of observations, trends, 
or outliers, also showing the relationship between observations and variables 
(Eriksson et al. 2005).

HCA is a clustering method in which the distance between each pair of samples 
is calculated and the pair that is most similar is identified. The midpoint between 
this pair is calculated and the distance between it and all the subsequent samples 
included in the analysis is calculated. The measurement can be repeated all the 
samples are included in a data set. The result is visualized as a tree-like diagram 
called dendrogram (Lindon et al. 2003).

Supervised classification methods are applied when the classes of the response 
that one is trying to predict for each of the samples are known. Then the aim is to 
identify a model that will correctly associate all the inputs with the targeted class 
(Goodacre et al. 2007). Partial least squares (PLS), linear discriminant analysis 
(LDA), soft independent modeling of class analogy (SIMCA), k-nearest neighbour 
analysis (KNN), and artificial neural networks (ANNs) are supervised methods 
generally applied to the analysis of metabolomics data. PLS is successfully used 
when the number of variables is much greater than the number of samples. In an 
analogous way as in the PCA model, PLS is also constituted by lines and planes. 
In this case the line orientations are calculated in order to optimally discriminate 
between groups (Colquhoun 2007). The X-data-matrix formed by variables and 
observations is correlated with a Y-matrix, artificially created to describe the class 
memberships of the observations. For each matrix, X and Y, the calculation of PLS-
components defines planes. The observations are represented by one point in the 
X-matrix and one point in the Y-matrix. This allows to identify any correlation of 
the points in the two matrixes.

SIMCA classifies and predicts unknown samples in a PCA based way, so that 
any sample is tested for being included or not in a specific group or category. 
SIMCA builds a PC model for each class, and when a sample does not satisfy the 
model, a new PC is constructed and the model validated.

For detailed discussion of these and other bioinformatics tools is referred to 
Lindon et al. 2001; Eriksson et al. 2006; Berrueta et al. 2007.
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20.5 Applications of Plant Metabolomics

Plant metabolomics has a wide range of possible applications.
As one of the complementary analytical method in functional genomics, the 

metabolomics based platform is an unsurpassed tool in the hands of plant physiolo-
gists and plant breeders. Based on the assumption that any alteration in the gene 
regulation will be reflected in alterations of biochemical pathways, the metabolomics 
analysis will help in the elucidation of gene functions, signalling and metabolic 
networks. In this sense, the consequences of certain treatments (stress or perturbation), 
genetic variation, or environmental changes, can be identified through phenotypic 
differences. An example is the work of Cook et al. (2004) in which GC-TOF-MS is 
applied to measure the extent of the role of Arabidopsis CBF cold response pathway 
in terms of metabolome changes when the plant is stressed by low-temperature 
conditions. In another example, GC-TOF-MS based metabolomics was applied for the 
analysis of silent potato mutants, showing the potential of this strategy to distinguish 
the silent phenotype from the parental line (Weckwerth et al. 2004). Nutritional stress 
on crops has also been investigated using different transcriptomics – metabolomics 
approaches (Nikiforova et al. 2004; Hirai et al. 2004). For a review of metabolomics 
methods applied to study plant stress responses, see Shulaev et al. (2008).

What metabolic fingerprinting also offers is mapping of natural genetic variations 
in crops (Keurentjes et al. 2006) or rapidly screening the progeny stability of some 
crops. Both strategies can be used as tools for selection of more resistant progenies, 
essential for breeders (Hall 2006). Very important from the commercial point of 
view of crops is also the threat represented by parasites in field. The metabolic changes 
in indolic compounds and phenylpropanoids of wild type and mutant root cultures 
of Arabidopsis infected by the root-pathogenic oomycete Pythium sylvaticum were 
determined in an extensive work based on 1H-NMR, ESI-MS, APCI-MS coupled 
with quadrupole time of flight (QTOF)-MS (Bednarek et al. 2005).

The effects of phytoplasma infection on metabolomic changes in Catharanthus 
roseus leaves were investigated using 1D and 2D NMR spectroscopy, showing that the 
infected leaves were characterized by increased levels of terpenoid indole alkaloids, 
phenylpropanoids, and several primary metabolites. The metabolic pathways linked 
to these metabolites were considered by the authors as involved in the defence 
response of the plant (Choi et al. 2004a). The same authors applied the methodology 
for the metabolic discrimination of tobacco plants infected by tobacco mosaic virus 
(TMV) in order to elucidate the metabolic changes connected to systemic acquired 
resistance (SAR) (Choi et al. 2006). A complex picture of the metabolic alterations 
caused by virus infection was obtained, also considering different time points, and 
different developmental stages of the leaves. The effect of the interaction of different 
bacteria strains on the metabolome of Brassica rapa was also investigated by 
mean of NMR spectroscopy by Jahangir et al. (2007). The results demonstrated 
the potential of NMR-based metabolomics as a tool to study the interaction of 
food-borne bacteria and vegetables.

The rapid and comprehensive analysis of a plant metabolome has also developed 
in an important tool in the screening of genetically modified organisms (GMO). 
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The safety evaluation of GMO is gaining importance with the current international 
policies which require the certification of new crops before releasing the license for 
their commercialization. In particular this is important in food safety assessments. 
A large scale metabolomic analysis of field grown GM potato plants has been pub-
lished by Catchpole et al. (2005). A multi-targeted approach (LC-MS, GC-TOF-MS) 
has been applied for the metabolome fingerprinting of field-grown tubers from 
conventional potato cultivars and genotypes bioengineered to contain high levels of 
inulin-type fructans. Conclusions were drawn with respect to the concept of “substantial 
equivalence” which is used as starting point to assess the safety of genetically modified 
food (Kuiper et al. 2002). The metabolomic analysis is extremely useful in substantial 
equivalence studies. The safety of a GM crop is assessed on the base of its change 
in the concentration of any metabolite. If the change is within the natural range of 
concentrations found in natural cultivars, the change would be regarded as “safe” 
(Colquhoun et al. 2006). NMR has thus revealed to be a powerful tool for substantial 
equivalence studies of transgenic food crops in comparison with traditionally bred 
cultivars (Noteborn et al. 2000; Le Gall et al. 2003; Charlton et al. 2004; Manetti 
et al. 2004).

Linked to the evaluation of GMO, there are two other possible applications of 
metabolomics: one in optimizing metabolic engineering techniques, the other one 
in the study of the unintended effects of genetic manipulation. Considering the 
assumption that gene-proteins-metabolites are not unidirectionally linked, but instead 
they are networking through many pathways and feedbacks, it is clear that manipu-
lating one metabolic pathway may lead to multiple and unexpected consequences. 
The comprehensive metabolic profiling of the effects of genetic manipulations can 
lead to understanding the whole system and to discover key control steps in a target 
pathway (Harrigan et al. 2007).

A comprehensive analysis of some Arabidopsis mutants containing an antisense 
construct for the chalcone synthase gene was performed using a combination of 
LC-MS, LC-DAD, and NMR (Le Gall et al. 2005). The effects of the genetic modi-
fication on the levels of flavonoids, sinapate esters, and glucosinolates were 
observed, and the interfering effects of genetic and environmental variation were 
also considered.

Metabolomics has a huge potential in product fingerprinting, particularly for 
quality evaluation of food and beverages, and detection of adulterations. In this 
field the technology, especially NMR based, is already widely applied (Vogels et al. 
1996; Le Gall et al. 2001; Brescia et al. 2002; Charlton et al. 2002).

In the same way, quality control of phytomedicines has started to include 
metabolomics approaches. The composition of chamomile flower extracts of three 
different geographic origins has been studied by Wang et al. (2004). In this case 1H 
NMR spectral analysis was also applied to determine the amount of stalk material 
which was added to the chamomile flowers. The metabolic fingerprints of willow 
bark extracts from different origin has been characterized (Hendriks et al. 2005), 
and the differences in metabolic composition of St. John’s wort extracts have been 
investigated by 1H NMR and correlated with the activity on the opioid receptor 
(Roos et al. 2004). An NMR based study was also used by Frederich et al. (2003) 



50520 Metabolomics: Novel Tool for Studying Complex Biological Systems

to quantify strychnine and brucine levels in different parts of various Strychnos 
species. A similar strategy was adopted to discriminate twelve cultivars of Cannabis 
sativa (Choi et al. 2004b). Kim et al. (2005) evaluated the applicability of NMR 
based metabolic fingerprinting to the analysis of three different Ephedra species 
and nine commercial Ephedra herbs. The method could be used for chemotaxonomic 
analysis and quality control purposes.

Furthermore, it is nowadays clear that the reductionist approach for the purpose 
of activity studies on traditional medicine (i.e. traditional Chinese medicine – TCM- 
and Ayurveda) does not match the holistic approach of Chinese medicine (Verpoorte 
et al. 2005). It is known that phytopharmaceuticals, and TCM in particular, are 
often mixtures of different plants, mainly working in synergism, and that their 
composition is difficult to control. Systems biology offers the possibility to under-
stand the mode of action of phytomedicines by comparing the changes in the 
transcriptome, proteome and metabolome patterns with those observed with known 
drugs. In this context, metabolomics can link the response of living organisms to 
the activity of a compound or a combination of compounds, thus possibly identifying 
new modes of action, pro-drugs and synergisms in the complex mixtures of 
compounds in traditional medicine (Wang et al. 2004; Verpoorte et al. 2005). 
Recently, the metabolomic profile of a Mexican medicinal plant (Galphimia glauca) 
was determined by using NMR and multivariate data analysis was applied for differ-
entiating populations growing in different geographical areas (Cardoso-Taketa 
et al. 2008). The results were then correlated with those of two neuropharmacological 
assays, demonstrating the efficacy of using metabolomics for the in silico identifi-
cation of active principles in medicinal plants.

Fig. 20.4 An example of J-resolved spectrum in the region between d 6.30 and d 6.60 of Brassica 
rapa extracted by MeOD:KH

2
PO

4
 buffer in D

2
O (1:1), pH 6.0 (600 MHz). Low and overlapping 

signals in the aromatic region of the spectrum are resolved in the second dimension
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20.6 Conclusions

Metabolomics, as it has been defined, is a very challenging field. This platform is 
demonstrating to be a powerful tool in several applications, such as functional 
genomics, systems biology, biomarker discovery, drug discovery, food quality, etc. 
Indeed, the comprehensive non-biased identification and quantification of all the 
metabolites present in an organism, is a very ambitious goal, which, so far is not 
achieved. Due to the complexity and heterogeneity of physical and chemical prop-
erties of the metabolites, the idea of metabolomics is many times reduced to a 
more classical targeted approach. The dynamic characterizing the entire metabo-
lome of a living organism implies that the data must cover a wide range of differ-
ences in space and in time. The current challenge of metabolomics is the 
measurement of the entire set of metabolome in a dynamic film, instead of in 
single snapshots.

Moreover, metabolomics should be complementary to transcriptomics and 
proteomics, which means that they must be integrated. Linking the different datasets 
of the entire systems biology platform will ensure a deeper insight into metabolic 
networks, and the understanding of cellular processes. But in one basic aspect 
metabolomics and other functional genomic information differ: the reproducibility 
of the data. Metabolomics data, mainly because of the lack of suitable analytical 
methods, cannot be stored in a permanent database or shared by different laboratories 
in different parts of the world. Furthermore, one standard metabolomic protocol has 
not been established yet. Much attention must be paid in all the steps of the analysis, 
from the preanalytical phase (sampling material, including harvesting, storing, 
extracting), through the analytical systems up to the data handling, in order not to 
include misleading data. Reproducibility, together with protocol standardization, 
must be considered as one of the primary tasks of current metabolomic techniques 
development. Only when protocols, libraries, and databases produced by different 
laboratories using different techniques will become publicly available, the metabo-
lomics field will be able to match with the other “omics”.
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Abstract Global losses in agricultural production due to abiotic stresses have been 
estimated to be $120 billion. In the wake of shrinking arable land and rampant 
changes in climate, a second green revolution is important to meet the food needs 
of the rapidly growing population. This warrants radical changes in research strategies. 
Genomics approaches such as transcriptome profiling have led to the identification 
of gene networks important for many different stresses. However, under natural 
conditions plants are challenged by simultaneous occurrence of two or more 
stresses. Several studies have recently analyzed the transcriptional responses to two 
stresses simultaneously and are discussed here. For plant biotechnologies to deliver 
the promise of a second green revolution, a systems biology approach of examining 
multiple stresses at various developmental stages is necessary.

21.1 Introduction

Food security is a major issue in the global policy agenda. One of the targets of 
United Nations Millennium Development goal adopted in 2000 is to halve the 
proportion of people suffering from hunger by the year 2015 (The World Bank 
Group 2003). Meeting this food security goal is going to be a major challenge 
(Rosegrant and Cline 2003). In the next 40 years, demand for cereal production is 
predicted to increase by 60% as the population rises from the current 6.6 billion to 
8.7 billion by the year 2050 (Bengtsson et al. 2006). In a world where population 
growth exceeds food supply (Malthus 1817), a second green revolution is 
necessary. Opportunities for plant biotechnologies to contribute to the second 
green revolution have been widely recognized (Fedoroff and Brown 2004).
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Three major yield-increasing strategies have been suggested – (1) Increasing 
harvest index [ratio of grain to total crop biomass], (2) increasing plant biomass, 
and (3) improving stress tolerance (Cassman 1999; Evans 1998). Nearly 82% of the 
potential yield of major crop losses occur every year due to abiotic stresses (Boyer 
1982). Hence we consider improving stress tolerance in plants as the most impor-
tant yield-increasing strategy. Further improving tolerance to stresses can also 
improve the harvest index, as well as biomass. Among the abiotic stresses, water 
deprivation or drought account for more than 50% of the estimated losses (Araus 
et al. 2002; Boyer 1982) and according to recent estimates accounts for more than 
$120 billion annually (Dhalmini et al. 2005). Plant water status is a central compo-
nent of several abiotic stresses including drought, freezing and salinity (Verslues 
et al. 2006). In the wake of a global scarcity of water resources, drought stress is 
undoubtedly the major abiotic factor detrimental to agriculture.

The moisture status prevailing in soil environment in turn depends on the ambient 
environmental conditions such as temperature, light, humidity. Recent reports indicate 
that increase in global surface temperature is a major indicator of global warming 
(Van Vuuren et al. 2008). This raise in mean global temperature is attributed to 
increases in the greenhouse gases such as carbon dioxide and air pollutants such as 
ozone that has been brought about by anthropogenic activities. Thus plants not only 
have to deal with scanty water resources but may also have to deal with increasing 
temperatures, carbon dioxide and ozone. Even more worrisome is the fact some of 
these environmental variables can occur simultaneously, or successively, or in 
different times within a growing season. This has been elegantly illustrated in the 
form of a stress matrix depicting the combinations of agriculturally important biotic 
and abiotic stresses taking into consideration two different stresses at a time 
(Mittler 2006).

21.2 Physiological Studies of Combined Stresses

Practical agriculturists have long known that in field conditions plants face several 
distinct abiotic stresses either simultaneously or at different times during the grow-
ing season (Tester and Bacic 2005). Indeed breeding for tolerance to a combina-
tion of abiotic stresses is a common strategy for developing new crop varieties. 
Physiological studies of simultaneous exposure to different stresses in different 
plant species have been reported. Interactive effects of drought and heat shock 
stress represent the conditions encountered by plants growing in arid regions 
(Mittler et al. 2001; Moffat 2002). Analysis of these two stresses in Arabidopsis 
and tobacco plants showed that combination of heat and drought affected plants 
differently from drought or heat stress applied individually with reference to 
photosynthesis, respiration, stomatal conductance and leaf temperature (Rizhsky 
et al. 2002, 2004). In a study on sorghum, a combination of heat and drought stress 
during late stages of development [booting and flowering] caused nearly 87% yield 
reduction while the same stress treatment during vegetative stages had no impact 
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on yields (Craufurd et al. 1993). In another study, a combination of ozone and 
drought stress in two Norway spruce clones had varying effects on biomass  depending 
on the vigour of the clone. In the faster growing clone, ozone reduced the biomass 
but also protected the plants from drought stress (Karlsson et al. 1997). A combina-
tion of high light and ozone in Phaseolus vulgaris was reported to exacerbate the 
detrimental effects of the pollutant on photosynthesis (Guidi et al. 2000). Modelling 
studies on the interactive effects of drought and ozone using yield forecasting pre-
dicted a general drought-induced reduction of crop sensitivity to ozone and it 
varied between crops, regions and years (King 1988). These physiological stud-
ies clearly illustrate that the abiotic stress combinations represent a new stress 
scenario and is not just a sum of the two independent stresses. Hence researchers 
working on improving stress tolerance in plants need to expand their areas of study 
to include stress combinations.

21.3 Molecular Genetics and Genomics

It is well known that adaptive responses to environmental stresses in plants are 
coordinated by molecular networks (Vinocur and Altman 2005). These networks 
help in re-establishing homeostasis and repair damaged proteins and membranes 
(Wang et al. 2003). In contrast to plant resistance to biotic stresses, which is mostly 
monogenic, abiotic stresses are multigenic traits and hence pose a formidable 
challenge for engineering resistance. The popular candidate gene-by-gene approach 
using genes from signalling and regulatory pathways (Seki et al. 2003; Shinozaki 
et al. 2003), proteins conferring stress tolerance (Wang and Huang 2004), enzymes 
leading to production of structural and functional metabolites (Park et al. 2004; 
Rontein et al. 2002) have met with some success in improving stress tolerance  
(Fig. 21.1). However many of these studies were short-term treatments considering 
a single stress and may not represent stress tolerance of crops in field conditions 
(Vinocur and Altman 2005).

Recently, the genomics approaches have radically changed the view about 
engineering stress tolerance in plants. The ability to investigate changes in thou-
sands of genes simultaneously using microarray technology has led to a flurry of 
papers in both model systems as well as crop plants, in response to several different 
stresses (Kreps et al. 2002; Mahalingam et al. 2005, 2006; Puckette et al. 2008; 
Rossel et al. 2002; Seki et al. 2001). This is based on the premise that the set of 
genes that are expressed in a cell determines the state of the cell, how it is built, 
what it is capable of doing and perhaps what it is not capable of doing. There is a 
tight link between the function of a gene product and its expression pattern. Each 
gene is expressed in specific cells under specific conditions, and this regulation of 
when, where, and how much is fine-tuned by the process of natural selection. 
Promoters of genes operate as molecular switches by regulating transcription of 
specific genes in response to input information from external factors and internal 
milieu of a cell. These features of regulation of gene expression at the level of 
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transcript abundance have been attributed to the wide popularity of microarray 
expression profiling (Brown and Botstein 1999).

Multiprotein Bridging Factor 1c (MBF1c) a common transcriptional coactivator 
recruits transcriptional machinery to transcription factor bound promoter (Naar 
et al. 2001). Based on the knowledge that transcription factors play a crucial role in 
regulating stress responses, MBF1c over-expressing plants were shown to give 
improved tolerance to environmental stresses (Suzuki et al. 2005).

The analysis of transcriptomes at various times following the stress treatment 
provides useful information about the temporal progression of thousands of genes. 

Fig 21.1 A general signal transduction pathway in response to abiotic stress in plants. 
Perturbations in the external environment leads to rapid changes in redox, osmotic and ionic bal-
ance in the plant cells. These changes are sensed by redox and osmosensors in conjunction with 
second messengers such as Calcium, ROS, RNS and phytohormones. These changes lead to acti-
vation of specific TFs which inturn leads to activating response genes that ultimately leads to 
stress tolerance or resistance. Inadequate responses at one or more steps in the signaling and gene 
activation process will result in irreversible changes in cellular homeostasis, lead to membrane and 
protein damage and ultimately cell death (Modified from Vinocur and Altman, 2005)
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In fact compendium of microarray data of entire Arabidopsis transcriptome in 
response to several stresses is easily accessible by programs like Genevestigator 
(Zimmermann et al. 2004). Using this compendium approach, a set of Multiple 
Stress Genes (MSTs) was identified in Arabidopsis (Kant et al. 2008). A subset of 
these genes belonging to the gene ontology category of transcription regulation was 
described as Multiple Stress Regulatory Genes (MSTR). Mutational analysis of 
several of the genes identified by this strategy confirmed the ability of these MSTR 
genes to confer resistance to multiple stresses (Kant et al. 2008). These studies 
again are examining a single stress at a time and suffer from the short-term nature 
of the treatments. As pointed out earlier, simultaneous occurrences of stresses is a 
common phenomenon in field conditions. Below we discuss several studies examining 
the transcriptomes following combined application of two stresses that are more 
likely to occur in realistic field conditions.

21.4 Analysis of Combined Stresses

21.4.1 Heat and High Light

Heat or high temperature stress adversely affect several physiological processes 
including photosystem II activity (Havaux et al. 1991), carbohydrate partitioning 
(Lafta and Lorenzen 1995), reactive oxygen metabolism (Larkindale et al. 2005), 
membrane fluidity (Kim and Portis 2005). Heat stress can also hamper growth 
processes (Beator and Kloppstech 1992; Cheikh and Jones 1994; Pressman et al. 
2002; Wallwork et al. 1998). Excess light can be detrimental to photosynthesis, and 
lead to excess ROS (Niyogi 1999). Under natural conditions, a combination of high 
temperatures and high light are more likely to occur. Suppression subtraction 
hybridization technique was used to identify genes altered in response to combined 
heat and light stress in Arabidopsis (Nishizawa et al. 2006). Of the 76 genes identified 
in this study, was a heat shock transcription factor HsfA2. Constitutive overexpression 
of this gene led to enhanced resistance to combined heat, light and methyl viologen 
stress (Nishizawa et al. 2006).

In sunflower plants transcriptome analysis following high light, high tempera-
ture, and a combination stress showed that 105, 55 and 129 cDNAs were showing 
significant changes in gene expression, respectively (Hewezi et al. 2008). 
Significant differences were reported in the vegetative and storage tissues in com-
bined stress treatment for the genes involved in photochemical reactions, carbon 
dioxide acquisition, pyruvate accumulation, lipid degradation, defense responses, 
protein folding and transcriptional gene regulation (Hewezi et al. 2008). This 
study also showed that the combined stress of heat and light induced the largest 
number of genes that were not altered when the stresses were applied singly (Fig. 
21.2a). This study supports the notion that the combined heat and light stress 
represents a new type of stress.
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21.4.2 Drought and Heat

Simultaneous drought and heat stress makes a case for a model combination stress. 
In a meta-analysis of all major US weather disasters between 1980 and 2004, it was 
reported that a combination of drought and heat led to loss of more than $120 
billions in the United States alone (Mittler 2006). Drought and heat stress combination 
has been well studied in several crop plants and grasses (Craufurd et al. 1993; 
Heyne and Brunson 1940; Jagtap et al. 1998; Jiang and Huang 2001; Perdomo et al. 
1996; Savage and Jacobson 1935; Savin and Nicolas 1996; Wang and Huang 2004). 
Physiological studies indicated that starch breakdown coupled with energy production 
in the mitochondria play a key role in plant metabolism during combined drought 
and heat stress (Rizhsky et al. 2002, 2004). Transcriptome analysis of drought, heat 
and combination of drought and heat indicated that the stress combination required 
more than 770 transcripts for acclimation and these were not altered by drought or 
heat stress (Rizhsky et al. 2004) (Fig. 21.2b).
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Fig. 21.2 Transcriptomic analysis of various combined stresses in plants. Figures shown here is 
summarized from data in a Hewezi et al., 2008; b Rizhsky et al., 2004; c Jambunathan et al., 2008; 
d Bilgin et al., 2008; e Casteel et al., 2008. Numbers in bold represent number of transcripts dif-
ferentially expressed only in the combined stresses
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21.4.3 Drought and Ozone

Ozone the most abundant air pollutant reduces plant biomass (Heagle 1989) by 
affecting allocation of assimilates and induces senescence process in plants (Miller 
et al. 1999; Pell et al. 1997). Highest ozone concentrations usually occur around mid-
day and during summer season (Lorenzini et al. 1994). Field experiments on com-
bined ozone and drought in Norway spruce revealed that ozone affected growth and 
biomass very differently in two different clones of this tree (Karlsson et al. 1997).

Since the flux of ozone into the plant is through the stomata, it has been argued that 
differences in sensitivity of plants to this pollutant are partly due to differences in stomatal 
conductance (Reich 1987). This dogma was challenged by elegant patch-clamping experi-
ments to demonstrate that ozone directly affected guard cells by targeting inward potas-
sium channels, which inhibited stomatal opening (Torsethaugen et al. 1999). Based on the 
ozone uptake models, drought induced stomatal closure will limit the ozone uptake into 
the leaves and hence protect the plants from ozone stress (Grunehage and Jager 2003; 
Panek and Goldstein 2001; Panek et al. 2002). However, this simplistic model has been 
confronted by the observation that ozone can cause stomatal “sluggishness” that lead to 
incomplete closure of the stomata and hence exacerbate the effects of drought (Grulke 
et al. 2003, 2005; Karnosky et al. 2005). The presence of nighttime ozone in rural loca-
tions (McCurdy 1994) can also greatly reduce the biomass of plants (Winner et al. 1989), 
especially if ozone can hinder the opening of the guard cells after a dark exposure 
(Torsethaugen et al. 1999). These studies show that impact of ozone and water deprivation 
together on plants is complex and merits attention given that concentrations of ozone in 
the troposphere will continue to increase in the future (Ashmore 2005).

In the model legume Medicago truncatula we have identified an accession 
JE154, which is resistant to a combination of chronic ozone and drought stress 
(Puckette et al. 2007). In the same study we also identified that the popular 
commercial cultivar Jemalong is sensitive to ozone and drought stress singly and in 
combination. Temporal transcriptome analysis in response to ozone in these two 
lines showed more than 2,000 genes were differentially expressed (Puckette et al. 
2008). A striking finding was the rapid transcriptional reprogramming mounted by 
the resistant JE154 in stark contrast to the delayed response in sensitive Jemalong 
(Puckette et al. 2008). Recently we have examined the combination of chronic 
ozone and water deprivation stress in Jemalong using the Affymetrix gene chip 
technology. This analysis revealed that a combination of ozone and water stress 
simultaneously evoked a massive transcriptional reprogramming when compared 
with ozone or drought stress alone (Jambunathan et al. 2008) (Fig. 21.2c).

21.4.4 Carbon Dioxide and Ozone

Rising atmospheric [CO
2
] and [O

3
] have been recognized as important to crop 

production for only the last 30 or 40 years. The [CO
2
] levels are reported to increase 

from the current levels of 380 umol mol−1 to nearly 550 umol. mol−1 by the year 
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2050 (IPCC 2007). Tropospheric O
3
 levels in industrialized countries are currently 

60 nmol. mol-1 and is predicted to increase by another 20% by 2050 (IPCC 2007). 
The most important concern related to improving plant tolerance to global climate 
change factors is that these are complex quantitative traits and hence are more 
difficult to control and engineer. To make the matters worse, ozone concentration 
is spatially and temporally heterogeneous owing to its short life and the fact its 
synthesis is dependent on the abundance of its pollutant precursors, sunlight and 
water vapour. The physiological consequences of elevated CO

2
 and O

3
 have been 

succinctly discussed in a recent review (Ainsworth et al. 2008).
Transcriptome analysis in aspen trees following long-term exposure to elevated 

CO
2
 and tropospheric ozone, revealed that 238 genes were consistently differen-

tially expressed in years 2001 and 2002 (Gupta et al. 2005). In the elevated CO
2
 

treatment, small number of genes was altered while a combination of both gases 
resulted in maximum number of changes in transcript levels. Transcripts related to 
photosynthesis were up regulated in the CO

2
 treatment and was in support of the 

physiological studies showing elevated photosynthetic rates in these Aspen clones 
(Noormets et al. 2001). The elevated expression of xyloglucan endotransglycosylase 
responsible for cell wall loosening and wall expansion (Fry et al. 2002) may 
contribute to larger leaf size in response to increased CO

2
 (Ferris et al. 2001). 

Downregulation of drought-induced aquaporin gene was taken as evidence for better 
water management in elevated CO

2
 conditions. Elevated ozone alone leads to the 

down regulation of photosynthesis related genes and has been reported in several 
plant species (Mahalingam et al. 2005, 2006; Puckette et al. 2008). Under the com-
bined treatment, a number of photosynthesis related genes were down regulated 
indicating that elevated CO

2
 was not able to ameliorate the effects of elevated O

3
. 

Again, the combined treatment of the two global climate change gases led to 
differential expression of a larger number of transcripts compared with either of 
them singly (Gupta et al. 2005).

21.4.5 Ozone and Biotic Stress Interactions

Ozone enters the plant through the stomata and are rapidly broken down into vari-
ous reactive oxygen species at the apoplast (Kangasjarvi et al. 2005). By mimicking 
the oxidative burst that is observed in response to avirulent pathogens, plants sensi-
tive to ozone develop hypersensitive response like localized lesions (Puckette et al. 
2007; Rao and Davis 2001; Wohlgemuth et al. 2002). The ozone-induced lesions 
are regulated by the phytohormones such as salicylic acid, jasmonic acid, ethylene 
and abscisic acid (Ahlfors et al. 2004; Kangasjarvi et al. 2005; Overmyer et al. 
2003; Rao et al. 2000, 2002). The changes in phytohormone levels in conjunction 
with the ROS levels leads to massive reprogramming of the transcriptome in 
response to elevated ozone (Li et al. 2006; Mahalingam et al. 2005, 2006; Puckette 
et al. 2008; Tosti et al. 2006). Some of the commonly induced transcripts in differ-
ent plant species in response to elevated ozone include those belonging to the 
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category of stress/defense signaling. This begs the question of what happens to 
plant pathogen interactions in the wake of elevated ozone? In a study of soybean 
mosaic virus (SMV) in the presence of elevated levels of ozone it was reported that 
increased level of this pollutant reduced the systemic spread of the virus and 
reduced the overall disease development (Bilgin et al. 2008). This was attributed to 
the non-specific defence response caused by elevated levels of pathogenesis-related 
genes such PR-1, PR-5, PR-10 and EDS-1 and genes involved in flavonoid biosyn-
thesis pathways. Overall the combined ozone and virus stress led to differential 
expression of larger number of transcripts compared to ozone or virus alone as the 
stresses progressed for a longer time (Fig. 21.2d).

21.5 Future Directions

From the above studies on examining two stresses jointly it is very clear that the 
combined stresses represents a new scenario to the plant and is simply not the sum 
of the two stresses. Secondly, large-scale transcriptomic studies have shown that in 
every case analysed to date, the combined stress treatments evoked the differential 
expression of larger number of transcripts compared to stresses applied singly. This 
again ratifies the observation that plants perceive combined stresses as something 
different. In the wake of these studies it is clear that genomics based approaches to 
improving stress tolerance in plants should move towards the next level of 
complexity. This entails analysis of multiple stresses simultaneously to simulate the 
conditions that usually operate in the field conditions. In fact, such a study has 
recently been reported wherein the impact of elevated CO

2
 and elevated O

3
 together 

was analysed for their impact on the resistance of soybean plants to the Japanese 
beetles (Casteel et al. 2008) (Fig. 21.2e). The combination of increased ozone and 
CO

2
 along with the beetles, altered the transcript levels of more than 3,000 genes, 

elevated ozone and CO
2
 changed the levels of 2,000 genes, while the beetle damage 

singly altered 1,100 genes (Casteel et al. 2008). Large scale transcriptomics data 
certainly provide a snap shot of the changes in the steady-state mRNA levels. 
Recent studies have indicated that post-transcriptional gene regulation plays a 
crucial role in plant stress signalling (Liu et al. 2008; Shukla et al. 2008; Sunkar 
et al. 2007). The dawn of the genomics era has led to emphasis on integrated analy-
sis of stress response in whole plants tying together physiological and phenotypic 
observations with information on gene complement, transcript changes, protein 
complexes and metabolite levels (Bohnert et al. 2006). Combining transcriptomics 
of cell-and development stage specific profiling in roots in response to abiotic 
stress, it was elegantly demonstrated that transcriptional state of a cell is predomi-
nantly a reaction to environmental conditions regulated by a core set of genes 
that determines the cell identity (Dinneny et al. 2008). Thus it is apparent that to 
engineer tolerance to multiple traits that operate under realistic field conditions, 
plant molecular biologists and plant biotechnologists have to embrace the systems 
biology approaches to integrate data from multiple platforms.
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Abstract There are many transformation methods available for stable integration 
of a desirable gene into plant cells. In transformation, variable numbers of desired 
genes together with marker genes are randomly inserted into the plant genome. 
Therefore, cumbersome screening procedures are required to identify transgenic 
plants with a single copy of transgenes at appropriate expression levels. However, the 
lack of reproducibility of expression levels limits studies of both the gene expression 
and physiological effects of transgenes. And remaining of marker genes precludes 
retransformation with the same marker system and can raise safety and public con-
cerns. The targeting approach is the best way to solve this problem. In this chapter, 
we focus on the application of site-specific recombination systems for introducing a 
desirable gene into a predefined site in a plant genome. Furthermore, we discuss an 
approach for removing a marker gene from targeted transgenic plants.

22.1  Introduction

With advances in gene recombination technology, the functional genome analysis 
of major crops has recently been vigorously promoted and several transgenic crops 
are now in large-scale commercial cultivation. For the commercialization of trans-
genic crops, added useful traits must be expressed stably and transmitted faithfully 
to the next generation. The problem must be overcome in order to select efficient 
reliable transgenic crops (Birch 1997).

Agrobacterium- and biolistic-mediated transformation methods are widely used to 
introduce a desirable gene into crops. However, even when the same gene is intro-
duced into the same plant materials under the same culture conditions, transgenic 
crops still show large variations in transgene expression levels (Kohli et al. 2003). In 
transformation, a large number of genes are randomly inserted into the host’s genome 
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and the presence of excess copies of the transgene, tandem duplicated copies and 
partially deleted copies destabilizes transgene expression by RNA silencing (Matzke 
and Matzke 1991; Matzke and Mette 2000; Meyer 2000; Kumar and Fladung 2001). 
Since only a small number of transgenic plants have a single copy of stably expressed 
transgenes, a large number of transgenic plants must be produced and analyzed to 
select transgenic plants with a transgene at expected expression levels (Maqbool and 
Christou 1999; De Wilde et al. 2001; Vain et al. 2002). Moreover, it is impossible to 
repeatedly introduce a desirable gene into the same target site of a plant genome and 
to produce transgenic plants with a transgene at identical expression levels. This lack 
of reproducibility of transgene expression makes it difficult to compare close phenotypic 
differences among transgenic plants.

The targeting approach is the best way to solve this problem, by introducing a 
desirable gene into a predefined site in a plant genome (Ow 2002; Lyznik et al. 
2003). With the aid of a site-specific recombination system, a site-specific integration 
method to insert a desirable gene into a predefined site (Albert et al. 1995; Vergunst 
and Hooykaas 1998; Vergunst et al. 1998; Day et al. 2000; Choi et al. 2000; 
Srivastava and Ow 2001; Srivastava et al. 2004; Chawla et al..2006) and the recom-
binase-mediated cassette exchange (RMCE) method to exchange a desirable gene 
with a target gene at a predefined site (Nanto et al. 2005; 2009; Nanto and Ebinuma 
2008; Louwerse et al. 2007) are currently being developed. Systems for removing 
a marker gene from targeted transgenic plants with a transgene at a predefined site 
have recently been proposed and demonstrated (Srivastava and Ow 2004; Nanto 
and Ebinuma 2008). This report summarizes a targeting approach that includes a 
marker-free targeted transgenic plant.

22.2  Targeted Transformation Using a Site-Specific 
Recombination System

The introduction of a desirable gene into a predefined site in a plant genome by using 
a site-specific recombination system involves a two-stage process. First, with the use 
of conventional transformation methods, a target gene is randomly integrated into a 
plant genome and a transgenic plant with a single copy of stably expressed transgenes 
is selected as a target line. The target line has a target gene at a predefined target site 
in the plant genome. Next, a desirable gene is re-introduced into the target line and a 
transgenic plant with a desirable gene at a target site is selected.

To introduce a desirable gene into a target site, CRE/lox derived from bacterio-
phage P1 (Fukushige and Sauer 1992), FLP/frt from Saccharomyces cerevisiae 
(O’Gorman et al..1991) and R/RS from Zygosaccharomyces rouxii (Matsuzaki et al. 
1990; Onouchi et al. 1991) are widely used. Site-specific recombination systems 
consist of two components: the recombinase and its recognition sequences. The 
recombinase efficiently mediates DNA recombination in two arranged recognition 
sequences. Two methods using site-specific integration and RMCE are designed to 
introduce a desirable gene into a target site in a plant genome. Figure 22.1a shows 
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Fig. 22.1 Site-specific integration (a) and RMCE (b) methods. Genomic target sites containing 
one recognition sequence adjacent to a target gene (a) or two recognition sequences flanking a 
target gene in opposite orientation (b) are created by conventional transformation methods. 
Introduction of a construct carrying one recognition sequence adjacent to a desirable gene (a) or 
two recognition sequences flanking a desirable gene in opposite orientation (b) leads to targeted 
integration (a) or replacement via double reciprocal recombination (b). Since site-specific recom-
bination reactions are fully reversible, recombinases catalyze excision of an integrated desirable 
gene flanked by two recognition sequences in direct orientation (a) but only inversion of an 
exchanged desirable gene flanked by two recognition sequences in opposite orientation (c). P: 
promoter, T: terminator, Rs: recognition sequence
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a model for site-specific integration methods. The target line has a recognition 
sequence together with a target gene at a predefined target site in a plant genome. 
The plasmid DNA to re-introduce a desirable gene also has a recognition sequence. 
Since the recombinase mediates recombination in two recognition sequences, a 
desirable gene is inserted into a predefined target site in a plant genome. Figure 22.1b 
shows a model for RMCE methods. The target line has a target gene flanked by two 
recognition sequences in an opposite orientation at a predefined target site in a 
plant genome. The plasmid DNA has a desirable gene flanked by two recognition 
sequences in an opposite orientation. Since the recombinase mediates recombination 
in two recognition sequences, a desirable gene is exchanged with a target gene at a 
predefined target site in a plant genome.

22.3  Development of Targeted Transformation Methods

Targeted transformation methods using site-specific integration and RMCE have 
been reported in tobacco (Albert et al. 1995; Day et al. 2000; Choi et al. 2000; 
Nanto et al. 2005; 2009; Nanto and Ebinuma 2008), rice (Srivastava and Ow 2002; 
Srivastava et al. 2004; Chawla et al..2006) and Arabidopsis (Vergunst and Hooykaas 
1998; Vergunst et al. 1998; Louwerse et al. 2007). Conventional transformation 
methods are used to re-introduce a desirable gene into target lines for site-specific 
integration and RMCE. Most of the desirable genes are randomly integrated into 
the plant genome of target lines, while the probability that a desirable gene will be 
introduced into a target site of a plant genome is extremely low. Therefore, it is very 
important to improve transformation processes for obtaining transgenic plants with 
a desirable gene at a target site. Several strategies have been employed with the aim 
of addressing the issues. Table 22.1 summarizes the properties of these targeted 
transformation methods.

22.3.1  Modification of Recognition Sequences

When a desirable gene is re-introduced by site-specific integration methods, the 
desirable gene integrated into a target site in a plant genome is flanked by two 
recognition sequences in a direct orientation, as shown in Fig. 22.1a. Since recom-
binase mediates the excision of a desirable gene from a target site due to its reversible 
reaction, it is difficult to stabilize the integration of a desirable gene into a target 
site. In tobacco (Albert et al. 1995; Day et al. 2000; Choi et al. 2000) and rice 
(Srivastava and Ow 2002; Srivastava et al. 2004; Chawla et al..2006), an approach 
to decrease the excision of a desirable gene from a target site by using mutant 
recognition sequences has been reported.

The recognition sequence of the CRE/lox recombination system consists of a 
spacer sequence of 8 bp flanked by two inverted repeat sequences of 13 bp as shown, 
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in Fig. 22.2a. Each of two mutant recognition sequences has a mutation on one side 
of the inverted repeat sequences. Recombination between two mutant recognition 
sequences leads to wild-type recognition sequences and dual mutant recogni-
tion sequences that have a mutation on both sides of the inverted repeat sequences. 
The recombination frequency between wild-type and dual mutant recognition 
sequences is very low. In an improved site-specific integration method, plasmid 
DNA with one mutant recognition sequence together with a desirable gene is 
re-introduced into the target line that has another mutant recognition sequence 
together with a target gene, as shown in Fig. 22.2b. The desirable gene integrated 
into a target site is flanked by wild-type and dual mutant recognition sequences in a 
direct orientation. The low recombination between wild-type and dual mutant 
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h: 7 plants / 6 plants / 128 leaf segments, j: 9 plants / 0 plants / 128 leaf segments,
k: 18 plants / 0 plants / 576 leaf segments, l: 2 plants / 1 plant / 50 leaf segments,
m: 1 plant / 3 plants / 13584 root segments.
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Table 22.1 Properties of targeted transformation methods

1 A recombinase gene is constitutively expressing at a target site of a plant genome. The expression 
is stopped by insertion of a desirable gene. 2: One plasmid DNA contains a desirable gene and 
another one a recombinase gene. Two kinds of plasmid DNA are co-transformed. 3: A plasmid 
DNA contains a recombinase gene flanked by two recognition sequences in direct orientation. 
Recombinase automatically excises it. 4: A silent marker gene is activated by insertion into a target 
site. 5: Positive and negative (ipt) marker genes are flanked by two recognition sequences in direct 
orientation. Recombinase automatically excises randomly integrated copies. 6: A negative marker 
gene (codA) is placed at a target site of a plant genome. A desirable gene is exchanged with it by 
RMCE. 7: A targeted desirable gene is segregated from randomly integrated copies at next genera-
tion. 8: A desirable gene is flanked by two recognition sequences in direct orientation. Recombinase 
automatically excises randomly integrated copies. 9: (the number of targeted transgenic plants with 
no additional copy/the number of targeted transgenic plants with additional copies/the number of 
explants) a: Albert et al. 1995, b: Vergunst and Hooykaas 1998, c: Vergunst et al. 1998, d: Day 
et al. 2000, e: Choi et al. 2000, f: Srivastava and Ow 2002, g: Srivastava et al. 2004, h: Nanto et al. 
2005, i: Chawla et al. 2006, j: Ebinuma and Nanto 2007, k: Nanto et al. 2009, l: Nanto and 
Ebinuma 2008, m: Louwerse et al. 2007
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recognition sequences controls excision events and stabilizes the integration of a 
desirable gene into a target site in a plant genome.

In the RMCE method, two recognition sites in an opposite orientation, as 
shown in Fig. 22.1b, flank the exchanged desirable gene with a target gene in a 
plant genome. Recombinase mediates inversion, rather than excision, of the 
exchanged desirable gene in a plant genome, as shown in Fig. 22.1c. Nanto et al. 
(2005) reportedly obtained targeted transgenic plants that have an exchanged 
desirable gene in direct and opposite orientations at a target site in a plant genome. 
Louwerse et al. (2007) reported the use of a wild-type recognition sequence and a 
mutant recognition sequence that has a mutation on a spacer sequence for RMCE. 
It is possible to obtain targeted transgenic plants with an exchanged desirable gene 
only in a direct orientation due to a lack of recombination between wild-type and 
mutant recognition sequences.

GCATACAT

(Spacer sequence)

(Inverted repeat sequence) (Inverted repeat sequence)

ATAACTTCGTATA ATAACTTCGTATA

Mutant loxP site:

Double mutant loxP site: 

Wild loxP site: 
Rs

Rs

Rs Rs

X

P Desirable gene T Target geneP T

Rs

Rs

sRsR

Target geneP T

Desirable geneP T

a

b

Fig. 22.2 Recognition sequences of the loxP site (a) and site-specific integration by using mutant 
loxP sites (b) (a) The loxP site consists of two 13 bp inverted repeats flanking an 8 bp spacer 
region. The mutant loxP site has a mutation on one side of the inverted repeat sequences, while 
the dual mutant loxP site has a mutation on both sides. (b) Introduction of a construct carrying one 
mutant loxP site into a target line containing another mutant loxP site leads to targeted integration 
of a desirable gene flanked by a wild loxP site and a dual mutant loxP site in direct orientation. 
Their low recombination frequency suppresses excision of an integrated desirable gene. P: pro-
moter, T: terminator, Rs: recognition sequence
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22.3.2  Control of Recombinase Gene Expression

In the introduction of a desirable gene into a target site by the use of a site-specific 
recombination system, recombinase mediates both integration and exchange events 
of a desirable gene. After the integration or exchange event of a desirable gene, 
recombinase falls into disuse and any remaining causes destabilization of a desir-
able gene at a target site in a plant genome. In site-specific integration methods 
using tobacco (Albert et al. 1995; Day et al. 2000; Choi et al. 2000) and rice 
(Srivastava and Ow 2002; Srivastava et al. 2004; Chawla et al..2006), a system in 
which the expression of a recombinase gene is stopped by integration of a desirable 
gene into a target site is adopted. The target line has a recombinase gene at a target 
site in a plant genome, as shown in Fig. 22.3a. The recombinase gene is expressed 
constitutively and has a recognition sequence between the promoter and coding 
sequences. A plasmid DNA that has a recognition sequence with a desirable gene 
is re-introduced into the target line. The plasmid DNA is inserted between the pro-
moter and coding sequences of a recombinase gene and its expression is stopped.

Through the use of site-specific integration methods in tobacco (Albert et al. 
1995) and in Arabidopsis (Vergunst and Hooykaas 1998; Vergunst et al. 1998), and 
RMCE methods in Arabidopsis (Louwerse et al. 2007) by the co-transformation of 
both the recombinase and desirable genes, a desirable gene is introduced into a target 
site. Two kinds of plasmid DNA are shown in Fig. 22.3b. One plasmid DNA has a 
recognition sequence together with a desirable gene and the other has a recombinase 
gene. The two kinds of plasmid DNA are introduced separately into Agrobacterium. 
By the co-transformation of two kinds of Agrobacterium, both kinds of plasmid 
DNA are introduced simultaneously into the same target line. Louwerse et al. (2007) 
reported obtaining targeted transgenic plants with a desirable gene at a target site in 
a plant genome. The targeted desirable gene at a target site and randomly integrated 
copies of recombinase genes could be segregated in the progeny of targeted trans-
genic plants. In some targeted transgenic plants, any recombinase gene remaining 
was not detected. These results show that a desirable gene can be introduced into a 
target site by the transient expression of a recombinase gene.

In RMCE methods with tobacco (Nanto et al. 2005; 2009; Nanto and Ebinuma 
2008), the SDI system in which recombinase removes randomly integrated copies of 
recombinase genes from a plant genome is adopted. A plasmid DNA that has a 
recombinase gene flanked by two recognition sequences in direct orientation 
together with a desirable gene is re-introduced into a target line, as shown in Fig. 
22.3c. A desirable gene is exchanged with a target gene at a target site in a plant 
genome through the mediation of a recombinase gene on the same plasmid DNA. 
The randomly integrated copies of a recombinase gene in a plant genome are 
removed by recombinase. Nanto et al. (2005) reported that none of the targeted 
transgenic plants had a recombinase gene and no footprint that would indicate the 
removal of a recombinase gene from a plant genome was detected in targeted transgenic 
plants. These results show that the SDI system can efficiently produce targeted trans-
genic plants with no recombinase gene and the transient expression of a recombinase 
gene can mediate the exchange of a desirable gene with a target gene.



534 H. Ebinuma and K. Nanto

X

Rs

Rs

Rs Rs

P Recombinase gene T

P Recombinase geneT

Desirable geneP T

Desirable geneP T

X

Target geneP T

X

P Recombinase gene T

Rs Rs

Rs Rs

Rs Rs

BLBR

RB

RB

RB

RB

LB

LB

LB

LB

a

b

c

Desirable geneP T

X

Target geneP T

X

Desirable geneP T P Recombinase gene T

Desirable geneP T P Recombinase gene T

Rs Rs

sRsRsR

sRsR

Rs

Rs

Rs

Rs

LB

LB

LB

LB

LB

RB

RB

RB

RB

RB

Desirable gene T Recombinase gene TP

Desirable gene T



53522 Marker-Free Targeted Transformation

22.3.3  DNA Delivery Methods

Various DNA delivery methods can be used to re-introduce a plasmid DNA with a 
desirable gene into a target line. Double-stranded DNA is a good substrate for recom-
binase of a site-specific recombination system. With the use of PEG-mediated proto-
plast transformation (Albert et al. 1995; Day et al. 2000; Choi et al. 2000) and 
biolistic-mediated transformation (Srivastava and Ow 2002; Srivastava et al. 2004; 
Chawla et al..2006), where a large amount of double-stranded DNA is introduced into 
a plant cell, the successful production of targeted transgenic plants has been reported.

Meanwhile, with the use of Agrobacterium-mediated transformation (Vergunst 
and Hooykaas 1998; Vergunst et al. 1998), where a small amount of linear single-
stranded T-DNA is introduced into a plant cell, very few targeted transgenic plants 
have been reported. Thus, T-DNA was believed to be a poor substrate for recombi-
nase in a site-specific recombination system.

Recently, the mechanism by which T-DNA is integrated by Agrobacterium was 
revealed (Chilton and Que 2003; Tzfira et al. 2003). When Agrobacterium intro-
duces T-DNA into a plant cell, it is converted to a linear double-stranded T-DNA 
intermediate, which is integrated into the plant genome. With the use of 
Agrobacterium-mediated transformation in tobacco (Nanto et al. 2005; 2009; 
Nanto and Ebinuma 2008) and Arabidopsis (Louwerse et al. 2007), a desirable gene 
of plasmid T-DNA has been reported to exchange with a target gene of a plant 
genome at a fairly high rate. In Arabidopsis (Louwerse et al. 2007), no additional 
copy of a desirable gene that was randomly integrated into the plant genome was 
detected in targeted transgenic plants, and in tobacco (Nanto et al. 2005; in press; 
Nanto and Ebinuma 2008), no footprint that would indicate the removal of a desirable 
gene that was randomly integrated into a plant genome was detected in targeted 
transgenic plants. These results show that linear single-stranded T-DNA is not a 

Fig. 22.3 Control strategies of recombinase gene expression. (a) Genomic target sites contain a 
recognition sequence between the promoter and coding sequences of the recombinase gene which is 
expressed constitutively. Introduction of a construct carrying one recognition sequence leads to 
insertion of a desirable gene between the promoter and coding sequences. The recombinase gene 
expression is stopped. (b) Genomic target sites contain two recognition sequences flanking a 
target gene in opposite orientation. One construct carries two recognition sequences flanking a desir-
able gene in opposite orientation. Another construct carries only a recombinase gene. Co-introduction 
of both these constructs leads to replacement of a target gene with a desirable gene by transient 
expression of a recombinase gene. Randomly integrated copies of recombinase genes are segregated 
at the next generation. (c) Genomic target sites contain two recognition sequences flanking a target 
gene in opposite orientation. A construct carries two recognition sequences flanking a recombinase gene 
in direct orientation together with a desirable gene that is flanked by two recognition sequences in 
opposite orientation. Introduction of the construct leads to replacement of a target gene with a desirable 
gene by transient expression of a recombinase gene. Recombinases catalyze excision of randomly 
integrated copies of both the desirable and recombinase genes. P: promoter, T: terminator, Rs: 
recognition sequence, LB: left border, RB: right border
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limiting substrate for recombinase of a site-specific recombination system and a 
desirable gene of a linear double-stranded T-DNA intermediate can exchange 
directly with a target gene in a plant genome.

22.3.4  Selection of Targeted Transgenic Plants

With the current transformation methods, a desired gene is randomly integrated into 
a plant genome. Since the proportion of targeted transgenic plants to randomly inte-
grated ones is extremely low, the development of highly efficient selection methods 
has become a major issue. To overcome this problem, a strategy in which a selection 
marker gene can be activated by introducing a desirable gene into a target site is 
widely used (Albert et al. 1995; Vergunst and Hooykaas 1998; Vergunst et al. 1998; 
Day et al. 2000; Choi et al. 2000; Srivastava and Ow 2002; Srivastava et al. 2004; 
Chawla et al..2006; Louwerse et al. 2007). As shown in Fig. 22.4a, in site-specific 
integration methods, the target line has a transgene where a recognition sequence is 
placed between the promoter and coding sequences. A plasmid DNA with a recogni-
tion sequence and a silent marker gene without a promoter sequence is re-introduced 
into the target line. When it is integrated into a target site, the coding sequence of a 
marker gene is joined to the downstream region of a promoter sequence of a trans-
gene at a target site and the expression of a marker gene is activated.

Nanto et al. (2005; 2009) reported the design of a system that can efficiently enrich 
gene exchange events through the removal of randomly integrated genes. As shown 
in Fig. 22.4b, a plasmid DNA has a desirable gene, a marker gene and a ipt gene that 
are flanked by two recognition sequences in a direct orientation. With the use of 
Agrobacterium methods, a plasmid DNA is re-introduced into a target line. For some 
plasmid DNA, both the desirable and marker genes are exchanged with a target gene 
at a target site. Recombinase mediates the excision of randomly integrated plasmids 
DNA from a plant genome. The ipt gene is used as a negative selection marker to 
identify transgenic plants that still contain randomly integrated plasmid DNA. Since 
transgenic plants with an ipt gene show a shooty phenotype without rooting ability 
due to the overproduction of cytokinin, they can be easily identified (Ebinuma et al. 
1997; Sugita et al. 1999). In addition, this system can be expected to show an 
increased frequency of gene exchange events during transformation since cytokinin 
induces callus formation and proliferates selectively transgenic cells in which a plasmid 
DNA with desirable and recombinase genes are introduced.

22.4  Marker-Free Targeted Transgenic Plants

Conventional transformation methods widely use a marker gene such as an antibi-
otic-resistance gene to select a transgenic plant. A selection marker gene remaining 
in a transgenic plant interrupts the accumulation of transgenes by re-transformation 
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Fig. 22.4 Selection strategies of targeted transgenic plants. (a) Genomic target sites contain a 
recognition sequence between the promoter and coding sequences of the target gene that is 
expressed constitutively. A construct carries one recognition sequence adjacent to a silent marker 
gene without a promoter sequence. Introduction of the construct leads to insertion of a silent 
marker gene between the promoter and coding sequences of the target gene. The marker gene 
expression is activated. (b) Genomic target sites contain two recognition sequences flanking a 
target gene in opposite orientation. A construct carries two recognition sequences flanking an ipt 
gene in direct orientation together with marker and desirable genes that are flanked by two recog-
nition sequences in opposite orientation. Introduction of the construct leads to replacement of a 
target gene with marker and desirable genes. Recombinases catalyze excision of randomly inte-
grated copies of the marker, desirable and ipt genes. The ipt gene is used as a negative selection 
marker to eliminate transgenic plants where randomly integrated copies are remaining. P: promoter, 
T: terminator, Rs: recognition sequence, LB: left border, RB: right border
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and reduces the acceptability of transgenic crops by consumers. Currently, the 
segregation of a marker gene by co-transformation systems and the removal of 
a marker gene by site-specific recombination systems have been reported to pro-
duce marker-free transgenic plants (Ebinuma et al. 2001, 2004, 2005). In a targeted 
transformation method, the introduction of both the desirable and marker genes into 
the same target site is needed to select a targeted transgenic plant. When marker-free 
transgenic plants are produced by co-transformation methods, the desirable and 
marker genes must both be separately introduced into sites on different chromo-
somes to segregate the desirable gene from the marker gene in the next generation. 
Therefore, co-transformation methods cannot be used to remove a marker gene 
from a targeted transgenic plant.

Recently, the removal of a marker gene from a targeted transgenic plant by the 
use of a site-specific recombination system has been reported (Nanto and Ebinuma 
2007). The RMCE method is used to produce a targeted transgenic plant with desir-
able and marker genes at a target site in a plant genome. As shown in Fig. 22.5a, 
the marker gene of a targeted transgenic plant is flanked by two recognition 
sequences in a direct orientation. The plasmid DNA that has ipt and recombinase 
genes flanked by two recognition sequences in a direct orientation is re-introduced 
into the targeted transgenic plant. Recombinase mediates the removal of a marker 
gene at a target site and randomly integrated plasmid DNA from a plant genome. 
The ipt gene is used as a negative selection marker to exclude transgenic plants with 
randomly integrated plasmid DNA (Ebinuma et al. 1997; Sugita et al. 1999). The 
overproduction of cytokinin by the ipt gene regenerates transgenic plants in hor-
mone-free medium and, based on a DNA analysis, half of the population with a 
normal phenotype becomes marker-free targeted transgenic plants. Since some of 
the marker-free targeted transgenic plants have no footprint that would indicate the 
removal of randomly integrated plasmid DNA from the plant genome, this result 
shows that the transient expression of a recombinase gene can efficiently remove a 
marker gene from a plant genome.

Meanwhile, Ebinuma and Nanto (2007) reported the selection of marker-free 
targeted transgenic plants by using a negative marker gene (codA) with RMCE methods. 
The codA gene codes for a cytosine deaminase, which converts 5-fluorocytosine 
(5-FC) to 5-fluorouracil (5-FU). Since 5-FU is toxic to plant cells, a transgenic 
plant with a codA gene is blighted on medium containing 5-FC (Schlaman and 
Hooykaas 1997). As shown in Fig. 22.5b, a target transgenic line has a codA gene 
at a target site in either a heterozygous or homozygous condition. With the use of 
Agrobacterium methods, plasmid DNA with only a desirable gene is re-introduced 
into the target lines. Agrobacterium is infected to 64 pieces of tobacco leaf and 
transgenic plants that survive on medium containing 5-FC are selected. Among 
the transgenic plants that were resistant to 5-FC, 20% to 30% were shown to be 
marker-free targeted transgenic plants. Interestingly, the results show that 
marker-free transgenic plants with a desirable gene at a target site in a homozygous 
condition can be selected if target lines with a codA gene at a target site in a 
homozygous condition are used for transformation.
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Fig. 22.5 Selection strategies of marker-free targeted transgenic plants. (a) Targeted transgenic 
plants have two recognition sequences flanking a marker gene in direct orientation adjacent to a 
desirable gene. Introduction of a construct carrying two recognition sequences flanking ipt and 
recombinase genes in direct orientation leads to excision of a marker gene at genomic target sites. 
Recombinases catalyze excision of randomly integrated copies of the ipt and recombinase genes. 
The ipt gene is used as a negative selection marker to eliminate transgenic plants where randomly 
integrated copies are remaining. (b) Genomic target sites contain two recognition sequences flank-
ing a codA gene in opposite orientation. Introduction of a construct carrying two recognition 
sequences flanking a desirable gene in opposite orientation leads to replacement of a codA gene 
with a desirable gene. The codA gene is used as a negative selection marker to eliminate transgenic 
plants where codA genes are remaining. P: promoter, T: terminator, Rs: recognition sequence, LB: 
left border, RB: right border
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22.5  Reproducibility of Transgene Expression

The so-called “position effect” refers to a difference in expression levels among 
transgenes at different positions in a plant genome. However, the technical diffi-
culty of introducing a desirable gene into a predefined site in a plant genome has 
been a major issue in clarifying the position effect (Meyer 2000; Kumar and 
Fladung 2001; Koli et al. 2003; De Buck et al. 2004; Kim et al. 2007). Targeted 
transformation methods are useful tools to control variable transgene expression 
caused by transgene integration patterns and genomic location.

In cultured animal cells, the development of RMCE methods using a site-spe-
cific recombination system is underway and the effects of gene structures and 
chromosomal positions on the expression of transgenes have been examined in 
detail (Feng et al. 1999, 2001; Eszterhas et al. 2002). When a desirable gene is 
introduced into a predefined site with high transcriptional activity by the RMCE 
method, the gene expression levels are highly predictable and repeatable, with very 
little variation. The gene expression level clearly depends on the site at which a 
desirable gene is introduced and also the orientation of the introduced gene con-
structs. When two genes joined in a tandem, divergent or convergent orientation are 
introduced into a predefined site, the strongest interference with gene expression is 
detected with a convergent orientation and gene expression is most strongly 
affected by chromosomal positions in a tandem orientation.

In rice, Chawla et al. (2006) reported to obtain targeted transgenic plants that 
contain a single copy of desirable genes at a target site but not additional copies at 
random genomic sites by using the site-specific integration method. The desirable 
genes at target sites were expressed at consistent levels over three to four generations 
and the gene expression levels nearly doubled in the homozygous progeny. In 
tobacco, Nanto et al. (2009) examined the effect of chromosomal position on gene 
expression by using the RMCE method. A desirable gene is re-introduced into three 
different target lines of tobacco by the RMCE method and into a control line by the 
conventional method. The variation of gene expression levels within desirable genes 
at the same target site is very slight compared with that among randomly integrated 
genes. There is a large difference in gene expression levels for a desirable gene at 
three target sites, but there is no correlation of gene expression levels between a 
target gene at three target sites and a desirable gene exchanged with the target gene. 
Interestingly, when one, two and three desirable genes joined in a tandem orientation 
are re-introduced into the same target line (Nanto and Ebinuma 2007), the gene 
expression levels increase more than two- and threefold. The orientation of desirable 
genes at a target site has been shown to influence their expression.

22.6  Conclusion

In the context of global climate changes and rapidly growing food demands, devel-
opment of reliable transformation methods is a major target for trait improvement 
of commercial crops. Since plant transformation is a fundamental technique in the 
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functional analysis of genes as well as in the production of transgenic crops. In 
transformation, variable numbers of desired genes together with marker genes are 
randomly inserted into the plant genome. Therefore, it requires a large amount of 
DNA and RNA analysis to identify a transgenic plant with a single copy of a 
desired gene with a high expression level. However, the lack of reproducibility of 
expression levels limits studies of both the gene expression and physiological 
effects of transgenes. And remaining of marker genes precludes retransformation 
with the same marker system and can raise safety and public concerns.

Compared with conventional methods, the RMCE method enables us to easily 
identify such reliable transgenic plants simply by using a PCR analysis, and to 
consistently reproduce the same gene expression level. Furthermore, marker-free 
targeted transgenic plants can be selected by using a negative marker gene (codA). 
If we use the same target lines as common standard lines, it is possible to compare 
gene expression levels at the same target site in a plant genome. Such a common 
evaluation criterion is very useful for precisely investigating gene characteristics 
and genome functions, and for optimizing a gene structure for research and com-
mercial use based on the high predictability and repeatability of gene expression.

In a negative selection system, the target line has a single copy of a codA gene with 
consistent expression levels. By using a target line with high sensitivity to 5-FC, high 
selection efficiency could be achieved. Instead of a codA gene, visual reporter genes 
and regeneration promotion genes could be used to promote both the regeneration and 
identification of transgenic cells during the transformation process. If a target line for 
the RMCE method has such suitable characteristics for transformation, transforma-
tion efficiency can increase dramatically in recalcitrant plant species.
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Abstract Promoter is a DNA fragment with crucial cis-acting signature sequences 
governing the transcription of an adjoining gene. The promoter elements govern the 
level of expression of the associated gene, determine the responsiveness of the gene 
to physical and/or chemical stimuli and decide whether the associated gene would 
constitutively express or would exhibit tissue or developmental stage specific 
expression. Depending upon the signal sequences present in the promoter element 
the expression of the associated gene would respond to one or to a combination 
of more than one such signal. Promoter element is thus the key component for 
regulated expression of introduced genes in transgenic plants. A range of promoter 
elements is being identified and exploited for need-based tailoring of transgenes 
both for basic and applied purposes. A variety of approaches are employed to 
isolate promoter elements from plants, amongst them transferred DNA (T-DNA) 
insertion mutagenesis has been extensively used in identification and cloning of 
genes, promoters, enhancers and other regulatory sequences. In this chapter, we 
discuss the T-DNA based approach for identification and isolation of promoter 
elements from plants. We also highlight the impact of T-DNA tagging strategy in 
functional genomics studies and discuss some recent developments in the field of 
cloning, characterization and identification of promoter elements in Arabidopsis 
thaliana. Finally, we summarize some of the commonly employed approaches for 
characterization and analysis of plant promoters.

23.1 Introduction

Promoter is an indispensable part of a functional gene. A promoter consists of a core 
sequence and several cis-regulatory sequences responsible for binding of proteins called 
transcription factors (TFs). The expression of a gene is determined by the presence of 
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specific signature sequences in the promoter region and their complex but coordinated 
interactions with the TFs (Li et al. 2002). Based on the nature of gene expression, 
promoters have been classified as constitutive, tissue specific, temporal/stage specific 
or inducible promoters. Constitutive promoters are responsible for regulating gene 
expression throughout a plant life in all the cell types, whereas temporal and tissue 
specific promoters regulate gene expression in certain developmental stages or in 
certain cell types. The inducible promoters are activated only upon sensing some 
physical, chemical or environmental cues (Datla et al. 1997; Tyagi 2001). Some of 
these promoter elements are able to retain their functionality across the species, gen-
era and kingdom e.g., the 35S cauliflower mosaic virus (35S CaMV) promoter is 
constitutively expressed in several plants and is probably the most popularly used 
regulatory element in transgenic experimentations (Yoshida and Shinmyo 2000).

The history of plant promoter identification and elucidation of plant genes dates 
back to late 1970s to early 1980s with the landmark discovery of Agrobacterium medi-
ated transfer of genes and their expression in plants (Kuhlemeier et al. 1987; Ream and 
Gordon 1982). The fine mapping of the T-DNA region led to the identification and 
characterization of promoter regions of octopine synthase (ocs) and nopaline synthase 
(nos) genes, which have since been widely exploited in plant genetic engineering 
(Bevan et al. 1983; Herrera-Estrella et al. 1983; Fraley et al. 1983). The conventional 
approach for identification of promoter is to clone the adjoining DNA sequence from 
a genomic DNA library using the transcribed part of the gene as a probe. This approach 
has led to the isolation of several promoter elements e.g. promoters specific for anther 
tissues (Albani et al. 1992; Koltunow et al. 1990; Beals and Goldberg 1997). In recent 
years, the advancement in the field of functional genomics has led to a variety of tech-
niques for promoter isolation in plants. Some of them involve prior information about 
transcripts either through differential display technique (Reuber and Ausubel 1995) or 
microarray-based expression profiling (Schena et al. 1995; Richmond and Sommerville 
2000). The transcript information is utilized for cloning of the gene and its regulatory 
regions (Digeon et al. 1999; Mishra et al. 2002; Ukai et al. 2002).

One of the major bottlenecks in conventional approach of promoter isolation is 
the difficulty in the identification of promoter element of an individual gene 
belonging to a gene family. Even the recently developed techniques like microarray 
and real time PCR-based approach of transcript identification is technically 
demanding and limited by the sensitivity of the method to detect genes that are 
expressed at a very low level and/or in a transient manner (Springer 2000). In this 
context, a complementary approach of random insertion of reporter genes either 
through T-DNA or transposons(Tn) as mutagen is exploited for plant gene promoter 
isolation (Azpiroz-Leehan and Feldmann 1997; Krysan et al. 1999; Resminath 
et al. 2005a; Parinov and Sundaresan 2000). In principle, the reporter gene present 
in the T-DNA or Tn gets inserted in the vicinity of a regulatory sequence and under 
its influence gets transcribed. The reporter gene in a T-DNA or transposon in the 
process literally traps or tags an element conferring the expression behavior. 
Difference in the ‘trapping’ constructs determines the type of DNA element identified. 
A variety of vectors have been designed to trap and identify genes, exons, or the 
regulatory elements like promoters and enhancers (Springer 2000).
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The salient feature of T-DNA based promoter trapping and its functional utility in 
plant biology has been addressed in the present article. Besides providing the recent 
information on promoter and enhancer cloning in plant using T-DNA-based pro-
moter trapping and enhancer trapping strategies, we also discuss the most commonly 
employed approaches for characterization of plant promoters.

In recent years, the genome sequence information in several organisms has 
effectively complemented genomic insertion tools and greatly facilitated identifica-
tion and isolation of genes and promoters. The major advantage of these tools is 
that they allow easy identification of genes and promoters and assist precise func-
tional annotation of the tagged element if the genomic sequence information is 
available. In plants, the T-DNA of Agrobacterium and transposon insertions have 
significantly contributed to isolation of genes and promoters through gene and 
promoter trap vectors, respectively (Fobert et al. 1991; Klimyuk et al. 1995; 
Resminath et al. 2005b; Sundaresan et al. 1995; Topping et al. 1991). In the 
T-DNA- based promoter-trapping approach the constructs consist of a promoterless 
reporter gene for easy monitoring of the activity of the tagged chromosomal locus.
Table 23.1 summarizes the features of promoter, enhancer and gene trap vectors.

The event of T-DNA integration downstream to a native gene promoter results 
in either transcriptional or translational gene fusions, leading to the expression of 
the reporter gene (Fig. 23.1). The T-DNA insertion within the exonic sequence 
leads to transcriptional fusion between the reporter gene and the mRNA coding 
gene, while the translational gene fusion takes place when the reporter gene lacking 
an ATG start codon is integrated in frame with the coding sequence of a gene 

Table 23.1 Comparison between promoter trap, enhancer trap and gene traps

Feature Promoter trap Enhancer trap Gene trap

Vector strategy Consists of reporter 
gene without 
any promoter 
element

Reporter gene fused 
to a minimal 
promoter

Consists of 
promoterless 
reporter gene 
and a splice 
acceptor site

Expression condition Insertion in correct 
orientation and in 
a transcriptional 
unit or 
downstream to 
a native gene 
promoter

Insertion in any 
orientation and in 
any place within 
the range of an 
enhancer element 
activity

Insertion in correct 
orientation and 
within a gene 
nearby a splice 
site donor

Probability of 
finding reporter 
gene expression

Low High Low

Probability of gene 
knockouts

High Low High

Isolation of 
responsible cis-
acting element

Easy Difficult; requires 
careful and 
detailed 
experimentations

Easy
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Fig. 23.1 Schematic representation of a typical T-DNA of promoter and enhancer trap constructs. 
(a) Simplified structure of a typical mRNA coding gene. SD and SA are splice donor and splice 
acceptor site involved in intron splicing. The +1 represents the TSS. (b) A schematic diagram of 
T-DNA based promoter trapping construct with promoterless reporter gene. RB and LB are right 
border and left border of T-DNA. (c) Simplified diagram representing T-DNA based enhancer trap-
ping construct. The TATA box represents the minimal promoter sequence containing only TATA 
box fused with the reporter gene. (d) A gene knockout situation resulting from the T-DNA based 
promoter trap insertion in the adjacent 5′ upstream sequence of a nearby gene leading to the disrup-
tion of transcript production of the gene. The adjacent promoter sequence however activates the 
synthesis of reporter gene transcript. (e) A situation resulting from T-DNA insertion in the initial 
sequence of the exon giving rise to transcriptional/translational fusion of reporter and gene product. 
The situation need not result into complete gene knockout. (f) An enhancer trap construct may be 
influenced by an endogenous enhancer element situated far apart from the T-DNA insertion site
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(Koncz et al. 1989). Besides getting transcribed and activated, the promoter trap 
elements may also result into knockout effect of the gene to produce a mutant phe-
notype when inserted into the structural part of a gene.

The first generation promoter trapping constructs used in plants consisted of pro-
moterless selectable marker gene placed nearby the borders of the T-DNA region to 
capture a regulatory sequence adjacent to the T-DNA junction (Andre et al. 1986; 
Herman et al. 1990; Koncz et al. 1989). One of the limitations with such approach 
was that the transgenics were selected only when the marker gene was placed adja-
cent to an active regulatory DNA sequence. As a consequence trapped promoter 
activity was detected only during the time of selection pressure and promoters active 
at early developmental events or not expressed during callus phase or specifically 
expressed in specialized cells/tissues or responding to specific signals etc. could not 
be detected (Koncz et al. 1989). The above limitation was addressed subsequently by 
employing an additional marker gene driven by a constitutive promoter to allow the 
selection of transformants, while the promoterless marker gene placed adjacent to the 
border sequences facilitated tagging of an active promoter (Koncz et al. 1989). 
However, the major drawback of using resistance marker gene for promoter trapping 
is that the antibiotic resistance does not allow us to distinguish and identify the 
mutated phenotype in plants heterozygous for T-DNA insertions. The present genera-
tion promoter trap vectors employ visible and scorable reporter genes like uidA gene 
coding for b-glucuronidase (GUS)(Fobert et al. 1994; Kertbundit et al. 1991; Lindsey 
et al. 1993; Plesch et al. 2000; Topping et al. 1991; Wei et al. 1997), green fluorescent 
protein (gfp) (Haseloff et al. 1997; Stewart 2001; Yang et al. 1996) and luciferase 
(Alvarado et al. 2004; Mudge and Birch 1998; Remy et al. 2005; Yamamoto et al. 
2003) which allow easy histological screening of the trapped promoter activity even 
in plants heterozygous for T-DNA insertions (Walden 2002).

The enhancer trap vectors are similar to the promoter traps except the enhancer trap 
consists of minimal promoter sequence. The minimal promoter sequence by itself is 
not sufficient to drive reporter gene expression but under the influence of cis-regula-
tory DNA sequences like enhancers, can activate the reporter gene (Fig. 23.1). 
Enhancer trapping approach employs either T-DNA (Campisi et al. 1999) or transpo-
son systems like Dissociator (Ds) elements (Fedoroff and Smith 1993; Parinov et al. 
1999; Sundaresan et al. 1995; Yang et al. 2005). The Tn-based enhancer traps have 
been exploited in plant species with well-characterized Tn elements. Alternatively, the 
Tn elements from heterologous sources are cloned into T-DNA and introduced into 
plants to allow random transposition in the plant genome (Osborne and Baker 1995).

23.2  T-DNA-Based Promoter Trapping: Advantages  
and Limitations

The advantages of the present day T-DNA-based promoter tagging in plants include 
easy identification of promoters even those, which direct the transcription only 
under certain conditions and are normally difficult to identify through conventional 
approaches (Table 23.2). For example, promoters (i)that are active at different plant 
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developmental stages (Campisi et al. 1999); (ii) in response to different environ-
mental stimuli (Mandal et al. 1995); (iii) induced upon nematode (Barthels et al. 
1997; Puzio et al. 2000) and (iv) pathogen infection (Custers et al. 2002) etc., have 
been isolated through T-DNA promoter trapping. The T-DNA promoter traps can 
also lead to the identification and isolation of several cryptic promoter elements in 
plants, which otherwise are silent and apparently not associated with any protein or 
RNA coding gene (Foster et al. 1999; Mollier et al. 2000; Okresz et al. 1998; 
Sivanandan et al. 2005).

One of the major limitations of the T-DNA-based promoter isolation process is 
the non-specific and random nature of T-DNA integration (Table 23.2). At this junc-
ture it is not been possible to efficiently target the insertion to a specific genomic 
region. Whether the nature of T-DNA insertion is random or preferred for the tran-
scribed genic regions is still an ongoing debate (Francis and Spiker 2005). The 
efficiency of promoter traps are limited by the fact that the activity of the reporter 
gene in a promoter trap is detected only when the reporter gene is integrated in a 
correct orientation and downstream to an active native gene promoter. The altered 
phenotype of a plant because of T-DNA insertion provides useful clues towards the 
function of the gene. However, in some cases the pattern of reporter gene expression 
provides primary information about the specificity and function of the promoter and 
the corresponding gene even in the absence of a mutant phenotype (Prasad et al. 
2005). Another major problem, commonly encountered during the T-DNA integra-
tion process is the occurrence of extensive chromosomal DNA rearrangements like 
deletions, duplications, inversions and reciprocal translocations (Nacry et al. 1998; 
Takano et al. 1997). These chromosomal rearrangements render the subsequent 
process of identification and characterization of promoter elements very difficult.

23.3 T-DNA Promoter Trapping

The requirements and the process of T-DNA mediated promoter trapping in plants 
is outlined in Fig. 23.2: (i) an appropriate trapping vector consisting of a promoter-
less reporter gene and a selectable marker gene for the selection of transformants. 

Table 23.2 Advantages and limitations of T-DNA based promoter trapping methods

Advantages
Rapid and simple identification of promoters. Identification is based on reporter gene 

expression pattern
In case of gene families and closely related genes, specifically identifies and reveals the 

expression pattern of an individual member
Can trap promoters that are expressed even in a single or few cells within a given tissue
Transiently and differentially expressed genes can be detected efficiently
Does not require prior knowledge of the expression of a gene
Limitations
Randomness of insertion
T-DNA insertion may result in chromosomal rearrangements
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(ii) A suitable method for introduction of the T-DNA into plant genome either 
through Agrobacterium co-cultivation of explants or in planta transformations fol-
lowed by screening of the transformants to generate T-DNA tagged mutant popula-
tion, (iii) identification of a suitable mutant based on expression pattern of the 
reporter gene, and (iv) Identification and characterization of the flanking sequences 
of the plant genome.

23.3.1 Arabidopsis Thaliana

The availability of the complete genome sequence and the ease of generating large 
population of transformed plants make A. thaliana an excellent plant system for 
isolation of genes and regulatory elements through T-DNA gene traps (Walden 
2002). More than 320,000 insertional mutations are available in the A. thaliana 
Columbia genotype, which are potential sources for identification of genes and 
regulatory elements (Bevan and Walsh 2005). Table 23.3 lists some of the promot-
ers isolated through T-DNA mediated promoter trapping in Arabidopsis.

Promoter trap vector
construction

Plant 
transformation

Selection of T1
plants

Mutagenized 
population
~confirmed by PCR

Screening for reporter 
gene expression in T2
plants and phenotyping

Copy number of 
insertion and zygosity 
determination

~antibiotic/herbicide selection based
~PCR
~Southe rn hybridization 

Locating insertion site

~IPCR
~TAI L PCR
~Cloning and sequencing
~Bioninformatic analysis 
of T-DN A flanking 
sequence

Characterization of 
mutant

~Expression analysis
~phenotypic complementation
~Double mutant

Promoter less
reporter gene

I

II

III

Fig. 23.2 An overview of steps involved in generating mutagenized population of T-DNA based 
promoter trapped lines in Arabidopsis thaliana towards isolation of promoter elements. The over-
all process involves three basic steps; step I involves construction of suitable trapping vector, step 
II involves transformation, screening of transformants and generation of mutant population. The 
step III involves characterization of mutants and localization of T-DNA insertions in the plant 
chromosomal DNA
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The T-DNA based promoter trapping has been used in isolating promoter ele-
ments conferring gene expression in specific cell types and tissues. For example, 
regulatory elements were identified specifically for seed tissues like endosperm, 
embryo and other seed tissues in Arabidopsis (Casson et al. 2002; Stangeland et al. 
2003; Topping et al. 1994; Topping and Lindsey 1997). Other significant examples 
of tissue specific promoter elements isolated through T-DNA promoter trapping in 
Arabidopsis includes phloem tissue-specific promoter (Kertbundit et al. 1991), caf-
feic acid O-methyltransferase 1 (AtOMT1) gene promoter expressing in root vascu-
lar tissues (Goujon et al. 2003) and elF-4A1 promoter conferring gene expression 
in growing tissues and young leaves (De Greve et al. 2001).

In Arabidopsis, the POLARIS (PLS) and EXORDIUM (EXO) gene, which 
express specifically in the basal embryonic regions and seedling root tip (Casson 
et al. 2002) and in dividing cells (Farrar et al. 2003), respectively were identified 
and cloned from a promoter-trapped line. Other examples include a LATERAL 
ROOT PRIMORDIUM 1 (LRP1) gene showing specific expression in lateral roots 
of Arabidopsis (Smith and Federoff 1995) and the tapetum and vascular tissues 
specific nucleic acid helicase gene encoding HVT1 (Helicase in Vascular tissue and 
Tapetum) protein in Arabidopsis (Wei et al. 1997).

Using T-DNA promoter trapping tool in Arabidopsis, our laboratory has gener-
ated a few mutants exhibiting reporter gene GUS in different tissues (Resminath 
et al. 2005a). Characterization of these mutants has led to identification of promoter 
elements conferring gene expression in specific tissues like lateral organ junctions 
(Prasad et al. 2005), roots (Sivanandan et al. 2005), anthers (Thakare et al. 2006) 
and trichomes. The regulatory elements present in the upstream region of the LOJ 
gene conferring characteristic tissue specificity were characterized (Prasad et al. 
2005; Saha et al. 2007).

Other than tissue-specific promoters, the promoter trapping in Arabidopsis has 
led to the isolation of conditionally inducible promoters. For example, the promot-
ers induced by pathogen (Custers et al. 2002), nematode feeding (Barthels et al. 
1997; Favery et al. 1998; Goddijn et al. 1993; Puzio et al. 1999, 2000) and respon-
sive to different environmental stimuli like low temperature and abscisic acid 
(Mandal et al. 1995) etc., have been isolated. T-DNA promoter trapping serves as a 
convenient option to identify pseudo-promoters or cryptic promoters (Lindsey et al. 
1993). Several cryptic regulatory elements in Arabidopsis have been trapped by 
T-DNA and identified on the basis of reporter gene expression pattern. These 
include promoter elements specific for meristematic tissues like calli and root tips 
(Okresz et al. 1998) guard cells (Plesch et al. 2000) and roots (Mollier et al. 2000; 
Sivananadan et al. 2005).

23.3.2 Tobacco

Prior to the popularity of Arabidopsis as a model plant, tobacco served as an 
 experimental plant in which the promoter trapping tool was widely employed for 
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activation and identification of gene and its regulatory sequences (Herman et al. 
1990; Fobert et al. 1991; Lindsey et al. 1993). The ease of regeneration and high 
frequency transformation makes tobacco plant a favourite for promoter trapping 
(Topping et al. 1991; Topping and Lindsey 1995; Walden 2002). T-DNA promoter 
trapping in tobacco has led to isolation of prmoter specific floral organs (Lindsey 
et al. 1993), constitutive cryptic promoter like tCUP (Fobert et al. 1999) and a 
cryptic promoter responsible for driving reporter gene expression in tobacco seed 
coats in a spatial and temporal manner (Foster et al. 1994).

23.3.3 Other Plants

The significant achievements of T-DNA promoter tagging in model plants like 
Arabidopsis and tobacco has led to its extension to other plants as well. Promoter 
trapping in the legume plant Lotus japonicus, which is regarded as a model plant 
for genetic analysis of nodulation studies (Handberg and Stougaard 1992) has led 
to the identification of regulatory elements specific for roots and nodules (Martirani 
et al. 1999; Buzas et al. 2005). Using the T-DNA promoter trap method, Bade et al. 
(2003) have generated a collection of mutants in Brassica napus. Mutants exhibit-
ing constitutive and callus specific reporter gene expression patterns have been 
characterized. In tomato and potato, the promoter trapped mutant lines exhibited 
reporter gene expression in flowers, fruits and seedlings (Meissner et al. 2000) and 
in vegetative and floral organs, respectively (Lindsey et al. 1993). In the case of 
poplar, the promoter trapping approach has resulted in the identification of genes 
expressed specifically in the vascular cambium tissues and their respective regula-
tory elements (Johansson et al. 2003). Although the T-DNA tagging mediated 
promoter isolation is increasingly being exploited in model plant Arabidopsis and 
is being also used in other systems the real challenge is to apply this technique in 
other plants with higher efficiency.

23.4 T-DNA Based Enhancer Trapping in Plants

A specialized entrapment construct comprising of a minimal promoter with rela-
tively weak activity fused to a reporter gene within the T-DNA border region 
(Campisi et al. 1999; Goldsbrough and Bevan 1991; Klimyuk et al. 1995; Parinov 
et al. 1999; Sundaresan et al. 1995; Topping et al. 1991) facilitates tagging of 
enhancer elements. The interesting advantage of enhancer trap lines is that they 
specify cell and tissue specific markers especially for the plant organs with complex 
structures like embryo, flower and ovule (Campisi et al. 1999). Based on the tool 
to introduce the vector in the plant genome, the enhancer traps can be classified as 
T-DNA based enhancer traps and the transposon (Tn) based enhancer traps. The 
transposon based traps consists of transposable elements like Dissociator (DS) ele-
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ments and Activator (Ac) elements either in a single cassette or in two separate 
cassettes (Springer et al. 2000). In two-component enhancer trap system, the Ds 
element carrying the minimal promoter linked reporter gene is activated upon 
genetic crossing with a plant carrying Ac element (Klimyuk et al. 1995; Parinov 
et al. 1999). The random transposition of Ds element throughout the plant genome 
allows tagging of functional enhancer elements through detection of reporter gene 
expression (Fig. 23.3).

The two component Tn-element-based enhancer trapping in Arabidopsis resulted 
into generation of large number of enhancer detector lines, which led to the identifica-
tion of an egg apparatus specific enhancer element, EASE (Yang et al. 2005). The 
identification of EASE was speculated to be a promising tool for manipulating embryo 
specific traits towards exploitation of apomixes. The other instances of with Tn-based 
enhancer trapping involve isolation of novel genes and regulatory elements in poplar 
(Groover et al. 2004; Filichkin et al. 2006), and rice (Upadhyaya et al. 2002).

As a two-component system the enhancer trap vectors have been improved to 
employ GAL4 and UAS (Upstream Activator Sequence) along with a nondestruc-
tive reporter gene like green fluorescent protein (gfp) or luciferase (luc) (Engineer 
et al. 2005; Laplaze et al. 2005). The GAL4/UAS system facilitates efficient 
enhancer trapping and allows a quantifiable reporter gene expression in plants 
(Engineer et al. 2005). Using GAL4-UAS enhancer trapping system and gfp as 
reporter gene Laplaze et al. (2005) have identified lateral root specific enhancer 
element in the LOB-domain protein16 gene (LBD16) promoter of Arabidopsis. 
Similarly a large collection of enhancer trapped mutant lines were developed in rice 
using GAL4/VP16-UAS as enhancer trap and uidA as reporter gene (Wu et al. 
2003). The reporter gene expression was detected in tissues of leaves, roots and 
floral organs indicating variety of regulatory element tagged.

T-DNA based enhancer traps have been employed to generate large populations 
of mutants in tobacco (Topping et al. 1991), potato (Goldsbrough and Bevan 1991) 
and Arabidopsis (Campisi et al. 1999). From the Arabidopsis enhancer trap lines, 
an enhancer element associated with D-class cyclin gene exhibiting vegetative and 
floral primordia specific expression has been isolated (Swaminathan et al. 2000). 
T-DNA enhancer trapping have led to the identification of plant lines exhibiting 
reporter gene expression associated with circadian cycle in Arabidopsis (Michael 
and McClung 2003) and specific to embryogenic calli in carrot (Ko and Kamada 
2002), respectively.

23.5 Promoter Cloning Strategies in Plants

Once a promoter is tagged with T-DNA, the T-DNA sequence becomes a potential 
target for cloning of the flanking sequences of plant genome. The flanking 
sequences are more likely to harbour the promoter elements. Some of the important 
plant promoters isolated and cloned by insertional mutagenesis approaches are 
listed in Table 23.3.
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Several strategies are available to isolate and clone the T-DNA flanking genomic 
DNA sequences (Fig. 23.4). (i) Library screening of the mutant plant genomic 
DNA is one of the approaches for promoter cloning. The DNA fragments flanking 
the T-DNA are identified from the library and used as a probe to isolate the wild 
type genomic sequence. The above approach is cumbersome but is particularly suit-
able when tandemly repeated copies of T-DNA are present at the same location 
(Marks and Feldman 1989). (ii) Plasmid rescue is another approach that is employed 
in case the T-DNA construct carries a bacterial antibiotic resistance gene and a 
bacterial origin of replication (ori). The genomic DNA of mutant plant is subjected 
to complete digestion by a suitable restriction enzyme followed by ligation to cir-
cularize all the fragments and transform them into E. coli host. Only the circular 

Ac -TDNA Ds -TDNAX

Selfing 

Selfing 

(Screen for GUS expression)

Ac (Transposase)nptII T 35S RB
Ac-TDNA

35S 
MP

GUS

Ds-TDNA

35S a

b

MP

GUSTnptIIP T Simple T-DNA
Enhancer trap

RBLB

RB

PIAAH PLB

IAAH PLB TnptIIP T

F1

F2

F3

Fig. 23.3 Enhancer trapping strategies in plants. (a) Comparative features of enhancer trap vec-
tors. A simple T-DNA based enhancer traps consists of only reporter gene driven by a minimal 
promoter sequence. The two component enhancer trap involves Ac and Ds in separate constructs. 
P: promoter, T: terminator, 35S MP: truncated 35S CaMV promoter sequence as minimal pro-
moter containing only TATA sequence. Black arrows indicate directions of the transcription. The 
transposable element Ds is represented by thick blue double headed arrow. (b) Mobilization 
scheme of enhancer trap by crossing the individual plants harboring Ac element and Ds element 
separately. The Ac element helps in random transposition of the Ds element in the genome. The 
selfed plants serves as enhancer trap mutant lines.
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DNA fragments carrying the ori sequence and the resistance gene in the T-DNA can 
survive in E. coli on antibiotic selection medium. The plasmids isolated from the E. 
coli are analyzed for the presence of T-DNA and the flanking plant DNA sequences 
(Dilkes and Feldmann 1998; Yanofsky et al. 1990). (iii) Compared to the above two 
methods, a more reliable and easy approach for isolating plant T-DNA flanking 
sequences is based on PCR based technique known as inverse PCR (IPCR). The 
IPCR strategy principally involves enzymatic cleavage within the T-DNA region 
followed by ligation of the fragments to facilitate self-circularization. A set of 
nested primers derived from the T-DNA border regions are used to amplify the 
flanking DNA(Ochman et al. 1988; Resminath et al. 2005b; Wei et al. 1997); (iv) 
the thermal asymmetric interlaced PCR (TAIL-PCR) is perhaps the most sensitive 
technique among the all for recovering the T-DNA flanking genomic sequences. 
The technique makes use of three nested T-DNA-specific primers in one end and a 
short arbitrary degenerate (AD) primer in the other end. Three different PCR reac-
tions are performed with these primer sets. The primary PCR reaction involves 
different primer annealing temperatures and low and high stringent cycles to facili-
tate annealing of arbitrary and specific primers, respectively. This step results into 
both specific as well as nonspecific amplification of products. In the next two steps 
of PCR reactions the non-specific products are eliminated amplifying predomi-
nantly the T-DNA flanking genomic DNA (Liu et al. 1995). (v) The other PCR-
based method of promoter cloning includes enzymatic blunting of mutant genomic 
DNA and ligation of adapters followed by amplification of the T-DNA flanking 
DNA using three nested primers specific to T-DNA and adapters (Siebert et al. 
1995). In al the cases, the PCR products obtained is cloned, sequenced to identify 
the genomic sequences flanking the T-DNA and subjected to further analysis.

23.6 Characterization of Plant Promoters

23.6.1 In Silico Analysis

In silico analysis is employed to delineate the nature of the flanking sequences. Once 
the putative coding sequence of the associated gene is identified, the upstream 
sequence is invariably subjected to in silico analysis using different promoter predic-
tion algorithms. The commonly employed analysis include identification of poten-
tial cis-acting regulatory elements (CAREs), TFs and putative transcription start site 
(TSS) (Fickett and Hatzigeorgiou 1997; Molina and Grotewold 2005; Rombauts 
et al. 2003) (Fig. 23.5). These prediction tools are based on ‘search by signals’ in 
which the algorithms aim to identify regulatory regions based on sequence context 
in the subject DNA sequence. Some of the commonly used promoter prediction and 
analysis tools for identification of regulatory elements are listed in Table 23.4.

However, the in silico detection of CAREs does not necessarily mean all the 
elements detected on the DNA sequence are functionally relevant. Since, these 
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cis-acting sequences generally consists of very short stretch of nucleotides, there is 
always a random chance of finding such sequences in a stretch of DNA sequence 
(Blanchette and Sinha 2001). One of the approaches to overcome the above limita-
tion is to carry out a phylogenetic footprinting to find conserved regulatory ele-
ments among the functionally related promoters of diverse species or between 
co-expressed genes (Rombauts et al. 2003; Saha et al. 2007).

LB RB

R1
R1

LB

Complete digestion of 
genomic DNA with R1

Ligated

P1

P2

Amplified 
products

Cloning and
sequencing

Mutant

Λ genomic
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library of
mutant

T-DNA with
flanking

sequence as
probe

Hybridize
to WT
genomic
DNA

Isolate
clone and
sequence

R1
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Mutant with T-DNA having
bacterial origin of replication
and antibiotic selection marker

Complete digestion

R2

R2 R1 RBLB

LB rescue RB rescue
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into E. coli 

Check for T-DNA and
flanking DNA by sequencing

LB RB

AD P2
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Fig. 23.4 Different approaches for cloning sequences flanking the T-DNA. (a) Screening of 
genomic library of mutant plant approach; (b) plasmid rescue; (c) inverse PCR; (d) TAIL-PCR. 
The RB and LB represents right border and left border of T-DNA; R1 and R2 are the restriction 
enzyme sites; P1, P2 and P3 are three T-DNA specific primers; AD represents arbitrary degenerate 
primer
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23.6.2 Determination of TSS in Plant Promoters

In general the promoter elements are known to contain the transcription start site 
(TSS) or +1 site, therefore locating functional TSS in the cloned DNA fragment is 
an essential step in the characterization of a promoter element. The techniques like 
primer extension, RNase protection assay, S1 nuclease analysis and 5′ rapid ampli-
fication of cDNA ends (RACE) are employed for mapping of TSS. The 5′ RACE 
approach being the most sensitive in finding +1 site (Carey and Smale 2000).

23.6.3 Transgenic-Based Promoter Analysis

Characterization of a promoter module and its regulatory regions requires a suitable 
in vivo transgenic assay system to monitor the in vivo activity level. The transgenic 
analysis of plant promoter includes steps like designing of vector constructs con-

Experimental findings
(ESTs, cDNAs, mutant
analysis)

In silico

analysis
Gene Prediction

Non-coding
upstream region

Coding region

Conserved motif
predictions

Transcript
profiling by
microarrays

Promoter
prediction

Predictions by sequence
context and structural
features

CARE
predictions

Phylogenetic
footprinting

Fig. 23.5 A schematic depiction of promoter prediction through in silico tools (modified from 
Rombauts et al. 2003)
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sisting of subject promoter fragments, a suitable method for introduction of tailor-
made constructs in plant system and generation of number of transgenics and an 
easy but reliable assay method to monitor the pattern and level of activity (Fig. 
23.6) (Pereira 2000).

Designing of vector constructs usually involves a promoterless reporter gene 
and a putative promoter fragment (Fig. 23.7). Based on the nature and strategy 
of promoter analysis, constructs could be designed for either (i) promoter dele-
tion, (ii) linker scanning (iii) base substitution mutagenesis or (iv) identification 
of enhancer element in the DNA fragment. The effect of the various promoter 
constructs on the reporter gene expression is monitored in a plant system. 

Table 23.4 Cis-acting regulatory element (CARE) and transcription factor binding site (TFBS) 
prediction programs

Prediction tools References URL

AtcisDB Palaniswamy et al. (2006), 
Davuluri et al. (2003)

http://arabidopsis.med.
ohio-state.edu/AtcisDB/
index.jsp

PLACE Higo et al. (1999) http://www.dna.affrc.go.jp/
PLACE/

PlantCARE Lescot et al. (2002) http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/

NSITE-PL (Softberry) – http://www.softberry.com/
berry.phtml

Athena O’Connor et al. (2005) http://www.bioinformatics2.
wsu.edu/Athena

Athamap Galuschka et al. (2007), 
Steffens et al. (2004)

http://www.athamap.de/

MatInspector Cartharius et al. (2005) http://www.genomatix.de/
products/MatInspector/
index.html

TESS Schug and Overton (1997) http://www.cbil.upenn.edu/cgi-
bin/tess/tess

JASPAR Sandelin et al. (2004) http://jaspar.cgb.ki.se/cgi-bin/
jaspar_db.pl

TRANSFAC Matys et al. (2003); 
Wingender et al. (2000)

http://www.gene-regulation.
com/pub/databases.
html#transfac

DATF Guo et al. (2005) http://datf.cbi.pku.edu.cn/
index.php

Tools for phylogenetic analysis of regulatory elements
Credo – http://mips.gsf.de/proj/

regulomips/credo.htm
MotifSampler Thijs et al. (2002) http://www.esat.kuleuven.

ac.be/~thijs/Work/
MotifSampler.html

FootPrinter Blanchette and Tompa (2003) http://bio.cs.washington.edu/
software.html
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All the constructs generated are individually fused with a reporter gene and 
introduced into plants to monitor the reporter gene expression. The constructs 
could be introduced into a plant to obtain stable transformants and the expres-
sion pattern of the reporter gene analyzed in the subsequent generations, prefer-
ably in a model plant system like Arabidopsis, tobacco or rice.. Another 
approach is to introduce the recombinant constructs into plant systems for tran-
sient gene expression (Yang et al. 2000; Janssen and Gardner 1990). Although 
the transient expression systems provide a rapid and flexible platform for the 
functional analysis of the promoter, the inherent limitation of the transient 
assay is that the construct introduced by the process persists in an artificial 
configuration and in uneven copy number, leading to an inactivation or aberrant 
function of the introduced promoter (Kapila et al. 1997). Moreover, the tran-
sient expression does not reflect the true tissue specificity obtained in vivo and 
exists only for a shorter period of time up to 48–72 h, making it difficult to 
monitor promoter activity over a longer duration. These problems are overcome 
in the stable transformation approach in plants. For example, in Arabidopsis the 
most widely used in planta transformation (Clough and Bent 1998) method is a 
convenient and very efficient process for generating stable transgenic plants.

Flanking sequence
information of promoter
trap mutant line

Cloning of maximum
upstream sequence in
promoter less T-DNA vector Plant transformation,

selection of T1 plants
and screen for
reporter gene
expression

Promoter characterization
~Promoter deletion studies
~Base substitutions
~Core footprinting

Transformation
into heterologous
plants/crop plants

Selection, screening for
expression and validation by
molecular studies

Fig. 23.6 An overview of transgenic-based characterization of putative plant promoter. The steps 
involve cloning of the identified promoter element from the native plant genome, analysis and 
validation of the regulatory elements conferring the expression specificity
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23.6.3.1 Deletion-Based Promoter Analysis

Promoter deletion analysis is one of the primary and most widely employed tech-
niques in promoter analysis. In principle, the technique involves a series of trun-
cated promoter fragments fused to reporter gene and their activity pattern in 
transgenic plants is detected to identify functional regulatory modules. The series 
of promoter deletion fragments are generated either through restriction enzyme 
digestions from the already cloned full-length promoter or through serial digestion 
of the putative promoter sequence from the 5′ end using Exonuclease III (Fig. 
23.8a). The uniformity in the size of the deletion fragments is maintained by timely 
removal of aliquots from the reactions. The protruding ends of the promoter frag-
ments are polished with S1 nuclease before cloning. One of the most easy and 
popular strategies to generate promoter deletion constructs is to employ PCR with 
predefined primer sets to amplify subset of promoter fragments (Fig. 23.8b). The 
amplified products are cloned into plant transformation vector to generate a pro-
moter-reporter fusion construct. In recent years, PCR based deletion approach is 
being increasingly employed for the characterization of plant promoters (Kato et al. 
2005; Martinez-Trujillo et al. 2004; Ng et al. 2004; Schunmann et al. 2004; Zheng 
et al. 2004).

23.6.3.2 Linker Scanning for Regulatory Element Identification

The linker scanning approach involves creation of a series of mutated sites in the 
promoter DNA in small clusters. Unlike promoter deletions, the principle behind 
this technique is to introduce clusters of mutation (usually 6–8 bp) in a promoter 

DNA element 
of interest

Reporter gene 

Vector for 
promoter analysis

Vectors for analysis 
of distal control 

regions

DNA element 
of interest

DNA element 
of interest

Minimal 
promoter

Reporter gene 

Reporter gene 

Reporter gene 

Reporter gene 

a b

Fig. 23.7 Vectors for identification of regulatory elements in a DNA fragment. (a) Construct 
design for analyzing a DNA fragment for the identification of regulatory elements. (b) Different 
vector strategies for identification and validation of the distal regulatory elements like enhancers 
in a promoter. Only the placement of the DNA region to be analyzed with respect to the reporter 
gene is depicted in the constructs
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sequence without reducing the promoter length, in a manner that the position of the 
promoter elements and the TSS remains unaffected. The mutated site in a construct 
overlaps with that in another construct. All the individual constructs with mutated 
sequences are evaluated for their functional efficacy in transgenic plants. In the 
process, the mutated cluster present in all the constructs altogether scans the entire 
promoter region for identification of functional regulatory elements (McKnight and 
Kingsbury 1982).

The PCR-based linker scanning involves a three-step amplification to generate 
the mutated constructs (Fig. 23.9). The first PCR reaction is performed using a set 
of 5′ end primers containing point mutations in 6–8 bases in the middle of the 
primer and with a fixed 3′ end primer. The resultant ladder of amplified products 
contains the mutated sites. The next step of PCR reaction involves only the 3′ end 
primer to generate single stranded DNA using the amplified products of the first 
reaction as templates. The single stranded products serve as the 3′ end primer in the 
third PCR reaction and pairs with a 5′ end primer to produce full-length promoter 
fragments with mutated sequences (Li and Shapiro 1993). For example, linker 
scanning along with promoter deletion have been successfully employed in plants 
to identify cis-acting regulatory elements in a number of cases for identification of 

a bCloned
insert

Digestion with
appropriate
restriction enzymes

Exo III digestions,
remove timely aliquot

S1 nuclease treatment
for polishing of
protruding ends

Ligation and
transformation

PCR amplification
with primer sets
defining the
deletion fragment

Promoter DNA

Fragments
purification and
cloning

Sequence
verification

P1 P2 P3

P4

Fig. 23.8 Strategies for promoter deletions and cloning. (a) Exonuclease III/S1 nuclease medi-
ated deletion; (b) PCR based promoter deletion. P1-P4 represent primers that define the length of 
deletion fragments
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regulatory elements of starch-binding enzyme1 (SBE), promoter of maize endosperm 
(Kim and Guiltinan 1999) and PR-1 promoter of Arabidopsis thaliana (Lebel et al. 
1998)

23.6.3.3 Base Substitution Mutation for Validating Regulatory Elements

Mutation by base substitution in a promoter DNA is an important functional assay 
of a promoter to identify and validate the key regulatory elements present in the 
region. A two-step PCR reaction is employed to generate mutations in different 

ATGGCTGATCGGCCCAGTCGATGCTAGGCTAGATCCCATGGCTTGGCT

GCGTTC

ACTCAT

TCATGC

ATCGAT

CGTGAG
GTGCTT

TGTTAT
GCATCC

3' end primer

5' mutated primers

3' end primer

1st PC R
reaction

1st PC R products

2nd PCR
reaction

3rd PCR
reaction

5' end primer

Single stranded
fragments from
2nd PCR

Fig. 23.9 A schematic diagram of PCR based linker scanning strategy. Three PCR reactions are 
performed to generate constructs with mutated sequence (adapted from Li and Shapiro 1993)
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constructs (Fig. 23.10). The strategy involves designing of two internal primers 
spanning the region to be mutated, such that they complement in their 5′ end and 
consists of the mutated site. In the first PCR reaction the internal primers are paired 
separately with two other flanking primers, which specify the two ends of the pro-
moter DNA to be analyzed. The two amplified fragments overlap at one end in their 
mutated sequence. The two PCR products are denatured and allowed to hybridize 
at the overlapping region followed by end filling with Taq polymerase. The result-
ing fragment generates a base substituted mutant construct. The base substitution 
can be designed only to target selected regions of a promoter presumed to contain 
important regulatory sequences or can be employed to span a whole promoter 
DNA. The resulting mutated constructs are sub cloned into plant transformation 
vector for transgenic analysis of promoter activity. Few examples of employing 
base substitution mutagenesis in characterization of plant promoters for interacting 
cis-acting elements involve identification of ABRE and DRE elements in the rd29A 
gene promoter of Arabidopsis (Narusaka et al. 2003) and regulatory elements 
responding to ABA in barley (Shen et al. 1996).

23.6.3.4 Detection of Enhancer Activity

The defining features of enhancer elements, namely, their ability to function in 
orientation and location independent manner are the basis of designing constructs 
to identify and validate presence of enhancers present in a DNA fragment 
(Blackwood and Kadonaga 1998). Enhancer element can activate a minimal pro-
moter sequence (truncated 35S CaMV) (Vorst et al. 1993). For identification of 
enhancer element, the fragment in question is cloned separately in both the orienta-
tions (i.e., forward and reverse) with respect to the reporter gene with minimal 
promoter (Fig. 23.7) (Jorgensen et al. 1991). The positional effect of the enhancer 
element is detected by cloning it from a large distance and even in downstream, 
with respect to the reporter gene (Anthonisen et al. 2002; Vorst et al. 1993). Since 
enhancer elements are known to control the level of gene transcription, quantifica-
tion of the reporter protein activity in different constructs is an important parameter 
to identify a transcriptional enhancer element within a promoter (Anthonisen et al. 
2002; Guo et al. 2004; Yamagata et al. 2002). The tissue-specificity of an enhancer 
element is identified by expression pattern of reporter gene in specific cell types 
and tissues in transgenic plants (Campisi et al. 1999; Yang et al. 2005).

23.6.3.5 Analysis of TF Binding Sites in Plant Promoter

Transcription factors (TFs) are DNA binding proteins, which bind to specific regu-
latory elements of a promoter in a sequence-specific manner. The TFs interact to 
these cis-sequences in a combinatorial manner in imparting spatial and temporal 
regulation of a gene (Singh 1998). Therefore, identification of TFs interacting with 
a promoter region is crucial in deciphering the transcriptional regulation. 
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Identification of candidate TFs are possible through experimental approaches like 
electrophoretic mobility shift assay (EMSA) and foot printing techniques using 
DNaseI and dimethyl sulphate (DMS).

The electrophoretic mobility shift assay (EMSA) or gel shift assay is the one of 
the methods for detecting whether a given DNA sequence interactes with proteins. 
The technique involves a labeled promoter sequence incubated with cognate DNA-
binding proteins or total nuclear extract, which are then subjected to electrophoresis 
in a non-denaturing polyacrylamide gel alongside an untreated DNA sequence. The 
evidence of protein binding is indicated by the differences in the electrophoretic 
mobility of the protein bound and free DNA molecules. The protein-bound DNA 
migrates slower than the free DNA. The EMSA as a tool has been employed in 
several plant promoter analyses (Abe et al. 2001; Hettiarachchi et al. 2003; Kim and 
Guiltinan 1999; Meister et al. 2004; Tucker et al. 2002). A more precise approach 
of identifying TFs binding to cis-regulatory sequences is carried out by footprinting 
techniques using DNaseI. In DNaseI footprinting, similar to EMSA, the promoter 
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P4

PCR with
P1 and P2

PCR with
P3 and P4

Denature
products and
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Filling of single
strands

PCR with P1
and P4

Cloning into
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Fig. 23.10 Vector construction strategy of base substituted promoter fragments. P1–P4 represents 
the primers (adapted from Carey and Smale 2000)
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DNA is labeled and allowed to interact with DNA-binding factors. The protein 
bound DNA is subjected to DNase1 digestion followed by electrophoresis on a 
denaturing grade sequencing gel. The resultant ladder of fragments is compared 
with that of untreated promoter DNA cleaved with DNase1. Since, protein bound 
to promoter DNA prevents nucleolytic cleavage at the site where protein is bound; 
the comparison of the banding pattern of the cleavage products obtained on 
sequencing gels reveals the regional sequence of DNA involved in binding to pro-
teins. In the sequencing gel bands corresponding to the region wherein protein is 
bound will not be present as they would not be subjected to nucleolytic cleavage. 
The DNaseI mediated footprinting method is mostly performed under in vitro con-
dition and has been employed to identify regulatory elements of several plant pro-
moters (Kosugi et al. 1995; Ohgishi et al. 2001). The DNase I footprinting methods 
described is performed ‘in vitro’. However, the sites identified may not necessarily 
correspond with the actual TF binding under in vivo conditions. The reason is that 
the TFs may be absent from a particular tissue where the gene is active or it may 
be activated under a different signaling pathway.

The DMS mediated footprinting technique, instead of DNaseI, utilizes dimethyl 
sulphate to methylate the ‘G’ nucleotides of a DNA sequence, followed by cleavage 
at the methylated bases with piperdine. The cleaved products are compared with 
that of untreated promoter DNA on denaturing sequencing gel. The TFs bound to 
regulatory sequences of a promoter prevents methylation and thus a comparison of 
the banding pattern of cleaved products of protein bound DNA with the free DNA 
reveals the region to which proteins are bound. In contrast to DNaseI footprinting, 
which is used in vitro, DMS based method can be used both in vivo and in vitro. 
The advantage of using DMS over DNase1 in plant is that unlike DNaseI, DMS can 
readily diffuse into the intact plant tissues and does not require tedious and risky 
procedure of nuclei isolation from the cells (Busk and Pages 2002). The additional 
advantage of the in vivo footprinting technique, also known as ‘genomic footprint-
ing’ (Busk and Pages 2002), is that the tool can investigate even a complex binding 
of multiple TFs to a single promoter DNA as demonstrated by analyzing the b-
phaseolin promoter during embryogenesis (Li and Hall 1999). The DMS mediated 
genomic footprinting was employed to detect binding of nuclear factors in regula-
tory elements of several plant promoters (Lebel et al. 1998; Opsahl-Sorteberg et al. 
2004; Paul and Ferl 1991).

The ligation mediated PCR (LM-PCR) is another useful tool used in both 
DNaseI and DMS mediated genomic footprinting(Carey and Smale 2000; Dai et al. 
2000) (Fig. 23.11). After treatment with either DNaseI or DMS and the cleavage, 
the technique involves, three rounds of PCR amplification of the target DNA using 
three gene specific primers at one-end and oligonucleotide linker and linker specific 
primer at the other end. The first PCR reaction involves a single gene specific 
primer that generates blunt ended PCR products up to the cleavage site of the DNA. 
The linker molecules are attached to the PCR products followed by a second PCR 
reaction using a linker specific primer paired with another gene specific primer 
slightly internal to the first. The amplified product is used as template in the final 
PCR reaction in which the third gene specific primer is end labeled and paired with 
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linker specific primer. The amplified products are analyzed on the sequencing gel 
to resolve the footprint bands (Dimitrova et al. 1994).

23.6.3.6 Efficacy of Promoter Elements in Heterologus Plant Systems

Although, A. thaliana is extensively used in analyzing plant promoters through 
transgenic studies (Pereira 2000) the practical application of the promoters requires 
their validation in the heterologus target plant system. The functional analysis of an 
Arabidopsis plastocyanin promoter in transgenic tobacco plant has resulted into 
identification of a positive regulatory element conferring light and chloroplast 
dependent gene expression. The findings correlate with the organ specific expres-
sion of the plastocyanin gene in Arabidopsis (Vorst et al. 1993). Similarly the barley 
aleurone specific ltp2 (lipid transfer protein) gene promoter was found to produce 
well-conserved expression pattern in the aleurone tissues of transgenic rice (Kalla 
1994; Opsahl-Sorteberg 2004).

P1 First PCR
using P1

Ligation of
linker and 2nd

PCR using P2
and L1

L1

Base cleavage

P2

L1

P3

3rd PCR
using labeled
P3 and L1

Labeled PCR
products

Electrophoresis on
sequencing gel

Fig. 23.11 A schematic diagram of the LM-PCR strategy used for in vivo foot printing. P1–P3 
represents gene specific primers; L1 represents linker specific primer. The labeling of the DNA 
fragment is represented with a star (adapted from Carey and Smale 2000)
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Plant promoters exhibiting transcriptional activity in A. thaliana may not necessarily 
remain active in other plant systems partly because of the absence of the TFs or different 
signaling cues. For example, auxin-inducible ACC gene promoter in a Vigna radiata 
(VR-ACS1) was induced only when exposed to stimuli like auxin. The same VR-ACS1 
promoter in transgenic Arabidopsis and tobacco exhibited strong constitutive expression 
throughout the development but failed to respond to auxin in heterologous host 
(Cazzonelli et al. 2005). Similarly the wound inducible peroxidase gene promoters poxA 
and poxN, which drive gene expression in a tissue specific manner in rice were found to 
be ineffective in the heterologous tobacco system (Ito et al. 2000). Thus any plant pro-
moter has to be evaluated for its efficacy on a case to case basis, in a target plant.

23.7 Conclusions

The recent past has witnessed a surge of new empirical and theoretical approaches 
in the field of gene and promoter isolations from plants. The T-DNA based pro-
moter entrapment strategy represents a specialized tool to generate large collections 
of random insertion mutants with specific cell-type markers and facilitating easy 
screening of reporter gene expression in variety of tissues/cell types and in response 
to a myriad of environmental cues. T-DNA promoter trapping can effectively detect 
the promoters of the functionally redundant genes and those whose activities are 
restricted to spatial and temporal regulations only during the plant developmental 
stages, including the presence of silent and cryptic elements which are otherwise 
not associated with any expressed gene. The increasing availability of genomic 
sequence information in several plant species and the advancements in the area of 
functional genomics techniques to identify and characterize the tagged regulatory 
sequences has made T-DNA tagging a powerful tool to be employed in several plant 
species. The validation of the plant promoter in heterologous target plant system 
remains an important prerequisite towards deployment of novel plant promoter ele-
ments in transgenics both for applied as well as basic research.

In spite of the fact that considerable developments have taken place in T-DNA 
based promoter trapping techniques, there is still a lot of scope for further improve-
ment. Until now, majority of the promoter trapping vectors are based on GUS 
reporter gene that requires a destructive method for detecting the enzyme activity. 
Further the detection of the enzyme activity requires the addition of a substrate of 
the GUS. These are particularly serious limitations for identifying regulatory ele-
ments conferring expression in deep-seated cells/ tissues or where the expression is 
restricted to a limited number of cells. The detection of the enzyme depends upon 
the infiltration of substrate, time of incubation and other assay condition. The 
option of nondestructive reporter gene like green fluorescent protein (gfp) is emerg-
ing as an alternative strategy for identifying promoter activity. Since the fluores-
cence of gfp is intrinsic and does not require any additional factors. The application 
of promoter trapping tool in the plants beyond Arabidopsis would certainly lead to 
the isolation of regulatory elements from diverse plant sources.
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Abstract Gene targeting is a valuable tool to precisely integrate transgenes into 
predefined genomic locations. This technique allows transgenes to be targeted into 
any chosen locus in the genome to create plants with novel traits. Gene targeting 
by homologous recombination (HR) is also a useful approach for studying gene 
function because it allows the modification of specific genes, or sequences, within  
their native genomic context. A major aim of plant biotechnology now is the estab-
lishment of techniques for the precise manipulation of plant genomes. Until recently, 
despite multiple promising approaches, gene targeting in plants remained an elusive 
goal. Recently, however, zinc finger endonucleases (ZFN) have provided a means 
by which targeted double stranded breaks can be introduced at pre-defined genomic 
locations, and thus to stimulate recombination and repair processes at specific target 
sites. ZFN-mediated gene targeting is likely to become a powerful technique for 
precise modification and directed mutagenesis of plant and mammalian genomes.

24.1 Introduction

Although many agronomic traits may be manipulated through conventional breeding, 
plant transgenics will play a larger and larger role in future plant improvement 
programs for food, fiber, and novel uses such as bioenergy, chemical feedstocks, and 
pharmaceutical production. Plant transformation is also important in understanding 
the fundamental biology of plants. A sampling of the plant molecular biology litera-
ture in 2002 revealed that transgenic plants are used as an important research tool in 
about a half of the refereed publications (Miki and McHugh 2004).

Since the pioneer transformation efforts made in early 1980s, a significant 
advances have been made and it is now possible to transform several crop species 
across different genera. However the transgenes with the current generation of 
transformation technology are not only integrated randomly into the plant genome 
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but frequently they are inserted in the form of complex multiple arrays of complete 
and partial transgenes. The complex integration patterns are associated with expression 
anomalies, including gene silencing. In addition to complex integration patterns, 
unpredictable transgene expression may also reflect characteristics of the chromatin 
at the site of transgene integration. The latter phenomenon is termed “chromosomal 
position effects” (Alberts and Sternglanz 1990; Dean et al. 1988) in which gene 
expression in certain regions in the genome is highly active whereas in other regions 
it is not (Allen et al. 1988; Mahy et al. 2002) reviewed in (Taddei et al. 2004). 
According to the idea of chromosomal position effects, there is a greater probability 
that the gene will be expressed at a high level if a transgene integrates into a region 
with a ‘permissive’ chromatin structure (such as already characterized by high tran-
scriptional activity) (Mirkovitch et al. 1984). Conversely, if the transgene integrates 
into a transcriptionally inactive region with a repressive chromatin structure, there 
is a high probability that the transgene will be poorly expressed or even silenced.

The ability to insert transgenes into genomic sites with known expression 
characteristics would be a major step towards more efficient and robust transformation 
systems. Procedures to accomplish such specific insertions are collectively known as 
“gene targeting”. Gene targeting can be obtained using site specific recombination 
(SSR) systems or via homologous recombination (HR). SSR requires a site-specific 
recombinase, which can catalyze the recombination between target recognition sites 
that are highly specific for the recombinase being used(Lyznik et al. 2003). Gene 
targeting using SSR is a two-step process. First, a target recognition site is pre-
inserted into the genome and then donor transgene is inserted into the target site 
leading to gene targeting. This system has a limited application since recognition site 
needs to be placed before transgene can be targeted. In contrast, homologous recom-
bination does not require exogenous recombinase but depends on host recombination 
systems to recognize homology between the donor sequence and endogenous 
sequences in the recipient genome. Gene targeting based on HR is a process in which 
a DNA molecule introduced into a cell replaces the corresponding chromosomal seg-
ment by homologous recombination, and thus presents a precise way to manipulate 
the genome (Porteus and Carroll 2005). Gene targeting is a valuable tool to precisely 
integrate transgene into predefined genomic location (Day et al. 2000). Transgenes 
can be targeted using HR to any chosen locus in the genome to create plants with 
novel traits (Kumar and Fladung 2001). In addition, HR techniques support “gene 
replacement” strategies that permit gene knockouts and structure/function studies of 
gene variants in their native genomic context (Jasin et al. 1996). A robust HR-based 
gene targeting system has been a longtime goal in plant genetic engineering.

24.2  Homologous Recombination and Gene Targeting in Plants

HR targeting requires significant homology (Hasty et al. 1991) between target and 
donor sequences and uses the endogenous recombination machinery of the plant 
system. In most eukaryotes, such as animal cells, HR targeting has been achieved 
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at frequencies efficient enough (1% or higher) for application in gene therapy 
(Jasin et al. 1996; Urnov et al. 2005). In contrast, HR targeting in plants remains 
inefficient and awaits major breakthrough to allow routine use (reviewed in Iida and 
Terada 2004; Puchta 2002, 2003). Initial gene targeting attempts using direct gene 
transfer (Halfter et al. 1992; Paszkowski et al. 1988) or Agrobacterium-mediated 
T-DNA transformation (Lee et al. 1990; Offringa et al. 1990) were directed at the 
restoration of function for previously inserted defective selectable marker genes to 
estimate the frequency of HR-mediated gene targeting events. Regardless of the 
plant species (tobacco or Arabidopsis) or the transformation method used, targeting 
frequencies in all these studies were low (10−4 to 10−5). Given the successful gene 
targeting in mouse, efforts were made to improve gene targeting in plants by using 
longer regions of homology in the transferred DNA (Thykjaer et al. 1997) or keeping 
negative selectable markers outside the homology region of the targeting vector 
(Gallego et al. 1999; Risseeuw et al. 1997; Vergunst and Hooykaas 1999). However, 
neither of these techniques resulted in a significant increase in targeting frequencies.

Some of the initial reports on gene targeting in plants have unfortunately not 
been reproducible. For example, Eric Lam’s group reported targeting of the TGA3 
locus in Arabidopsis and obtained one targeted callus out of 2,580 tissue culture 
transformation events. The targeted callus was found to be chimeric and no regen-
eration was obtained to confirm the gene targeting (Miao and Lam 1995). Similarly 
Martin Yanofsky’s group attempted to target an Arabidopsis AGL5 MADS-box 
gene and obtained one knockout mutant out of 750 transgenic plants (Kempin et al. 
1997). However, these findings have not been reproduced, and the results appear to 
be controversial (Liljegren and Yanofsky 1998; Puchta 1998).

Terada et al. (2002), working with rice, were first to describe seemingly reproducible 
gene targeting system (Iida and Terada 2004, 2005; Terada et al. 2002, 2004). Their 
approach relies mainly on using powerful negative selection to eliminate random 
integration events. Using this procedure they modified Adh2 locus in rice with a 
frequency of approximately 2% of surviving callus (Reviewed in Terada et al. 2007). 
This method does not increase the frequency of gene targeting per se, but is rather 
designed to increase the efficiency with which rare targeting events can be recovered, 
using a stringent combination of positive and negative selection. The technique there-
fore requires very efficient tissue culture and regeneration procedure.

It may be possible to enhance homologous recombination by overexpressing 
recombination enzymes in plant cells. Avraham Levy’s group recently utilized 
RAD54-mediated chromatin remodeling to enhance gene targeting in plants (Shaked 
et al. 2005). They reported that expression of the yeast RAD54 gene enhances the 
gene-targeting frequency in Arabidopsis by an average of 27-fold. RAD54 is a mem-
ber of the SWI2 SNF2 superfamily of chromatin remodeling genes defined by the 
presence of conserved ATPase and helicase motifs in the proteins. This gene pro-
motes strand invasion, an essential step in recombination between homologous DNA 
segments in yeast (Tan et al. 2003). This work provides a significant advance toward 
the goal of precision gene modification in plants (Puchta and Hohn 2005). While no 
noticeable side effects of overexpressing RAD54 were reported, more exhaustive 
analysis for several generations is needed before a definitive conclusion is drawn.
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The major breakthrough in plant gene targeting field however comes from a recent 
report from D. Voytas’s group, who used Zinc Finger Nucleases (ZFN) to direct the 
creation of double-strand breaks and therefore increase the frequency of gene targeting 
at specified locations (Wright et al. 2005). In this chapter we will focus on the concept 
and potential application of this emerging gene targeting tool for plant systems.

24.3  Double-Strand Breaks at the Target Site Stimulate 
Homologous Recombination

Transgene integration is a part of genomic break and repair process in living organisms. 
Genomic double strand breaks (DSBs) are the key intermediates in these reactions. 
Once the DSBs are created, the cell’s recombination machinery repairs them using 
HR or nonhomologous end joining (NHEJ). The process of HR uses an undamaged 
homologous segment of DNA as a template from which to copy the information 
across the break (Fig. 24.1). The homologous segment is usually a sister chromatid, 
but can also be an artificially-supplied donor DNA molecule. Because it recovers a 
normal copy of the damaged DNA, HR is the most accurate form of DSB repair. 
An alternative pathway of DSB repair is NHEJ, which joins ends without regard for 
homology and often results in small, localized deletions and/or insertions (Porteus 
and Carroll 2005).

Genomic DSBs play an important role in homologous recombination in eukaryotes. 
For example, factors such as X-rays (Lebel et al. 1993) or methyl methanesulfonate 
(Puchta et al. 1995) that induce random DSBs have been shown to enhance homologous 
recombination in plants. Among the strategies to engineer a given genetic locus, the 
use of rare cutting DNA endonucleases such as meganucleases has emerged as a 
powerful tool to increase homologous gene targeting through the generation of a 
DNA double strand break (DSB). Meganucleases recognize large (>12 bp) 
sequences, and can therefore cleave their cognate site without affecting global 
genome integrity (Arnould et al. 2007). Yeast mitochondrial homing endonuclease 
I-SceI (Perrin et al. 1993), a natural meganuclease with 18-bp recognition site has 
been used to induce genomic DSBs and their repair by homologous recombination 
in mouse cells (Rouet et al. 1994; Choulika et al. 1995). Similarly in plants, 
genomic DSBs induced by I-SceI can be repaired by HR using exogenously sup-
plied donor DNA (Kumar and Fladung 2002). Puchta and colleagues tested this 
system by creating a transgenic locus containing an I-SceI site into the tobacco 
genome. Transient expression of the I-SceI gene then created a DSB at the inserted 
target site, resulting in a 100-fold increase in homologous integration frequency at 
that site (Puchta et al. 1996). This study provides an elegant proof-of-concept for 
enhanced HR at DSBs.

The induction of a DSB is therefore one of the rate-limiting steps in gene 
targeting in plants. Thus a gene targeting technique based on induction of DSBs 
at pre-defined genomic sites would be useful for plants. The homing endonucleases 
do not provide any flexibility in the choice of genomic regions for targeting as they 
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Fig. 24.1 Homology-directed DSB repair and gene targeting in plant cells. (a) DSB in the 
genomic target recipient site, which can occur spontaneously or be created specifically using 
ZFNs. (b) The DSB is processed to form free 3¢ single strand tails. An extra-chromosomal 
homologous donor containing a functional transgene (in green) is also shown. (c) To repair the 
DSB, the free 3¢ end invades the homologous donor to form a D-loop. After strand invasion, 
primed DNA synthesis occurs to generate new undamaged DNA using the donor DNA strand as 
a template. (d) The repair process is completed by the annealing of the new strand of DNA with 
its original partner and subsequent gap filling DNA synthesis. (e) The result is a modification of 
the locus, which now includes the transgene. The donor sequence remains unchanged; the recom-
bination process is called gene conversion (reprinted from Kumar et al. (2006) with permission 
from Elsevier.)

require a prior transgenic step to introduce the cleavage site into the plant genome. 
This previous integration event cannot be directed, so targeting a specific region 
of the genome would require screening large numbers of random events. Custom-
made nucleases designed to bind and cleave a specific DNA sequence could be 
ideal approach for obtaining unique DSBs at pre-determined sites. Several attempts 
have been made to modify DNA binding domains of natural meganucleases to 
obtain new tailored cleavage sites (see Arnould et al. 2007), but this approach has 
not yet been successful.
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24.4 Zinc Finger Nucleases

Zinc finger nucleases (ZFN) provide an attractive tool for improving the efficiency 
of gene targeting because they can be designed to recognize naturally any DNA 
sequence. By inducing DSBs at pre-defined locations, they can stimulate the cell’s 
endogenous HR machinery to incorporate exogenous DNA by homologous recom-
bination. The zinc finger is a compact protein module that has a remarkably simple 
mode of interaction with DNA, making it ideal for protein engineering (Choo and 
Isalan 2000). ZFN are artificial fusion proteins that link a zinc finger DNA binding 
domain to a nonspecific nuclease domain. Chandrasegaran’s lab was the first to 
create these artificial nucleases by fusing the nonsequence-specific cleavage 
domain of the type II restriction endonuclease FokI (Fn domain) to a zinc finger 
DNA binding domain (Fig. 24.2) (Kim et al. 1996; Kim and Chandrasegaran 1994). 
The modular nature zinc finger proteins offer an attractive framework for designing 
nucleases (ZFN) with tailor-made sequence-specificities (Bibikova et al. 2001, 
2003; Kandavelou et al. 2005).

The zinc fingers can be artificially designed, which provide cleavage specificity 
and can be modified to recognize essentially any genomic site. The DNA-binding 
domain of a ZFN comprises a string (usually 3 or 4) of ‘zinc finger motifs’, each 
of which is a stretch of around 30 amino acids, stabilized by a zinc ion, that binds 
to a particular three base DNA sequence (Durai et al. 2005). The zinc finger motif 
varies according to the DNA sequence to which it binds, and the motif can be 
changed while maintaining the remaining amino acids as a consensus backbone to 
generate ZFN with different sequence specificities (Mani et al. 2005). Generally, 
three (or four) such zinc finger domains are linked together in tandem to generate 
a zinc finger protein that binds to a 9 (or12)-bp site, which is a composite of the 
individual DNA triplet subsites recognized by each of the three zinc finger motifs. 

Fig. 24.2 Schematic representation of a three-finger ZFN. Zinc fingers that recognize and bind 
nucleotide triplets of the target sequence are depicted. Zinc finger domains are fused to the cleav-
age domain of endonuclease FokI (shown as scissors) to create the ZFN. The three-finger ZFN 
requires two adjacent 9 bp recognition sites (shown in color) in an inverted orientation in order to 
dimerize and produce a DSB at the target sequence (modified from Kumar et al. (2006) with 
permission from Elsevier)
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The linked zinc finger motifs then are fused to the nonspecific endonuclease 
domain of FokI restriction enzyme (Fig. 24.2). Thus, once the zinc finger dimerization 
bound to the target site the nuclease domain can introduce a site-specific DSB into 
the genome. The strategy requires binding of a pair of 3 (or 4) finger ZFN monomers 
each recognizing a 9 (or 12)-bp inverted site because dimerization of the FokI 
cleavage domain is required to produce a DSB. Therefore, 3 (or 4)-finger ZFN 
effectively have an 18 (or 24)-bp recognition sites, which is long enough to specify 
a unique address within the genome (Kandavelou et al. 2005).

Bibikova et al. extensively studied ZFN-mediated cleavage and recombination 
in Xenopus laevis oocyte system (Bibikova et al. 2001). They reported that the most 
efficient cleavage was obtained when the binding sites were inversely oriented and 
separated by six nucleotides, and when there was no intentional linker between the 
zinc finger and nuclease domains. Porteus and Baltimore demonstrated that ZFN 
could stimulate gene targeting in mammalian somatic cells (Porteus and Baltimore 
2003). In these experiments, a mutated green fluorescent protein (GFP) reporter 
gene containing recognition sites for known zinc finger DNA-binding domains was 
integrated as a single copy into the genome of the human embryonic kidney cell line. 
The gene targeting was measured by the correction of the mutant GFP target gene 
by a transfected donor plasmid. Using four finger ZFN Urnov et al. (2005) recently 
reported that appropriately designed ZFN can cleave an endogenous human gene in 
cultured cells and lead to targeted gene replacement in up to 20% of the cells. 
The target was the gene for interleukin 2 receptor g (IL2Rg), a cytokine receptor 
that is required for T-cell development and the establishment of a functional immune 
system. This HR-mediated modification frequency is remarkably high compared to 
the rate of 0.001% generally obtained when no DSBs are introduced.

24.5 Zfn in Plant Systems

The first report on ZFN in plants was from Drew’s lab (Lloyd et al. 2005), who 
showed that ZFN can cleave and stimulate mutations at specific genomic sites in 
Arabidopsis. They obtained targeted mutagenesis in Arabidopsis using a transgene 
containing both a ZFN gene driven by a heat-shock promoter, and its target. 
Targeted mutations, as high as 0.2 per target, were obtained demonstrating that 
ZFN can be highly efficient for targeted mutagenesis of plant genes. This work 
provided a very good platform to extend the use of ZFN to establish homology-
directed gene targeting system for plants.

D. Voytas’s group recently reported successful ZFN-mediated gene targeting in 
plant cells (Fig. 24.3) (Wright et al. 2005). To measure the HR and ZFN-mediated 
target modification they designed an artificial target gene containing a translational 
fusion between b-glucuronidase (GUS) and neomycin phosphotransferase (NPTII) 
that conferred both selectable and screenable phenotypes to plant cells. The target 
gene, GUS:NPTII, was made non-functional by deleting 600 bases that encode the 
active site of GUS and part of the ATP-binding domain of NPTII. A cleavage site 
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specific to the synthetic ZFN was inserted at the site of the deletion in the target 
gene. The donor DNA molecule for homologous repair contained the 600 bases 
missing from the target gene, but lacked the 457 bp of the 5¢ end of GUS coding 
sequence so that it would be non-functional when integrated randomly into the 
genome. Only homologous integration of the donor into the defective target would 
restore GUS:NPTII function.

Protoplasts isolated from ten tobacco plants containing the defective target gene 
were electroporated with a mixture of donor DNA for gene targeting and DNA 
encoding the ZFN. Using this test system, Wright et al. obtained HR-based gene 
targeting in 10% of the transformed protoplasts, a frequency which is comparable 
to earlier work in plants where I-SceI was used to create DSBs (Puchta et al. 1996). 
This is a 104- to 105-fold enhancement over frequencies previously reported with 
gene targeting procedures without exogenously expressed nuclease or recombinase 
gene (reviewed in Puchta 2002). One in five characterized gene targeting events 
was free of DNA insertions or deletions sustained during repair of the target locus. 
Hence the frequency of ‘pure’ HR events is one per 50 transformation events.

Although it is well documented in the literature that creating DSB can stimulate HR 
in plants, tools to create DSB into a desired genomic site were previously not available. 
ZFN has emerged as a novel tool to make a unique break in potentially any genomic 
site, in order to stimulate recombination and gene targeting at that site.

a
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e

 

 

Fig. 24.3 Schematic representation of ZFN-mediated gene targeting. (a) Genomic sequence 
containing recognition site shown in grey. (b) ZFN binds the target sequence and (c) introduces 
a DSB into the target site. (d) The break is then repaired via homologous recombination (as 
shown in Fig. 24.1) using a fragment of donor DNA (shown in red) carrying the desired sequence. 
(e) The process leads to precise modification of the target gene, which now contains the desired 
donor sequence
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24.6 Conclusion and Future Prospects

Although these recent reports open the door to a new era of genetic engineering, 
gene targeting in plants continues to be far from routine. Several challenges remain 
before such applications can be realized and ZFN approaches become widely 
adopted for gene targeting in plants First, applicability of the ZFN approach needs 
to be tested in wide variety of plant species and cultivars. Secondly, the method for 
delivering ZFN and repair substrate to cells must be optimized. Thirdly, our under-
standing of the process of homologous recombination itself needs to be improved 
(Porteus and Carroll 2005).

Efforts to broaden the applicability of the approach will require design of ZFN 
targeting a greater variety of gene targets. ZFN have so far been tested in 
Arabidopsis plants and tobacco protoplasts. More challenging perhaps would be to 
adapt this technique to broad range of plant species or cultivars that remain recal-
citrant to transformation.

The optimization of ZFN design must address both specificity of the enzyme and 
potential cytotoxicity to the host plant. The genomic integrity and stability of treated 
cells should be maintained except the desired break at the targeted chromosomal site 
(Kumar et al. 2006). Addressing these issues will necessitate thorough analysis of 
the mechanisms of gene target recognition and binding for the zinc finger compo-
nent. Potential cytotoxicity may be addressed by adding more zinc finger motifs to 
create greater sequence specificity and (Durai et al. 2005) and by transient or regu-
lated expression of ZFN in the target cell population (Kandavelou et al. 2005).

A final challenge will be to increase our understanding of the process of homologous 
recombination itself. The development of gene targeting in plants appears to be a fusion 
of two independent but synergistic activities: the ZFN-mediated targeted DSBs, and 
the repair process with exogenously supplied homologous donor sequence. It should 
be noted that though ZFN can create targeted breaks, it is the cell’s DNA repair 
mechanisms that are engaged to repair the break via non homologous end joining 
(NHEJ) or via HR. Chromatin structure may also constrain HR by making the target 
locus inaccessible to the ZFN, or to the donor DNA, thus potentially restricting the 
choice of target sites. Hence targeted breaks combined with chromatin remodeling 
(Shaked et al. 2005), or manipulation of genes related to HR and NHEJ would further 
facilitate the process of homologous recombination and gene targeting in plants.

Acknowledgement This work was funded by grants from National Science Foundation (DBI-
0110023 and DBI-0421651). We thank Dr. George Allen and Dr. Steve Spiker for their helpful 
encouragement and discussions.

References

Alberts B, Sternglanz R (1990) Chromatin contract to silence. Nature 344:193–194
Allen ND, Cran DG, Barton SC et al. (1988) Transgenes as probes for active chromosomal 

domains in mouse development. Nature 333:852–855



588 S. Kumar and W.F. Thompson

Arnould S, Perez C, Cabaniols JP et al. (2007) Engineered I-CreI derivatives cleaving sequences 
from the human XPC gene can induce highly efficient gene correction in mammalian cells. J Mol 
Biol 371:49–65

Bibikova M, Carroll D, Segal DJ et al. (2001) Stimulation of homologous recombination through 
targeted cleavage by chimeric nucleases. Mol Cell Biol 21:289–297

Bibikova M, Beumer K, Trautman JK et al (2003) Enchancing gene targeting with designed zinc 
finger nucleases. Science 300:764

Choo Y, Isalan M (2000) Advances in zinc finger engineering. Curr Opin Struct Biol 10:411–416
Choulika A, Perrin A, Dujon B, Nicolas JF (1995) Induction of homologous recombination in 

mammalian chromosomes by using the I-SceI system of Saccharomyces cerevisiae. Mol Cell 
Biol 15:1968–1973

Day CD, Lee E, Kobayashi J et al. (2000) Transgene integration into the same chromosome loca-
tion can produce alleles that express at a predictable level, or alleles that are differentially 
silenced. Genes Dev 14:2869–2880

Dean C, Jones J, Favreau M et al. (1988) Influence of flanking sequences on variability in expression 
levels of an introduced gene in transgenic tobacco plants. Nucleic Acids Res 16:9267–9283

Durai S, Mani M, Kandavelou K et al. (2005) Zinc finger nucleases: custom-designed molecular scissors 
for genome engineering of plant and mammalian cells. Nucleic Acids Res 33:5978–5990

Gallego ME, SirandPugnet P, White CI (1999) Positive-negative selection and T-DNA stability in 
Arabidopsis transformation. Plant Mol Biol 39:83–93

Halfter U, Morris PC, Willmitzer L (1992) Gene targeting in Arabidopsis thaliana. Mol Gen Genet 
231:186–193

Hasty P, Rivera-Perez J, Bradley A (1991) The length of homology required for gene targeting in 
embryonic stem cells. Mol Cell Biol 11:5586–5591

Iida S, Terada R (2004) Tale of two integrations, transgene and T-DNA: gene targeting by homologous 
recombination in rice. Curr Opin Biotechnol 15:132–138

Iida S, Terada R (2005) Modification of endogenous natural genes by gene targeting in rice and 
other higher plants. Plant Mol Biol 59:205–219

Jasin M, Moynahan ME, Richardson C (1996) Targeted transgenesis. Proc Natl Acad Sci USA 
93:8804–8808

Kandavelou K, Mani M, Durai S et al. (2005) “Magic” scissors for genome surgery. Nat 
Biotechnol 23:686–687

Kempin SA, Liljegren SJ, Block LM et al. (1997) Targeted disruption in Arabidopsis. Nature 
389:802–803

Kim YG, Chandrasegaran S (1994) Chimeric restriction endonuclease. Proc Natl Acad Sci USA 
91:883–887

Kim YG, Cha J, Chandrasegaran S (1996) Hybrid restriction enzymes: zinc finger fusions to Fok 
I cleavage domain. Proc Natl Acad Sci U S A 93:1156–1160

Kumar S, Allen GC, Thompson WF (2006) Gene targeting in plants: fingers on the move. Trends 
Plant Sci 11:159–161

Kumar S, Fladung M (2001) Controlling transgene integration in plants. Trends Plant Sci 
6:155–159

Kumar S, Fladung M (2002) Gene Targeting in plants In: Jain SM, Brar DS, Ahloowalia BS (eds) 
Molecular techniques in crop improvement. Kluwer Academic, Dordrecht, pp 481–500

Kumar S, Allen GC, Thompson WF (2006) Gene targeting in plants: finger on the move.Trends 
Plant Sci 11:159–161

Lee KY, Lund P, Lowe K et al. (1990) Homologous recombination in plant cells after 
Agrobacterium-mediated transformation. Plant Cell 2:415–425

Liljegren SJ, Yanofsky MF (1998) Towards targeted transformation in plants… response: target-
ing Arabidopsis. Trends Plant Sci 3:79–80

Lebel EG, Masson J, Bogucki A, Paszkowski J (1993) Stress-Induced Intrachromosomal 
Recombination in Plant Somatic Cells. Proc Natl Acad Sci U S A 90:422–426

Lloyd A, Plaisier CL, Carroll D et al. (2005) Targeted mutagenesis using zinc-finger nucleases in 
Arabidopsis. Proc Natl Acad Sci U S A 102:2232–2237



58924 Plant Genome Engineering Using Zinc Finger Nucleases

Lyznik LA, Gordon-Kamm WJ, Tao Y (2003) Site-specific recombination for genetic engineering 
in plants. Plant Cell Rep 21:925–932

Mahy NL, Perry PE, Gilchrist S et al. (2002) Spatial organization of active and inactive genes and 
noncoding DNA within chromosome territories. J Cell Biol 157:579–589

Mani M, Kandavelou K, Dy FJ et al. (2005) Design, engineering, and characterization of zinc 
finger nucleases. Biochem Biophys Res Commun 335:447–457

Miao ZH, Lam E (1995) Targeted disruption of the TGA3 locus in Arabidopsis thaliana. Plant J 
7:359–365

Miki B, McHugh S (2004) Selectable marker genes in transgenic plants: applications, alternatives 
and biosafety. J Biotechnol 107:193–232

Mirkovitch J, Mirault ME, Laemmli UK (1984) Organization of the higher-order chromatin loop: 
specific DNA attachment sites on nuclear scaffold. Cell 39:223–232

Offringa R, de Groot MJA, Haagsman HJ, Does MP, van den Elzen PJM, Hooykaas PJJ (1990) 
Extrachromosomal homologous recombination and gene targeting in plant cells after 
Agrobacterium mediated transformation. EMBO J 9:3077–3084

Perrin A, Buckle M, Dujon B (1993) Asymmetrical recognition and activity of the I-SceI endonu-
clease on its site and on intron-exon junctions. EMBO J 12:2939–2947

Paszkowski J, Baur M, Bogucki A, Potrykus I (1988) Gene targeting in plants. EMBO J 7:4021–4026
Porteus MH, Baltimore D (2003) Chimeric nucleases stimulate gene targeting in human cells. 

Science 300:763
Porteus MH, Carroll D (2005) Gene targeting using zinc finger nucleases. Nat Biotechnol 

23:967–973
Puchta H (1998) Towards targeted transformation in plants. Trends Plant Sci 3:77–78
Puchta H (2002) Gene replacement by homologous recombination in plants. Plant Mol Biol 

48:173–182
Puchta H (2003) Towards the ideal GMP: homologous recombination and marker gene excision. 

J Plant Physiol 160:743–754
Puchta H, Hohn B (2005) Green light for gene targeting in plants. PNAS 102:11961–11962
Puchta H, Dujon B, Hohn B (1996) Two different but related mechanisms are used in plants for 

the repair of genomic double-strand breaks by homologous recombination. Proc Natl Acad Sci 
U S A 93:5055–5560

Puchta H, Swoboda P, Hohn B (1995) Induction of intrachromosomal homologous recombination 
in whole plants. Plant J 7:203–210

Risseeuw E, Franke-van Dijk MEI, Hooykaas PJJ (1997) Gene targeting and instability of 
Agrobacterium T-DNA loci in the plant genome. Plant J 11:717–728

Rouet P, Smih F, Jasin M (1994) Expression of a site-specific endonuclease stimulates homo-
logous recombination in mammalian cells. Proc Natl Acad Sci U S A 91:6064–6068

Shaked H, Melamed-Bessudo C, Levy AA (2005) High-frequency gene targeting in Arabidopsis 
plants expressing the yeast RAD54 gene. PNAS 102:12265–12269

Taddei A, Hediger F, Neumann FR, Gasser SM (2004) THE FUNCTION OF NUCLEAR 
ARCHITECTURE: A Genetic Approach. Ann Rev Genet 38:305–345

Tan TL, Kanaar R, Wyman C (2003) Rad54, a Jack of all trades in homologous recombination. 
DNA Repair (Amst) 2:787–794

Terada R, Urawa H, Inagaki Y, Tsugane K, Iida S (2002) Efficient gene targeting by homologous 
recombination in rice. Nat Biotechnol 20:1030–1034

Terada R, Asao H, Iida S (2004) A large-scale Agrobacterium-mediated transformation procedure 
with a strong positive-negative selection for gene targeting in rice (Oryza sativa L.). Plant Cell 
Rep 22:653–659

Terada R, Johzuka-Hisatomi Y, Saitoh M, Asao H, Iida S (2007) Gene targeting by homologous 
recombination as a biotechnological tool for rice functional genomics. Plant Physiol 
144:846–856

Thykjaer T, Finnemann J, Schauser L, Christensen L, Poulsen C, Stougaard J (1997) Gene target-
ing approaches using positive-negative selection and large flanking regions. Plant Mol Biol 
35:523–530



590 S. Kumar and W.F. Thompson

Urnov FD, Miller JC, Lee YL, Beausejour CM, Rock JM, Augustus S, Jamieson AC, Porteus MH, 
Gregory PD, Holmes MC (2005) Highly efficient endogenous human gene correction using 
designed zinc-finger nucleases. Nature 435:646–651

Vergunst AC, Hooykaas PJJ (1999) Recombination in the plant genome and its application in 
biotechnology. Crit Rev Plant Sci 18:1–31

Wright DA, Townsend JA, Winfrey RJ, Jr., Irwin PA, Rajagopal J, Lonosky PM, Hall BD, Jondle 
MD, Voytas DF (2005) High-frequency homologous recombination in plants mediated by 
zinc-finger nucleases. Plant J 44:693–705



591

Abstract Plant breeding is an ongoing activity that started many years ago through 
domestication of crops by farmers’ selection. After discovery of Mendel’s Law 
plant breeding became gradually more science driven. Nowadays, plant breeding 
is developing very rapidly because of the development of many new technologies 
and scientific disciplines that can be applied. Approaches for genetic modification 
(GM) of plants developed quickly in the eighties and nineties of last century, but it 
is the first technology that has not been widely accepted in the world by NGOs and 
consumers. GMO-regulations have been developed which are by the strict appli-
cation obstructing the development of GM-varieties, especially in Europe. These 
regulations are based on the modification process and on transgenes originating 
from non-crossable species. These transgenes are a new gene pool for plant breed-
ing. However, it turns out that cisgenes, which are genes from the plant itself or 
from crossable species, will be more and more available. They belong to the exist-
ing breeder’s gene pool but they are treated in the regulation like transgenes. It is 
recommended to exempt from the regulation GM-plants that contain cisgenes only. 
This chapter provides a historical context of cisgenesis. Further, it discusses breed-
ing approaches of autogamous, allogamous and vegetatively propagated crops. 
Options for cisgenesis in these kind op crops are presented. Some examples are dis-
ease resistance in potato and apple using R- and Avr-genes, hybrid seed production 
using genes for male sterility, or S_RNase genes for changing self-incompatibility. 
We regard cisgenesis as next important step in introgression breeding, using natu-
ral genes spatie. Cisgenesis has also been compared with intragenics and induced 
mutation breeding. We recommend less stringent oversight for intragenic plants, 
compared to transgenic plants especially when it concerns RNAi.
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25.1 Introduction

25.1.1 Domestication of Crops and Traits

25.1.1.1 Initiation of Domestication

Domestication of the different crops has been a long-term process that started for 
our main staple food crops more than 10,000 years ago in the Middle East, Central 
America and South-East Asia. Initially, plant parts like fruits, seeds, tubers were 
collected in nature only. Wild plants around settlements were more frequently used. 
Some plant species became permanent residents of human settlements (camp 
followers) and a permanent food source. During a following phase growing condi-
tions of camp followers were improved, as mankind prepared the soil and collected 
seeds for sowing. Selection of better individual plants started. Seed of domesticated 
material was collected and stored for next growing season. Many crop species 
gradually developed by selection for desired traits. During all development stages 
of agriculture from collection into modern cultivation, including fruit, flower and 
vegetable production in the field or in glasshouses, selection and adaptation to the 
new circumstances has been most crucial. Traits of importance for domestication 
were yield, flowering time, larger seeds or tubers, shattering resistance, absence of 
thorns or prickles and of bitter, poisonous compounds, uniformity, adaptation to 
modern agricultural practice, and many other traits. In some crops the genetic 
diversity is substantially reduced for alleles that have been particularly important 
for domestication. In maize that seemed to be the case for example for teosinte 
branched 1 gene controlling tillering and apical dominance (Buckler et al. 2001).

25.1.1.2 Farmer’s Selection

Mankind has selected crop plants during thousands of years. This process of crop 
improvement was slow. The genetic aspects involved were poorly understood until 
the end of the 19th century. Farmers’ selection to local circumstances and needs 
resulted in so-called landraces. Landraces are still the plant material for many farmers 
worldwide. An interesting aspect in the evolution of domestication is the detection 
of natural introgression by farmer selection in different agro-ecosystems. It means 
that in addition to introgression of genes by humans through interspecific crossing, 
selection, and back crossings, also unintended natural introgression has occurred. 
There are indications (Jarvis and Hudgkin 1999) that it occurs both in autogamous 
(self-fertilizing) and allogamous (cross fertilizing) crops. Also natural translocation 
has been observed (Schmidt 2002). There are strong indications that the phenomenon 
of translocation is occurring in wild plants as well as in crop plants (Lim et al. 1998). 
It means that human introgression as well as (induced) translocation procedures 
are not principally different from spontaneous processes occurring in nature. 
At present, farmers’ selection and management of local crops is still very important. 
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This activity is imbedded in forms of traditional plant breeding. Over 40% of the 
world’s agricultural area is still under management and seed supply of small-scale 
farmers (Jarvis and Hodgkin 1999).

25.1.1.3 Professional Cross Breeding

Rediscovery of Mendel’s laws at the end of the 19th century led to a shift to more 
science-based plant breeding. It stimulated professionalization of plant breeding 
and development of seed business. Combining useful traits by crossing and selec-
tion on the basis of classical genetics influenced crop improvement strongly, and 
led to more rapid selection for superior types. The impact of classical genetics on 
professional plant breeding started in the early twentieth century, but is still ongo-
ing. It has stimulated domestication of crops in many ways.

Selection in plant breeding implies reduction of genetic variation. However, also 
widening of genetic variation is required for novel traits, such as resistances to 
biotic or a-biotic stress, further yield improvement, hybrid seed production and new 
quality traits. Additional genetic variation can be found in crossable relatives. The 
pool of genetic variation can be further extended by techniques such as embryo 
rescue, protoplast fusion, and recently genetic modification. In addition to domes-
tication of crops by normal cross breeding, in which several traits from both cross-
ing parents will be combined, it is also important to introgress specific or single 
traits from wild material into crops. Introgression and in some cases induced trans-
location breeding of specific traits simultaneously introduces so many unwanted 
alleles from the wild plant that pre-breeding is required, in order to remove the 
majority of these unwanted alleles. Unwanted alleles that are genetically tightly 
linked to the desired allele can bring serious problems. The problem of linkage drag 
with negative traits is frequently the main bottle neck in such approaches. Solving 
linkage drag problems may require many years of crossing and selection. Molecular 
markers can nowadays be helpful to reduce linkage drag problems or to speed up 
the solution, but it never completely removes the linkage drag. An example of link-
age drag is insect resistance in lettuce that was closely linked to compact growth 
and rapid aging. Jansen (1997) described how Marker Assisted Breeding (MAS) 
was helpful to solve this linkage problem.

25.1.1.4 Cisgenic Breeding

A sometimes more efficient solution for introgression of alleles from wild germplasm 
into crops is cisgenesis (Schouten et al. 2006a). In this approach, the allele from the 
wild relative is isolated molecularly from the genomic DNA of that wild relative. 
Subsequently, this allele is transferred to the recipient crop plant through marker free 
genetic modification techniques (Fig. 25.1). Isolation of the allele from the donor 
plant is crucial here, as it is not flanked by undesired alleles anymore. By definition, 
cisgenesis prevents linkage drag. This is the major advantage of cisgenesis.
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Further, by definition, the cisgene contains its native introns and is preceded by 
its native promoter and followed by its native terminator (Schouten et al. 2006a, b). 
The cisgenic insertion contains only one or a few cisgenes and is not surrounded 
by other genes of the donor plant, nor by genes from a vector’s backbone. 
Here domestication of the cisgene is obtained by surgical precise isolation of 
desired alleles from donor plants, whereas in introgression breeding many times 
uncontrolled meiotic recombinations of linked genes are required for removal of 
negative side effects.

Cisgenesis requires methods of genetic modification that do not leave behind 
transgenes for selection of transformed cells, for example coding for herbicide 
tolerance or for resistance to antibiotics. As shown in Fig. 25.1, nowadays different 
methods are applied to obtain such marker-free plants (Fig. 25.1). The first possibil-
ity is the removal afterwards of the selection genes and other helper genes by 
recombinase-based excision (Schaart et al. 2004). The second approach is transfor-
mation without a selection gene, but screening by means of PCR for transgenic 
regenerants containing the insert (Vetten de et al. 2003). The third approach is 
infection with two Agrobacterum strains, the first one containing the selection 
marker and the second one the agricultural cisgene(s) of interest (Yu et al. 2006). 
After sexual crossing with wild type plants or after selfing, cisgenic plants can be 
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A.tumefaciens without selection genes  

Mixed inoculation followed by genetic segregation 
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Fig. 25.1 Marker-free transformants can be obtained in three different ways (a) Normal transfor-
mation on selection medium followed by induced excision of the marker gene and helper genes 
using e.g. the standard vector pMF 1,000. The diagram is depicting a right and left border (RB, LB), 
the cisgene of interest, two recombination sites (blue triangles), and between these recombination 
sites the selection gene NptII and a recombinase construct, both controlled by 35S promoters. 
After transformation and selection, the whole segment between the recombination sites is removed 
on recombinase-mediated excision induced by dexamethasone (Dr. F.A. Krens, Plant Research 
International, Wageningen). (b) A marker-free A. tumefaciens strain with only agricultural gene(s) 
in the TDNA is used during transformation. Transformants are selected among many regenerants 
by PCR. (c) Co-inoculation with two A. tumefaciens strains containing the selection marker or the 
agricultural cisgene(s), respectively. The marker-free transformants can be selected among the 
segregants after a sexual step by selfing or back crossing with a wild type plant
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selected from the segregating offspring. Plants with only the cisgene(s) are selected 
and the transgenic plants with only the selection gene or with both selection gene 
and the cisgene(s) are discarded.

25.2 Intragenics, RNAI and Induced Mutation Breeding

Cisgenesis is very restricted regarding the allowed gene sequences, keeping as close 
to the classical breeding as possible. Another approach is intragenics. In intragenics, 
different DNA fragments from the breeder’s gene pool are put together into new 
combinations, such as the coding sequence from one gene, and a promoter from 
another gene, and are inserted by means of genetic modification techniques into the 
recipient plant. By making novel combinations of native coding sequences and 
native regulatory sequences, the expression pattern of genes can be changed. In this 
sense intragenics is less strict and not as close to classical breeding as cisgenesis. 
In case of intragenics, all tDNA is derived from DNA from crossable relatives, even 
the border sequences. This approach has been described by Rommens (2004) and 
Rommens et al. (2007). Intragenics is also based on a marker-free approach.

Silencing by means of RNAi can also be obtained by means of intragenics, 
in case the whole tDNA sequence is derived from plant DNA. RNAi is a very 
important approach mimicking natural or induced loss of function mutations 
in plants.

A major difference between induced mutation breeding and the RNAi approach 
is that loss of function by means of a mutation is inherited recessively, but RNAi 
inherits dominantly and can therefore also be used in polyploid and vegetatively 
propagated crops. The example of simultaneously improving storage and process-
ing characters in processing potatoes is clear (Rommens et al. 2006).

25.3 Regulation of Cisgenesis and Intragenics

As cisgenic plants are very similar to traditional plants, and at least as safe as 
traditionally bred plants or plants from (induced) mutation breeding or induced 
translocation breeding, Schouten et al. (2006a, b) and Jacobsen and Schouten (2007) 
have proposed to exempt cisgenesis of plants from the regulation on deliberate 
release of GMOs into the environment, therewith clearing cisgenic plants in a timely 
and cost-effective manner. Rommens et al. (2007) proposed this also for intragenic 
plants. The main reason is the source of the genetic material, which is within the 
species or within sexual compatible species, available to conventional plant breeding. 
The main difference between cisgenesis and intragenics is that cisgenesis used 
natural genes including their native promoter, whereas intragenics allows also 
novel combinations of promoters and coding sequences, present in the plant and 
which are or can be used in traditional plant breeding.
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Table 25.1 shows a proposal for deregulation of cisgenic and intragenic plants. 
Both in cisgenesis and intragenics, the genes used belong to the gene pool of the 
conventional breeder. The conventional breeding is regarded as the baseline for the 
GMO regulation. As cisgenesis uses natural genes with their native promoters from 
the breeder’s gene pool, it makes sense in treating cisgenic plants in a similar way 
as traditionally bred plants (Schouten et al. 2006a, b; Jacobsen and Schouten 2007). 
Intragenics uses the same gene pool too, and therefore should be deregulated too. 
However, expression patterns may be obtained that are very unlikely through 
conventional breeding. Intragenics can therefore result into plants that cannot be 
obtained by means of conventional breeding. Therefore we propose a partial 
deregulation for intragenics. RNAi is in this sense a special application of intragenics, 
mimicking natural or induced mutations. Also in this case deregulation is logic. 
It results in loss of function of genes that may also be obtained by means of induced 
mutations. In case RNAi is designed for a sequence that appears at more loci of 
the plant’s genome, such as a conserved domain of a gene family, it may interfere 
with a group of genes. This exceeds the effect of a mutation in one locus. Therefore 
we propose here partial deregulation. In Table 25.1 we show also the situation in 
which functional sequences as promotors, coding parts and terminators of 
intragenes are seen as smallest natural units for exemption. In this case intragenes as 
well as cisgenes would be exempted.

25.4 Autogamous Crops

This group of plants contains many important annual crops such as cereals, sweet 
pepper, tomato, pulses and lettuce. They can be subdivided into real diploids like 
tomato, barley, rice, pea, soybean and lettuce and more complex disomic allopoly-
ploids like wheat and oat. We will restrict this part to diploid autogamous crops. 
The genetic variation in these crops is mainly found within the species, varying 
from other varieties to wild material or to a restricted number of related species. All 
these mentioned crops are advanced regarding their breeding development.

Table 25.1 Proposed changes for notification in GMO-regulations with respect of transgenes, 
cisgenes or intragenes in plants. The transformation process brings per definition a GM-plant. 
The DNA source determines the way regulation should be applied. Transgenes are partly from 
non crossable species, but intragenes and cisgenes are from the species itself or from crossable 
species. A. Baseline is natural complete genes. B. Baseline is natural functional sequences such 
as promotors, coding parts and terminators

Categories Type of genes

GMO regulation

A B

1 New transgenes Full Full
2 New events in existing gene-crop combination Partial Partial

Intragenes Partial Exempted
3 Cisgenes Exempted Exempted
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25.4.1 Introgression and Pre-Breeding

Improved varieties have to combine more and more traits not only originating from 
their indigenous germplasm within the species and existing varieties but for an 
increasing number of traits, like disease resistance, quality traits and male sterility, 
also from crossable wild relatives. In practice this is introgression breeding by 
interspecific hybridization followed by back crosses with the cultivated plant under 
simultaneous selection for the trait of interest as shown in Fig. 25.2. Bottleneck in 
this approach is frequently linkage drag with neighboring wild alleles flanking the 
allele of interest (Jansen 1997).

Because of the great number of co-introgressing unwanted alleles from the wild 
germplasm, pre-breeding is often performed. Pre-breeding activities are frequently 
focused on solving the problem that other negative traits are genetically linked to 
the gene of interest. MAS is a nice way to speed up this process of domesticating a 
trait, however, a lot of efforts are needed before it can be applied properly (William 
et al. 2007). The problem of linkage drag is increasing if simultaneously several 
traits have to be introduced from different wild plants, specifically from less 
related species and/or when these traits are linked on the same locus of the same 
chromosome in different backgrounds.

Introgression breeding Induced translocation breeding Cisgenesis
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Fig. 25.2 The most important steps in introgression, induced translocation and cisgenic breeding 
with a resistance (R) gene. These result in (a) introgression, (b) induced translocation of the 
R-gene with linkage drag, and (c) cisgenic R-gene insertion without linkage drag (Jacobsen and 
Schouten 2007)
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The availability of molecularly isolated genes and marker-free transformation 
methods would help breeding. For seed propagated crops co-inoculation with two 
Agrobacterium tumefaciens strains followed by genetic segregation of the selection 
marker and the agricultural traits, is a good option for obtaining marker-free 
transformation. It is known that T-DNA from both strains are frequently inserted at 
different chromosomes in the same transformed cell, so that they will segregate 
independently after crossing (Yu et al. 2006).

25.4.2 Induced Translocation Breeding

In allopolyploid crops, which are more complex, introgression breeding is not 
always possible. In examples like wheat, cross breeding is usually restricted to wild 
material from the crop species itself or to one of the parental species. If other 
species are needed, introgression breeding is frequently more complex. Main 
reason for that is the allopolyploid nature of this crop plant. The allopolyploid 
nature is connected to disomic inheritance of traits instead of polysomic inheritance 
in autopolyploid crops. In wheat disomic inheritance is occurring because of 
the Ph-gene (Friebe et al. 1996) which is suppressing interspecific chromo-
some pairing. The presence of this Ph-gene is not only suppressing interspecific 
chromosome pairing of the different genomes involved in the existing crop but 
also from other species during the process of introgression breeding. Suppression 
of chromosome pairing in interspecific hybrids of wheat, with species like Aegilops 
umbellulata, Agropyron elongatum, Aegilops speltoides (Jacobsen and Schouten 
2007) is also obstructing considerably introgression of wild genes into the allopo-
lyploid genome. This problem can be solved in different ways, such as inducing 
interspecific chromosome pairing by removing the Ph-gene temporally by nulli 
5B-tetra 5A compensating genotypes or by selecting for natural suppression of 
this trait (Friebe et al. 1996). Fig. 25.2 shows induced translocation as another 
commonly used solution. Basic aspect is irradiation of monosomic addition lines 
that have been obtained by interspecific hybridization followed by back crosses 
with wheat under simultaneous selection for the novel trait of interest. The alien 
monosomic addition line is bearing the gene of interest. After irradiation of the 
monosomic addition line and selfing, resistant offspring is selected that lack the 
alien chromosome but is still possessing the functional alien resistance gene, 
translocated into the wheat genome. This induced translocation event normally 
comprises of a piece of alien chromosome with many neighboring donor 
genes, including the desired resistance gene. Linkage drag is also in this case a 
negative side effect from the method used. If negative traits are linked to the gene 
of interest, it is not easy to remove them by meiotic recombination, which is 
suppressed at such a location. The same holds true for the introgressed piece of 
alien chromosome after suppression of homoeologous chromosome pairing during 
the absence of the Ph gene.
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The cisgenic approach could also in this case be very helpful. It is a one step 
approach instead of all complicated steps described above. Precondition is the avail-
ability of the gene of interest and transformation ability of the variety which has to be 
improved. In the case of complex allopolyploid crops the advantage of cisgenesis is 
highly evident. It will improve breeding power of this type of crops considerably.

25.4.3 Cisgenesis and Its Potential Use in Further Breeding

After cloning of the alleles coding for the desired traits, cisgenesis is an alternative 
for cross breeding as well as introgression and induced translocation breeding. 
It is simplifying, as indicated in Fig. 25.2, normal introduction, introgression or 
translocation of such traits. It is specifically of interest if more than one trait, 
coming from different breeding parents or species, need to be combined at the 
same moment. As first step an existing transformable top variety, which has to 
be improved, is needed. If several cisgenes are introduced, using a gene cassette 
with these cisgenes, then during subsequent cross breeding these cisgenes are 
genetically tightly linked together. This is another major advantage. In this way, 
quantitative traits with a polygenic basis can obtain more attention and be more 
extensively handled in cross breeding.

Table 25.2 Breeding characteristics of some major crops

Crop species Mode of reproduction Type of cultivar Homogeneity Zygosity

Apple Vegetative Cultivars  
open pollination

F1 Hybrids

Homogeneous Heterozygous
Asparagus Allogamous 

(dioecious)
Heterogeneous Heterozygous

Homogeneous Heterozygous

Barley
Wheat

Autogamous Landrace Heterogeneous Homozygous
Modern Homogeneous Homozygous
Cultivars

Cucumber Allogamous 
monoecious

F1 hybrids Homogeneous Heterozygous

Maize Allogamous 
(monoecious)

Landrace and open 
pollination

F1 hybrids

Heterogeneous Heterozygous

Homogeneous Heterozygous
Inbred lines Homogeneous Homozygous

Potato Vegetative Cultivars Homogeneous Heterozygous
Sexual True potato

Seed Heterogeneous Heterozygous
Rye Allogamous Open pollination Heterogeneous Heterozygous
Tomato Autogamous Old/modern Homogeneous Homozygous
Rice Cultivars Homogeneous Heterozygous

F1 hybrids
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25.5 Hybrid Varieties in Allogamous Crops

Many allogamous crops are more and more pushed into the direction of hybrid 
varieties. The classical way of breeding is based upon open pollination. In the 
allogamous crops we will restrict to breeding for hybrid seed varieties. Table 25.2 
is representing 1. autogamous crops like barley with landraces and modern varieties 
and tomato with old varieties and F1 hybrids, 2 allogamous crops, a. vegetatively 
propagated crops like apple and potato with cultivars based on one genotype, and 
b. seed propagated crops with landraces, open pollinated varieties, F1-hybrids and 
inbred lines. The allogamous crops can be subdivided in monooecious like cucum-
ber and maize or dioecious like asparagus. For hybrid seed production male steril-
ity, based on GMS (genetic male sterility) or CMS (cytoplasmic male sterility), 
and/or gametophytic or sporophytic self-incompatibility are important traits.

25.5.1 Male Sterility in Traditional Breeding

In nature many types of male sterility are found. For breeding the most useful form 
is based on nucleocytoplasmic male sterility (CMS). In, for example, Brassica 
vegetables like Chinese cabbage, which are grown for their vegetative parts, the 
hybrid plant can still be male sterile without influencing yield negatively. In other 
crops like maize and rice, where seeds are the end product, restoration of male 
fertility is needed. In such cases, restorer genes (Rf) are very important. In practise, 
these Rf genes are complicating variety development considerably. In recent 
years a lot of knowledge has been obtained about the molecular genetic base of 
CMS as well as Rf genes (Wise and Pring 2002). This brings the possibility of 
manipulating CMS and its restoration by the GM approach very near, specifically 
when cisgenes could be involved. In several species like maize (T-urf13), bean 
(pvs-orf239), Brassica (orf138) and Petunia (pcf) the CMS-genes involved have 
been identified (Pelletier and Budar 2007; Bentolila 2002). These genes are in all 
cases resulting from complex DNA rearrangements of mitochondrial DNA. It is 
remarkable that here single mitochondrial genes are involved in male sterility. 
These natural MS-genes are available for GM-approaches and genetic modification 
of mt-DNA is the best option, however, mt-DNA based transformation has still to 
be developed.

In seed propagated crops, like maize and rice, hybrid varieties are dependent on 
the presence of a restoration system. In breeding of hybrid varieties of maize, Rf 
genes have been used already for many years. However, as shown in Fig. 25.3 it 
is always complicating the breeding system considerably. In addition to the 
mother line, production of the hybrid variety by using the CMS mother line in 
cross combination with the fertile Rf free maintainer line, which contains 
normal cytoplasm, it is important to have a Rf containing father line for making a 
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fertile hybrid. Crossing of this father line with the CMS mother line delivers male fertile 
hybrid seed with CMS cytoplasm but heterozygous for the restorer gene (Rfrf). 
In recent years, Rf genes of Petunia (Rf-PPR592; Bentolila et al. 2002), rice (Rf1A 
and Rf1B; Wang et al. 2006) and maize (Rf2-R213; Liu et al. 2001) have been 
isolated and can be used in cisgenic GM-approaches.

25.5.2 Transgenesis for Introduction of Male Sterility

Male sterility has already been manipulated for a long time by using transgenes. 
Most important example is the BAR-STAR system (Reynaarts et al. 1993), success-
fully applied in Brassica napus, and used in combination with herbicide resistance. 
With the Barnase gene (an RNase gene from Aspergillus oryzae) GMS can be 
introduced by using a tapetum specific promoter from tobacco. The Barstar gene, 
(an RNase inhibitor gene from Bacillus amyloliquefaciens) also driven by the 
tapetum promoter, is inhibiting the Barnase gene and restoring male fertility. 
The use of both transgenes is enabling hybrid seed production system in cultivated 
plants, providing Brassica napus a high increase in yield. However, the disadvantage 
is, that this system is fully based on transgenes.

Fig. 25.3 The production of male fertile F1 hybrid seed by the use of cytoplasmic male sterility 
in cms Mother lines, in combination with male fertile Maintainer lines with normal cytoplasm and 
male fertile Father lines with normal or cms cytoplasm which are homozygous for the restorer 
gene (Rf) (Pelletier. and Budar 2007)

Production of females
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25.5.3 Cisgenesis and Introduction of Male Sterility

Classical hybrid seed production has been applied in more and more crops. As shown 
above, the use of CMS in combination with restoration of fertility takes a lot of energy 
and breeding effort.Manipulation of both traits by using cisgenes is possible, as has 
been shown above by the molecular isolation of natural mt-based ORF-genes causing 
male sterility, and of natural nuclear Rf-genes restoring male sterility. The GM-approach 
would bring much more flexibility to the classical breeder by adding both traits directly 
to existing, good combining, lines. The GM-approach with Rf- cisgenes is already 
possible now. The introduction of ORF-cisgenes causing CMS into mt-DNA is 
not possible now, however, introducing them into chloroplast-DNA is today already 
a realistic option. The first example of engineering male sterility via transformation 
of the chloroplast genome is expression of a transgene coding for beta-ketoliase (Ruiz 
and Daniell 2005). A remarkable observation was that reversibility of the CMS 
phenotype could be obtained under continuous illumination of the transgenic tobacco 
plant. In the cases where engineering of mt-DNA and/or chloroplast-DNA transfor-
mation is involved, a GM-plant is obtained, however, in case the genes used belong 
to the existing breeders gene pool it should be exempted. In case of the availability of 
cisgenic Rf genes the same breeding scheme could be followed as shown in Fig. 25.3 
however, the Rf containing father line genes could be obtained more easily.

25.5.4 Self-Incompatibility and a Possible Role of Cisgenesis

Self-incompatibility is promoting outcrossing. It is one of the most important ways 
in plants to prevent self-fertilization and inbreeding. For breeding of cross-fertilizing 
crops, self-incompatibility can be a serious hindrance and in plant breeding there are 
mainly two systems of self-incompatibility, i.e. gametophytic (GI) and sporophytic (SI) 
self-incompatibility. The GI system can be based on one locus (cabbage, red clover) 
with many alleles or on two loci (grasses). The gametophytic one-locus self-
incompatibility is molecularly well investigated. It results from the interaction 
between the haploid genotype of the pollen grain and the diploid genotype of the 
style. Inhibition is found in the style. The S-alleles in the style work independently. 
It is known that polyploidization restores self-compatibility.

Plants belonging to the Compositae family do possess the SI system. This is 
usually based on one gene with multiple alleles. The interaction is dependent on 
the diploid maternal genotype of the pollinator and the diploid genotype of the 
style. Inhibition is found on the stigma. Reaction of the pollen is determined by the 
dominance relationship of the sporophyte and not by the gametophyte. For hybrid 
breeding the SI system is frequently used in vegetable crops of Brassica oleracea.

Molecular research on GI of, for example, Petunia inflata brought new possibili-
ties for influencing self-incompatibility (McClure 2006). The incompatibility system 
is complicated but is S-RNase based. Petunia transformed with the PiSLF2 cisgene 
showed in a heteroallelic background, as earlier observed after polyploidization, 
breakdown of GI but not in a homoallelic background. It is clear from recent 
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literature that unraveling of the whole GI system is complicated but at the other hand 
the results with the cloned S-alleles in GM-plants of Petunia inflata (Sijacic et al. 
2004), as seen in Fig. 25.4, showed that these cisgenes can be used for inhibiting 
self-incompatibility. This possibility is based on the earlier observation that two 
different S-alleles present in one pollen grain prevent the incompatibility reaction 
in the style. It means that for hybrid varieties, inbreeding is more feasible with 
additional S-cisgenes. If transformation is not an obstacle, these cisgenes could 
be used for developing inbred lines and/or seed producing hybrid varieties.

25.6 Vegetatively Propagated Crops

25.6.1 Traditional Breeding

There are many important vegetatively propagated crops like potato, cassava and 
other root and tuber crops, fruit crops like apple, pear, plumb, peach, banana, orna-
mentals like Chrysanthemum, Alstroemeria and rose, and bulb crops like tulip, lily, 

Fig. 25.4 Schematic representation of transformation experiments to ascertain the function of 
PiSLF. (a) Self-incompatibility behaviour of an S1S1 transgenic plant carrying a single copy of 
the PiSLF2 transgene. (b) Self-incompatibility behaviour of an S2S3 transgenic plant carrying a 
single copy of the PiSLF2 transgene. The genotypes of pollen produced, the predicted S-genotypes 
of the progeny resulting from self-pollination, and inheritance of the transgene are indicated 
(Sijacic et al. 2004)
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onion (shallot). All these crops have in common that varieties are consisting of one 
genotype which is vegetatively propagated by roots, tubers, bulbs, shoots, rhizomes 
or grafts. These crops are annual or perennial. They have also in common that these 
crops are genetically highly heterozygous and that crosses are recombining all 
combined traits immediately so that the parental genotype is lost and can never 
come back in the same combination via backcross procedures. In all these crops it 
is very well known that variety breeding demands increasingly numbers of seedlings 
in order to be able to find seedlings combining more desired traits. Nowadays, in 
potato over 1,00,000 seedlings are needed for one new variety. Genetic variation 
has also to come more frequently from wild species so that pre-breeding for breeding 
parents is a very important first step in the breeding process using wild plants. 
Success of pre-breeding is in these cases also highly dependent on linkage drag 
problems with presence of undesired alien traits.

It is important to realize that improvement of existing varieties in traditional 
breeding is only possible by spontaneous mutations or by mutation induction. This 
way of improvement is frequently used in fruit crops like apple and in ornamentals 
like Chrysanthemum, Alstroemeria and rose and bulb species like tulip, crocus and 
narcissus, where changes in appearance are directly useful. Loss of function of 
specific genes can also be obtained by the RNAi approach, This is very powerful 
as has been shown, for example, for amylose-free potato starch (Heilersig et al. 
2006). However, the outcome is a GM-plant which is based on a transgene, which 
could nowadays be indicated as an intragene if all functional parts are coming from 
natural gene sequences of the crop plant itself or from crossable species. In case of 
an RNAi intragene the deregulation could also be made less costly and less time 
consuming because all functional parts of the intragene are belonging to genes from 
the plant itself or from crossable species.

25.6.2 Extension of Genetic Variation

In agricultural practice and post harvest technology gain of functions, such as 
those influencing quality or resistances to biotic stress factors are very important. 
These traits can be found e.g. in wild material. The most important problems that 
have to be solved in this way are susceptibility to many diseases. In apple, resistance 
to apple scab (Venturia inaequalis) is at this moment a hot item and in potato 
resistance to late blight, nematodes and wart disease. Resistances to these diseases 
have to come from wild species and in practice several genes resisting different 
isolates of the same pathogen have to be combined, which is called gene stacking. 
These two examples of potato and apple will be discussed below in more detail.

25.6.3 Potato–Phytophthora Interaction

In a case like Phytophthora infestans it is very well known from the past that 
resistance can be overcome by the pathogen relatively easily (Haverkort et al. 2008). 
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Until the fifties Solanum demissum was used as main source of resistance to 
Phytophthora without sustainability in success. All 11 R-genes from S. demissum 
were broken and attention was shifted to horizontal resistance which is more based 
on quantitative traits. In potato this approach appeared also to be without sufficient 
amounts of success. Only a few varieties have been obtained with quantitative 
resistance. The present solution is searching for resistance in many different crossable 
species. These resistances do segregate well in crosses with susceptible plants and 
are effective against different complex isolates. In this way, R-genes are selected 
which in combination with other major resistance genes could be the basis for more 
durable resistance (Jacobsen and Vossen 2009). Sources of resistance in different 
species are found and needed, which brings more often introgression problems 
because of a lower degree of crossability and linkage drag problems because of 
decreased cross-over events in the homoeologous parts of the chromosomes of 
backcross plants during meiosis. Introgression breeding in vegetatively propagated 
crops brings the same problems of linkage drag as shown above for self-fertilizing 
crops. Fig. 25.5 shows how many years are needed for a new variety in traditional 
breeding when (double) bridge interspecific crosses are required to transfer major 
resistance genes into normal breeding material. In case of bridge crosses with far 
related species it is expected that during backcrossing meiotic cross-over events occur 
less frequently in the introgressed areas. This is generally increasing the size of 
introgressed alien chromosome parts and the chance of negative side effects by 
other linked alien genes. In case of potato, it has taken over 50 years before varieties 
with the first R-genes of S. bulbocastanum against Phytophthora could be released 
as recently has been done with the new dutch varieties Toluca and Bionica (personal 
comm.). This highly resistant variety probably contains only Rpi-blb2 (unpublished 
observations) which still provides in the Netherlands total resistance however, in trap 
fields virulent isolates of late blight  have already been isolated (Kessel, pers. 
comm). Therefore, only one R-gene in a variety is dangerous because of potential 
breakage problems. The philosophy has to be to stack several major R-genes from 
different sources at the same time in one genotype (Jacobsen and Vossen 2008). In 
classical breeding this leads to accumulation of linkage drag problems and,  therefore, 

S. acaule 4x × S. bulbocastanum 2x (R genes)
↓↓↓↓

↓↓↓↓ colchicine doubling 
AB hybrid 6x × S.  phureja 2x   

tuberosum 2x 
↓↓↓↓

ABP hybrid 4x × S.
↓↓↓↓

ABPT material 4x R -gene + linkage-drag 

AB hybrid 3x

Fig. 25.5 Double-bridge crosses in potato introgression breeding for resistance to Phytophthora 
infestans. This multiple step approach with far related species is difficult and always accompanied 
with a lot of linkage drag around the donor resistance gene. Stacking of R-genes from different 
sources, without linkage drag problems, is complex

Double-bridge crosses in potato for resistance to Phytophthora infestans
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decreasing the chance of providing attractive varieties in a reasonable time. The 
tetraploid and heterozygous nature of potato further complicates the combination 
of desired traits in a new variety.

Alternatives like stacking durable R-genes via cisgenesis are in development in 
order to solve this problem. At the moment 15 R-genes from several species like 
S. demissum, S. bulbocastanum, S. stoloniferum, S. papita and S. venturii have been 
isolated and are tested with different isolates for their spectrum of resistance. 
The use of Avr-genes is also speeding up the detection of R-genes in other species 
with the same or nearly the same specificity. It is getting more and more clear that 
R-genes can be subdivided into different groups with various resistance mecha-
nisms (Vleeshouwers et al. 2008). These isolated R-genes can be stacked more 
easily by cisgenesis, and the availability of the corresponding Avr-genes enable 
testing the simultaneous biological expression of these R-genes in one plant. 
The possibility of using R-genes in GM-plants is also promoting the development 
of new resistance strategies as has been applied in the past with Bt based insect 
resistance genes by using refuges (Babu et al. 2003). In potato three resistance 
strategies have been described which could be used in practice (Jacobsen and 
Vossen 2008). It is one by one using single R-genes, stacking R-genes in one variety or 
using different R-genes in different clones from the same variety in mixed varieties.

25.6.3.1 Apple–Venturia Inaequalis Interaction

In 1946 crosses were made for introduction of resistance to apple scab (Venturia 
inaequalis) into commercial apple varieties, using as source of resistance the crab 
apple Malus floribunda 821 (Hough et al. 1953). The progeny of the cross between 
M. floribunda 821 and susceptible cultivars segregated in a Mendelian fashion for 
resistance in a 1:1 ratio. The gene putatively underlying this resistance was named 
Vf-gene. However, the fruits of the resistant parent M. floribunda 821 were very 
small, approximately 1 cm. The apples of the progeny were also small, and did not have 
the fruit quality that was required for commercial cultivars. This was caused by linkage 
drag: not only the desired resistance gene was inherited to part of the progeny, but 
also many unwanted alleles leading to poor fruit quality and other unwanted traits. 
In order to get rid of the unwanted alleles, subsequent crosses had to be carried out 
between resistant progeny and susceptible high quality cultivars. As indicated in 
Fig. 25.6 about five generations were required to remove enough unwanted alleles 
from M. floribunda, yet keeping the desired Vf-gene for scab resistance. Approximately 
50 years after the first cross, Vf-cultivars with a reasonable fruit quality were intro-
duced onto the market (Anonymous 1999). Therefore, it has taken half a century to 
introduce the Vf-gene and remove the linkage drag to an acceptable degree.

In the mean time, Venturia inaequalis strains have been detected that are able to 
infect Vf-cultivars (Parisi et al. 1993). Especially in North-western Europe these 
strains are present and have spread (Parisi et al. 2006). As a result, several orchards 
that consist of Vf-cultivars have to be sprayed like orchards with susceptible 
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cultivars (Trapman 2006). Fifty years of breeding is fading away in 10 years. 
Obviously, more individual resistance genes need to be accumulated for obtaining 
durable resistance.

Fortunately, many loci that confer resistance to apple scab have been discovered 
in Malus, both major genes and QTLs (Calenge et al. 2004; Schmidt and Van de 
Weg 2005; Gessler et al. 2006; Gardiner et al. 2006). Therefore, sufficient genes for 
resistance are present in the germplasm of apple. Introgression of one resistance 
gene took approximately 50 years. Introgression of four or more genes for durable 
resistance will require more time, when the breeding is performed in the classical 
way. Would this imply that we are left with an additional 50 years of intensive 
fungicide applications to scab in apple, before the durably resistant cultivars are 
introduced? We regard it as our challenge to shorten this period significantly, by 
introducing the resistance genes and preventing the linkage drag.

One way to speed up the breeding process is marker-assisted breeding. This method 
can be of tremendous use and we advocate this approach, but still this will be time-
consuming, because linkage drag has to be removed through crosses and meiotic 
recombination. Accumulation of resistance genes from four sources of resistance 
and sufficient removal of unwanted alleles from the same sources, will probably 
require at least another five cross generations of apple. As long as the juvenile 

Fig. 25.6 Breeding scheme between apple and Malus floribunda 821 for introgression of the Vf 
resistance gene against apple scab (Venturia inaequalis) providing after 50 years the resistant 
cultivar Santana
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period and additional evaluation time in apple is about eight years, this would 
require a minimum of 40 years of breeding.

An alternative route is introduction of the resistance genes into susceptible elite 
cultivars without simultaneous introgression of unwanted alleles, so prevention of 
linkage drag, rather then removal of linkage drag. Through this process of cisgene-
sis, durable resistance provided by several resistance genes is added to high quality 
cultivars in one step, preserving the proven fruit quality and other desired traits of 
these cultivars.

Currently, apple is being sequenced, and other fruit crops probably will soon 
follow. This provides unprecedented opportunities for identification of genes. 
In addition, numerous loci have been mapped genetically in diverse germplasms, 
including fruit crops (Kole 2006). The information on genetic positions on the 
linkage groups, together with the whole genome sequences, and knowledge of 
genes from model plant species, offer us great opportunities to isolate alleles for 
desired traits at an increasing efficiency. We expect that, in the coming ten years, 
a vast number of major alleles for desired traits will be isolated in many crops, 
including fruit. So, the treasury of isolated alleles for cisgenesis will be filled at an 
increasing rate.

The already mentioned Vf-gene was isolated by means of map-based cloning 
and subsequently functionally analyzed (Belfanti et al. 2004). A closer analysis 
revealed that a tandem repeat of two gene copies provides the Vf-resistance (Malnoy 
et al. 2007). Therefore, the spelling ‘Vf-gene’ should be updated to the plural form 
‘Vf-genes’. In the mean time several other resistance genes to apple scab are being 
isolated. As soon as the apple genome sequence becomes available to the scientific 
community, many more genes and their alleles will also be isolated and characterized, 
and will enrich the wealth of available alleles for cisgenesis.

After discovery of the Vf-genes, several research groups in Europe and the USA 
proceeded in inserting these genes with strong, constitutive promoters in susceptible 
cultivars, resulting in resistance. However, at nearly the same time, the natural cisgenes 
were inserted with their own promoters. Apparently, the concept of cisgenesis was 
a logical step following the isolation of the Vf-genes.

Additional resistance genes will also be inserted into apple by means of 
cisgenesis within a few years, using a combination of Vf-genes and other resistance 
genes. These stacked functional resistance genes will provide more durable 
resistance in elite cultivars. We regard cisgenesis as a way to apply the increas-
ing knowledge about alleles to plant breeding, to the benefit of growers, con-
sumers and the environment.

An extra advantage of cisgenesis in comparison with cross breeding is that 
susceptible cultivars can be used that already have a proven high fruit quality and 
safe use. Apple is self-incompatible. Crossing with apple germplasm scrambles 
the genetic composition of good cultivars, and restoring such a cultivar through 
crossings is virtually impossible. However, cisgenesis preserves the genetic 
assembly of the high quality cultivar, and adds some well-defined apple alleles. 
Subsequently, the enriched cultivar can be propagated vegetatively by means of 
grafting, which is a common practise in apple propagation.
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25.6.4 Cisgenic Approach in Vegetatively Crops

The stacking and linkage drag problems are, in addition to allopolyploids, most 
prominent in vegetatively propagated crops, specifically when they are polyploid or 
perennial as has been described in potato and apple, respectively. Short run success 
can be obtained in this type of crops when cisgenes are available and can be 
transferred directly into the variety of interest. During stacking of genes it is important 
to know whether all the genes of the cassette after insertion are expressed and 
biologically active. For strong resistance genes which have not been broken at the 
moment it is important to know whether HR reactions with the cross reacting 
Avr-genes is occurring or not and whether this is a reliable indication for functional 
gene expression. The cisgenic approach is, as earlier indicated, free of the multiple 
introgression problems when the traditional breeding approach has to be applied so 
that domestication of a number of inserted alien genes can be realized in one step. 
It is also important to realize that stacked cisgenes in existing varieties can easily 
be used in traditional cross breeding approaches. We believe that the cisgenic 
approach is simplifying traditional plant breeding, especially when multiple linkage 
drag problems have to be overcome. If this approach will be exempted from the 
GM-regulations worldwide, it will help plant breeding in general.

25.7 Concluding Remarks

This chapter describes cisgenesis as an efficient alternative for several multiple 
step (pre-breeding) approaches in traditional plant breeding by highlighting with 
examples for important traits that. It is introducing and domesticating agriculturally 
important genes in improved existing varieties in one step and providing new cross-
ing parents for variety breeding. This approach is, therefore, highly recommended for 
breeders in developing countries and for SMEs. The process of producing cisgenic 
GM-plants results per definition into a GM-plant for the same reason as indicated in 
the GM-Directive 2001/18/EC (Anonymus 2001) for induced mutations and pro-
toplast fusion between crossable species. However, in parallel with the induced 
mutation and protoplast fusion approaches, the cisgene source belongs per definition 
to the well known and already for a long time used breeders gene pool and should, 
because of this, also be exempted from the existing GM-regulations worldwide.
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Abstract A small but increasing proportion of genetically modified crops harbour 
two or more novel traits due to ‘stacked’ transgenes. A variety of methods can be 
used to achieve stacking, albeit with limitations. Transgene stacking can potentially 
widen the scope of current plant genetic manipulation to allow whole new bio-
chemical pathways to be introduced into plants, or to overcome a range of different 
factors that limit crop yield. Developing and improving methods for multi-gene 
stacking in plants is an expanding and exciting field of current research.

26.1 Introduction

The manipulation of plant genomes via genetic modification offers the potential to 
improve crop plants in many beneficial ways. Plants can be engineered to have 
increased nutritional benefits, resistance to herbicides and insecticides and 
enhanced tolerance to both biotic and abiotic stresses, as well as being able to 
produce pharmaceutical products such as vaccines. Commercial transgenic crop 
production continues to gain ground with 114 million hectares grown globally in 
2007 (James 2007; Fig. 26.1a). Although a single engineered trait still dominates 
(63% of biotech crops planted were herbicide tolerant), the fastest growing cate-
gory between 2006 and 2007 was crops that combined two or more ‘stacked’ 
traits. Within this growing season, the area planted with crops with stacked traits 
rose 66% to cover 22 million hectares (i.e. 19% of global transgenic crop production) 
and over a third of all GM crops grown in the United States possessed two to three 
stacked traits (James 2007). The adoption of stacked trait crops appears to be 
entering a rapid growth phase (Fig. 26.1b) likely reflecting the potential of these 
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crops to overcome multiple factors limiting crop productivity (Halpin 2005). 
Already, varieties of GM maize and cotton are available with three stacked traits, 
and Bayer CropScience and Monsanto recently announced their intention to pro-
duce the first-ever eight-gene stacked commercial crop resistant to several insects 
and herbicides. Despite these advances, the underpinning techniques used to 
achieve multiple trait/gene stacking in commercial transgenic crops, although 
effective, are still relatively basic. This chapter discusses those techniques along 
with newer research that could potentially provide more efficient technologies for 
multiple gene stacking in the future.
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26.2 Combining Individual Transgenes

26.2.1 Cross-Breeding and Re-Transformation

The introduction of multiple novel genes into plants (stacking or ‘pyramiding’) can 
be achieved by straightforward iterative strategies. Plants containing several trans-
genes can be produced by crossing parents with different transgenes until all the 
required genes are present in the progeny (Fig. 26.2a). This has been the method 
used to produce most of the three-gene stacked GM crops currently available such 
as maize that is corn borer and rootworm resistant and herbicide tolerant. At a 
research level, cross-breeding has been used to introduce novel proteins or new bio-
chemical pathways into plants. An early example of the power of this strategy was 
the production of secretory IgA antibodies in plants by cross-breeding of tobacco to 
combine, in one plant, four genes encoding different immunoglobulin polypeptides 
(Ma et al. 1995). Similarly, Arabidopsis plants tolerant of the environmental pollutant 
methylmercury were produced by crossing plants expressing two different genes on 
a bacterial organic mercury detoxification pathway (Bizily et al. 2000).

An alternative iterative strategy is to sequentially transform and re-transform 
plants with different individual transgenes by several rounds of transformation 
(François et al. 2002a; Halpin and Ryan 2004) (Fig. 26.2b). This strategy can be 
particularly useful in crops that are not easy to propagate by sexual crossing, such 
as woody plants and trees. In forsythia, flower colour has been modified by sequen-
tial transformation with the genes for dihydroflavonol 4-reductase from Antirrhinum 
majus and anthocyanidin synthase from Matthiola incana This induced anthocyanin 
synthesis in the double transformants which displayed a novel bronze-orange petal 
colour (Rosati et al. 2003). Re-transformation has also been used in poplar to com-
bine antisense transgenes for two lignin biosynthesis genes in an attempt to reduce 
the environmental impact of papermaking (Lapierre et al. 1999).

Both of these iterative methods allow the effect of each additional gene to be 
assessed in a step-wise fashion, which may offer advantages in some circum-
stances. However, whilst these methods reliably result in the production of plants 
expressing multiple transgenes, problems can still arise. Principal among these is 
the fact that the introduced transgenes will be integrated randomly in different 
genomic positions which can result in (1) lack of coordination between the 
expression levels of different transgenes, and (2) subsequent independent segre-
gation of the transgenes in later generations. Both techniques are fairly labour 
intensive, taking several generations to complete (Halpin et al. 2001; François 
et al. 2002a). An additional issue, particularly with the re-transformation strategy, 
is that different selectable marker genes may be needed for each sequential round 
of transformation, and the availability of such genes can be limiting. The accumu-
lation of different selectable marker genes as more transgenes are introduced 
could also, potentially, hinder regulatory approval and public acceptance of the final 
product. The development of systems enabling transformation without the need 
for selectable markers, or systems for removal of selectable marker genes, may 
help overcome these problems.
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26.2.2 Co-Transformation

Co-transformation is another method used to stack genes in plants, and can be of 
two categories; single-plasmid co-transformation of linked transgenes (François 
et al. 2002a; Halpin and Ryan 2004) or multiple-plasmid co-transformation of unlinked 
transgenes (François et al. 2002a). In the case of single-plasmid co-transformation the 
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Fig. 26.2 (a) Stacking genes A and B by cross-breeding. Plants harbouring transgene A or transgene 
B are crossed to produce plants with both transgenes. (b) Stacking genes A and B by retransformation. 
A plant harbouring transgene A is retransformed with transgene B
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genes to be introduced are linked as a single piece of DNA, with each gene having 
its own promoter (Fig. 26.3a). Multiple-plasmid co-transformation consists of 
several plasmids or discrete fragments of DNA (if biolistics are being used), each 
carrying a different transgene (including a promoter), that are transformed together 
into a plant (Fig. 26.3b). Single-plasmid co-transformation offers an advantage 
over multiple-plasmid co-transformation in that integration of both genes together 
into the same genomic location is ensured as they are linked as a single piece of 
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Fig. 26.3 (a) Stacking genes A and B by single-plasmid co-transformation. Transgenes A and B 
are linked on one piece of DNA and transformed together into a plant. (b) Stacking genes A and 
B by multiple-plasmid co-transformation. Transgenes A and B are on different pieces of DNA that 
are transformed together into a plant
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DNA (Halpin et al. 2001; François et al. 2002a). However, it is often the case that 
transgenes co-introduced on multiple plasmids also co-integrate and are therefore 
inherited together in progeny. As with cross breeding and re-transformation, gene 
silencing can be a problem (Elmayan and Vaucheret 1996; Voinnet et al. 2003) if 
the same promoter is used with each transgene to ensure that they are co-ordinately 
expressed. Use of the same promoter can trigger homology-based silencing 
(Matzke and Matzke 1995) and therefore it is possible that the introduced gene may 
not be stably expressed in the long-term (over many plant generations). Nevertheless, 
multiple-plasmid co-transformation via biolistics has been successful in intro-
ducing up to 13 genes simultaneously into plants at one or a few loci (Chen et al. 
1998), while six-gene clusters were successfully introduced by single plasmid 
co-transformation (Goderis et al. 2002; Thomson et al. 2002). Beyond the research 
level, co-transformation techniques have been successfully used to produce some 
of the stacked trait GM crops on the market today.

Looking forward to the future, improving methods for single plasmid co-
transformation is likely to be an increasingly active research area. The practical 
problems associated with linking multiple transgenes have already led to the 
development of a number of new vector systems. Several groups have designed 
systems where plant transformation vectors harbour an array of rare octa-nucleotide 
restriction sites and/or homing endonuclease cleavage sites along with unidirectional 
‘shuttle’ vectors with combinations of the same endonuclease sites (Goderis 
et al. 2002; Thomson et al. 2002). Individual gene cassettes can be constructed 
in the shuttle vectors then moved over into the plant transformation vector so 
that artificial gene clusters can be assembled. Other novel systems include Cre/
LoxP-based recombination vector systems (Lin et al. 2003), different GATEWAY-
based recombination systems (Wakasa et al. 2006; Chen et al. 2006), and several 
other strategies. Further work is needed to address issues such as improving the 
delivery of long T-DNAs, overcoming vector size limitations, and determining 
the stability of long constructs with repeated elements in both bacteria and plant 
cells (Dafny-Yelin and Tzfira 2007).

26.3 Polycistronic Transgenes

26.3.1 Internal Ribosome Entry Sites (IRES)

A more novel method utilised for expressing multiple transgenes in planta is the use 
of internal ribosome entry sites (IRES). An IRES is a sequence internal to a mRNA 
which recruits the ribosome to an initiation codon downstream of the capped 
5¢-end of the mRNA. IRES sequences, usually of viral origin, can be used in a 
heterologous context i.e. they can be placed between two transgenes to produce a 
dicistronic construct (see Fig. 26.4a). Translation of the first open reading frame 
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(ORF) occurs from the first AUG start codon in a cap-dependent manner. 
Translation of the second open reading frame is initiated from the IRES in a 
cap-independent manner (François et al. 2002a; Halpin and Ryan 2004). This system 
is appealing as entire artificial operons can be introduced into plants, and their 
internal ribosome entry sites recognised (Halpin and Ryan 2004). However, initia-
tion at the IRES can be inefficient, with expression levels of the second open 
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Fig. 26.4 Strategies for gene stacking using single transgene constructs. Black horizontal arrows 
indicate the primary translation products of the transgene. White arrows indicate sites of post-
translational protein processing. (a) Polycistronic construct using IRESs. (b) Polyprotein con-
struct incorporating NIa protease. (c) Polyprotein construct incorporating linker sequence that is 
cleaved by an endogenous cellular protease. (d) Polyprotein construct incorporating FMDV 2A 
sequence which results in co-translational ‘skipping’ to yield upstream and downstream protein 
products. (d) Polyprotein construct incorporating ubiquitin that is processed by endogenous deu-
biquitinating proteases
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reading frame being as low as 0.2–1% of the first ORF (François et al. 2002a). 
No IRES sequences have yet been found in endogenous plant genes (François et al. 
2002a), which may explain why re-initiation of translation via an IRES is so poor 
in planta. However, IRES sequences have been found in plant virus genomes, 
including Tobamovirus RNA, which suggests that plants may indeed possess a 
cap-independent translation initiation mechanism (François et al. 2002a). 
Interestingly, an insect virus (Rhopalosiphum padi) IRES was shown to work effi-
ciently in wheat germ lysate (Woolaway et al. 2001). Translation from the construct 
with the IRES was 17-fold greater than from a construct lacking the IRES, and 
when an antisense form of the IRES was introduced there was no translation of the 
second open reading frame. This proved that translation was occurring from the 
IRES in wheat germ lysate and suggests that the potential does exist for using 
internal ribosome entry sites in planta.

26.3.2 Chloroplast Transformation

A method of gene stacking that has been used with great success at the research 
level is stacking via chloroplast transformation (‘transplastomic’ plants). This 
method has a major advantage over other methods in that thousands of copies of 
the chloroplast genome exist within a plant cell, which means that high levels of 
gene expression can be achieved. The transgenes can be linked together in an 
operon, high levels of protein expression occur, and epigenetic interference is 
prevented. As chloroplasts are largely inherited maternally in most crop plants, 
they are generally not transmitted in pollen, so there is minimal risk of the trans-
genes being released to the environment. In a study of transplastomic tobacco, 
only very low levels of paternal plastid transmission could be detected, and the 
frequency of potentially stable paternal transmission of a transgene was equivalent 
to 2.86 per million progeny plants (Ruf et al. 2007). It has been proposed that this 
level of containment is sufficient to enable coexistence of GM and conventional 
crops but, that other stacking methods or containment methods (e.g. cytoplasmic 
male sterility) may need to be used in cases where no outcrossing can be tolerated 
(e.g. for production of specific pharmaceuticals) (Ruf et al. 2007). Plastid transfor-
mation is currently only routine in tobacco, although some progress is being made 
with other crops (see Verma and Daniel 2007 for review). Methods for production 
of transplastomic plants continue to be improved, for example, several methods 
for marker-gene excision in transplastomic plants have recently been described 
(Lutz and Maliga 2007).

Although there are benefits to using chloroplast transformation, there are 
also some disadvantages. Expression must be tightly regulated, so that the high 
levels of protein produced are not detrimental to the plants. When three genes 
for the production of the bioplastic polyhydroxybutyrate (PHB) were linked 
together to form an operon and transformed into the tobacco chloroplast 
genome, synthesis of PHB occurred to high levels, but the accumulation of the 
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plastic prevented the plants from growing properly and caused male sterility 
(Lössl et al. 2003). These effects were thought to be due to the over-expression 
of one of the introduced genes. However, this work demonstrates the potential 
for introducing novel metabolic pathways into plants via chloroplast transfor-
mation. Research is being carried out to determine if gene expression could be 
chemically induced, to mitigate potential detrimental effects when transgenes 
are expressed throughout development, but this research is still in its early 
stages (Bock 2007).

26.4 Expression of Multiple Genes from Polyproteins

26.4.1 The NIa Protease

A novel method of expressing multiple transgenes in plants is by expressing trans-
genes from a self-processing polyprotein. This method is based on the processing 
of viral genomes as observed in the positive-strand RNA viruses, including the 
picorna-, poty- and flavi-viruses (Marcos and Beachy 1997). In these, the viral 
genome is encoded as a single polyprotein which is cleaved in cis or in trans by 
proteases within the polyprotein. The Nuclear Inclusion (NIa) protease of the plant 
potyvirus Tobacco Etch Virus (TEV) is an example of this. Marcos and Beachy 
(1997) constructed a polypeptide in which the coat protein genes for tobacco 
mosaic tobamovirus (TMV) and soybean mosaic virus (SMV) were separated by 
the TEV NIa protease and its cleavage site. When expressed in transgenic tobacco 
plants, cleavage of the polyprotein to its respective products occurred, however it 
was found that the proteins were not produced in equimolar quantities, and only 
accumulated at low levels (Marcos and Beachy 1997). The protein which was 
N-terminal to the NIa protease was produced in a greater quantity than the protein 
C-terminal to the NIa protease. It was therefore hypothesised that the nuclear 
targeting signal within the NIa protease was causing the polyprotein to be directed 
to the nucleus, resulting in premature termination of translation and unequal quantities 
of the two protein products (Marcos and Beachy 1997). Further examination of the 
NIa protease by Ceriani et al. (1998) suggested that disrupting the nuclear targeting 
of the NIa protease resulted in increased levels of protein expression, however the 
protein N-terminal to the NIa protease was still present in a greater quantity than 
the protein C-terminal to the protease. Dasgupta et al. (1998) tried to use transit 
peptides in polyproteins containing the NIa protease, but found that the protein 
products did not localise correctly.

Whilst this work shows that the NIa protease can be used to effect cleavage of a 
polyprotein construct into its separate products (see Fig. 26.4b), the resulting low 
levels of expression, unequal quantities of proteins and targeting problems prevent 
it from being a truly useful method of expressing multiple proteins from a single 
polyprotein construct.
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26.4.2 Linker Sequences

It is possible to express multiple genes in plants by separating them with a linker 
which is then cleaved by a cellular protease. Two examples of linkers processed in 
this manner are the Kex2 and the AMP (antimicrobial peptide) linkers.

It has been shown that a protease similar to Kex2, a protease required for processing 
of prohormones and preprotoxins in fungal and animal cells that cleaves at the consen-
sus sequence IGKR↓G (cleavage indicated by ↓), is also present in plant cells in the 
Golgi apparatus (Kinal et al. 1995; Jiang and Rogers 1999). Kinal et al. 1995 produced 
transgenic tobacco plants expressing the KP6 preprotoxin from the fungal pathogen 
Ustilago maydis. Processing of the preprotoxin results in the production and activation 
of a and b polypeptides. When these two polypeptides were separated by the linker 
sequence IGKRGKRPR, processing in planta was found to occur at IGKR↓GKRPR 
and the two active polypeptides were produced. Jiang and Rogers (1999) also demon-
strated successful cleavage of a polypeptide where the two coding sequences were 
separated by a triplicated Kex2 linker sequence (IGKRG IGKRG IGKRG).

A natural polyprotein gene (Ib-AMP) encoding antimicrobial peptides separated 
by a linker sequence similar to the Kex2 linker, and that is believed to be processed 
by a protease in the plant endomembrane system, has been identified in Impatiens 
balsamina (Tailor et al. 1997). The 16 amino acid linker SNAADEVATPEDVEPG 
has doublets of negatively charged amino acids (DE, ED) which are hypothesised to 
be the sites of cleavage (Tailor et al. 1997; François et al. 2002b). François et al 
2002b constructed a heterologous polypeptide by placing the 16 amino acid linker 
sequence between two different antimicrobial peptides (DmAMP1 from Dahlia 
merckii and RsAFP2 from Raphanus sativus) in a single open reading frame. 
Cleavage of the polyprotein occurred within the linker sequence, although the exact 
position of the cleavage was not determined. The cleavage resulted in the production 
of DmAMP1 with an additional serine residue attached to its carboxy-terminus and 
RsAFP2 with five additional amino acids present at its N-terminus (DVEPG). When 
the order of the genes in the polypeptide was reversed, similar cleavage results were 
observed. However, François et al 2002b discovered that cleavage occurred both 
directly after the RsAFP2 domain and after the adjacent serine residue to yield the 
products RsAFP2 and RsAFP2 + Ser. This data suggested that cleavage of the linker 
sequence occurs independently of the genes N- and C-terminal to it.

The protease responsible for cleaving the Ib-AMP linker sequence remains 
unknown. It is hypothesized that an endoprotease may be responsible, perhaps in 
combination with another endo- or exoprotease. It was proposed by François et al 
2002b that cleavage at the linker sequence first occurs by a specific endoprotease, 
the linker is then subsequently “trimmed” by an exoprotease.

Both the Kex2 and Ib-AMP linker sequences have been used successfully to 
demonstrate expression of multiple genes from a single polyprotein construct in 
planta (see Fig. 26.4c). However, there are limitations to using these methods. 
These linker sequences would only be useful if both protein products were to be 
targeted to the endomembrane system where the proteases are thought to reside. 
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Also, since the proteases responsible for cleavage remain to be conclusively 
identified it is possible that they may not be present in all plant tissues or species, 
so cleavage could be tissue- or species-dependent.

26.4.3 FMDV 2A

Dissociation of a polyprotein resulting in the expression of multiple proteins in 
plants has been demonstrated using the 2A peptide from Foot and Mouth 
Disease Virus (FMDV) (Halpin et al. 1999). In this method the 20 amino acid 
2A peptide is placed between two genes, forming a single open reading frame. 
Upon translation dissociation occurs at the C-terminus of the 2A peptide, yield-
ing the respective protein products (Ryan and Drew 1994; Halpin et al. 1999). 
The mechanism by which cleavage occurs is still debated, though it is proposed 
that during translation of the polyprotein, the conformation of the 2A peptide 
prevents a peptide bond forming between a glycine and proline residue at the 
conserved 2A cleavage site. This ribosomal ‘skip’ results in the first protein 
being released from the ribosome, while translation of the second protein con-
tinues (Donnelly et al. 2001a). The system ensures co-ordinate production of 
both proteins in broadly similar amounts (Halpin et al. 2001; François et al. 
2002b). Genes containing transit peptides or signal sequences have been used 
in conjunction with 2A, and the proteins have been found to target correctly to 
their subcellular locations: chloroplast and ER respectively (Halpin et al. 2001; 
El Amrani et al. 2004).

There are many advantages of using the 2A peptide to introduce multiple genes 
into plants. The sequence is short and multiple genes can be introduced in a single 
open reading frame (see Fig. 26.4d). There is no need to rely on the activity of 
cellular proteases to effect cleavage, as the ‘cleavage activity’ is inherent to the 
peptide. Problems of homology-based silencing are reduced as only a single pro-
moter is used (Halpin et al. 1999; François et al. 2002a) and the method can be used 
in all plant tissues, regardless of the developmental stage (Halpin et al. 2001). 
Many other ‘2A-like’ sequences have been identified, mainly from other viruses 
(Donnelly et al. 2001b, Osborn et al. 2005) which may also cleave in planta.

However there are also potential limitations to using the 2A peptide. Upon dis-
sociation of the polypeptide, 19 amino acids from the 2A sequence remain attached 
to the C-terminus of the first protein. It is possible that this might interfere with 
protein folding and function or cause protein mis-targeting if the protein has a 
C-terminal targeting sequence (Halpin et al. 1999). To date however, these prob-
lems have not arisen when such 2A-containing polyproteins have been used in plant 
or animal systems (Halpin et al. 1999, 2001; Szymczak et al. 2004). The single 
proline residue from the 2A peptide that remains attached to the N-terminus of 
the second protein does not appear to cause problems either and, according to the 
N-end rule, this residue should serve to promote protein stability (Halpin et al. 
1999; Halpin and Ryan 2004).
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Ma and Mitra (2002) successfully demonstrated the cleavage of a polyprotein 
containing three genes separated by the 2A peptide. The polypeptide was success-
fully processed at both the first and second 2As, and the two 2A sequences acted 
independently of each other. El Amrani et al. (2004) expressed genes containing 
chloroplast transit peptides using the 2A system. They found that after dissociation 
at 2A, the proteins were post-translationally targeted to the chloroplasts, and the 
transit peptide was removed. This therefore demonstrated that following rapid 
co-translational dissociation, proteins could be targeted to their appropriate sub-cellular 
location, and the presence of the excess residues from the 2A sequence did not 
interfere with this process.

26.4.4 Ubiquitin Vectors

A more recent approach to gene stacking in planta involves the use of ubiquitin 
(Ub)-based vectors. Similarly to FMDV 2A, these vectors allow co-ordinate 
expression of multiple proteins from a single chimeric transgene. In vivo, ubiquitin 
is synthesized either attached to the N-terminus of proteins or as polyubiquitin, and 
deubiquitinating enzymes (DUBS) process the ubiquitin fusions into their respec-
tive, functional components. The deubiquitinating enzymes are specific for ubiq-
uitin and can remove most proteins joined to the ubiquitin C-terminus. Thus, in 
yeast, fusion constructs where two proteins are connected in-frame with a single Ub 
sequence have been shown to be cleaved after the last residue of Ub to yield 
equimolar amounts of the two proteins, with the anterior one carrying the C-terminal 
Ub unit (Levy et al. 1996; Suzuki and Varshavsky 1999).

This strategy has recently been slightly refined and used in plants. Processing 
of a chimeric polyprotein expressed from a ubiquitin-based vector was demon-
strated by Walker and Vierstra (2007), when they used the method to express 
luciferase (LUC) and b-glucoronidase (GUS) in stably transformed tobacco 
plants. Their construct consisted of luciferase followed by 14 C-terminal amino 
acids from ubiquitin (Ub linker), joined to a full-length ubiquitin and then to GUS 
(LUC-14aa-Ub-GUS). Processing of the polyprotein was expected to result in the 
production of luciferase (with the 14 amino acid Ub linker attached to it) and 
GUS, as this had previously been observed in studies with yeast. Western blotting 
of protein extract derived from the plants showed that, as expected, GUS was 
produced, but the resulting LUC was closer in size to native LUC than to LUC 
with fused Ub linker. The authors suggest that this indicates cleavage by a tobacco 
DUB at the junction between LUC and the start of the Ub linker sequence. 
Subsequent over-exposure of the blot failed to show the presence of any unpro-
cessed polyprotein, indicating that the efficiency of polyprotein processing by 
DUBs was very high. They further tried to improve this technique by reducing the 
14 amino acid Ub linker to shorter lengths. They still achieved complete processing 
with a 6 amino acid linker but further reduction to 4 amino acids reduced the 
efficiency of processing (Walker and Vierstra 2007).
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Whilst this system is not without fault there are several advantages to using this 
method for gene stacking in plants. The deubiquitinating enzymes are endogenous 
to the plant meaning that foreign proteases do not have to be introduced to ensure 
polyprotein processing occurs. Upon processing only14 amino acids remain 
attached to the protein anterior to the ubiquitin (see Fig. 26.4e). This can be reduced 
to 6 amino acids without affecting cleavage, or less if only partial processing is 
deemed acceptable. The production of protein products with no amino acid attach-
ments would be particularly useful to ensure correct functioning and targeting of 
the products, and for gaining regulatory approval. Another benefit of the Ub-based 
vector system is that there appears to be little or no unprocessed polyprotein produced. 
This is possibly due to plants having a greater concentration or more active DUBs 
(Walker and Vierstra 2007). It is thought that the presence of the ubiquitin moiety 
should not interfere with protein targeting; therefore it should be possible to target 
proteins to different subcellular locations. Walker and Vierstra (2007) suggest that 
more than three proteins could be expressed using this system and that the stoichi-
ometry of the proteins could be controlled, for example repeating one of the coding 
sequences to create a 2:1 ratio of different proteins. Theoretically any number of 
proteins could be expressed using this vector system however as with several other 
systems, the length of the transcribed mRNA may become a limiting factor. If it is 
too long it may be unstable and prevent transcription of the full polyprotein. It was 
also noted by Walker and Vierstra (2007) that the quantities of protein produced 
in planta using the polyprotein cassettes was less than that produced by non-fused 
LUC and GUS transgenes using the same promoter.

26.4.5 Suppression of Multiple Genes via Chimeric Transgenes

Whilst transgenes can be introduced into plants to confer novel traits or increase 
expression of existing genes, they can also be used to co-ordinately suppress expres-
sion of existing genes within a plant. Abbott et al. (2002) demonstrated that it was 
possible to suppress the expression of three lignin genes by creating a construct where 
partial sense sequences for the three genes were fused together and expressed from 
the 35S CaMV promoter. When the transgenic plants were examined it was found 
that levels of all three genes were significantly below that of the wild-type plants and 
were similarly suppressed, indicating that co-ordinate down-regulation had occurred. 
When Abbott et al. (2002) tried to obtain double antisense plants by crossing they 
found that, while some of the progeny had reduced levels of gene expression, many 
had levels which were considerably higher than expected, and the levels varied sig-
nificantly between plants. It was thought that silencing was triggered by crossing two 
plants containing genes with the same promoter. Therefore, it would appear that for 
co-ordinate suppression of genes it is best to construct a chimeric transgene. This 
method also has several other advantages over crossing plants to down-regulate gene 
expression. It is very quick, taking only one generation to produce plants with mul-
tiple genes suppressed. Further breeding to produce homozygous transgenic plants is 



626 E. Douglas and C. Halpin

easier than it is using other methods where the combined transgenes may resegregate. 
Gene suppression is coordinate due to the partial sense sequences being linked 
together as a single transcript and this also means that the promoter is not duplicated, 
so homology based silencing should be minimal (Abbott et al. 2002).

26.5 Gene Stacking Using Mini-Chromosomes

The production of minichromosomes is a very recently developed method, still 
being actively refined, which could be extremely useful for gene stacking in plants. 
Autonomous, independently-segregating chromosome-based vectors could offer a 
stable platform for introducing and maintaining large numbers of novel genes, even 
entire new metabolic pathways, into plants. Although already successfully used in 
mammals and yeast, artificial chromosome engineering in plants has only recently 
made significant progress with several reports of the production of transgene-
expressing minichromosomes in maize (Carlson et al. 2007; Yu et al. 2006, 2007).

Yu et al. (2007) succeeded in creating minichromosomes from endogenous chro-
mosomes in maize by introducing telomere sequences that cause chromosomal 
truncation at the insertion site. This chromosome engineering was achieved by 
Agrobacterium-mediated transformation of maize embryos with constructs con-
taining a selectable marker, a site-specific recombination cassette and telomere 
repeats. Upon integration into chromosomes, the telomere-containing transgene 
capped the broken chromosome and caused formation of a new telomere, hence a 
truncated ‘minichromosome’ was formed. By including site specific recombination 
sites within the transforming DNA, other transgenes could be introduced into the 
minichromosome at a later date. Expression of a minichromosome-harboured GUS 
transgene was detected in all of the tissues examined, including the roots, shoots, 
leaves and endosperm. An advantage of this minichromosome system is that, by 
targeting the supernumerary B chromosome, dosage manipulations can be carried 
out due to the nondisjunction properties of B minichromosomes that occur during 
mitosis. This means that in the presence of normal B chromosomes, male parents 
can transmit two copies of the truncated chromosome. Therefore by selective cross-
ing, multiple minichromosomes could potentially be accumulated in one plant. The 
minichromosomes produced by Yu et al. could be replicated through meiosis and 
transmitted, with varying efficiencies, to the next generation. However, further 
work is needed to fully understand the behaviour of these minichromosomes 
through meiosis and to improve the efficiency and stability of transmission.

An alternative method for chromosome engineering involves de novo assembly 
of circular minichromosomes by transforming maize embryogenic tissue with 
autonomous vectors containing up to 190kb of maize centromeric repeat sequences 
(Carlson et al. 2007). After selection for the marker gene present within the vector, 
fluorescence in situ hybridization (FISH) revealed some events where the vector 
had integrated into chromosomes but other events where the FISH signal was 
clearly distinct from the DAPI-stained host chromosomes, suggesting autonomous 
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maintenance. One of these autonomous minichromosomes was further characterized 
in detail and found to be efficiently transmitted though both mitotic and meiotic cell 
divisions through at least four generations (Carlson et al. 2007).

The advent of minichromosome technology for plants, while still nascent and 
deserving of much further research, offers the potential for greatly simplifying the 
production of stacked trait transgenics while also increasing their speed-to-market 
and has already attracted significant interest from industry.

26.6 Conclusions

An increasing ‘toolkit’ of technologies is developing for stacking useful genes and 
traits in transgenic plants. Some of these techniques have already been used in the 
commercial production of stacked trait GM crops, and an increasingly rapid pace 
of advance in the introduction of such stacked gene products is expected. Further 
refining and widening of the options available for efficient multiple gene manipula-
tion in plants is a major challenge for the future if we are to develop more sophis-
ticated and cleaner transgenic technologies which will allow the full opportunities 
for GM crops to be realized.
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Abstract Early experiments in which a gene was transferred from one species to 
another were very exciting but were often disappointing in that the gene expression 
seen in the first generation was not carried through to subsequent generations. It 
also became clear that this silencing was not a result of incomplete or erroneous 
translation. A major breakthrough was the work of Dougherty and colleagues who 
showed that aberrant RNA led to lengthy but often incomplete or rearranged RNA 
species. By 1998, it was recognized both in animal and plant systems that rear-
rangements of the transgene that allowed anti-parallel RNA strands to be generated 
stimulated a templated degradation system (RISC complex) that includes specific 
small RNAs together with Argonaute proteins and Dicer-like proteins that cleave 
the targeted RNA into characteristic 21–25 nt degradation products. In addition 
to induction by anti-parallel RNAs, RNAi degradation systems can be induced by 
virus replication intermediates as in natural host defense mechanisms. By 2001, 
another kind of small RNA involved in regulation of gene expression was discov-
ered and termed microRNA. These endogenous ~21 nt small RNAs play several 
roles in gene regulatory networks and often target other regulatory genes. Artificial 
small RNAs can also be designed to inactivate target genes to generate the mutant 
phenotypes which are useful for crop improvement. Thus, whereas the instability of 
transgene expression is seen as an undesirable feature, correctly used, similar strat-
egies are proving powerful in debilitating many pathogens for which no protection 
has been available from classical sources.
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S.M. Jain and D.S. Brar (eds.), Molecular Techniques in Crop Improvement,
DOI 10.1007/978-90-481-2967-6_27, © Springer Science+Business Media B.V. 2010



632 S. Kertbundit et al.

27.1 Introduction

Transgenic plants were first developed in 1983 by four independent research groups 
(Bevan et al. 1983; Fraley et al. 1983; Herrera-Estrella et al. 1983; Murai et al. 
1983). These achievements opened new horizons for plant research and crop 
improvement. Numerous genes have been introduced into crop plants to develop 
new varieties that have desired traits such as transgenic corn and cotton expressing 
the Bacillus thuringiensis crystal toxin that can kill European corn borer, the boll-
worm and other lepidopteran insects. However a major problem soon became 
apparent: many of the transgenes were silenced, i.e. they did not express the 
encoded gene product as expected.

At first, transgene silencing was thought to be similar to the situation for 
Drosophila Polycomb genes that become heterochromatinized and their DNA 
methylated. However, as experimental data accumulated, it became apparent that 
several events are involved in gene silencing including RNA silencing, epigenetic 
events, remodeling of chromatin structure and others. Intriguingly, gene silencing 
is now considered to be an important mechanism by crop breeders, as it allows the 
inactivation of certain genes without the need for lengthy breeding. In some cases, 
the inactivation of a particular gene could result in an improved quality crop. In this 
chapter, we review current concepts concerning mechanisms of gene silencing and 
their use for crop improvement, with a special focus on rice.

27.2 Co-suppression and Gene Silencing

Gene silencing of transgenic DNA in plants was initially observed in petunia 
(Petunia hybrida) transformed with a chalcone synthase A (chsA) gene and termed 
homology-dependent gene silencing (HDGS) (van der Krol et al. 1990) or co-
suppression (Napoli et al. 1990). Chalcone synthase (CHS) is a key enzyme in the 
anthocyanin biosynthesis pathway and the introduction of an extra copy of chsA 
into a purple-flowered petunia line was expected to yield plants bearing flowers of 
more intense color. In practice, white-flowered progeny were obtained and it was 
subsequently discovered that the mRNAs from both the host chsA gene and 
homologous transgenes were degraded (“co-suppressed”) following transcription 
in the nucleus, accounting for the lack of CHS expression. This co-suppression 
phenomenon has now been observed in many other organisms, notably in 
Neurospora crassa (Cogoni and Macino 1999), Drosophila melanogaster (Pal-
Bhadra et al. 1997, 1999) and Caenorhabditis elegans (Gaudet et al. 1996; Jones 
and Schedl 1995).

Co-suppression, along with various forms of viral gene silencing (Baulcombe 
1999; English et al. 1996; Lindbo et al. 1993), is now recognized as a post-tran-
scriptional gene silencing (PTGS) event (van Blokland et al. 1994). The term “co-
suppression” is still used sometimes to describe a silencing strategy that is based on 
integration of additional copies of a gene.



63327 Gene Silencing

27.3 Transgene Silencing

Several studies have documented a higher incidence of insertion of multiple copies 
of complex, rearranged transgenes from direct DNA transfer methods than from 
Agrobacterium-mediated transformation (Cheng et al. 1998; Hiei et al. 1994). 
Further, a high incidence of silencing has been observed when the transgene is rear-
ranged or when multiple copies are present as tandem or interspersed direct or 
inverted repeats (Assaad et al. 1993; Dorer and Henikoff 1997; Garrick et al. 1998; 
Rossignol and Faugeron 1994). The presence of multiple copies provides additional 
opportunities for ectopic interactions between transgene sequences and has been 
proposed to cause activation of silencing (Kumpatla and Hall 1998b).

Gene silencing can occur at the transcriptional (TGS) or at the post-transcrip-
tional (PTGS) level. Useful generalizations, to which there are many exceptions, 
are that: whereas in TGS the promoter is methylated and no mRNA is transcribed 
from the transgene, in PTGS, although the coding sequences are methylated, the 
mRNA is transcribed but is rapidly degraded (Kooter et al. 1999; Matzke and 
Matzke 1995; Vaucheret et al. 1998). Superficially, an inability to detect the target 
gene mRNA (either by Northern blot, nuclear run-on or RNase protection assays) 
appears to provide de facto evidence for TGS. However, it is now recognized that 
the initiating step could be a short-lived PTGS event that sets up a more long-lived 
TGS system. TGS is both mitotically and meiotically heritable, whereas PTGS 
is reversed following meiosis (Depicker and Montagu 1997; Stam et al. 1998). 
Other early conjectures were that TGS and PTGS are involved both in normal gene 
regulation processes and in host defense responses to extragenomic and intrage-
nomic parasites (Bestor 1998; Kumpatla et al. 1998; Matzke and Matzke 1998). 
Nevertheless, it was recognized that silencing of a specific transgene could result 
from a combination of both TGS and PTGS effects (Vaucheret and Fagard 2001).

27.4 Gene Silencing in Rice

Rice was the first monocot crop plant for which routine molecular transformation was 
established. Of the several different approaches that have been used, early successful 
transformations were by electroporation (Zhang et al. 1988) or polyethylene glycol-
mediated transformation of protoplasts (Li et al. 1990). Protoplasts are very frail and 
regeneration requires extensive tissue culture, the outcome being a high frequency of 
somaclonal variant plants that are often sterile. The biolistic or particle gun bombardment 
approach (Cao et al. 1992; Klein et al. 1987) dramatically reduced these events and 
Agrobacterium-mediated transformation of embryogenic rice calli (Hiei et al. 1994) 
opened the door for the biotechnological development of this vital crop.

A comprehensive study of transgene expression in rice was undertaken by the 
Hall laboratory using biolistic transformation with Btt cryIIIA, a synthetic gene 
that codes for a putatively insecticidal protein (CRYIIIA), under the control of 
the CaMV 35S promoter; and the bar gene that confers resistance to the herbicide 
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bialaphos (BAR), driven by the maize ubiquitin1 promoter (mUbiI). Aberrant 
segregation patterns for both CRYIIIA expression (Kumpatla and Hall 1999) and 
BAR resistance (Kumpatla and Hall 1998a) were observed in progeny as a result 
of silencing. Analysis of coding region methylation indicated that silencing of 
the bar gene was methylation-based. Nuclear run-on assays confirmed that bar 
gene silencing was at the transcriptional level, although it now seems likely that 
initial steps in silencing may have resulted from PTGS events triggered by the 
rearrangements present in the integrated construct. Interestingly, R2 and R3 
progeny of plants that were not silenced in the R1 or R2 generations were 
frequently silenced (Kumpatla and Hall 1998b). With one possible exception, no 
spontaneous re-activation of expression was observed, but germination of seeds 
in solution containing 5-azacytidine or Trichostatin A typically restored expres-
sion for up to one month (Kumpatla and Hall 1998a). The apparently random 
silencing of isogenic seed lines and the universal re-silencing of re-activated 
plants are highly undesirable events for crop plants, making an understanding of 
the causes of silencing an important applied goal.

In order to investigate the relationship between copy number and silencing 
(HDGS) we (Yang et al. 2005) made further use of the rice line containing the 
silenced mUbi1 promoter. The line JKA 52 was established as being homozygous 
at the molecular level by genomic DNA blots and genetically in that all offspring 
were silenced. The rationale for the experiment was that, if a gene bearing an 
identical promoter were introduced into a genomic background in which that 
Agrobacterium-mediated promoter is silenced, on the basis of HDGS, little to no 
resistance was expected. A mUbi1-GUS construct was used to supertransform into 
the bar-silenced line JKA 52. All twelve independent supertransformants expressed 
GUS but none were herbicide resistant, i.e. the resident mUbi1 promoter was not 
reactivated and the incoming mUbi1 promoter was not silenced.

Similarly, the inheritance and expression of a transgene locus consisting of 
multiple copies of a rice chitinase gene under the control of the CaMV 35S promoter 
was studied in the T3 and T4 generations of plants derived from PEG-mediated 
transformation of rice protoplasts with chitinase and hygromycin phosphotrans-
ferase (hpt) genes (Chareonpornwattana et al. 1999). Here again, it was concluded 
that the critical event for the induction of silencing was not copy number but 
expression level. Once the silent phenotype was established, it was stable and 
meiotically heritable. The silencing of chitinase was shown by nuclear run-on 
experiments to be at the transcriptional level in the lines that were studied, but the 
endogenous chitinase gene was not silenced.

The findings of (Yang et al. 2005) and (Chareonpornwattana et al. 1999) are in 
accordance with current understanding that aberrant transcripts, especially those 
leading to the production of double-stranded RNA are potent silencing signals. 
Indeed, the JKA lines used in the studies of Yang et al. 2005 contained a 35S-hyg 
gene in addition to the mUbi1-bar gene. Earlier work (Kumpatla and Hall 1999) 
had shown the presence of multiple rearrangements of the 35S promoter and these 
may have resulted in RNAi-induced silencing of hpt whereas no rearranged 
transcripts or silencing of the incoming mubi1-bar gene were detected.
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Molecular characterization of the rice obtained from biolistic transformation 
with constructs containing gus, hpt and bar coding regions, each driven by a 35S 
promoter showed that the transgene was typically found to be inserted at one locus 
and was present in 1–9 copies of rearranged or truncated sequence (Kohli et al. 
1999). The increase in transgene copy number did not always lead to a concomitant 
decrease in expression levels or silencing but the integrity of integrated transgenes 
was a major factor in the onset of silencing. They observed that the presence of 
truncated sequences of transgenes capable of generating incomplete transcripts, 
resulting in aberrant RNA species, may be responsible for silencing.

Silencing of GUS driven by a barley aleurone-specific lipid transfer protein (ltp) 
promoter in transgenic rice plants obtained from protoplast electroporation (Morino 
et al. 1999) caused spotted GUS patterns on the grain surface. Various patterns of 
silencing were observed in the R2 generation and were inherited for five generations. 
Differences in the frequencies of silencing were attributed to developmental and 
environmental growth conditions. Two transgene loci were found, one of which 
carried a rearranged copy containing part of the gus gene in the antisense orientation. 
The RNA analyses showed that this rearranged transgene generated polyadenylated 
gus transcripts. The authors suggested that partial antisense RNAs generated from the 
rearranged transgene locus or truncated RNAs derived from them interact with normal 
RNA derived from the intact transgene and that this interaction leads to silencing. 
A similar example of grain patterning was observed for GUS expression driven by 
the bean phas promoter in transgenic Medicago truncatula seeds (Zhou et al. 2005). 
These examples of RNAi-derived silencing show that insight to agronomic characteristics 
such as grain patterning can be gained from basic studies.

27.5 Post-transcriptional Gene Silencing and Virus Resistance

PTGS in plants is analogous to co-suppression, RNA interference (RNAi) in C. 
elegans (Fire et al. 1998) and quelling in Neurospora (Cogoni and Macino 1999). 
It is implicated as a natural defense mechanism to counter viruses and transposable 
elements (Baulcombe 2004, 1996; Brodersen and Voinnet 2006; Hamilton and 
Baulcombe 1999; Montgomery and Fire 1998; Vaucheret 2006). PTGS against 
virus infection can also be triggered in transgenic plants containing virus sequences. 
In the beginning, it was understood that the pathogen-derived resistance (PDR), an 
alternative approach for crop protection by introducing a genome segment of the 
pathogen into the plant genome (Sanford and Johnston 1985), was mediated by the 
protein produced from the viral transgene (Brederode et al. 1995; Lapidot et al. 
1993; Powell-Abel et al. 1986). However, it was later shown that transformation of 
both a full-length form of the tobacco etch virus (TEV) coat protein or a truncated 
form at the N terminus of the TEV coat protein into tobacco plants showed high 
virus resistance (Lindbo and Dougherty 1992). The nuclear run-off assays showed 
that introduced TEV sequences were actively transcribed, but the transgene tran-
script failed to accumulate. From these results, they proposed that the TEV resistant 
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was mediated by RNA degradation in the cytoplasm at the post transcriptional level 
(Lindbo et al. 1993). Subsequently studies have linked PTGS and virus resistance 
in transgenic plants containing virus-derived transgenes (English et al. 1996; 
Goodwin et al. 1996; Jacobs et al. 1997; Tanzer et al. 1997). This type of virus 
resistance became known as RNA-mediated virus resistance (RMVR). It can confer 
high level of resistance that was not easily overcome by a high inoculum dose 
(Lomonossoff 1995) and specific to closely related viruses (Baulcombe 1996; 
Lomonossoff 1995; Prins and Goldbach 1996).

In rice, transformation of a chimeric 35S CaMV-viral RNA-dependent RNA 
polymerase (RdRP) of rice yellow mottle virus (RYMV) into immature rice 
embryos of African lowland indica varieties by particle gun bombardment 
generated transgenic lines resistant to RYMV (Pinto et al. 1999). In the most 
extreme examples there was complete suppression of virus multiplication. 
Resistance was stable over at least three generations. The nuclear run off analysis 
indicated that the resistance derives from an RNA-based mechanism associated 
with PTGS.

27.6 RNA Mediated Gene Silencing

Several studies on PTGS revealed the presence of small RNAs that are either 
truncated RNAs generated by premature termination of the transgene transcript or 
degradation of full-size RNA in silenced plants (English et al. 1996; Goodwin et al. 
1996; Jacobs et al. 1997; Metzlaff et al. 1997; Tanzer et al. 1997). Potentially, these 
small RNAs can trigger degradation of all transcripts corresponding to the targeted 
gene (Baulcombe and English 1996; Depicker and Montagu 1997). The basic 
pathway of RNA-mediated silencing (Fig. 27.1) is similar from higher organisms 
such as animals and plants to lower organisms such as C. elegans and Neurospora 
(Bartel 2004; Baulcombe 2004; Matzke and Birchler 2005; Meister and Tuschl 
2004). It involves the processing of double-stranded RNA (dsRNA) into small RNA 
(sRNA) species of 21 to 25 nucleotides (Hannon 2002). The dsRNA molecules can 
be generated by replicative intermediates of viral RNAs, inverted repeat homolo-
gous sequences, antisense or by aberrant RNAs, which become dsRNA by host 
RNA-dependent RNA polymerases (RdRPs or RDPs) (Ahlquist 2002; Dalmay 
et al. 2000; Waterhouse et al. 2001). These dsRNAs are cleaved by RNaseIII-like 
enzymes such as Dicer-like proteins (DCLs) (Bernstein et al. 2001) into small 
RNAs duplexes (sRNAs) of 21–25 nucleotides (nt) RNA fragments (Tang et al. 
2003) which have 5’ phosphate and 2-nucleotide 3’ overhangs. These sRNAs can 
be divided into two major types, the small interfering RNAs (siRNAs) and the micro 
RNAs (miRNAs), based on their origin and formation. Subsequently, a guide strand 
(antisense to the target RNA) of a small RNA is incorporated into an RNA-induced 
silencing complex (RISC) which contains a member of the Argonaute (Ago) protein 
family. The RISC complex is responsible for the targeting and cleavage of sequence 
specific RNA and mediates translation repression (Elbashir et al. 2001; Tuschl et al. 
1999; Zamore et al. 2000).
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Fig. 27.1 Small RNA pathways involved in gene silencing. Long double stranded RNAs (dsRNAs) 
are first generated through the action of RNA dependent RNA polymerases. dsRNAs are then 
processed by Dicer-like enzymes (DCL) yielding short interfering RNAs. One strand of the siRNA 
then assembles into the RNA induced silencing complex (RISC) while the other strand is degraded. 
siRNA within the RISC then guides the cleavage of complementary mRNA performed by Argonaute 
1 protein (Ago1). The resulting halves of mRNA are then degraded by other cellular enzymes
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The number of DCL and AGO family members varies greatly among organisms. 
In Arabidopsis, at least 4 DCL and 10 AGO proteins have been identified (Brodersen 
and Voinnet 2006). Specific DCL and AGO proteins are proposed to have distinct 
roles within the various RNA-silencing pathways.

27.7 Plant Viruses and RNA Silencing

Plant viruses are known as strong inducers as well as targets of PTGS. In virus-induced 
silencing, the dsRNA either is a viral replication intermediate or is produced by a 
host-encoded RNA polymerase using a viral RNA template (Mourrain et al. 2000). 
The dsRNA generates small interfering RNAs (siRNAs), which leads to the 
degradation of viral RNA by RNA silencing mechanism (Hamilton and Baulcombe 
1999; Ratcliff et al. 1999; Szittya et al. 2002).

To counteract RNA silencing, many plant viruses produce silencing-suppressor 
proteins that interfere with various steps of the silencing machinery (Baulcombe 
2004; Ding et al. 2004; Li and Ding 2001; Roth et al. 2004; Silhavy and Burgyan 
2004; Voinnet 2005). Silencing-suppressor proteins have been identified in various 
plant virus families such as HC-Pro of potyvirus (Anandalakshmi et al. 1998; 
Brigneti et al. 1998; Kasschau and Carrington 1998), p19 from tombusvirus 
(Lakatos et al. 2004; Silhavy et al. 2002), p21 from Beet yellows virus (Reed et al. 
2003), p25 from potato virus X (PVX) (Voinnet et al. 2000) and p122 from Tobacco 
Mosaic Virus (Csorba et al. 2007). Several silencing-suppressor proteins bind to 
siRNAs and prevent the interaction of siRNAs with either the RDP enzymes or the 
RISC complexes (Csorba et al. 2007; Lakatos et al. 2004; Merai et al. 2006). 
Silencing-suppressor proteins can also inhibit the methylation of several miRNAs 
and suppress the RNA silencing (Chapman et al. 2004; Lozsa et al. 2008; Vogler 
et al. 2007; Yu et al. 2006). The better understanding of action of silencing suppressor 
proteins at molecular level can improve our basic knowledge about the intimate 
plant-virus interactions and also provided valuable tools to unravel the diversity, 
regulation, and evolution of RNA-silencing pathways.

27.8 Virus Induced Gene Silencing (VIGS)

Virus induced gene silencing has been developed as a technique that uses viral 
vectors carrying a fragment of a gene of interest to generate a dsRNA to suppress 
endogenous plant gene expression in order to study plant gene functions (Burch-
Smith et al. 2004). In this technique, a plant gene sequence is inserted into viral 
genome and the viral RNA, produced by transcription in vitro, is inoculated into 
plant. The VIGS technique was improved by constructing a binary vector based on 
tobacco rattle virus that was modified to facilitate insertion of non-viral sequence 
and subsequent infection of plants. This vector induces very mild symptoms, 
infects large areas of adjacent cells and silences gene expression in growing points 
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(Ratcliff et al. 2001). A. tumefaciens containing the binary vector can then be easily 
introduced into plant tissues by a variety of techniques, including infiltration, 
direct inoculation of bacterial colonies, agrodrenching, or vacuum infiltration 
(Burch-Smith et al. 2004; Hileman et al. 2005; Lu et al. 2003; Ryu et al. 2004; 
Wang et al. 2006). VIGS has been demonstrated for a number of RNA and DNA 
viruses (Li et al. 2002; Ratcliff et al. 1999; Vance and Vaucheret 2001).

VIGS is a powerful tool due to its fast initiation of silencing in intact wild-type 
or transgenic plants (Robertson 2004). It can be used in the mature plants without 
plant transformation step. VIGS has been adopted for gene analysis both in dicoty-
ledonous species, including Arabidopsis (Burch-Smith et al. 2006; Wang et al. 
2006), potato (Brigneti et al. 2004), tomato (Liu et al. 2002), pepper (Chung et al. 
2004), and in monocot plants such as barley (Hein et al. 2005; Holzberg et al. 
2002), wheat (Scofield et al. 2005) and rice (Ding et al. 2007; Ding et al. 2006). 
The limitation of this approach resides in the viral host range, pattern of viral 
spreading, and symptoms caused by the infection. It is not universally applicable 
and requires optimization for each species.

27.9 SiRNA and DNA Methylation

DNA methylation in higher eukaryotes occurs on cytosine at the fifth position of 
the pyrimidine ring (5mC) (Colot and Rossignol 1999; Jost and Saluz 1993). In 
mammals, DNA methylation mainly occurs on the cytosine in a CpG context, in 
plants the cytosine can be methylated in the CpG (CG), CpNpG (CNG), and 
CpNpN (CNN) context, where the letters “p” signifies a phosphodiester bond that 
connects the C and G, and “N” represents any nucleotide other than guanine.

In Arabidopsis, at least three classes of methyltransferases (MT) are involved in 
methylation: MET1, Domains Rearranged Methylase (DRM) and CMT3 
(Chromomethylase 3) (Finnegan and Kovac 2000). MET1 is a homolog of mamma-
lian DNMT1 and has a maintenance function of CG methylation (Finnegan and 
Dennis 1993; Finnegan et al. 1996; Ronemus et al. 1996). It can also contribute to 
CG de novo methylation in the presence of RNA signals (Aufsatz et al. 2004). 
DRM shows similarity to mammalian DNMT3 (Cao et al. 2000). DRM2 is impli-
cated in de novo DNA methylation. CMT3, unique to the plant kingdom, is involved 
in methylation at CNG motifs (Bartee et al. 2001). DRM2 along with MET1 and 
CMT3 are involved in maintaining methylation marks through DNA replication 
(Cao and Jacobsen 2002).

RNA-mediated silencing acts post-transcriptionally to direct translational 
repression of target RNAs, but can also be involved in nuclear processes leading to 
DNA methylation and/or heterochromatin formation (Wassenegger 2005). In plants, 
there are two functionally distinct siRNA species that likely arise from separate 
DICER-like activities (Hamilton et al. 2002; Tang et al. 2003). The 21–22 nt 
siRNAs trigger mostly PTGS and are believed to be involved in short distance 
signaling, while the 24–26 nt siRNAs trigger TGS, associated with DNA methylation 
and the systemic spread of silencing (Hamilton et al. 2002; Himber et al. 2003; 
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Kasschau et al. 2007; Xie et al. 2004). The siRNAs that direct methylation at 
endogenous DNA repeats in Arabidopsis are mainly produced by RNA-dependent 
RNA polymerase II (RDR2), RNA polymerase IV (Pol IV), RNA polymerase V, 
Dicer-like 3 (DCL3) and Argonaute4 (AGO4) (Haag et al. 2009; Matzke et al. 
2007; Pontes et al. 2006; Wierzbicki et al. 2008).

RNA-directed DNA methylation (RdDM) was first discovered in transgenic 
tobacco plants that carried the potato spindle tuber viroid sequence as a transgene 
(Wassenegger et al. 1994). RdDM requires DRM2 and the SNF2-like protein, 
Defective in RNA Directed DNA Methylation 1 (DRD1) (Kanno et al. 2004). 
RdDM is also correlated with histone H3K9 methylation within the target sequences 
of endogenous repeat loci, and in the model transgenes that serve as targets of 
RdDM in arabidopsis (Huettel et al. 2006; Xie et al. 2004; Zilberman et al. 2004).

In rice, an examination of siRNA activity in DNA methylation and chromatin 
modifications using siRNA that targeted to one transgene and seven endogenous 
genes indicated that siRNAs induce de novo DNA methylation of target promoters, but 
do not induce transcriptional suppression (Okano et al. 2008). Analysis of epigenetic 
modifications induced by siRNA targeted to transcribed regions of endogenous rice 
genes showed that the de novo DNA methylation is gene-specific but it is insufficient 
to induce heterochromatin formation (Miki and Shimamoto 2008).

27.10 microRNA (MiRNA)

MicroRNAs are ~22 nt endogenous RNAs that can play important regulatory roles 
in animals and plants by cleavage or translational repression of mRNA (Bartel 
2004; Jones-Rhoades and Bartel 2004). miRNA was discovered in early 1990s in 
the worm C. elegans by Victor Ambros and his colleagues. They were studying the 
role of lin-4 and lin-14 genes involved in developmental process. It was found that 
lin-4, which controls the expression of lin-14, did not code for a protein but instead 
produced a pair of short RNA molecules. Because these short RNAs had a part of 
their sequence similar to lin-14, it was postulated that the translational repression 
of lin-14 is caused by sequence complementarity between lin-4 and unique repeats 
within the 3¢ UTR of the lin-14 mRNA (Lee et al. 1993). Second, miRNA, let-7, 
was discovered 7 years later in the same organism and it is also involved in devel-
opmental process (Reinhart et al. 2000). These two startling discoveries would 
probably have remained unknown had not several genomes been sequenced at that 
time. Using in silico approaches in combination with random cloning and sequencing 
it was soon discovered that thousands of miRNAs exist in species ranging from 
viruses to primates (Enright et al. 2003; Kiriakidou et al. 2004; Krek et al. 2005; 
Lewis et al. 2003, 2005; Rhoades et al. 2002). Today, a publicly accessible 
repository of identified miRNAs up to date is hosted by the Sanger institute (http://
microrna.sanger.ac.uk/).

After a decade of extensive research, we are now beginning to understand the 
scope and diversity of these regulatory molecules. miRNAs are double-stranded 
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RNAs of 21–25 nt that are derived from endogenously expressed transcripts with 
characteristic hairpin (hp) structures. The miRNA pathway (Fig. 27.2) begins 
with the transcription of a primary miRNA (pri-miRNA) from a miRNA gene. 
The pri-miRNA transcripts are generally 70–250 nt hp RNAs, that are longer than 
the miRNA stem loop itself (Xie et al. 2005). Subsequently, pri-miRNAs are 
processed in small, often perinucleolar bodies that are distinct from the Cajal 
bodies that serve as centers for the assembly of protein/siRNA silencing complexes 
in Arabidopsis (Song et al. 2007).

In the cytoplasm, the miRNA binds the RNA-Induced Silencing Complex 
(RISC) and aligns with the mRNA. RISC assembly is the core part of the RNAi 

Fig. 27.2 miRNA biogenesis and action in plants. Micro RNAs are processed from specific DNA 
encoded precursors. These precursors form intramolecular hairpins containing imperfect base 
pairing. For detailed explanation see the text
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and miRNA pathways. Numbers of putative RISC proteins were identified by 
biochemical and genetical studies. The key protein of this complex is the Argonaute 
protein (Ago1). Argonautes were discovered a decade ago and originally 
thought to be involved in plant development (Bohnert et al. 1998; Moussian 
et al. 1998). Their involvement in miRNA and RNAi regulatory pathways 
later generated a great interest in their function. Among all three paralogous 
Argonaute groups (Hutvagner and Simard 2008), out of ten Ago proteins identi-
fied by homology searches, only Ago1 was found to be associated with the 
miRNA pathway in Arabidopsis (Vaucheret et al. 2004). The Ago1 protein is the 
active center of the RISC complex and it is apparently responsible for recognizing 
the guide strand in the miRNA/miRNA* duplex (Baumberger and Baulcombe 
2005). The recruitment of miRNA into the RISC activates the Slicer activity of 
Ago1 and consequently initiates the transcript cleavage. In plants, this is the 
predominant way by which gene expression is repressed. In mammalian cells, due 
to the limited miRNA:mRNA base pairing, the predominant mode of action is 
translational inhibition (Mallory and Vaucheret 2006).

A variety of processes, including development, cell proliferation and death, 
are regulated by miRNAs and, in mammalian cells, have been recently linked to 
oncogenesis (Llave et al. 2002; Palatnik et al. 2003; Rhoades et al. 2002; Yekta 
et al. 2004). The identification and characterization of miRNAs is a rapidly 
growing area of research. Microarray-based expression analysis promises to be 
an ideal strategy for identifying candidate miRNAs that correlate with biological 
pathways and for generating molecular signatures of disease states. If a miRNA 
is found to be differentially expressed in a certain tissue or cell type, it may be 
hypothesized to play a regulatory role in specifying tissue or cell identity. 
Similarly, if a miRNA is expressed at a specific developmental stage, then it may 
regulate developmental timing (Du and Zamore 2005). miRNA expression can 
be profiled by the cloning and sequencing of miRNAs from specific tissues or 
cells, or at a specific developmental stage, or by microarray analysis (Barad 
et al. 2004; Baskerville and Bartel 2005). miRNA microarrays have been 
successfully used for the primary identification of new miRNA that are predicted 
by bioinformatics approaches, for dissection of differential expression of different 
miRNAs in the same cells and for the comparison of miRNA expression profiles 
from different tissues and cells (for review see (Yin et al. 2008). In plants 
however, due to the nearly perfect complementation of miRNAs to their target 
sequence, prediction through bioinformatics approaches is the most successful 
tool (Jones-Rhoades and Bartel 2004; Llave et al. 2002; Reinhart et al. 2002). 
In addition to bioinformatics, cloning and sequencing miRNAs is a widely used, 
if laborious, method for the discovery of new miRNAs. However, new emerging 
techniques, which avoid the need of cloning, may change this disadvantage in 
the near future. Massive parallel signature sequencing was recently applied to 
small RNA sequencing. The authors claimed that nearly all expressed miRNAs 
present in the sample were revealed by this technique in rice and Arabidopsis 
(Lu et al. 2005, 2008).
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27.11 RNA Silencing for Crop Improvement

RNA-mediated silencing is proving to be a valuable tool for investigation of gene 
function. In Australia, Peter Waterhouse and his CSIRO group pioneered the use of 
RNAi technology to develop varieties of barley that are resistant to barley yellow 
dwarf virus (BYDV) (Wang et al. 2000). They developed several RNAi vectors by 
replacing the loop in hairpin RNA interference (hpRNAi) with an intron which the 
efficiency of gene silencing can be enhanced from about 50% to nearly 100% 
(Helliwell and Waterhouse 2003; Wesley et al. 2001). Kusaba and colleagues 
(Kusaba et al. 2003) applied RNAi to reduce the level of glutenin in rice and pro-
duced a LGC-1 (low glutenin content 1) rice variety. This low-protein rice is useful 
for patients with kidney disease whose protein intake is restricted. The trait was 
stable and was transmitted for a number of generations.

Recombinant DNA engineering is having remarkable success in overcoming 
plant pathogens. A spectacular example using gene silencing is the rescue of the 
Hawaiian papaya industry by conferring resistance to papaya ringspot virus (PRSV) 
(Fuchs and Gonsalves 2007). Another notable achievement is the bioengineered 
resistance of “NewLeaf Plus” potatoes to Potato leafroll virus, released by 
Monsanto (Lawson et al. 2001).

An important challenge for the future is the development of rice resistant to tungro 
disease. This disease, caused by the combined activities of a dsDNA virus (rice tungro 
bacilliform virus) and rice tungro spherical virus, a ssRNA virus, is responsible for 
annual losses approaching $US 109. Recently, Tyagi et al. (2008) transformed rice 
plants with DNA encoding ORF IV of RTBV in sense and anti-sense orientations. 
RNA blot analysis of two representative lines showed degradation of the transgene 
transcripts and accumulation of small molecular weight RNA. Following inocula-
tion, in transgenic line (RTBV-O-Ds1) there was an initial rapid buildup of RTBV 
levels, comparable to that of untransformed controls, followed by a sharp reduction, 
resulting in a 50-fold decease in viral titer. In contrast, untransformed controls 
maintained a high viral titer for 40 days. In line RTBV-O-Ds2, RTBV DNA levels 
rose gradually to almost 60% of the control by 40 dpi. The Ds1 line showed tungro 
symptoms similar to the control lines, whereas line Ds2 showed extremely mild 
symptoms. These results provide preliminary evidence that RNAi approaches will 
ultimately be effective against tungro.

27.12  Artificial miRNA (AmiRNA) – an Emerging Approach 
of Great Promise

Schwab et al. (2006) described pioneering experiments using amiRNA in 
Arabidopsis. The natural target sequence for A. thaliana TPC transcription factor 
miR319a was replaced by a sequence of choice using ligation-mediated PCR to 
yield an amiRNA of choice. The procedure is straightforward and highly efficient 
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(Ossowski et al. 2008; Schwab et al. 2006). PCR primers can now be designed free 
of charge using an on-line tool available at http://wmd2.weigelworld.org.

The use of amiRNA shows great promise for agricultural applications. Niu et al. 
(2006) showed that transgenic Arabidopsis with separate amiRNA constructs 
targeting either TYMV or TuMV coat proteins were resistant to the cognate virus. 
Expression of a dimeric construct targeting each coat protein yielded plants resistant 
to both viruses, thereby demonstrating applicability of the amiRNA approach for 
engineering multiple virus resistance in crop plants.

amiRNA-induced gene silencing was shown to be more effective than the hpRNAi 
system (Qu et al. 2007). Original analysis of the efficacy of amiRNA for gene silencing 
(http://wmd2.weigelworld.org) suggested that ~75% of amiRNAs designed using the 
parameters given in (Schwab et al. 2006) were effective. Recently published studies 
however suggest that the success rate for amiRNA gene silencing is up to 90% 
(Alvarez et al. 2006; Choi et al. 2007; Mathieu et al. 2007; Ossowski et al. 2008), and 
even higher efficiencies can be envisaged by using two amiRNAs per target gene.

Scientists at the International Rice Research Institute (IRRI) have employed the 
amiRNA approach to target three different rice genes, Phytoene desaturase (Pds, 
Os03g08570), Spotted leaf 11 (Spl11, Os12g38210), and Elongated uppermost 
internode1 (Eui1 /CYP714D1, Os05g40384) Pds, Spl11, and Eui1/CYP714D1 
(Warthmann et al. 2008). amiRNA vectors derived from an endogenous rice miRNA 
precursor, osa-MIR528 were constructed and transformed into two rice varieties, 
Nipponbare (japonica) and IR64 (indica). In both varieties, the targeted genes in 
transgenic lines containing the amiRNA are down-regulated by amiRNA-guided 
cleavage of the transcripts, resulting in the expected mutant phenotypes as an albino 
phenotype (pds), spontaneous lesion formation in the absence of pathogens (spl11), 
and elongation of the uppermost internode at heading stage (eui1) respectively. The 
effects are highly specific to the target gene, the transgenes are stably inherited and 
they remain effective in the progeny.

This research showed that amiRNAs can efficiently trigger gene silencing in a 
monocot crop and can effectively modulate agronomically important traits in varieties 
used in modern breeding programs. The approach is suited for candidate gene validation, 
comparative functional genomics between different varieties, and for improvement 
of agronomic performance and nutritional value.
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Abstract RNA interference (RNAi) is a sequence-specific gene silencing technology 
that is mediated by small interfering RNAs (siRNAs) as a guide of RNA cleavage, 
translational inhibition and DNA methylation. Most plant RNAi vectors produce 
hairpin RNAs that are immediately processed into double-stranded siRNAs. RNAi 
technology has been applied in the genetic engineering of important plant metabo-
lites including starches, oils and storage proteins. RNAi is also useful for prevent-
ing plants from viral infection. Since siRNAs (or their precursor, double-stranded 
RNAs) can be transferred from plants to plant-feeding pests, RNAi has been used 
to engineer plants resistant to nematodes and insects. In this chapter, several RNAi 
applications concerning crop improvement are introduced.

28.1  Introduction

The revolution in sequencing technology in the last several years has enabled us to 
obtain sequence information with low costs and extremely high throughput. In fact, 
direct comparison of whole genome sequences among 100 human genomes is being 
planned by National Institutes of Health (Pop and Salzberg 2007). Similarly, such 
large-scale sequencing technology has been applied to the sequencing of expressed 
sequencing tags (ESTs), for example, ESTs of Medicago truncatula (Cheung et al. 
2006). As sequence production is increasing, the demand of functional identifica-
tion of unknown genes is also increasing. RNA interference (RNAi) can ectopically 
reduce the expression of target genes (Fire et al. 1998) and has been applied at a 
genome-wide scale for gene discovery in Caenorhabditis elegans (Sönnichsen 
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et al. 2005) and mammalian cells (e.g., Whitehurst et al. 2007). A large-scale 
resource consisting of the Arabidopsis RNAi transgenic lines has been prepared by 
the AGRIKOLA project (Arabidopsis Genomic RNAi Knock-out Line Analysis) 
(www.agrikola.org; Hilson et al. 2004). A resource of 1,500 RNAi plasmids by 
using a M. truncatula EST library is being prepared (www.medicago.org/rnai/). An 
Arabidopsis RNAi library (named amiRNA; artifical miRNA) provided by Drs. 
Hanon, Martienssen, McCombie and their colleagues has been released on the 
market, in which each of the 22,000 genes is targeted by three different amiRNAs 
(www.openbiosystems.com/RNAi/Arabidopsisthaliana amiRNA/). amiRNA is a 
newly developed RNAi vector system in which only one small RNA molecule per 
amiRNA vector is produced. The characteristics and application of amiRNA have 
been recently reviewed (Ossowski et al. 2008). The approaches mentioned above 
will serve as a powerful tool for functional genomics. In addition, RNAi is also 
used in the improvement of crop properties by reducing the expression of undesir-
able genes.

RNAi is a conserved inhibitory mechanism seen in most eukaryotic organisms, 
where 21~25-nucleotide (nt) long, small RNA molecules (so-called small interfer-
ing RNA, siRNA) play a key role in identification of target genes (Hamilton and 
Baulcombe 1999). RNAi is heritable in a dominant manner, and has been used for 
crop breeding. As most researchers expect, the RNAi technology has been applied 
for knockdown of the expression of undesirable genes, and for enhancement of 
viral resistance. Another unique application is emerging, namely knockdown of 
gene function of the plant pests. When siRNAs (or their precursor, double-stranded 
RNAs, dsRNAs) generated in plants are taken in by plant-feeding pests, these siR-
NAs (or dsRNAs) can spread from the intestine to the somatic tissues in the worms, 
where siRNAs interfere with the gene function in situ. This strategy is based on a 
finding that the interfering activity of siRNAs can be transported across cell bound-
aries in worms (Tabara et al. 1998). In this chapter, we focus on these applications 
of RNAi technology to crop breeding, including metabolic engineering, viral resis-
tance and resistance against the plant-feeding pests.

28.2  Outline of the RNAi Pathway

In the RNAi pathway, siRNAs interfere with the expression of target genes in several 
different ways, namely mRNA cleavage (Song et al. 2004), translational inhibition 
(Broderson et al. 2008) and DNA methylation-mediated transcriptional inactivation 
(RNA-directed DNA methylation, RdDM; Matzke et al. 2007) (Fig. 28.1). siRNA 
molecules are generated from dsRNAs by an RNaseIII-like enzyme, Dicer (Bernstein 
et al. 2001). In plants, this enzyme species is called DICER-LIKE protein (DCL) 
(Baulcombe 2004). Thus, plant RNAi has been carried out by expression of dsRNAs 
in most cases. Plant RNAi vectors transcribe an inverted repeat that consists of the 
sense and antisense sequences corresponding to the target sequences (Chuang and 
Meyerowitz 2000). Since replication of inverted repeat sequences without a spacer 
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is unstable in Escherichia coli, the inverted repeat region is usually separated by a 
spacer fragment. After transcription, inverted repeat sequences form a dsRNA struc-
ture, the so-called stem, and a spacer fragment forms a loop of a hairpin RNA. The 
stem portion is processed into siRNAs by Dicer. In Arabidopsis thaliana, four DCL 
genes (DCL1 to DCL4) have been identified. Dunoyer et al. (2007) found that DCL1 
facilitates production of 21- and 24-nt siRNAs via excision of the stem-loop portion 
of a hairpin RNA. Then 21-nt siRNAs are produced through the DCL4-dependent 
pathway (Dunoyer et al. 2007) and 24-nt siRNAs are processed via the DCL3-
dependent pathway (Xie et al. 2004). In the absence of DCL4, the stem of a hairpin 

Fig. 28.1 Silencing of gene expression by RNAi pathway. An RNAi construct is comprised of a 
promoter and an inverted repeat interrupted by a spacer fragment. After transcription, a nascent 
transcript should have additional sequences originated from the terminator sequences and it is 
polyadenylated. DCL1 is considered to process this nascent transcript, and a ‘mature’ hairpin 
RNA is produced. The 21-nt long double-stranded siRNAs are produced by DCL4/DCL2 (see also 
text), and 24-nt long double-stranded siRNAs are generated by the action of DCL3. These siRNAs 
are then methylated at their 3¢ termini by HEN1 (Yu et al. 2005), by which siRNAs are protected 
from degradation. A single-strand siRNA incorporated into AGO1 guides the mRNA cleavage. 
AGO1-siRNA and/or AGO10-siRNA complexes are considered to guide the translational inhibi-
tion, and a cap structure (indicated as a circle in this figure) is then removed. The siRNA-AGO4 
complex has been shown to be necessary for sequence-specific DNA methylation, but its detailed 
mechanisms are mostly unknown. The siRNA-directed methylation of promoter sequences are 
followed by heterochromatinization and then transcription is inhibited
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RNA is processed into 22-nt siRNAs by DCL2 (Dunoyer et al. 2007). When hairpin 
RNAs are transcribed under the control of a strong promoter such as the Cauliflower 
mosaic virus (CaMV) 35S promoter, both DCL2 and DCL4 are involved in the 
synthesis of 21-nt siRNAs from abundant hairpin RNAs (Fusaro et al. 2006; 
Mlotshwa et al. 2008). The products of DCL enzymes are double-stranded siRNA 
molecules, and one siRNA strand assembles into the ARGONAUTE (AGO) 
proteins. Ten distinct AGO paralogs have been identified in Arabidopsis plants. 
AGO1- and AGO4-associated small RNAs were predominantly 21- and 24-nt in 
length, respectively (Mi et al. 2008). AGO1 is a main slicer, an enzyme responsible 
for mRNA cleavage in the RNAi pathway (Baumberger and Baulcombe 2005), and 
AGO4 and AGO6 guide cytosine methylation in the genome (Zilberman et al. 2004; 
Zheng et al. 2007). Unlike animal cells, most plant siRNAs had been considered to 
guide exclusively mRNA cleavage but not translational inhibition. Recently, 
Brodersen et al. (2008) showed that siRNAs in AGO1 and/or AGO10 partially guide 
the repression of translation even though these siRNAs showed perfect complemen-
tarity. In most cases, it is difficult for us to detect translational repression because 
siRNA-mediated mRNA cleavage is dominant.

28.3  Plant RNAi Vectors

The construction of plant RNAi vectors is time-consuming and laborious work 
because sense and antisense target sequences and a spacer should be incorporated 
into a single vector. As a rapid and easy method for construction of RNAi vectors, 
Wesley et al. (2001) made a pHELLSGATE vector system that allows us to con-
struct plant RNAi vectors by using Gateway technology (Invitrogen). In this sys-
tem, PCR fragments with sense and antisense orientations are amplified by using 
primers having the recombinase recognition sites, attB1 and attB2 sequences. 
These PCR fragments are cloned into a plasmid containing attP1 and attP2 sites by 
a BP clonase. pHELLSGATE vector consists of a CaMV 35S promoter and a cata-
lase intron as a spacer. pHELLSGATE can be directly used for Agrobacterium-
mediated transformation of plants and facilitates high-throughput application of 
RNAi studies. Miki and Shimamoto (2004) developed another high-throughput 
RNAi vector system, the pANDA vector, in which a maize ubiquitin promoter is 
used for high expression of an RNAi cassette and a DNA fragment originated from 
the b-glucuronidase (GUS) gene was used as a spacer. To easily clone target DNA 
fragments, the Gateway technology is used in the pANDA vector system. A target 
PCR fragment containing CACC sequences at the 5¢ end of forward primer is 
cloned into the pENTR/D-TOPO vector (Invitrogen), resulting that these PCR frag-
ments are flanked with two recombination sites, attL1 and attL2. A LR clonase 
recombines this PCR fragment into two recombination sites (attR1 and attR2) of 
pANDA vector in opposite directions. pANDA vector is also ready for use in 
Agrobacterium-mediated transformation of monocots. The RNAi vectors devel-
oped by using Gateway technology are summarized in Table 28.1.
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The sequence specificity in RNAi is determined by hybridization of siRNAs to 
the corresponding target mRNAs. Knockdown of a single gene among the several 
paralog genes or simultaneous silencing of multiple genes have been demonstrated, 
in which the choice of target sequences is important. In addition, several inducible 
RNAi vectors have been developed. The strategies using RNAi vectors are sum-
marized by Hirai and Kodama (2008).

28.4  RNAi-Mediated Metabolic Engineering

Plants are a source of numerous diet products and also important raw materials for 
industry, including papers, building materials and pharmaceuticals. Genetic 
approaches enhance our ability to improve crop traits. RNAi technology is now 
widely used and representative examples of its application to plant molecular 
breeding are shown in Table 28.2. Here, we discuss several examples in which 
RNAi was used as a tool of genetic manipulation of primary metabolites, including 
starch and oil, level control of the target proteins and modulation of secondary 
metabolisms in crop plants.

28.4.1  Starch Metabolism

Starch consists of two types of a glucan polymer that are called amylose and amylo-
pectin. Amylose is a linear a-1,4 glucan, and is synthesized in amyloplast by 
granule-bound starch synthase (GBSS). Amylopectin, the main constituent of 
starch, is a highly branched glucan in which the glucose unit is joined by a-1,6 
linkage. The starch-branching enzyme (SBE) is responsible for formation of a-1,6 
linkage in amylopectin. Starch is a source of energy in diets and has been used as 
a renewable raw material (Jobling 2004). Physicochemical properties of starch can 
be altered through chemical and enzyme modifications, and such altered properties 
of starches are followed by development of unique applications. Thus, designing 
starch by genetic engineering of starch-synthesizing enzymes has been an impor-
tant breeding subject.

28.4.1.1  Amylose-Free Starch

Amylose-free (waxy) starch has been produced by a corn waxy mutant. Corn waxy 
starch easily gelatinizes and yields clear pastes without gel formation. Heilersig 
et al. (2006) reported an inhibition of potato (Solanum tuberosum L.) granule-bound 
starch synthase I (GBSSI) activity by introduction of the GBSSI RNAi constructs. 
Waxy potato starch is expected to have clarity and stability, especially stability 
against the freeze-thaw treatment. These properties have been desired in the food 
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industry and in paper manufacture (Jobling 2004). Heilersig and colleagues made 
eight different RNAi constructs that contained different regions, lengths and orien-
tation of potato GBSSI cDNA fragment, and transcription of inverted repeats was 
controlled by the GBSSI’s own promoter. They used a part of GBSSI cDNA as a 
spacer. The results showed that sense–antisense or antisense–sense orientations in 
the inverted repeat had nearly the same effects on silencing efficiency. High silenc-
ing efficiencies were observed when the constructs using 5¢ region or middle 
region, but not 3¢ region, of GBSSI cDNA were introduced into potato plants. The 
constructs with a stem size of 500 ~ 600 bp and a spacer of about 150 bp in length 
more efficiently silenced than the larger stems with a larger spacer. Although strong 
reduction in amylose core can be obtained, a complete reduction of GBSSI mRNA 
was never observed in the resulting transgenic potato plants. Otani et al. (2007) 
showed the effective elimination of the sweet potato (Ipomoea batatas L.) GBSSI 
protein by RNAi. Over 70% of the transgenic plants with an RNAi construct target-
ing the 351-bp-first exon of the GBSSI gene produced amlyose-free storage roots. 
This amylose-free starch showed altered physicochemical properties.

28.4.1.2  High-Amylose Starch

High-amylose cornstarch has been commercially produced, where naturally occur-
ring mutants of maize (Zea mays) are cultivated. High-amylose starch is unique in 
its film forming, gelling properties, and resistance against digestion in the human 
gastrointestinal tract. This ‘resistant starch’ has nutritional benefits as dietary fibers 
(Topping et al. 2003). Until now, no other major crops with the high amylose starch 
have been found. Andersson et al. (2006) have succeeded in producing of high-
amylose potato plants by simultaneous inactivation of two genes encoding starch 
branching enzymes (SBE1 and SBE2). The 200-bp fragments of both SBE genes 
were fused, and a single inverted repeat cassette was prepared. This RNAi cassette 
was inserted behind a potato GBSS promoter. The resulting transgenic potato plants 
showed a high-amylose phenotype with amylose contents ranging from 38% to 
87% whereas the amylose content of parental plants was about 20%. In monocots, 
three major isoforms of the starch branching enzyme have been identified, namely 
SBEI, SBEIIa and SBEIIb. In maize, a high-amylose phenotype is caused by a 
mutation in the SBEIIb gene (Kim et al. 1998). Regina et al. (2006) generated high-
amylose wheat (Triticum aestivum) by RNAi-based technology. They showed that 
SBEIIa hairpin RNAs reduced the expression of both SBEIIa and SBEIIb genes, 
although the target region of SBEIIa is only 70% identical to the corresponding 
region of SBEIIb. There is one region in which a 21-nt long identical continuous 
stretch exists between SBEIIa and SBEIIb genes. In contrast, a hairpin construct 
against the SBEIIb gene did not inactivate the SBEIIa gene. The similarity between 
the SBEIIb target region and the corresponding SBEIIa gene sequences is about 
70% and one 21-nt long stretch is found. The precise reason was unclear why the 
RNAi construct against the SBEIIa gene can reduce the expression of SBEIIb while 
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the opposite cannot. Transgenic wheat plants produced starch with >70% amylose 
content. The analysis of total starch content in the endosperm revealed a slight 
reduction in the transgenic wheat plants (43%) compared with 52% in the control 
plants. The high-amylose wheat grain improved the digestion of rats, indicating that 
it served as a source of resistant starch.

28.4.2  Improvement of Seed Oils

Vegetable oils produced from oilseed crops contain oleic (18:1), linoleic (18:2), 
a-linolenic (18:3) acids and it has been recommended that these oils be preferen-
tially used in the human diet for beneficial nutritional effects. In contrast, polyun-
saturated fatty acids (18:2 and 18:3) are too unstable for use in cooking. Stable 
cooking oils with reduced polyunsaturated fatty acids and an increased saturated 
fatty acid, stearic acid (18:0), are produced by an industrial process of hydrogena-
tion. However, partial hydrogenation often produces trans-fatty acids that raise 
human health risks by increasing of plasma low-density lipoprotein (LDL). Thus, 
improvement of seed oils with reduced polyunsaturated fatty acids is an important 
subject of plant genetic engineering (Napier 2007).

Major enzymes involved in the fatty acid desaturation (FAD) have been cloned. 
The stearoyl-acyl-carrier protein D9 desaturase (SAD) converts the 18:0 into the 
18:1 fatty acid. The 18:1 fatty acid is unsaturated by a D12 desaturase (FAD2) to 
produce the 18:2. The w3 (equal to D15) fatty acid desaturase (FAD3) is responsible 
for the 18:3 synthesis from the 18:2. RNAi technology is apparently valuable for 
control of fatty acid composition in membrane lipids (Tomita et al. 2004; Hirai 
et al. 2007), and also in storage seed oils. Flores et al. (2008) showed that RNAi 
against the soybean (Glycine max) FAD3 gene can reduce the 18:3 content by up to 
85%. Soybean has three FAD3 paralogs, namely GmFAD3A, GmFAD3B, and 
GmFAD3C. A 318-bp conserved domain of the FAD3 coding region was used as an 
RNAi target region under the control of soybean glycinin seed-specific promoter. 
In transgenic soybean plants, these three FAD3 genes were effectively silenced by 
a single RNAi construct, even though these paralogs have a similarity at sequence 
level of 85% to 96% identity in the targeted region.

Liu et al. (2002) prepared two RNAi constructs for silencing SAD (ghSAD-1) and 
FAD2 (ghFAD2-1) genes of cotton plants (Gossypium hirsutum). Each construct 
contained a spacer sequence consisting of its own exon sequences and a seed-spe-
cific soybean lectin promoter. In developing seeds of the resultant transgenic cotton, 
expression levels of ghSAD-1 and ghFAD2-1 genes were markedly reduced. By 
silencing the ghSAD-1 gene, the 18:0 content increased from the non-transformant 
level of 2% up to 40%, which was associated with a corresponding decrease of the 
18:1 and 18:2 contents. In the transgenic cotton plants introduced with a ghFAD2-1 
RNAi construct, the 18:1 content increased up to 77% of total fatty acids at maxi-
mum while the corresponding content in control seeds was 15%.
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Seed oils, especially palmitic acid (16:0), are also important as a starting mate-
rial for various industrial applications. RNAi-based engineering of Arabidopsis 
plants with extremely high 16:0 contents is reported (Pidkowich et al. 2007).

28.4.3  Manipulation of Storage Proteins

Zeins, major maize seed storage proteins, are deficient in lysine content. Lysine is 
a limiting essential amino acid for animal nutrition. From analyses of naturally 
occurring maize mutants with high lysine contents, reduction of the zein content is 
considered to be a potent approach for increasing lysine content. A decrease of zein 
proteins should be associated with an increase of non-zein, lysine-rich proteins. 
Segal et al. (2003) made two RNAi constructs to reduce the 22-kD a-zein. One 
construct had an inverted repeat harboring the target zein cDNA fragment under the 
control of the endosperm-specific 27-kD g-zein promoter. In this construct, sense 
and antisense fragments were directly linked. Another one had a green fluorescent 
protein (GFP) spacer sequence and its inverted repeat cassette was transcribed by 
a strong endosperm-specific promoter of the zp22/6 zein gene. Both resulting trans-
genic maize plants showed reduced accumulation of 22-kD a-zein, and the lysine 
content of kernels markedly increased. Huang et al. (2006b) produced transgenic 
maize plants with reduced accumulation of both 19- and 22-kD a-zeins. Two dis-
tinct RNAi constructs (pMON73566 and pMON73567) were prepared, in which 
the inverted repeat cassette was transcribed by the 27-kD g-zein promoter. 
pMON73566 has an inverted repeat against the 19-kD zein gene, and antisense 
22-kD zein sequences are included as a loop of the resulting hairpin RNAs. 
Introduction of pMON73566 resulted in low silencing frequency of both 19- and 
22-kD zein genes. pMON73567 is comprised of an inverted repeat that contains 
tandem fused sequences with the 19- and 22-kD zein genes, and also harbors a 
spacer consisting of an unpaired 22-kD zein gene fragment. pMON73567 transfor-
mants showed an efficient reduction in the expression of both 19- and 22-kD zein 
genes. Total amino acid analysis demonstrated that two times higher levels of lysine 
and tryptophan were found in the pMON73567 kernels than those of parental 
plants. As an alternative approach to breeding of high-lysine corn, Houmard et al. 
(2007) reported the RNAi-mediated suppression of a maize lysine degradation 
enzyme, lysine-ketoglutarate reductase/saccharopine dehydrogenase. The hairpin 
RNAs were specifically expressed in endosperm, and lysine content in transgenic 
maize kernels significantly increased.

Wheat flour has been used in a wide range of distinct foods, and gluten proteins 
containing high molecular weight glutenin subunit (HMW-GS) are the most impor-
tant component affecting cooking quality (Anjum et al. 2007). The contents and 
relative proportion of HMW-GS are closely involved in determination of dough 
performance, namely its strength and elasticity. Hexaploid wheat has five HMW-GS 
genes called 1Ax2, 1Dx5, 1Bx7, 1By9, and 1Dy10 on the homoeologous chromo-
somes 1A, 1B, and 1D. Yue et al. (2008) reported the RNAi inhibition of 1Dx5 



66328 Plant RNAi and Crop Improvement

expression. The RNAi construct comprised of inverted repeat sequences harboring 
a 200-bp fragment of the 1Dx5 gene, spacer sequences from the intron 4 of wheat 
waxy gene, and the maize ubiquitin promoter. Target sequences of the 1Dx5 gene 
showed 81–91% identity to the corresponding sequences of 1Ax2, 1Bx7, 1By9, and 
1Dy10 genes. There was no >20-nt long perfect identity on target regions. Wheat 
transformation was conducted by particle bombardment. Analysis of HMG-GS 
expression in the resultant transgenic plants showed that the 1Dx5 expression was 
completely silenced. Furthermore, expression of the 1Bx7 gene was reduced in 
spite of no difference in the protein level of 1Ax2, 1By9, and 1Dy10 compared to 
the control plants. Analysis of flour quality showed that wheat flour from trans-
genic plants could not produce dough necessary to make bread because of a reduc-
tion of gluten development. Therefore, the genetic control of gluten components is 
possible by RNAi (for undesired HMG-GS gene) and overexpression (for desirable 
HMW-GS gene), which may develop new quality and taste of wheat flour.

28.4.4  RNAi-Mediated Reduction of Plant Allergens

Decrease of food allergen contents is one of the most important resolutions for 
avoidance of human hypersensitive reaction such as anaphylaxis. The typical plant 
food allergens can be classified into the well-known four protein families; prola-
min, cupin, profilin, and Bet v 1 (Radauer and Breiteneder 2007). Prolamins com-
prise of dominant seed storage proteins of cereals, such as maize, wheat and rice. 
Albumins, a-amlylase/trypsine inhibitors, and non-specific lipid transfer proteins 
(LTPs) are included in the prolamin superfamily. The cupin superfamily can be 
identified by sequence similarities between wheat germin, fungal spherulins, and 
plant globulins. Profilins are relatively small cytosolic proteins found in all 
eukaryotic cells. The Bet v 1 superfamily includes a family termed pathogenesis-
related proteins 10 (PR-10). Several transgenic plants with reduced allergens have 
been reported.

The IgE reactivities found in tomato (Lycopersicon esculentum) fruits are due to 
profilins (Lyc e 1), b-fructofuranosidase (Lyc e 2), a non-specific LTP (Lyc e 3) and 
other minor allergens. Le et al. (2006a, b) produced several transgenic tomato 
plants with reduced allergens. They identified two paralog genes encoding Lyc e 3, 
LTPG1 and LTPG2. When an RNAi cassette specific to the LTPG1 gene was 
expressed by CaMV 35S promoter, both LTPG1 and LTPG2 genes were efficiently 
silenced in the transgenic tomato fruits. The allergenic potential test using the Lyc 
e 3-diminished fruits revealed that histamine release from human basophiles 
strongly decreased compared with that seen in control tomato fruits (Le et al. 
2006a). In addition, they reduced the tomato minor allergen Lyc e 1 content by 
RNAi technology (Le et al. 2006b). In the latter case, an RNAi vector was prepared 
by using pK7GWIWG2(II) vector (Karimi et al. 2002). Profilin accumulation in 
resulting transgenic tomato fruits decreased to about 10% of that seen in control 
tomato fruits.
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Peanut (Arachis hypogaea) allergy is one of the most life-threatening food 
allergies. Many peanut allergens have been identified, namely, 7S globulin (Ara h 
1), 2S albumin (Ara h 2), 11S storage globulin (Ara h 3/4), profilin (Ara h 5), minor 
2S albumin (Ara h 6 and Ara h 7), Bet v 1-related protein (Ara h 8), lectin and oleo-
sin. Dodo et al. (2008) produced transgenic peanut plants in which the Ara h 2 gene 
was silenced. An RNAi vector harboring 265-bp long Ara h 2 coding sequences 
was constructed by using pHANNIBAL vector (Wesley et al. 2001). ELISA and 
western immunoblot analysis in protein extracts from pod-grown transgenic pea-
nuts showed that Ara h 2 content was reduced to 21~25% of that of control peanuts. 
The analysis using sera from five patients allergic to peanut revealed that the IgE 
binding capacity of transgenic peanut seeds markedly decreased compare to that of 
control seeds. It remains to be clarified whether or not these transgenic peanuts can 
effectively avoid anaphylaxis under clinical testing on the patients. Since most 
allergy patients are polysensitized to several plant allergens, it is hoped for food 
safety that lots of researchers try to produce hypoallergenic plants by RNAi targeting 
multiple allergens.

28.4.5  Engineering of Secondary Metabolism by RNAi

Plants produce so many kinds of secondary metabolites. Some of them are essential 
for human nutrition, and other metabolites such as alkaloids have a wide variety of 
uses because of their pharmacological effects on humans. RNAi technology has 
been applied for modulation of secondary metabolism in order to diminish or 
increase target metabolites.

Lycopene and b-carotene are members of carotenoids, and an adequate intake of 
these substances can prevent human diseases including cardiovascular diseases, 
cancer and other chronic diseases (Rao and Rao 2007). Carotenoids have antioxi-
dant properties and can reduce damage by reactive oxygen species. b-carotene is a 
precursor of vitamin A. Deficiency of vitamin A causes blindness and growth retar-
dation of children. Davuluri et al. (2005) showed that lycopene and b-carotene 
contents increased in transgenic tomato fruits by silencing of the DET1 gene. 
DET1, DE-ETIOLATED 1, is well known as a negative regulator of light-controlled 
gene expression in Arabidopsis plants. The mutation in a tomato DET1 homolog 
gene (TDET1) is responsible for the hp-2 phenotype. The hp-2 mutants display 
elevated levels of flavonoids and carotenoids in deeply pigmented fruits (Levin 
et al. 2003). An inverted repeat harboring the TDET1 sequences was inserted 
behind three fruit-specific promoters, and resulting three RNAi constructs were 
introduced into tomato plants. These constructs effectively reduced the TDET1 
mRNA in tomato fruits, which was associated with significant increases of carote-
noid and flavonoid contents. b-carotene contents of the transgenic tomato fruits 
showed more than a 5-fold increase compared to those of control fruits.

Caffeine (1,3,7-trimethylxanthine) is a purine alkaloid, and is synthesized during 
seed development and in leaves of coffee and tea plants. Caffeine has physiological 
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effects on humans such as central nervous system stimulation, increased blood 
pressure and diuretic effect (Higdon and Frei 2006). A recent increase of consump-
tion of coffee and caffeine has become a problem as it raises a health risk. 
Decaffeinated coffee is produced by an industrial process, but it loses important 
coffee flavor. For production of coffee plants with reduced caffeine contents, RNAi 
technology has been applied. Theobromine, a precursor of caffeine, is synthesized 
by methylation of 7-methylxanthine. This enzymatic step is catalyzed by 
7-N-methylxanthine methyltransferase (MXMT) (Ashihara et al. 2008). Ogita et al. 
(2003) succeeded in silencing the expression of a coffee MXMT gene (CaMXMT1). 
The coffee (Coffea canephora) plants were transformed with an RNAi construct 
targeting the 3¢ untranslated region of CaMXMT1 gene. The caffeine content of 
young leaves of resulting transgenic plants was reduced to 50–70% of that of con-
trol leaves. However, the caffeine content in coffee beans has not yet been reported. 
They also produced caffeine-reduced Arabica coffee plants (Coffea arabica) by 
using the same RNAi construct (Ogita et al. 2004).

28.5  Viral Resistance by RNAi

Since RNA silencing functions as a part of the defense mechanism against viruses, 
dsRNA-mediated plant viral resistance was demonstrated at an early phase of RNA 
silencing studies (Waterhouse et al. 1998; Smith et al. 2000). Until now, successful 
immunity against plant viruses was obtained in several transgenic plants expressing 
hairpin RNAs harboring viral sequences (e.g., Kalantidis et al. 2002; Di Nicola-Negri 
et al. 2005; Kamachi et al. 2007) and amiRNAs targeting viral sequences (Niu et al. 
2006; Qu et al. 2007). To counteract the RNA silencing defense mechanism, plant 
viruses have RNA silencing suppressors in their genomes (Silhavy and Burgyán 
2004). Many kinds of suppressors have been identified, but no obvious sequence 
homology has been found among distinct suppressors. Some viral suppressors bind 
siRNAs, and sequester siRNAs from host RNA silencing machineries (Vargason et al. 
2003; Ye et al. 2003; Goto et al. 2007; Lózsa et al. 2008). Could these viral suppres-
sors inhibit the action of RNAi against the viral sequences? In most cases, viral 
infection can be inhibited in plants expressing dsRNAs harboring the cognate viral 
sequences. Cucumber mosaic virus (CMV) contains the silencing suppressor gene, 
2b. The transgenic plants expressing dsRNAs against the CMV coat protein gene 
were resistant to CMV infection, indicating that CMV 2b cannot suppress the host 
RNAi against CMV (Kalantidis et al. 2002). In addition, transgenic plants expressing 
the dsRNAs specific to the viral silencing suppressor gene showed the almost com-
plete immunity (Di Nicola-Negri et al. 2005; Niu et al. 2006; Qu et al. 2007).

As mentioned above, RNAi can efficiently generate resistance against RNA 
viruses. However, it is rather difficult to make stable RNAi transgenic plants 
immune to DNA viruses (Poogin and Hohn 2004). Only a few reports showed 
possibility of RNAi-mediated resistance to DNA viruses. For example, siRNAs 
corresponding to a replication-associated protein gene of a geminivirus, African 
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cassava mosaic virus (ACMV), were co-inoculated with ACMV, and a significant 
reduction in viral DNA accumulation was observed (Vanitharani et al. 2003). Since 
plant DNA viruses also express silencing suppressor proteins (e.g., begomovirus 
AC2, Voinnet et al. 1999), RNAi against suppressor genes (Ramesh et al. 2007) 
and/or inactivation of viral transcription by RdDM are now considered (Poogin and 
Hohn 2004).

As simultaneous infection with several kinds of viruses is common in the field, 
broad virus resistance is a desirable trait. However, due to the high sequence speci-
ficity, RNAi has been limited to the inhibition of a single virus infection. Bucher 
et al. (2006) developed an RNAi construct harboring multiple trigger sequences in 
a single inverted repeat structure. The resultant transgenic plants were resistant to 
four different tospoviruses. Niu et al. (2006) produced a transgenic plant that 
expressed two distinct amiRNAs from a dimeric amiRNA transgene. These two 
amiRNAs targeted two distinct plant viruses, turnip yellow mosaic virus and turnip 
mosaic virus. As expected, the resultant plants were resistant to both viruses. The 
broadness of viral resistance is also expected to be extended in future.

28.6  Control of Plant-Feeding Pests by Host RNAi

The finding of RNAi in C. elegans was followed by extensive investigation of 
its mechanism. One such early work showed that feeding E. coli expressing the 
target dsRNAs is sufficient to induce RNAi (Timmons and Fire 1998). 
Therefore, dsRNAs in the gut should systemically spread into the somatic tis-
sues and germ line, which open a possibility that dsRNAs are delivered from 
plants to the plant-feeding pests.

28.6.1  Nematode-Resistant Crops

Plant-parasitic nematodes cause extensive damage to crops, and a $125 billion 
worth of crop losses is estimated (Fuller et al. 2008). The use of chemical nemati-
cides is effective in reducing the level of soil nematodes, but their cost and toxicity 
to humans impose financial loads and health risks on growers. Plant-parasitic 
nematodes are generally obligate plant parasites, and they have a stylet, needle-like 
organ, that is used to pierce the plant cells for injection of nematode secretions and 
feeding plant cytoplasm (Gheysen and Vanholme 2006). Recently RNAi-based 
approaches were reported to control nematode infestation (Huang et al. 2006a, 
Yadav et al. 2006). A parasitism gene, 16D10, of root-knot nematodes encodes a 
secretory peptide that stimulates root growth and functions as a ligand for a putative 
plant transcription factor. RNAi-mediated reduction of 16D10 mRNA level in the 
nematode resulted in reduced nematode infectivity. In fact, Arabidopsis plants 
expressing a dsRNA specific to 16D10 showed enhanced resistance against 4 major 
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root-knot nematodes (Huang et al. 2006a). Yadav et al. (2006) introduced RNAi 
vectors harboring target sequences for a nematode splicing factor gene and an inte-
grase gene into tobacco plants. The resultant plants were protected against nema-
tode infection. The mRNA levels for the splicing factor and integrase genes 
markedly decreased in the nematodes, but mRNA levels of other nematode genes 
did not significantly change (Yadav et al. 2006). These results indicate that inactiva-
tion of target genes in nematodes probably results from an RNAi-like mechanism.

28.6.2  Insect-Resistant Crops

The systemic silencing in C. elegans requires amplification of siRNAs. In C. elegans, 
siRNAs annealed to a target mRNA serve as primers for RNA-Dependent RNA 
Polymerase (RDR), and a complementary RNA molecule is synthesized. The 
newly synthesized dsRNAs are subjected to the Dicer-dependent processing, and 
secondary siRNAs (transitive siRNAs) are generated (Sijen et al. 2001). This 
amplification process contributes to the long-lived effects of RNAi in C. elegans 
(Tabara et al. 1998). Unlike the case of C. elegans, RNA silencing in Drosophila 
melanogaster is restricted in the site of dsRNA delivery and is temporally limited. 
A key component of systemic RNA silencing is RDR, but a gene encoding an RDR-
related protein has not been identified in D. melanogaster (Roignant et al. 2003). 
Therefore, some researchers wonder if dsRNAs in the diet can diffuse into somatic 
tissues and silence the target genes in insect larvae. Two transgenic plants produc-
ing dsRNAs against insect essential genes were recently produced and these plants 
are resistant to insect pests. Thus, the finding obtained by using D. melanogaster 
would not be always applicable to the RNAi mechanisms of other insects.

Cotton bollworm (Helicoverpa armigera) can grow with a diet containing high 
concentrations of a cotton metabolite, gossypol. CYP6AE14, a gossypol-inducible 
gene, is involved in the H. armigera tolerance against gossypol. When larvae were 
reared on transgenic tobacco and Arabidopsis leaves expressing dsRNAs specific to 
CYP6AE14, the CYP6AE14 mRNA level in larvae was reduced to undetectable 
levels 7 days after feeding. Then these larvae were transferred to artificial diets 
containing gossypol. Larvae with decreased level of CYP6AE14 mRNA did not 
grow at all (Mao et al. 2007).

Western corn rootworm (Diabrotica virgifera virgifera LeConte), a coleopteran 
species, causes root damage. To select target genes, Baum et al. (2007) carried out 
a feeding assay, in which larvae were fed with artificial diets containing various 
dsRNA species. A gene encoding V-type ATPase was selected. When the trans-
genic maize plants expressing a dsRNA specific to the V-type ATPase gene were 
infested with Western corn rootworm eggs, these plants showed a significant reduc-
tion in worm feeding damage.

These two examples indicate that RNAi can be exploited to control insect pests 
by in planta expression of a dsRNA specific to the target insect gene. In contrast to 
D. melanogaster, a systemic spread of the RNAi signal from the gut should occur 
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in the cotton bollworm and western corn rootworm. The red flour beetle, Tribolium 
castaneum, responds to dsRNA systemically, and its complete genomic sequence is 
now available (Tribolium genome sequencing consortium 2008). As was the case 
of D. melanogaster, a homolog gene for an RDR is deficient in the genome of 
T. castaneum, suggesting that systemic RNA silencing in T. castaneum is likely to 
be significantly different from that in C. elegans, and still remains to be uncovered 
(Tomoyasu et al. 2008).

28.7  Caveats and Future Perspectives of RNAi Technology

It is possible that siRNAs down-regulate mRNA species other than the intended 
target mRNA. This side effect is called ‘off-target effect’ (Jackson et al. 2003). Xu 
et al. (2006) investigated the off-target effects in the plant RNAi, and they reported 
that sequence identity with at least 22-nt continuous stretches is required for silenc-
ing of unintended genes. When the transcriptional changes in RNAi-mediated 
silencing and non-silencing backgrounds were monitored by using microarray tech-
niques, no significant transcriptional changes were detected between these two 
samples (Aelbrecht et al. 2006). These results imply that changes in the transcrip-
tome are the direct result of the knockdown of target genes in most cases. The vali-
dation of ‘on-target’ silencing is apparently easy when amiRNA technology is used 
for knockdown of target genes. In the latter case, we can prepare two or more dif-
ferent target sequences per single target gene. ‘On-target’ silencing should cause 
the same silencing phenotypes among transformants with different amiRNAs.

RNAi and related silencing machineries serve as plant defense against invasive 
nucleic acids, such as transposons (Lippman et al. 2003; Kanno et al. 2005) and 
viruses (Voinnet 2005). In the course of plant transformation, siRNAs corresponding 
to T-DNA sequences are produced (Canto et al. 2002). This observation suggests 
that delivery of T-DNA into plant cells itself is recognized as a target of RNAi-
related defense machineries. In fact, the RDR6-deficient plants and plants 
expressing a viral suppressor, P38, are significantly more susceptible to 
Agrobacterium-mediated transformation than control plants (Dunoyer et al. 2006). 
RDR6 is one of the six paralogs of RDR genes in Arabidopsis plants, and plays a 
pivotal role in the sense-transgene induced RNA silencing and also in the formation 
of secondary siRNAs (Schwach et al. 2005). It is worthwhile to test whether or not 
the RNAi against the host RDR6 homolog gene improves Agrobacterium-mediated 
transformation efficiency in the transformation-recalcitrant crops. The RDR6-
deficiency also enhances accumulation of recombinant proteins (Butaye et al. 
2004). One notable drawback is that lack of RDR6 is associated with increased 
susceptibility with plant viruses (Qu et al. 2005; Schwach et al. 2005). Therefore, 
the transgenic plants that are planned to be commercially released must have the 
functional RDR6 gene. Finally, the unique properties of siRNAs, namely mobile 
ability between cells and also between organisms in some cases, opens room for 
development of new applications that have not been expected.
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Abstract Metabolomics aims at the efficient determination of multiple chemical 
constituents present in a tissue, a cell layer or ideally a single cell. Metabolomics 
is currently applied in a large number of life science disciplines. Nuclear 
Magnetic Resonance (NMR) or Gas- and Liquid-Chromatography coupled to 
Mass Spectrometry (GC-MS and LC-MS) are the most widespread technologies 
employed in metabolomics assays. Soft fruit, one of the most metabolite-rich 
plant organs, was from the first to be subjected to metabolomics investigation. 
The interest in metabolite profiling of soft fruit could be explained by the large 
repertoire of metabolites belonging to diverse chemical classes that are formed 
and catabolized during fruit development, starting from the fertilized ovary up to 
the ripe, mature fruit. Moreover, fruit constitute an essential part of our diet and 
the breeding to achieve nutrient-rich varieties entails a comprehensive analysis of 
their metabolite content. Presently, hundreds of substances, including primary and 
secondary (or specialized) metabolites have been detected in fruit. Metabolomics 
has been employed also for following metabolism in transgenic plants, mutants 
and introgression lines populations. The latter experiments allowed the identifi-
cation of genomic regions associated with metabolic quality traits. So far, most 
metabolomics assays in fruit have been focused on two species, namely, tomato and 
strawberry. It is expected that in the following years the use of metabolomics will 
be expanded to the investigation of numerous other fruit species.
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29.1 Introduction

Metabolomics is one of the most rapidly advancing analytical approaches that aim 
at the comprehensive analysis of a large numbers of metabolites. It is currently 
applied in numerous fields of research, from drug discovery to brain function and 
food quality. It is most extensively utilized in the plant science field, particularly 
since plants possess the unique feature of synthesizing a large number of natural 
products that do not exist in any other life form. The current estimation of the num-
ber of different compounds produced in the plant kingdom exceeds 200,000 (Saito 
et al. 2006; Hall 2005). Natural products (also known as secondary metabolites) 
participate in the interaction of the plant with the environment, and serve multiple 
tasks in plant reproduction as for example in alluring pollinators and frugivores. 
Several important attributions for human health also originate from plant metabo-
lites including the impact on food quality and nutritional value (e.g. carotenoid 
content; Fraser and Bramley 2006) or drug research (e.g. taxol cell suspension 
culture; Ketchum and Croteau 2006). Therefore, metabolomics analysis of plant-
based foodstuff like fruit, berries and cereals, currently gains a great interest.

Fruit constitute a variety of different tissues and make a most complex part of the 
plant physiology. As part of our food, fruit serve as an important source of fibre, 
vitamins and other phytochemicals, therefore being the target of several studies that 
concentrate on food quality and nutritional value. In addition to mature fruit, also the 
preceding and later stages of fruit development, the flowers and the seeds, produce a 
myriad of bioactive phytochemicals that may serve as health-beneficial or phytophar-
macological source. Therefore, the study of the reproductive developmental process 
is of major interest not only fundamentally for learning about the mechanisms and 
interplay between different chemicals, but also from an applied point of view.

In the first part of this chapter we describe the basic principles and methodologies 
of the current metabolomics approaches and their application in the plant science 
field. In the second part we review the current research on soft fruit development 
utilizing metabolomics. Here, we focus on strawberry and tomato fruit since they 
have been the two major targets for metabolite profiling efforts since the onset of 
plant metabolomics research.

29.2 Metabolomics in Plant Science

29.2.1 What Is Metabolomics?

The detection of metabolites has been carried out for decades, the technical landmark 
being the development of chromatographic separation methods that enabled the 
detection of individual metabolites (Unger 2004; Fritz 2004). Traditionally, metab-
olite analysis has been performed in a targeted manner in which a single or 
several compounds, normally structurally and biologically associated, were examined. 
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Several issues promoted the development and use of metabolite analysis approaches 
that carry out a non-targeted analysis of metabolites in a given biological matrix (Seger 
and Sturm 2007; Villas-Boas et al. 2005). These include the increased amount of pre-
dicted new metabolic pathways due to genome sequencing and the emergence of 
systems biology analysis of metabolic networks (Ryan and Robards 2006; Fiehn et al. 
2000). Today, the term metabolomics is used in parallel with transcriptomics and pro-
teomics that are focused on mRNA and protein profiling, respectively. Metabolomics 
is therefore defined as the systematic quantitative and qualitative study of the comple-
ment of metabolites in a particular biological system. Among the different “omics” 
approaches, metabolomics is the most predictive since the metabolome represents the 
final measurable response of an organism (Seger and Sturm 2007; Ryan and Robards 
2006). A typical metabolomics workflow includes several steps starting from sample 
extraction, through data pre-prosessing and statistical analysis, metabolite identifica-
tion and finally the determination of the biological impact (Fig. 29.1).

29.2.2 Analytical Platforms used In Metabolomics Assays

The significant breakthroughs in the development of analytical tools for metabolite 
analysis paved the way for the simultaneous monitoring of a multitude of small 
molecules that are essential for metabolomics experiments. The pros and cons and 
details regarding the capabilities of the different technologies for metabolomics 
were described in many reviews (e.g. Seger and Sturm 2007; Dettmer et al. 2007; 
Glinski and Weckwerth 2006; Dunn et al. 2005; Villas-Boas et al. 2005). Mass-
spectrometry (MS)-based technologies that permit the measurement of the masses 
of individual ions are currently the most commonly used detection methods for 
small molecules. MS allows the sensitive detection and identification of metabolites 
through the interpretation of mass spectrum and determination of molecular formu-
lae via accurate mass measurements (Dunn et al. 2005).

The analytical instruments typically used in metabolomics experiments differ in 
their ionization technology (e.g. electron ionization (EI), chemical ionization (CI), 
electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), 
matrix-assisted laser desorption/ionization (MALDI) and fast atom/ion bombardment 
(FAB)), and the type of mass analyzer ((e.g. quadrupole, triple-quadrupole, ion-trap 
and time of flight (TOF)) (Villas-Boas et al. 2005). Samples can be directly analyzed 
by MS or resolved primarily by different chromatographic techniques. The choice of 
analytical method depends on which cellular metabolites are the targets of analysis.

Gas-Chromatography-MS (GC-MS) has a long history as a metabolite detection 
technology and it provides advantage in terms of robustness (Fernie et al. 2004). 
This technology has high separation efficiency that can resolve complex volatile 
mixtures that include alcohols, aldehydes, furans, ketones, terpenes among other 
low molecular weight compounds, which may be collected by e.g. solvent free 
headspace sampling. GC-MS is further used in metabolomics technologies for 
the detection of non-volatile metabolites through the chemical derivatization of the 
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extract analytes in order to render them amenable for analysis. Common derivatization 
procedures include trimethylsilylation and the reaction with diazomethane (Halket 
et al. 2005, Seger and Sturm 2007, Dettmer et al. 2007).

Coupling Liquid-Chromatography to MS (LC-MS) enables the detection of multiple 
metabolite classes in a single analysis, even in a very complex matrix such as rich 
plant extracts (Dunn et al. 2005). The technology for liquid phase separation have 
also advanced in recent years with the introduction of Ultra Performance LC (UPLC) 
that enables faster separation with better separation and sensitivity as compared to 
High Performance LC (HPLC). Capillary-electrophoresis-mass-spectrometry 
(CE-MS) is a highly sensitive method that can detect low-abundance metabolites 
with good analyte separation (Villas-Boas et al. 2005; Dunn et al. 2005). Accurate 
mass measurements are an important factor in metabolomics experiments since they 
allow improved structural elucidation. Fourier-transform-ion-cyclotron-resonance-mass-
spectrometry (FTICR-MS), a different type of mass analyzer, permits mass determi-
nation at the highest accuracy and supreme resolution of mass spectra beyond any 
other instrument (Brown et al. 2005). Nuclear-magnetic-resonance spectroscopy 
(NMR) is one of the most widely applied methods to study organic molecules, and 
has been used for over 20 years for metabolite analysis. NMR is a non-destructive 
method that is highly versatile and adjustable for any chemical analysis. It is the ulti-
mate tool to unravel the identity of a compound, as each separate resonance observed 
in a spectrum is specific to a particular atom pair, and the careful translation of 
individual signals leads to the identification of any component regarded as a target 
(Ward et al. 2007; Krishnan et al. 2005; Dunn et al. 2005).

Despite the extensive development in analytical methods the ultimate goal of 
plant metabolomics, i.e. to gain a complete overview of the metabolite complement 
of a plant in one or a small series of analyses, is currently impossible. The continuous 
technological improvements, including the use of complex hyphenated systems as 
for example the combination of NMR and LC-MS may bring the field to its ultimate 
goal as described above (Hall 2005; Ryan and Robards 2006).

29.2.3  Metabolomics Data Processing and Its Mining  
in a Biological Context

The multiple experimental platforms applied in metabolomics research generate 
complex data matrices that require dedicated software and laborious handling. These 
have a big impact on the outcome of metabolomics experiments and on their biological 
relevance (Katajamaa and Orešič 2005, 2007). For example, a typical LC-MS raw 
dataset typically contains information on retention time, m/z value and ion intensity 
measurement for each signal. Several processing steps including filtering, feature 
alignment and detection, and normalization are mostly applied in order to filter and 
condense the data set. The data is subsequently processed using diverse mining tools 
including multivariate analyses and clustering for discovering differences between 
groups of samples (Katajamaa and Orešič 2007). Thus, bioinformatics and biostatistics 
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are among the most essential disciplines utilized in metabolome research. Automated 
computational tools are currently developed that allow metabolite identification, 
quantification and the detection of differential metabolites. The markedly increased 
amounts of published metabolomics data and the desire to maintain the data acces-
sible and comparable between laboratories urged the development of a minimal 
metabolomics data reporting standards (Fiehn et al. 2007). The same developments 
promoted the construction of metabolomics databases as for example KNApSAcK 
(Shinbo et al. 2006) and MoTo (Moco et al. 2006).

An even bigger challenge is faced by researchers who attempt to link metabolo-
mics data to other biological observations including those achieved by equivalent 
large-scale “omics” tools such as expression arrays and proteomics. The integration 
of information of both bottom-up approaches representing the traditional way of 
trying to understand the complex biological pathways by reducing the information 
to the straight interactions of its parts (the “reductionistic” view) as well as top-down 
approaches; to take into account the possibility that the whole system most likely 
possess more features than only the straight interactions of its parts (the “holistic” 
view), are necessary to construct hierarchical networks to understand any biological 
system (Lange 2006; Morgenthal et al. 2006; Damian et al. 2007).

29.3 Metabolomics Applications in Fruit Development

29.3.1 The Process of Fruit Development

In the majority of species fruit development commences with pollination and 
extends via ripening of the fruit to the maturation of the seeds. The first stage of 
fruit development, the formation of the inflorescence, has been the target of intensive 
research for the past 20 years. At anthesis, floral organs form the entity responsible 
for plant reproduction via pollen development, attraction of pollinators, fertilization 
and induction of fruit and seed development. The next step after fertilization is 
characterized by organ expansion and formation of the seeds. Once the fruit has 
reached its final size and weight, ripening, the terminal stage of fruit development 
begins and a major shift in metabolism occurs. In addition to physiological changes 
such as the modification of cell wall structure and texture, the ripening of fruit is 
accompanied by the accumulation of aroma components as well as sugars (to pro-
vide attracting flavor and taste), and protective agents such as phenolic compounds 
that serve as anti-pathogens and UV-protectants (Gillaspy et al. 1993; Bewley and 
Black 1994). The fundamentals of fruit development and its genetic basis have been 
mainly studied in the dry, dehiscent fruit of the model plant Arabidopsis (Robles 
and Pelaz 2005), while species producing soft fruit have been the main targets of 
interest regarding maturation and the metabolic changes associated with it.

In the area of metabolite characterization of fruit, the studies on two cultivated 
fruit crops, strawberry and tomato, dominate the field. These two species offer two 
highly distinct fruit structures both physiologically and biochemically, and hence, 
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represent unique fruit development and maturation programs. While tomato is a true 
fruit having a peel tissue enclosing the fleshy pericarp and seeds, strawberry is termed 
“false fruit”, with the achenes (i.e. the “seeds”) developing on the surface of the swol-
len receptacle tissue (i.e. the “fruit”; see Fig. 29.2.). The maturation process of these 
two fruits also show major differences, as tomato is a climacteric fruit in which matu-
ration is an ethylene-dependent process. During ripening climacteric fruit like tomato, 
banana, apple and avocado, show increased respiration and ethylene biosynthesis and 
emission. In contrast, non-climacteric fruit including strawberry and several citrus 
species do not posses the typical climacteric respiration and autocatalytic ethylene 
formation. Ethylene is required for the coordination and completion of ripening in 
climacteric fruit, whereas it is not yet associated in the developmental program of 
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Fig. 29.2 Cross-section of tomato and strawberry fruit. The most characteristic tissue types 
are marked for each fruit. The chemical structure of typical secondary metabolites found in 
each fruit are depicted, naringenin chalcone for tomato and pelargonidin glucoside in the case 
of strawberry
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non-climacteric fruit, although they may respond to ethylene as well (Giovannoni 
2007). In the secondary metabolism of the two fruit species, the major shift is related 
to the formation of an intensive color as well as flavor and aromatic volatiles. In tomato, 
the photosynthetic membranes of chloroplasts are degraded, as they transit to 
chromoplasts and serve for the synthesis of carotenoids including b-carotene and 
lycopene. In strawberry, accumulation of anthocyanins result in the intensive red 
color. In addition to formation of pigment-related compounds, also other branches of 
secondary metabolism are rearranged, as the ratio of different metabolite classes vary 
along development and maturation for both species.

29.3.2 Metabolomics in Tomato Fruit Development

29.3.2.1 Technical Advances Exemplified in Tomato Fruit

Tomato is one of the most widely cultivated fruit crop that also serves as a model for 
research on fleshy fruit development (Giovannoni et al. 1995, Giovannoni 2007), 
including for metabolic studies (Carrari and Fernie 2006). To date, metabolomics in 
tomato fruit was carried out by both GC-MS and high-resolution LC-MS technolo-
gies. Following LC-MS analysis that was coupled to NMR for absolute identification 
of selected metabolites, Moco et al. (2006) described the establishment of a database 
dedicated to LC-MS-based information on tomato fruit metabolites. In the MoTo 
database, the information from ESI-qTOF-MS was used for the assignment of mass 
spectral peaks, based on the accurate mass, retention time, UV-spectral characteris-
tics, and MS/MS fragmentation data. The open access database contained informa-
tion on typical tomato metabolites including polyphenolic compounds and alkaloids 
and is therefore most valuable for other studies utilizing similar analytical techniques. 
A recent report by Iijima Y, Nakamura Y, Ogata Y et al. (2008) Metabolite annota-
tions based on the integration of mass spectral information. Plant J. 54:949–62 uti-
lized FTICR-MS technology for profiling tomato fruit development. The authors 
developed a method for systematic analysis of the high accurate mass FTICR-MS 
measurements in order to elucidate and classify the entire array of metabolites present 
in the tomato fruit sample. All together, the chemical building blocks for 869 metabo-
lites were reported, and a system for grading the level of metabolite identification as 
part of the metabolite annotation procedure was introduced that facilitates the inter-
pretation of the metabolite data in a biological context.

In a different approach, GC-MS technology was used to profile fruit volatiles in a 
non-targeted manner (Tikunov et al. 2005). A multi-step strategy was employed that 
consisted of (i) spectral alignment of the GC-MS profiles, (ii) multivariate analysis of 
phenotypes at the level of molecular fragments, and (iii) mass spectral reconstruction 
allowing metabolite recognition and identification. A set of 94 tomato genotypes were 
profiled for fruit volatile compounds revealing the presence of 322 different volatiles. 
Multivariate data analysis including hierarchical tree clustering, Principal Component 
Analysis (PCA) and the construction of a metabolite-metabolite correlation matrix, 
were used for non-targeted data treatment and extracted the differences in the com-
position of volatile metabolites between the different genetic backgrounds.
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29.3.2.2 Metabolite Changes During Tomato Fruit Development

The most dramatic change in tomato fruit development occurs during the transi-
tion to the ripening process that is coupled to the accumulation of numerous sec-
ondary metabolites. Moreover, the transition to ripening is accompanied by a 
massive change to metabolism as a result of the de-greening process, in which the 
photosynthetically active chloroplasts are differentiated to chromoplasts. In 
tomato, as in other plant species, the fruit is composed of several different tissues 
and cell layers. As exemplified recently for tomato fruit skin (or peel) and flesh, 
these tissues vary in terms of transcript and metabolic profiles (Moco et al. 2007; 
Mintz-Oron et al. 2008). Mintz-Oron et al. (2008) described a comparative tran-
scriptome and metabolome analyses of peel and flesh tissues during five stages of 
tomato fruit development. Metabolite profiling by UPLC-qTOF-MS and GC-MS 
revealed 100 metabolites that were enriched in the peel tissue during development. 
Out of the 45 secondary metabolites identified that were at least twofold up-regu-
lated in the peel compared with the flesh tissue, thirty metabolites were derived 
from the phenylpropanoid pathway. Apart from phenylpropanoids, a large number 
of glycoalkaloids that serve as antifungal agents were identified in tomato peel. 
These profiling experiments unravelled a yet undiscovered pathway of glycoalka-
loid metabolism. It starts from a-tomatine that accumulates to very high concen-
trations in early fruit development and decreases in the mature stages, and ends 
with lycoperosides that display an opposite profile of accumulation during fruit 
development.

As a continuation of the work in which a tomato metabolome database was 
generated (Moco et al. 2006; see above), Moco et al. (2007) profiled secondary 
metabolites using several analytical platforms, in order to asses the tissue specificity 
of metabolites in tomato peel and flesh tissues (Moco et al. 2007). They analyzed 
different compound classes including carotenoids, xantophylls, chlorophylls, 
tocopherols, flavonoids, phenolic acids, glycoalcaloids and saponins together with 
several other secondary metabolites and few primary metabolites. The analysis was 
focused on the peel and flesh of several commercial tomato cultivars, and similar 
metabolite trends were observed regardless the different genetic background. An 
even more detailed analysis was performed on the different stages of development 
(i.e. green, breaker, turning, pink, and red fruit) of the tomato cultivar Ever. 
Different tissue types of each developmental stage, including the vascular attach-
ment region, epidermis, pericarp, columella and placenta, and jelly parenchyma 
including the seeds, were separated and analysed.

Apart from changes to secondary metabolism, central carbon metabolism has 
also been studied in tomato fruit. Early metabolomics studies using GC-MS analyses 
of derivatized extracts reported on the characterization of major shifts in primary 
metabolites during tomato development (Roessner et al. 2001; Roessner-Tunali 
et al. 2003). The major changes were reported to occur in sugar metabolism, since 
the major hexoses, glucose and fructose, accumulated at the ripe stage, whereas 
sucrose, hexose phosphates and the majority of sugar alcohols decreased. 
Furthermore, upon ripening the levels of aromatic amino acids increased, while 
those of TCA cycle intermediates decreased.
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29.3.2.3  Metabolomics of Tomato Fruit in Transgenic and Mutant Plants 
during Development

In recent years, transgenic and tomato fruit mutants were also subject for metabolite 
profiling. Extensive metabolite analysis was carried out on transgenic tomato plants 
expressing the yeast S-adenosylmethionine decarboxylase (ySAMdc) gene (Mattoo 
et al. 2006; Neelam et al. 2008). Apart from the accumulation of polyamines, the 
ripe fruit of transgenic plants exhibited higher fructose to glucose and sugar to acid 
ratios. The metabolic analyses involved assays of amino acids, sugars, organic 
acids, choline and a few other unidentified metabolites by NMR. These studies 
provided a good example for the utilization of NMR in metabolomics of transgenic 
fruit plants.

GC-MS and HPLC-MS techniques were applied in a study focusing on the 
metabolite levels of the light-hyperresponsive high-pigment (hp) tomato mutant 
plants (Bino et al. 2005). Several metabolites, including carotenoids and flavonoids, 
known for their antioxidant or photoprotective activities were overproduced in the 
fruit of transgenic lines and these results provided new information regarding the 
metabolic response of fruit to light stress. The increased levels of bioactive metabo-
lites in the red ripe fruit detected by metabolomics suggested that these plants could 
be exploited as a potentially commercial product with enhanced nutritional value.

Fraser and colleagues carried out extensive metabolomics work on ripening 
tomato fruit mainly with respect to carotenoids (Fraser et al. 2000, 2007a, b). 
HPLC, MALDI-MS and GC-MS were employed for the assay of a transgenic 
line constitutively expressing an additional phytoene synthase-1 (Psy-1) gene, 
during five stages of fruit development and ripening (Fraser et al. 2007b). In the 
mature green stage, 54 components, most of them carotenoids, were increased, 
whereas in the ripe red stage only a few qualitative differences were detected 
between the wild type and the Psy-1 overexpressing transgenic lines. Specific 
parts of metabolism were altered in the green stage by the perturbations in caro-
tenoid biosynthesis resembling metabolism during fruit ripening (e.g. formation 
of chromoplast-like structures), although the general fruit developmental 
properties such as ethylene production and fruit firmness remained unaltered. 
This suggested that the changes to pigmentation, plastid type, and metabolism 
associated with Psy-1 overexpression are not connected with the ripening pro-
cess (Fraser et al. 2007b).

29.3.2.4 Combining Tomato Genetics and Metabolomics

The genetic variation present in the current cultivated tomatoes represents only a 
fraction of the genetic resources present in wild species. One of the major targets 
of tomato genetics studies is the exploration of potential genetic markers that might 
be introduced into cultivated species for breeding desirable traits like nutritional 
and taste quality. Remarkable effort has been put on the analysis of the segregation 
of genetic regions responsible for the quantitative phenotypic variation, the quanti-
tative trait loci (QTL; Lippman et al. 2007). Typically, the approach has been used 
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for identifying chromosomal regions responsible for economically important 
characteristics such as yield and firmness, but during the past years the focus was 
also devoted to the analyses of QTLs that influence the metabolite composition of 
fruit. Coupling the identification of genomic regions associated with valuable 
quality traits with the analysis of the metabolite content allows the determination 
of associations between phenotypes and metabolite profiles.

In a preliminary analysis to identify QTLs associated with quality-related traits 
(including organic acids, sugars and other biochemical factors), 1–27 putative 
QTLs were identified for each of the 15 traits analysed (Fulton et al. 2002). Soon 
after, a more comprehensive phenotypic analysis of the tomato introgression lines 
(ILs; containing a chromosome segment of wild species Solanum pennellii in the 
genetic background of the cultivated variety M82) was combined with parallel 
metabolite profiling by GC-MS (Schauer et al. 2006). The analysis of fruit pericarp 
tissue involved quantification and identification of 74 parimary metabolites affect-
ing the tomato fruit quality including amino and organic acids, sugars, sugar alco-
hols and fatty acids. Correlation network and mapping analyses showed that at least 
50% of the metabolic loci are associated with QTLs that modify yield associated 
traits. The study demonstrated that the whole-plant phenotypes correlate with fruit 
metabolism and hence have a significant role in the final metabolite composition of 
the fruit (Schauer et al. 2006). This work was continued with an analysis of samples 
from a second year harvest to determine the mode of inheritance for the QTLs 
related to tomato fruit metabolic traits (Schauer et al. 2008). The primary metabolites 
of the heterozygous ILs were profiled by GC-MS and 174 out of the 332 QTLs 
were shown to be dominantly inherited.

29.3.3 Metabolomics in Strawberry Fruit Development

The strawberry genus (Fragaria) belongs to the subfamily Rosoideae of the Rosaceae 
family that includes other known fruit species including apples, pears, plums, peaches 
and raspberries. Fruit of the Rosaceae family are known to have exceptionally rich 
secondary metabolite composition upon ripening. The ripe stage of strawberry devel-
opment is well documented with respect to its metabolite composition (Koponen 
et al. 2007; Puupponen-Pimiä et al. 2005; Hannum 2004). The largest metabolite 
group consists of central phenylpropanoid and flavonoid pathway compounds 
including phenolic acid derivatives, flavonols, condensed tannins and anthocyanins. 
In addition to the commonly occurring phenolic compounds, remarkable amounts of 
ellagic acid and ellagitannins are present in plants of the Rosaceae family (Kähkönen 
et al. 2001), including in strawberry (Mullen et al. 2003; Hukkanen et al. 2007). 
Ellagitannins are polyphenols that are not products of the phenylpropanoid pathway, 
but rather generated through the shikimate pathway via the 5-dehydroshikimate pre-
cursor (Werner et al. 2004). The composition of strawberry ellagitannins varies 
between the receptacle tissue and the achenes (Aaby et al. 2005).

One of the early metabolomics experiments that employed FTICR technology 
was carried out in strawberry receptacle tissue (Aharoni et al. 2002). In this study, 
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the metabolite shifts in the strawberry receptacle were monitored along four con-
secutive stages of strawberry fruit development. Crude plant extracts were intro-
duced via direct (continuous flow) injection and ionized by either electrospray 
ionization (ESI) or atmospheric pressure chemical ionization (APCI) in both posi-
tive or negative ionization modes. Changes in the levels of known fruit compounds, 
as well as putative compounds not previously associated with strawberry fruit devel-
opment, revealed novel information on the metabolic transition from immature to 
ripe fruit. Integrating the data on metabolism during the early stages of strawberry 
fruit development revealed the accumulation of compounds that serve as raw mate-
rial and building blocks for the production of ripening-associated metabolites. For 
example, the relative high levels of various organic, phenolic and amino acids in 
unripe fruit may serve as precursors for the formation of aromatic/phenolic compo-
nents, while other amino acids such as glutamine may be used for the production of 
nitrogen-containing metabolites. Oxidative breakdown of the accumulated unsatu-
rated fatty acids may result in the biosynthesis of aroma compounds (i.e. aldehydes, 
alcohols and esters). Carbon skeletons produced in the TCA cycle may be used to 
synthesise certain amino acids that, in turn, can be converted into more complex, 
secondary metabolites. A most important output of these experiments was that the 
method described could simultaneously and rapidly detect masses putatively corre-
sponding to various types of compounds known to accumulate during ripening of 
strawberry fruit. Ripening associated metabolites that could be detected included 
flavour compounds such as furans, ester derivatives (aldehydes, alcohols and esters), 
terpenes, carbohydrates, anthocyanins and different other phenolics.

A recent, extensive survey of both primary and secondary metabolism in strawberry 
receptacle and achene tissues during development was carried out by combining 
LC-MS and GC-MS–based metabolite profiling (Fait et al. 2008). Six stages of 
development were studied, and the analysis highlighted a clear metabolic shift 
between the first three and the later three stages, as exemplified by the PCA of the 
masses obtained by the UPLC-qTOF-MS analysis (mainly corresponding to sec-
ondary metabolites) (Fig. 29.3). The level of each metabolites belonging to the 
same metabolite class and even different substituted forms of the same metabolite 
were tightly correlated both in the achenes and receptacle. The study corroborated 
earlier knowledge on primary metabolism, concluding that glucose, fructose and 
sucrose are the major soluble sugars in ripe strawberry (Hancock 2000), whereas 
inositol, xylose and galactose decrease in levels during ripening (Moing et al. 
2001). The main organic acids detected were citrate, malate and quinate together 
with the minor organic acids acetate, oxalate, succinate, isocitrate, fumarate, and 
aconitate, which were also studied earlier in strawberry (Moing et al. 2001). The 
levels of sugar phosphates and sugar alcohols were also significantly reduced dur-
ing receptacle development. Interestingly, the accumulation patterns of sugars in 
the achene tissue were in most cases different, and even opposite, from the ones 
observed in the receptacle.

The profiles of secondary metabolites in the two tissues showed that the phenolic 
compounds display the most noticeable metabolic changes during the development 
of strawberry fruit. The accumulation of the astringent condensed tannins characterizes 
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the early stages of development. Upon ripening, the levels of these metabolites 
decrease, whilst flavonoids such as anthocyanidins and flavonols predominate the 
collection of phenolic compounds. The differences in phenolics constituents 
between the two tissue types were large. For example, different derivatized forms 
of flavonols showed distinct accumulation, as exemplified by the profile of kaemp-
ferol coumaroyl glucoside present mainly in the achene tissue (Fig. 29.4.). In addi-
tion, ellagitannins and their precursors (galloyl glucoses) showed a very peculiar 
accumulation in the two tissue types. While the single galloylated form was mainly 
detected in the receptacle, the highest galloylation degree (penta-galloyl-glucose) 
was present in the achenes (Fig. 29.5). The achene tissue also contained ample 
chromatographic peaks that possessed the typical ellagitannin spectra, but none 
have been characterized previously from strawberry.

29.3.4  Comparison of Tomato and Strawberry Metabolite 
Profiles During Development

The pattern of secondary metabolism in tomato and strawberry is highly distinct; 
this can already be observed in the total ion chromatogram obtained by the UPLC-
qTOF-MS analysis of fruit from the two species (Fig. 29.6). The most pronounced 
difference between the two species is the absence of glycoalkaloids from straw-
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berry, while they dominate the metabolite profile of tomato. On the other hand, 
strawberry fruit contains a variety of ellagitannin derivatives, which are not synthe-
sized in tomato. The outermost tissues of both tomato and strawberry show a very 
intensive accumulation of flavonoids. The achenes, developing on the strawberry 
receptacle surface, accumulate large amounts of a flavonol derivative, kaempferol 
coumaroyl glucoside (Fait et al. 2008; Figs. 29.4 and 29.7), while the yellow 
naringenin chalcone accumulates in tomato peel (Moco et al. 2007; Fig. 29.7). 
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The role for these metabolites is most likely to protect from UV-radiation, and 
possibly to serve as antifungal agents. The behavior of the primary metabolites is 
strikingly similar in the climacteric tomato fruit as well as in the non-climacteric 
strawberry. The soluble sugars, sugar phosphates and sugar alcohols are significantly 
reduced during strawberry receptacle and tomato flesh development.
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29.4 Conclusions

Fruits are one of the most metabolite-rich organs of plants. During their develop-
ment, starting from the expanding immature fruit and up to the late ripening stage, 
the complex network of genes, proteins and metabolites are drastically changed. 
Due to its ability to follow a relatively large number of metabolites in a single or a 
few analyses, metabolomics makes an excellent tool for following metabolism in 
developing fruit. Adding the commercial value of fruit products to the written 
above makes soft fruit an excellent model for metabolomics studies. While at pres-
ent most studies employing metabolomics were focused on tomato and strawberry 
fruit, it is expected that in the near future similar studies will be carried out in vari-
ous other fruit species. The use of metabolomics has demonstrated the huge diver-
sity of secondary metabolites produced by fruit. This information will be essential 
for the more thorough investigation regarding the relation between the presence or 
absence of specific metabolites (or metabolite classes) and their function in fruit 
physiology. The results up to now also highlight the strong link between secondary 
and primary metabolism. Apart from extending metabolomics to other fruit species 
it is also expected that future studies will be able to follow metabolism in various 
fruit cell layers and even cell compartments.
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Abstract Numerous attractive floricultural crops have been developed by extensive 
hybridization and mutational breeding which suffer from genetic constraint intrinsic 
to each plant species. Breeding by utilizing genetic engineering has liberated such 
constraint and any genes from any organisms can be used to make novel floricultural 
crops. Novel violet/blue colored carnation and rose have been developed by express-
ing flavonoid biosynthetic genes from heterologous plant species and the carnation 
has been successfully commercialized. Flowers with modified scents, longer vase 
life and modified shapes have been also developed. Incorporating progressing plant 
science will give opportunities to generate novel flowers that appeal consumers.

30.1 Introduction

People have always loved flowers and used flowers to make themselves or their 
friends happy. At a glance, flowers are innocently lovely; in reality, however, they 
are bound by modern industrialization and technology (Stewart 2007). The world-
wide production value of floricultural crops is estimated to be around 50 billion 
Euros, and the retail value, 100–150 billion Euros (Chandler and Tanaka 2007). The 
market consists of an uncountable number of species. Flowers used by florists and 
in gardens are generally cultivated cultivars that have been made through artificial 
breeding, including extensive hybridization of an unnatural combination of species 
and artificial or spontaneous mutations. Recently, genetic engineering has become 
a method of choice to generate new cultivars.
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Rapid progress of plant sciences has produced (i) useful genes (or molecular 
tools) to improve plants, (ii) plant transformation systems, and (iii) artificial 
regulation of trans- or endogenous genes in a transgenic plant. The advantage 
of plant breeding by genetic engineering (often called molecular breeding) is 
that plant breeders are not bound by the limits of the genetic diversity of a spe-
cific species; with genetic engineering, they can incorporate any genes from 
any organism to generate a variety with a novel character that is often highly 
appreciated by consumers.

In this chapter, we will describe what has been achieved in the field of molecular 
breeding of floricultural crops with a special focus on consumer traits, as called by 
Chandler and Tanaka (2007), i.e., traits that directly appeal to consumers. Producer 
traits, such as biotic or abiotic stress resistance, which are mutually important with 
regard to edible crops, have already been reviewed (Chandler and Tanaka 2007; 
Tanaka et al. 2005) and will not be discussed here.

30.2 Principles of Molecular Breeding

Several technological steps are necessary for successful molecular breeding. They 
include the isolation of useful genes, the establishment of a transformation system, and 
the regulation of the expression of a transgene. In field trials and commercialization, 
the clearing of complicated regulatory procedures at the international level has been 
intrinsic to genetically modified (GM) plants. Among these steps, it is noteworthy to 
stress the importance of plant transformation. Since the performance of a transgene 
greatly depends on the transgenic lines, many (from dozens to hundreds) transgenic 
lines containing the same transgene have to be generated to obtain lines exhibiting 
desirable phenotypes, and thus it is essential to establish an efficient transformation 
system. However, the plant transformation efficiency depends on the species and 
cultivars to a large extent. Tedious and laborious efforts for many years are often 
necessary to optimize transformation protocols. Transformable floricultural crops have 
been summarized in reviews (Chandler and Tanaka 2007; Tanaka et al. 2005).

The transcription of transgenes can be regulated by using constitutive or 
spatially or temporally regulated promoters. Downregulation of endogenous genes 
is often necessary to obtain desirable phenotypes, and it can be efficiently achieved 
by RNAi suppression. Furthermore, the transcription of the double-strand RNA of 
a target gene causes such suppression (Waterhouse et al. 1998).

In order to generate a plant with a specific color or scent, a specific compound has 
to be accumulated by engineering a metabolic pathway (Dixon 2005; Tanaka and 
Ohmiya 2008). This can be accomplished by the expression of a transgene that redi-
rects the pathway toward the compound. At the same time, the genes of the pathways 
that compete against the transgene have to be downregulated, or a host that lacks the 
competing pathway has to be chosen. Substrate availability of an introduced enzyme, 
degradation/modification or sequestration to undesirable cellular compartment of a 
product, and possible deleterious effects to plants by the product should also be 
avoided to achieve successful engineering of a biosynthetic pathway.
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30.3 Modification of Flower Color

30.3.1 Biosynthetic Pathways

Flower color comes mainly from flavonoids/anthocyanins, carotenoids, and beta-
lains (see recent reviews: Grotewold 2006; Tanaka et al. 2008). The former two 
classes of pigments are ubiquitous in seed plants and have been modified by genetic 
engineering. Anthocyanins, a colored class of flavonoids, confer a wide range of 
color from orange, red, magenta, violet, and blue. Some flavonoids are pale yellow. 
Carotenoids are more intensely yellow and often red. Both flavonoid and carote-
noid biosynthetic pathways have been well characterized, as shown in Figs. 30.1 
and 30.2, and the relevant genes have been isolated.

Plant species often generate limited varieties of flower color; for example, rose, 
carnation, and chrysanthemum lack violet/blue color, and petunia, pansy, and 
lisianthus lack orange/bright-red color. This is mainly attributed to their genetically 
limited ability to synthesize such pigments. As a result, hybridization breeding has 
been severely limited. However, with molecular breeding, a transgenic plant could 
utilize a pathway from an unrelated species and, thus, produce a wider range of 
flower color.

The number of hydroxy groups on the B-ring of anthocyanins is crucial to the 
color. The number is determined by flavonoid 3’-hydroxylase (F3’H) and flavonoid 
3’, 5’-hydroxylase (F3’5’H), as shown in Fig. 30.1 and a review (Tanaka 2006). 
Violet/blue and orange/bright-red flowers tend to have delphinidin- and pelargoni-
din-based anthocyanins, respectively. Many plant species are unable to accumulate 
them. Cyanidin-based anthocyanins generally confer red/magenta color. They are 
most ubiquitous distributed in plants and thus manipulation of cyanidin-based 
anthocyanins gives less impact to flower color than that of delphinidin- and pelar-
gonidin-based anthocyanins.

30.3.2 Engineering Toward Pelargonidin

Petunia is unable to produce pelargonidin-based anthocyanins because petunia 
dihydroflavonol 4-reductase (DFR) does not utilize dihydrokaempferol as a sub-
strate (Forkamnn and Ruhnau 1987). This is the reason that petunia lacks orange to 
brick-red color varieties. DFR of many plant species including maize, gerbera, and 
rose catalyzes the reduction of dihydrokaempferol. The maize DFR gene was intro-
duced to a petunia variety accumulating dihydrokaempferol due to a mutation of 
the F3’5H and F3’H genes. The resultant petunia plants accumulated pelargonidin 
and had a brick-red flower color (Meyer et al. 1987). This was the first GM flori-
cultural crop and the first color-modified plant by molecular breeding. Obtained 
petunia plants were subjected to field trials. The transgenic petunia plants were not 
phenotypically stable and gave white and variegated flowers. More than one half of 
them lost their color during a field trial due to epigenetic variation including methy-
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Fig. 30.1 Biosynthetic pathway of major flavonoids/anthocyanidins and some scent benzenoids 
partly adopted from Pichersky and Dudareva (2007). They are synthesized from phenylalanine. 
Anthocyanidin is further modified by glycosyltransferase, acyltransferase, and methyltransferse and 
stored in vacuoles. Abbreviations of flavonoid biosynthetic enzymes: PAL, phenylalanine ammonia 
lyase; CHS, chalcone synthase; THC2’GT, tetrahydroxychalcone 2’-O-glucosyltransferase; CHI, 
chalcone isomerase; THC4’GT, tetrahydroxychalcone 4’-O- glucosyltransferase; AS, aureusidin 
synthase; F3H, flavanone 3-hydroxylase; F3’H, flavonoid 3’-hydroxylase; F3’5’H, flavonoid 3’, 
5’-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; FNS, flavone 
synthase; FLS, flavonol synthase; Glc, glucose. Abbreviations of benzenoid biosynthetic enzymes: 
PAAS, phenylcetaldehyde synthase; PAAR, phenylacetaldehyde reductase; CFAT, coniferyl alcohol 
acetyltransferase; EGS, euginol synthase; IGS, isoeuginol synthase
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Fig. 30.2 A part of carotenoid and monoterpene biosynthetic pathways. Terpene synthase (TS) 
is a collective term of enzymes that catalyze synthesis of various terpene. Astaxanthin is not 
normally produced in plants but have been engineered by the introduction of the CrtO gene from 
algae. Abbreviations include: IPP, isopentenyl pyrophosphate; DMAPP, dimethyl allyl pyrophas-
phate; GDP, geranyl diphosphate; FDP, farnesyl diphosphate; GGDP, geranyl geranyl diphos-
phate; GDPS, GDP synthase; FDPS, FDP synthase; GGDPS, GGDP synthase; IPI, isopentenyl 
phosphate isomerase; PSY, phytoene synthase; PDS, phytoene desaturase; ZDS, z-arotene 
desaturase; LCY-B, lycopene b-cyclase; LCY-E, lycopene e-cyclase; CCD, carotenoid cleavage 
dioxygenase
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lation (Meyer and Heidmann 1994). A transgenic petunia expressing the maize 
DFR gene was incorporated into a conventional petunia breeding program, and a 
commercial competent petunia exhibiting strong orange color was successfully 
achieved (Oud et al. 1995). Although this petunia has not been commercialized, 
such a combination of molecular and traditional breeding will be a common way to 
generate novel plants. Similar color petunias accumulating pelargonidin have been 
obtained from petunia mutants accumulating dihydrokaempferol by constitutively 
expressing gerbera (Elomaa et al. 1995) or rose (Tanaka et al. 1995) DFR cDNA. 
Gerbara DFR gene performed better than maize DFR gene (Elomaa et al. 1995). 
The selection of the gene source can influence the results even though they encode 
the same enzymatic activity.

In recent years, more intensive engineering toward pelargonidin has been 
reported. Downregulation of the F3’5’H gene and overexpression of the gerbera 
DFR gene in Osteospermum hybrida resulted in pelargonidin accumulation, while 
overexpression of the gerbera or strawberry DFR gene alone did not result in 
phenotypic changes (Seitz et al. 2007). This is a typical example to show that 
downregulation of a competing reaction (F3’5’H in this case) is necessary to obtain 
a desirable phenotype (pelargonidin accumulation in this case). Knockdown of the 
F3’H gene and expression of a rose DFR gene in a petunia accumulating cyanidin 
yielded transgenic orange petunia accumulating pelargonidin. Nevertheless, the 
amount of flavonols, which are colorless, also increased, indicating that downregu-
lation of flavonol synthase (FLS) was necessary for a more efficient accumulation 
of pelargonidin (Tsuda et al. 2004). Nierembergia only has violet and white vari-
eties. Downregulation of the F3’5’H gene yielded white flowers rather than pink 
flowers, probably due to its strong FLS activity and weak F3’H activity (Ueyama 
et al. 2006). These results indicated that there is significant competition between 
colored anthocyanins and colorless flavonols and that downregulation of FLS is 
necessary to obtain darker flower color in these flowers. Overexpression of the 
gerbera DFR gene and knockdown of the FLS and F3’H genes resulted in pelar-
gonidin-accumulating tobacco (Nakatsuka et al. 2007). In this report, one chimeric 
RNAi cassette was used to knock down both genes.

Down regulation of the F3’5’H and F3’H genes and expression of the rose 
or pelargonium DFR gene in the blue torenia successfully changed the flux from 
delphinidin to pelargonidin and, thus, yielded red flowers (Chandler and Tanaka 
2007; Tanaka and Brugliera 2006). Pelargonidin accumulation by a similar strategy 
may work to generate red gentian and iris that may command high market value.

30.3.3 Engineering Toward Delphinidin

The F3’5’H gene is the key to synthesize delphinidin, and delphinidin should confer 
violet to blue hues to flowers. The absence of blue/violet varieties in roses, carna-
tions, and chrysanthemums is attributed to the absence of F3’5’H gene in these 
species. The gene was first isolated from petunia (Holton et al. 1993) followed by 
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many species. Interestingly, expression of the Campanula medium F3’5’H gene 
produced more delphinidin than the petunia and lisianthus genes when expressed in 
transgenic tobacco (Okinaka et al. 2003), and butterfly pea F3’5’H gene produced 
more delphinidin than the verbena gene in transgenic verbena (Togami et al. 2006). 
Once again, these results indicate again that the choice of gene source to engineer 
the pathway is important; however, the reason for any difference in performance is 
not clear.

Expression of the F3’5’H gene in carnation generated delphinidin in the petals 
and some color shift toward blue. However, the remaining pelargonidin hampers 
satisfactory color shifts toward blue. Expression of the petunia or pansy F3’5’H and 
the petunia DFR (the petunia DFR utilizes dihydromyricetin efficiently but does not 
utilize dihydrokaempferol) gene in carnation lines deficient in the DFR gene suc-
cessfully redirected the biosynthetic pathway toward delphinidin. The amount of 
anthocyanins and the flower color were dependent on the constructs, the transgenic 
events, and the host cultivars. Novel violet-blue transgenic events were subjected to 
field trials and regulatory procedures on GM. Six kinds of transgenic violet-blue 
carnations (Florigene MoonseriesTM) are on the market (Fig. 30.3). The phenotypes 
are stable after many cycles of vegetative propagation over 8–10 years. This is the 
first case of commercialization of GM floricultural crops.

Expression of the pansy F3’5’H gene in roses yielded delphinidin and color 
change. The gene was introduced to rose cultivars that have less F3’H activity, large 
amounts of flavonols (flavonols are colorless but contribute to bluing by their 
copigment effect), and higher vacuolar pH (anthocyanins tend to be bluer at higher 
pH) in their petals. A few cultivars produced about 95% delphinidin and a novel 
blue hue (Katsumoto et al. 2007) (Fig. 30.3). A general release has been granted 
for two such lines in Japan. More efficient and dominant delphinidin production, 

Fig. 30.3 Transgenic carnation and rose accumulating delphinidin by expressing a flavonoid 3’, 
5’-hydroxylase gene. They wear blue hue that hybridization breeding has not achieved



702 Y. Tanaka and R. Aida

irrespective of the genetic background of hosts, has been achieved by downregulation 
of the endogenous DFR gene and overexpression of the iris DFR gene (in vivo 
functional replacement of DFR) in addition to expression of the pansy F3’5’H 
gene, and a blue hue, which hybridization had not achieved, was thus obtained 
(Katsumoto et al. 2007).

30.3.4 Engineering Toward Yellow

Some major pot plants, such as pelargonium and begonia, lack yellow cultivars. 
Chalcones are pale yellow. Tetrahydroxychalcone (THC) is ubiquitously distributed 
in seed plants but unstable and has to be stabilized by deoxylation or glucosylation 
to exhibit its color. Expression of Medicago (Davies et al. 1998) and the licorice 
(Tanaka et al. 2005) chalcone reductase gene in white petunia cultivars resulted in 
very pale yellow color by the accumulation of 6-deoxy chalcones.

More convincing yellow color has been achieved by aurone accumulation. 
Snapdragons and a few plants contain aurones, a class of flavonoid exhibiting fluo-
rescent yellow color. Expression of snapdragon aureusidin synthase (Nakayama 
et al. 2000) and THC 4’-glucosyltransferase genes in torenia generated aureusidin 
glucoside (Fig. 30.1) (Ono et al. 2006). In order to obtain visible yellow color, 
simultaneous suppression of flavanone 3-hydroxylase (F3H) was necessary. 
However, expression of the two genes in petunia failed to synthesize aureusidin 
(unpublished results), and the color in the transgenic torenia is not as yellow as that 
in the native snapdragon, which may indicate that the two enzymes may be insuf-
ficient to synthesize aureusidin in a wide range of plant species.

Carotenoids (Fig. 30.2) confer darker yellow than flavonoids to some flowers, 
such as rose and chrysanthemum. The ability to synthesize yellow carotenoids in 
cultivated roses (Rosa hybrida) is derived from a Persian yellow wild rose, R. foetida. 
Since carotenoids are essential components of photosystems and carotenoids and 
phytohormones including gibberellic acid and absidic acid partly share the biosyn-
thetic pathway, engineering a carotenoid pathway may have a detrimental effect 
and be more challenging than engineering a flavonoid pathway. Owing to their 
nutrient values, more attention has been given to carotenoid engineering in edible 
crops than in flowers (Tanaka and Omiya 2008).

In chrysanthemum, yellow flower color is recessive to white: carotenoids are 
synthesized and, subsequently, degraded by a carotenoid cleavage dioxygenase 
(CCD) in white color. Suppression of the CCD expression converted the petal color 
from white to yellow (Ohmiya et al. 2006). The adonis red flower contains red 
ketocarotenoid, astaxanthin (Cunningham and Gantt 2005). When a gene encoding 
an algal b-carotene ketolase fused with the tomato phytoene desaturase transit 
peptide was expressed under the control of a tomato phytoene desaturase promoter 
in tobacco, astaxanthin and other ketocarotenoids were accumulated to change the 
color of the nectary tissue from yellow to red (Mann et al. 2000). The petal color 
of Lotus japonicus was successfully changed from light yellow to dark yellow or 
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orange by expressing a gene encoding a bacterial b-carotene ketorase fused with 
the transit peptide of a pea RUBISCO small subunit (Suzuki et al. 2007).

30.3.5 Modification of the Amount of Anthocyanins

Downregulation of one biosynthetic gene in flavonoid biosynthesis decreased the 
amount of anthocyanin and led to white or paler flower color. Since the first report 
of antisense (van der Krol et al. 1988) or sense (Napoli et al. 1990; van der Krol 
et al. 1990) suppression of CHS in petunia, similar phenotypic changes have been 
obtained in rose (Gutterson 1995), carnation (Gutterson 1995; Zuker et al. 2002), 
chrysanthemum (Courtney-Gutterson et al. 1994), gerbera (Elomaa et al. 1993), 
lisianthus (Deroles et al. 1998), gentian (Nishihara et al. 2006), and torenia (Aida 
et al. 2000; Nakamura et al. 2006; Suzuki et al. 2000) by downregulating CHS, 
CHI, DFR, F3H or ANS gene. Currently, RNAi suppression is commonly used for 
downregulation. In addition to attracting pollinators, flavonoids play important 
roles in stress resistance and they are involved in pollen tube elongation and auxin 
transport. Therefore, it is not desirable to downregulate flavonoid biosynthesis in 
the whole plant body, although constitutive promoters have been used in downregu-
lation in the studies mentioned above. From a practical point of view, the applica-
tion of molecular breeding to generate white cultivars may not be advantageous 
since white cultivars can be obtained by mutation breeding.

Ectopic accumulation of anthocyanins, such as that in leaves, may have more 
commercial value. Anthocyanin biosynthesis is regulated by a combination of 
transcriptional factors (bHLH, Myb, and the WD40 type), as reviewed (Koes 
et al. 2005), and constitutive expression of the maize Lc gene (a bHLH) resulted 
in colored leaves in tobacco (Lloyd et al. 1992) and petunia (Bradley et al. 
1998). The application of this technology to plants used for ornamental foliage 
may be interesting.

30.4 Modification of Scent

30.4.1 Scent Compounds and Their Biosynthesis

Floral scent is also one of the most important consumer traits for floricultural crops. 
Unfortunately, most modern cut flowers do not have a strong scent because there is 
a negative correlation between postharvest vase life and fragrance and fragrance is 
sacrificed in the course of plant breeding (Chandler and Tanaka 2007; Pichersky 
and Dudareva 2007). Flowers produce numerous kinds of scent compounds, mainly 
terpenoids (Fig. 30.2) and phenylpropanoids/benzenoids (Fig. 30.1), which share 
common pathways with carotenoid and flavonoid biosyntheses, respectively. The struc-
tural genes of enzymes that are involved in biosynthesis are being rapidly isolated, 
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and their application to engineer biosynthesis is also increasing, as reviewed by 
Aharoni et al. (2006), Schnepp and Dudareva (2006), and Pichersky and Dudareva 
(2007). Scent compound biosynthesis is mainly regulated at the transcriptional 
level, and the availability of the substrate of biosynthetic enzymes is often rate-
limiting in biosynthesis.

The modification of floral scent by accumulation of a desirable compound is 
more challenging than flower color modification. Generating transgenic plants 
expressing these scent genes does not always lead to changes of scent compounds, 
and successful changes of floral scent detectable by humans are rare. This is attrib-
uted to the lack of a proper amount of substrate of introduced enzymes or the modi-
fication and subsequent sequestration of products. In addition, floral scent 
biosynthesis oscillates with the daily cycles, as shown in snapdragon (Dudareva 
et al. 2000), petunia (Verdonk et al. 2003), and rose (Hendel-Rahmanim et al. 2007; 
Picone et al. 2004), which may indicate that a transgene should be regulated in a 
coordinated manner with the endogenous gene of enzymes that synthesize scent 
compounds or their precursors to obtain desirable phenotypic changes.

30.4.2 Engineering a Terpenoid Biosynthetic Pathway

Terpenoids, the largest class of plant secondary metabolites, are derived from 
isopentenyl diphosphate (IPP, C5). IPP is supplied by two pathways: the cytosolic 
mevalonate pathway and the plastid methylerythritol 4-phosphate pathway. In the 
cytosol, two molecules of IPP and one molecule of its isomer, dimethyl allyl 
diphosphate (DMADP, C5), are condensed and converted to sesquiterpenes (C15) 
via farnesyl diphospfate (FDP, C15). In plastids (Fig. 30.2), the condensation of 
one molecule of IPP and one molecule of DMADP results in geranyl diphosphate 
(GDP, C10). The addition of one molecule of IPP to GDP yields FDP. 
Monoterpenes (linalool, limonene, and geraniol) and sesquiterpenes (R-nerolidol 
and caryophyllene) are synthesized from GDP and FDP, respectively, by the 
catalysis of various terpene syntheses. These compounds are further modified by 
oxidation and dehydrogenation.

The first isolated scent gene was the linalool synthase (LIS) gene from Clarkia 
breweri (Pichersky et al. 1994). In transgenic petunia plants expressing the C. breweri 
LIS gene, linalool was efficiently glucosylated by endogenous glucosyltransferase, 
and there was no fragrance change (Lucker et al. 2001). Transgenic carnation 
expressing the same gene emitted only a small amount of linalool and its derivative 
metabolites (cis- and trans-linalyl oxides), and no changes in fragrance were 
detected (Lavy et al. 2002).

Successful modification of fragrance at a detectable level by humans has been 
achieved. Expression of the LIS gene under the control of a tomato late-ripening-
specific promoter in tomato fruit that had an abundant supply of GDP yielded linalool 
and 8-hydroxylinalool in ripening fruits (Lewinsohn et al. 2001). Overexpression of 
three kinds of lemon monoterpene synthase (g-terpinene synthase, limonene synthase, 
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and b-pinene synthase) genes in tobacco resulted in the emission of b-pinene, 
limonene, and g-terpinene and a number of side products in leaves and flowers 
(Lucker et al. 2004b). Additional introduction of a mint limonene 3-hydroxylase gene 
resulted in further modification of the terpenoid composition (Lucker et al. 2004a). 
A high level of terpene production in transgenic tobacco has been accomplished 
through overexpression of an avian FDP synthase and an appropriate terpene syn-
thase in cytosol or plastids (Wu et al. 2006). Tomato fruit flavor and aroma have been 
modified by expressing the Ocimum basilicum geraniol synthase gene under the 
control of the tomato ripening-specific polygalacturonase promoter (Davidovich-
Rikanati et al. 2007). It would be interesting to express terpenoid scent genes under the 
control of appropriate promoters in flowers that produce a large amount of carotenoids, 
such as rose and chrysanthemum, where the supply of substrates should be plenty.

CCD contributes to the formation of aroma as well as pigmentation, as reported 
above. A petunia and a tomato CCD have been shown to catalyze the cleavage of 
carotenoids to form b-ionone and geranylacetone, which are important constituents 
of flavor in petunia and tomato (Simkin et al. 2004a, b).

30.4.3 Benzenoids/Phenylpropanoids

Benzenoids/phenylpropanoids are derived from phenylalanine, and their biosyn-
thetic pathways have been characterized biochemically or molecular-biologically to 
some extent. RNAi suppression of these genes has been accomplished in petunia. 
Suppression of benzoic acid/salicylic acid carboxyl methyltransferase resulted in 
specific depletion of methyl benzoate emission, which was negatively evaluated by 
human testers (Underwood et al. 2005). Suppression of the phenylacetaldehyde 
synthase (PAAS, Fig. 30.1) gene eliminated phenylacetaldehyde and 2-phenyletha-
nol (Kaminaga et al. 2006), and that of coniferyl alcohol acetyltransferase (Fig. 
30.1) resulted in depletion of the emission of isoeugenol that is synthesized from 
coniferyl alcohol via an ester of coniferyl alcohol (Dexter et al. 2007; Koeduka 
et al. 2006). An R2R3-Myb-type transcriptional factor, ORORANT1, which is a key 
regulator of floral scent in petunia, has been isolated. Its suppression diminished 
benzenoid levels through the decreased synthesis of precursors from the shikimate 
pathway but did not affect flavonoid bisoynthesis, since flavonoid accumulation 
precedes scent synthesis (Verdonk et al. 2005).

Suppression of an endogenous gene sometimes yielded unexpected phenotypes. 
Silencing of benzylalcohol/phenylethanol benzoyltransferase yielded bigger flowers 
and leaves in petunia in addition to eliminating benzylbenzoate and phenylethyl-
benzoate as a result of an unknown interaction between the benzenoid pathway and 
the auxin metabolism (Orlova et al. 2006). Downregulation of F3H in carnation led 
to an increase of bezenoids as well as paler flower color, indicating the interaction 
of flavonoid and benzenoid biosynthetic pathways (Zuker et al. 2002).

The successful modification of bezenoid by overexpression of a heterologous 
gene has not been fully achieved. When the gene of a rose alcohol acetyltransferase 
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that preferably utilizes geraniol was introduced into petunia, transgenic plants 
emitted an increased amount of benzyl acetate and phenylethyl acetate. In this 
case, the substrate availability determined the type of synthesized volatile com-
pounds (Guterman et al. 2006). 2-Phenylethanol is a major constituent of the 
floral scent of many species and has been shown to be synthesized from pheny-
lalanine via phenethylamine and 2-phenylacetaldehyde in tomato while in petu-
nia one enzyme, PAAS, catalyzes phenylalanine decarboxylation and oxidation to 
yield 2-phenylacetaldehyde (Kaminaga et al. 2006). The aromatic amino decar-
boxylase genes have been isolated from tomato. The substrate specificity study 
of their recombinant enzymes revealed that they utilize tyrosine better than phe-
nylalanine in vitro; however, phenylalanine should be the physiological substrate 
because phenylalanine is more abundant than tyrosine. Overexpression of the genes 
resulted in increased emissions of 2-phenylacetoaldehyde, 2-phenylethanol, and 
1-nitro-2-phenylethane, and the suppression of the genes reduced the emission 
(Tieman et al. 2006). Tomato phenylacetaldehyde reductase genes have also been 
isolated. Flowers of transgenic petunia plants expressing the tomato genes emitted 
higher levels of 2-phenylethanol and lower levels of 2-phenylacetaldehyde 
(Tieman et al. 2007).

30.5 Improvement of Postharvest Quality

30.5.1 Values of Long Life

Extension of the appreciation period and good postharvest quality are two of the 
most important characters of floricultural crops and the characters which breeders 
strive to improve. Such characters are important for both producers and consumers. 
Preventing flower and/or leaf senescence and obtaining a longer appreciation period 
are realistic and valuable goals that can be achieved by molecular breeding.

30.5.2 Preventing Flower Senescence

In many floricultural plants, petal senescence is triggered by a phytohormone, 
ethylene. Transgenic plants with altered ethylene biosynthesis or perception have 
been reviewed (Chandler and Tanaka 2007; Shibuya and Clark 2006; Stearns and 
Glick 2003). Ethylene biosynthesis starts with methionine, from which 
S-adenosylmethionine (SAM) is synthesized by the action of SAM synthase. 
SAM is converted to 1-aminocyclopropane 1-carboxylic acid (ACC) by ACC synthase, 
and ACC is converted to ethylene by the action of ACC oxidase (Bleecker and 
Kende 2000). The inhibition of ethylene biosynthesis is one way to delay flower 
senescence. Suppression of the ethylene biosynthetic gene and the resultant 
extension of flower longevity have been achieved on carnation (ACC oxidase 
[Savin et al. 1995], ACC Synthase [Tanaka et al. 2005]), begonia (ACC oxidase 
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[Hvoslef-Eide et al. 1995]) and torenia (ACC oxidase [Aida et al. 1998]). These 
plants showed a significant increase in flower longevity due to their decreased 
ethylene production. However, they are still sensitive to exogenous ethylene, and 
this may reduce flower longevity.

Conferring plants ethylene insensitivity by inhibition of ethylene perception and/
or signal transduction pathway is a more powerful way to delay senescence. Ethylene 
perception and signal transduction have been well established, as reviewed (Chen 
et al. 2005), and suppression of ethylene perception or the signal transduction path-
way has been reported on several ornamental plants. Expression of a dominant nega-
tive mutant ethylene receptor gene, such as etr1-1 of Arabidposis, boers of Brassica, 
or Cm-ETR1/H69A of melon, has been commonly used to inhibit ethylene percep-
tion. By the expression of these mutated ethylene receptor genes, extension of flower 
longevity has been achieved in carnation (Bovy et al. 1999), petunia (Wilkinson 
et al. 1997), (Shaw et al. 2002), Nemesia (Cui et al. 2004), and Campanula 
(Sriskandarajah et al. 2007). Suppression of a gene, an EIN2 homologue of petunia, 
in the ethylene signaling transduction pathway and the resultant extension of flower 
longevity have also been reported for petunia (Shibuya et al. 2004). The flower life 
of the transgenic plants reported above was generally about three times longer than 
that in control plants. Alternatively, in petunia, the senescence-specific expression of 
the IPT gene, a gene encoding isopentenyl transferase, which catalyzes the first and 
rate-limiting step in the cytokinin biosynthesis pathway, increased flower longevity 
accompanying a reduction of ethylene sensitivity (Chang et al. 2003). 

Unfortunately, none of the transgenic plants has been commercialized. This may be 
because there are other alternative non-GM ways to delay senescence caused by eth-
ylene, i.e., the current treatment of cut flowers by silver ion (silver nitrate or silver 
thiosulphate) is highly effective and inexpensive, and the constitutive expression of a 
mutant receptor gene may be detrimental to the plants, as reviewed by Chandler and 
Tanaka (2007). Tobacco transformed with the etr1-1 gene showed decreased disease 
resistance (Knoester et al. 1998).

A strategy for the prevention of flower senescence on ethylene-sensitive ornamental 
plants has been established, as reported above; however, the strategy would not be 
applicable to plants that are less sensitive to ethylene. Petal senescence is related 
with programmed cell death (Rogers 2006). Future studies are expected reveal the 
mechanisms of the programmed cell death and to lengthen flower life by prevent-
ing the expression of the related genes. The lengthening of post-harvest life by 
genetic transformation will contribute to increasing the value of ornamental plants.

30.5.3 Preventing Leaf Senescence

Leaf senescence also reduces the value of ornamental plants, as leaves contribute to a 
plant’s ornamental value, as do flowers. Prevention of leaf senescence is one of the 
targets of the molecular breeding of ornamental plants. Current strategies to prevent 
leaf senescence are based on phytohormone physiology by either enhancing cytokinin 
production or blocking ethylene formation or perception (Gan and Amasino 1997). 
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The level of endogenous cytokinins that inhibit leaf senescence usually drops with the 
progression of leaf senescence (Gan and Amasino 1996); thus, overproduction of 
cytokinins would prevent leaf senescence. The expression of IPT will result in the 
production of cytokinins. A senescence-specific SAG12 promoter was used to direct 
IPT expression in tobacco (Gan and Amasino 1995), Nicotiana alata (Schroeder et al. 
2001), and petunia (Clark et al. 2004). A cold-inducible promoter, cor15a, was also 
used to direct IPT expression in petunia and chrysanthemum (Khodakovskaya et al. 
2005). Those attempts succeeded in sufficiently preventing leaf senescence.

In contrast to cytokinins, ethylene treatment often promotes leaf senescence. Blocking 
ethylene production or signal transduction would prevent leaf senescence in transgenic 
plants. The introduction of a mutated ethylene receptor gene of chrysanthemum, mDG-
ERS1(etr1-4), into chrysanthemum reduced ethylene sensitivity and resulted in greener 
leaves for a longer period of time (Narumi et al. 2005) (Fig. 30.4). A transgenic chrysan-
themum with reduced ethylene sensitivity in addition to prevention of leaf senescence 
was also obtained by introduction of the Ethylene-Insensitive (EIN3) repressor gene 
(Takako Narumi, personal communication) using the CRES-T method, with which 
transcriptional factors are converted into dominant-negative (Hiratsu et al. 2003).

30.6 Modification of Plant Shapes

30.6.1 Plant Morphogenesis

Flower and plant shape are among the most important characters of ornamental 
plants. The creation of novel and attractive shapes will add ornamental value to 
floricultural crops. Thanks to the rapid understanding of plant morphogenesis in 

Fig. 30.4 Introduction of a mutated ethylene receptor gene of chrysanthemum produced a 
transgenic chrysanthemum with reduced ethylene sensitivity and greener leaves for a longer 
time. In vitro plants of the control non-transformed ‘Sei-Marine’ and the lines of the mDG-
ERS1(etr1-–4) transformant were treated with ethylene. The transgenic lines were classified 
into three groups of ethylene sensitivity; the lines with ethylene sensitivity similar to that of 
‘Sei-Marine’ (ES), those with reduced ethylene sensitivity (RES1 lines showing yellowing in 
one or two of the lowermost leaves), and those with more reduced ethylene sensitivity (RES2 
lines showing no leaf yellowing). The photographs show the control ‘Sei-Marine’ and represen-
tatives of the ES, RES1, and RES2 lines, i.e., No. 8, No. 18, and No. 41, respectively, in this 
order (reprinted from Narumi et al., Copyright (2005), with permission from Elsevier)
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terms of genetics and molecular biology, the modification of flower and/or plant 
shape is a promising goal of the molecular breeding of ornamental plants. In addi-
tion to the molecular tools described below, the CYCLOIDEA gene, which controls 
floral symmetry in snapdragon (Luo et al. 1996) and its counterparts in legumes 
(Citerne et al. 2003), have been obtained. Currently, it is possible to modify flower 
and plant shapes with overexpressing heterologous genes or downregulating endog-
enous genes; however, novel phenotypes that appeal to consumers have not yet 
been developed. However, further research and development will lead to the devel-
opment of plants with flowers of novel shapes that command high market value.

30.6.2 Modification of Flower Shape

Flower shape is one of the most important characters in ornamental plants. The 
creation of new flower shapes has been a major breeding target. In general, a double 
flower type has higher commercial value than a single one. Double flowers are 
caused by the conversion of sepals and/or stamens and/or carpels to petals, increas-
ing floral organ number, floral indeterminancy, or, secondly flower production 
(Vishnevetsky and Meyerowitz 2002). The molecular mechanisms of the formation 
of doubleness in flowers have been clarified to some extent. Key transcriptional fac-
tors for the identification of floral organs have been clarified by analyzing model 
plants, such as Arabidopsis. The ABC model (Coen and Meyerowitz 1991) and its 
modified version (Theißen 2001) are known to be applicable to a broad range of 
plants (Kim et al. 2005). The ABC model proposed that three functionally different 
genes, i.e., A, B, and C, specified the four-whorl structure of the flower. Gene A is 
responsible for sepal development in the first (outermost) whorl. Both A and B 
together specify the petals in the second whorl. B and C determine the stamens in 
the third whorl, and C alone specifies the carpels in the fourth whorl (Coen and 
Meyerowitz 1991).

Suppression of the C gene would produce a double-flower phenotype (no stamens 
and no carpels) with loss of floral determinacy, as reported on Arabidopsis C gene 
AGAMOUS (Bowman et al. 1989). In the Japanese morning glory, insertion of a 
transposable element into a C function gene DUPLICATED causes a double flower 
(Nitasaka 2003). In gerbera, the ray florets in transformants with antisense gerbera-
AGAMOUS formed corolla-like organs in the third whorl, and all floret types formed 
carpelloid- and pappus-like organs in the fourth whorl; however, they maintained 
floral determinacy (Yu et al. 1999). The flower shape of chrysanthemum was also 
modified by suppressing the chrysanthemum-AGAMOUS gene with an antisense 
transgene (Aida et al. 2008). The pistil of each ray floret was transformed to several 
corolla-like tissues (secondary corolla) and a pistil-like tissue (Fig. 30.5). The struc-
ture of the surface cells of filaments transformed into corolla-like cells.

The other strategy for the development of a double flower is over-expression of 
the B gene for converting sepals to petals in whorl 1. Ectopic expression of 
Antirrhinum majus B genes DEF and GLO in transgenic tobacco resulted in the 
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conversion of sepals to petals (Davies et al. 1996). An almost identical result was 
obtained on Torenia fournieri by over-expressing the DEF and GLO genes (Takashi 
Handa, personal communication).

Application of a synthetic cytokinin, forchlorfenuron (CPPU), to inflorescences 
of torenia induced flower shape modification, such as serrate petals, incised petals, 
a paracorolla, and an increased number of floral organs (Nishijima and Shima 2006). 
These morphological changes occurred systematically depending on the floral stage 
at the time of CPPU application. The introduction of cytokinin-related genes seemed 
to change flower shapes on some ornamental plants, such as torenia.

30.6.3 Modification of Plant Form

Plant form determines the collective impression of ornamental plants. The creation 
of new plant forms can lead to new cultivars with new ornamental values. For 
example, a dwarf phenotype is suitable for potted plants, and breeding of such a 
phenotype would contribute to a new use for the plants.

Plant form can be changed by transgenically controlling hormonal regulation. 
Transformation with rol genes from the bacterium Agrobacterium rhizogenes is 

Fig. 30.5 Modified ray florets of a transgenic chrysanthemum with reduced chrysanthemum-
AGAMOUS gene expression. The pistil of each ray floret was changed to several corolla-like tis-
sues (secondary corolla) and a pistil-like tissue. (a) Capitulum, (b) intact ray florets, and (c) ray 
florets divided into each tissue type (reprinted from Aida et al., Copyright (2008), with permission 
from Japanese Society for Plant Cell and Molecular Biology)
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known to affect cytokinin and auxin concentration in infected plants and is useful to 
produce dwarf and bushy plants (Casanova et al. 2005). Introduction of rol genes has 
been reported on many floricultural crops, and this method has proven to be useful 
for producing dwarf and bushy phenotypes. Currently reported rol gene-transformed 
ornamental plants are Angelonia salicariifolia, Antirrhinum majus, Begonia tuber-
hybrida, Catharanthus roseus, carnation, chrysanthemum, Datura arborea, Datura 
sanguinea, Eustoma grandiflorum, Gentiana sp., Ipomoea trichocarpa, Lilium 
longiflorum, Limonium sp., Nierembergia scoparia, Osteospermum ecklonis, 
Pelargonium sp., petunia, rose, Rudbeckia hirta, and Salpiglossis sinuate, as 
reviewed by Casanova et al. (2005). It is obvious that introducing rol genes is useful 
for yielding modified plant architecture for ornamental species. RolC-transformed 
plants might increase their number of flowers or/and might show early flowering.

Another method to modify plant height is to use the mutated GAI (gibberellic acid 
insensitive) gene. By introduction of the mutated GAI gene, dwarf plants have been 
obtained on chrysanthemum (Petty et al. 2005) and petunia (Tanaka et al. 2005). 
Regulation of a gene of the cytokinin biosynthetic pathway is also useful for modify-
ing plant shape. Transgenic Nicotiana transformed with an IPT gene under the control 
of an Arabidopsis leaf senescence promoter showed dwarf and bushy phenotypes 
accompanying the prevention of leaf senescence (Schroeder et al. 2001).

The CENTRORADIALIS (CEN) gene of snapdragon is necessary for the indeter-
minate growth of the shoot meristem in snapdragon. Its overexpression in tobacco 
(a determinate species) extended the vegetative phase with more leaves and a taller 
architecture and delayed flowering by more than 10 months (Amaya et al. 1999). 
This gene may be useful to delay flowering and generate taller plants.

The overexpression of a petunia zinc-finger type transcription factor, Lateral-shoot 
Inducing Factor (LIF), in petunia showed a dramatic increase in the number of lateral 
shoots (Nakagawa et al. 2005). In chrysanthemum, several other genes have been 
shown to affect plant architecture; the phytochrome B1 gene made slightly dwarf plants 
(Zheng et al. 2001), the Ls-like gene made a reduced-branching plant (Han et al. 2007), 
and the IbMADS4 gene made dwarf and bushy plants (Aswath et al. 2004).

There are several methods to modify plant architecture for enhancing ornamen-
tal values. Transgenic ornamental plants with novel and attractive forms that fit 
market needs are anticipated for future commercialization.

30.7 Control of Flowering – Florigen

In a Japanese fairy tale, as soon as a good old man scattered magic ash among 
cherry trees, they started to flower. Such ash is the most desirable in the floricultural 
industry. Florigen that may corresponds to the magic ash was proposed as a kind of 
phytohormone that promote flowering about 70 years ago, but florigen was not 
successfully isolated, and even its existence was questioned. It was not until 
recently that proteins encoded by the FT (flowering locus T) gene in Arabidopsis 
and its ortholog Hd3a protein in rice meet the definition of florigen.
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Loss of FT caused delay in flowering, and overexpression of the FT gene pro-
moted flowering independently of the photoperiod in Arabidopsis (Kardailsky et al. 
1999; Kobayashi et al. 1999). Similarly, overexpression of the FT gene (Seiichi 
Fukai, personal communication) or the Hd3a gene (Hiroshi Asao, personal com-
munication) in chrysanthemum resulted in early flowering. Some of the transgenic 
plants flower during tissue culture in the process of transformation. Trangenic tri-
foliate orange overexpressing Citrus FT cDNA starts flowering as early as 12 weeks 
after transfer to a greenhouse, while the host plants take several years to do so 
(Endo et al. 2005). Another protein called FD expressed in the shoot apex is 
required for FT to promote flowering.

FD and FT are interdependent partners through protein interaction and act at the 
shoot apex to promote floral transition (Abe et al. 2005; Wigge et al. 2005). It has 
been shown that proteins of FT and its rice homologue of FT (Hd3a) move from the 
leaf to the apical meristem and induces flowering in rice, which meets the definition 
of florigen (Corbesier et al. 2007; Tamaki et al. 2007). Ideally, chemicals inducing 
flowering are desirable.

30.8 Present and Future of Transgenic Flowers

More fundamental progress in plant science is obviously essential to develop attrac-
tive transgenic floricultural crops. Since plant metabolic pathways and hormonal 
regulation extensively cross-talk with each other, the modification of characters 
described here without side effects is more challenging than the simple expression 
of herbicides or insect-resistant genes that have been successfully achieved in soy-
bean, maize, cotton and canola. More sophisticated regulation of transgene and 
endogenous genes in transgenic floricultural crops is expected to yield novel flow-
ers that will satisfy consumers.

The value of sales per cultivar in floriculture is not big enough to justify the cost 
of research and development and the additional cost of clearing regulatory proce-
dures on GM crops (Chandler and Tanaka 2007). Significant relaxation of the regu-
lations is necessary to boost the application and commercialization of genetic 
engineering of floricultural crops.
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Chapter 31
Transgenesis and Genomics in Forage Crops

Toshihiko Yamada, Ken-ichi Tamura, Xun Wang, and Yukiko Aoyagi

Abstract Forage grasses and legumes are important for animal production as 
well as soil conservation and environmental protection. Grass species also provide 
opportunities for turf and amenity. Further recently some of grasses showing high 
biomass have been given attention to renewable biomass energy crops. Many for-
age crops have polyploidy property and exhibit obligate outbreeding reproductive 
habits. Conventional breeding for forage crops is mainly based on synthetic variet-
ies through polycrosses among superior selected genotypes. This system presents 
important challenges for the implementation of molecular breeding techniques such 
as transgenesis and genomics. Transgenesis and genomics approaches in forage 
crops have not been well performed due to many species and each species with 
relatively less importance compared to major cereals. However, recently transgen-
esis and genomics researches have been developed mainly for Lolium and Festuca 
species in grasses and Triflolium and Medicago species in legumes. In this charter 
current status of molecular breeding in forage crops is reviewed. Functionally-
associated genetic markers which may be validated through association analysis 
will become important a tool for molecular breeding in near future. Author’s group 
has research activities on genetic improvement of cold temperature tolerance in for-
age grasses. Some of our results on candidate gene approach are also described.

S.M. Jain and D.S. Brar (eds.), Molecular Techniques in Crop Improvement,
DOI 10.1007/978-90-481-2967-6_31, © Springer Science+Business Media B.V. 2010

31.1 Introduction

Forage crops including grasses and legumes species have played an important role 
in providing pasture and hay for the livestock industry and are important in soil 
conservation and environmental protection. Besides being used as forage, some of 
the grass species, such as perennial ryegrass (Lolium perenne L.), tall fescue 
(Festuca arundinacea Schreb.), bent grass (Agrostis spp.), Kentucky bluegrass 
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(Poa pratensis L.) have been widely used for amenity purpose on lawns, parks, 
sports field, golf course and roadsides. In addition to food and environment, 
recently some of grasses showing high biomass such as switchgrass (Panicum 
virgatum L.) and reed canary grass (Phalaris arundinacea L.) have been given 
attention to renewable biomass energy crops as a possible alternative to fossil 
fuels. Otherwise forage legumes such as white clover (Trifolium repens L.), red 
clover (Trifolium pratense L.) and alfalfa (Medicago sativa L.) are important spe-
cies, providing high quality herbage with nitrogen fixation. Forage legumes are 
essential for sustainable grasslands agriculture.

New forage crop cultivars which developed through genetic improvement have 
a long history of positively impacting forage and livestock systems. Traditional 
breeding methods such as phenotypic evaluation, selection and hybridization have 
always been, and still continue to be, used. However, forage crop breeding pro-
grams have entered the biotechnology era using molecular biology tools. Molecular 
breeding is therefore a relatively new term that describes the use of transgenic and 
genomic biotechnologies in a conjunction with traditional breeding programs 
(Bouton 2008).

Transgenesis involves the movement of specific and useful genes into the crop 
of choice. This approach has already been shown success in introducing genes 
which make many important crops resistant to insects, viruses, and herbicides. The 
transgenic approach has also been very useful in creating unique plants that allow 
basic research to clarify the physiological and biochemical pathways.

Genomics research received great publicity with the successful completion of 
the human genome sequencing project. After whole genome sequence of the model 
plant species, Arabidopsis thaliana (L.) Heynh. and Oryza sativa L., sequencing of 
several other plant species is currently underway; these include Sorghum bicolor 
Moench, Brachypodium distachyon (L.) P. Beauv., Medicago truncatula Gaertn. 
and Lotus corniculatus L. var. japonicus Regel, now being sequenced and used as 
a reference species for grasses and legumes, respectively. The sequencing data for 
these reference species, combined with high throughput machinery and data analysis 
(e.g. bioinformatics), allows more accurate determinations of species relationships 
and gene expression. From this understanding, new and innovative methods for 
improving forage crops are evolving.

31.2 Transgenesis

Genetic improvement of forage crops by conventional plant breeding is slow 
since many of forage plant species are predominantly, if not completely, allogamous 
wind-pollinated grasses and insect-pollinated legumes and they are generally 
self-sterile. Self-incompatibility limits inbreeding to concentrate desired genes 
for use in rapid development of new cultivars. Conventional forage crops breeding 
has been based on the use of natural genetic variation as found between and within 
ecotypes and cultivars or created through sexual recombination. Gene technology 



72131 Transgenesis and Genomics in Forage Crops

and the production of transgenic plants offer the opportunity to generate unique 
genetic variation. Application of transgenesis to forage plant improvement has 
been focused on the development of transformation events with unique genetic 
variation and in studies on the molecular dissection of plant biosynthetic path-
ways and developmental processes of high relevance for forage production 
(Spangenberg et al. 2001).

31.2.1 Biolistic Transformation

Biolistic methodology, based on particle bombardment employs high-velocity gold 
or tungsten particles to deliver DNA into living cells for stable transformation 
(Sanford 1988; Christou 1992). Because biolistic methodology is a physical 
process that involves only one biological system, it is a fairy reproducible method 
that can be easily adapted from one laboratory to another laboratory. Transgenic 
forage plants have been obtained by particle bombardment of embryogenic cell in 
tall fescue (Spangenberg et al. 1995a; Cho et al. 2000; Wang et al. 2001, 2003a; 
Chen et al. 2003, 2004), perennial ryegrass (Spangenberg et al. 1995b; Dalton et al. 
1999; Altpeter et al. 2000; Xu et al. 2001; Petrovska et al. 2004; Chen et al. 2005), 
Italian ryegrass (Lolium mulitiflorum Lam.) (Ye et al. 1997; Dalton et al. 1999; Ye 
et al. 2001; Takahashi et al. 2002, 2005; Li et al. 2004; Petrovska et al. 2004), 
orchardgrass (Dactylis glomerata L.) (Denchev et al. 1997; Cho et al. 2001), 
Kentucky bluegrass (Ha et al. 2001; Gao et al. 2006) as well as some warm season 
forage grasses such as switchgrass (Richards et al. 2001), bahiagrass (Paspalum 
notatum Flugge) (Gondo et al. 2005; Zhang et al. 2007a) and Rhodes grass (Chloris 
gayana Kunth) (Gondo et al. 2009).

31.2.2 Agrobacterium-Mediated Transformation

Agrobacterium-mediated transformation has the advantage of allowing for low copy 
number integration of the transgenes into the plant genome. In recent years, signifi-
cant progress has been in developing transformation protocols using Agrobacterium 
tumefaciens as a vector. Transgenics have been obtained by Agrobacterium-mediated 
transformation in tall fescue (Dong and Qu 2005; Wang and Ge 2005a), perennial 
ryegrass (Altpeter et al. 2004; Sato and Takamizo 2006; Wu et al. 2005; Bajaj et al. 
2006; Wu et al. 2007), Festulolium (Lolium/Festuca hybrids) (Guo et al. 2009), 
Italian ryegrass (Bettany et al. 2003) and orchardgrass (Lee et al. 2006) as well as 
warm season grasses such as switchgrass (Somleva et al. 2002, 2008) and zoysia-
grass (Zoysia japonica Steud.) (Ge et al. 2006; Zhang et al. 2007b).

Compared with forage grasses, transformation is relatively easier in forage 
legume species. Efficient protocols for genetic transformation of the major forgae 
legumes using Agrobacterium tumefaciens have been established over last decade 
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(Kalla et al. 2001). For resent researches, transgenic alfalfa, white clover and Medicago 
truncatula plants have been obtained by Agrobacterium-mediated transformation 
(Barone et al. 2008; Rosellini et al. 2007; Montague et al. 2007; Balance et al. 2006; 
Crane et al. 2006; Wright et al. 2006; Xie et al. 2006; Zhang et al. 2005).

31.2.3 Selection Schemes

The establishment of efficient selection schemes by applying suitable selection 
pressure for an appropriate length of time is one of the critical aspects of success-
fully making transgenic plants. Because many forage grasses have high endogenous 
tolerance to antibiotics, particularly kanamycin, most of forage grasses transforma-
tion have been used hph or bar as selectable marker gene as and hygromycin or 
phosphinothricin (PPT) as selection agent (Wang and Yamada 2008).

Many reports of the transformation in forage grasses have been on method 
development using selectable marker genes and reporter genes (Wang and Yamada 
2008). The selectable marker genes used are: hygromycin phosphotransferase gene 
(hph) from E. coli, phosphinothricin acetyltransferase gene (bar) from Streptomyces 
hygroscopicus and neomycin phosphotransferase II gene (npt2) of transposon Tn5. 
The reporter genes are b-glucuronidase gene (gusA) from E. coli and green fluores-
cent protein gene (mgfp) from Aequorea victoria. For Agrobacterium-mediated 
transformation, the gusA reporter gene needs to have an intron (e.g. a catalase 
intron) inside the coding sequence to ensure that expression of glucuronidase activ-
ity is derived from eukaryotic cells, not from expression by residual A. tumefaciens 
cells (Wang and Ge 2005a, b). The promoters used to construct the chimeric genes 
are: cauliflower mosaic virus (CaMV) 35S promoter, rice actin promoter, maize 
ubiquitin promoter or tissue specific promoters. The terminators used are the 
CaMV 35S terminator or the nos terminator from Agrobacterium.

31.2.4 Manipulation of Lignin Biosynthesis

Forage digestibility is a limiting factor for animal productivity. Lignification of 
plant well walls has been identified as the major factor responsible for lowering 
digestibility of forage tissues. Molecular breeding for improved digestibility by 
down-regulating monolignol biosynthetic enzymes through transgenesis has been 
explored. Forage digestibility of tall fescue has been improved by transgenic down-
regulation of cinnamyl alcohol dehydrogenase (Chen et al. 2003) and caffeic acid 
O-methyltransferase (Chen et al. 2004).

Lignin also negatively affects the utilization of plant structural polysaccharides for 
ethanol production. Reducing lignin content may reduce recalcitrance to saccharifica-
tion in cellulosic bioenergy crops such as switchgrass. Down-regulation of lignin in 
swithchgrass is being carried out using RNAi gene constructs (Wang et al. 2008).
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31.2.5 Manipulation of Fructan Biosynthesis

Fructans, a polymer of fructose and a major component of nonstructural carbohydrates 
is accumulated in temperate grasses. The increased level of soluble carbohydrates 
appears to improve the nutritional value of grasses, particularly during summer 
when grasses suffer a major decline in digestibility. The soluble carbohydrate 
composition of Italian ryegrass has been altered by transformation with the 
Bacillus subtilis sac B gene (Ye et al. 2001). White clover does not normally accu-
mulate fructan. Jenkins et al. (2002) have transgenic white clover plants that 
accumulate fructan, by expressing the fructosyltransferase (Ftf) enzyme from 
Streptococcus salivarius under the control of CaMV35S promoter. Instead of fruc-
tan synthesis genes from bacteria, Gadegaard et al. (2008) developed perennial 
ryegrass lines expressing sucrose:sucrose 1-fructosyltransferase and fructan:fructan 
6G-fructosyltransferase genes from onion (Allium cepa L.) which exhibited up to 
a threefold increased fructan content. Fructan accumulation is also associated with 
winter hardiness. Transgenic perennial ryegrass plants that over-expressed the 
wheat fructosyltransferase genes, wft1 and wft2, which encode sucrose-fructan 
6-fructosyltransferase (6-SFT) and sucrose-sucrose 1-fructosyltransferase (1-SST), 
respectively, under the control of CaMV 35S promoter have been produced using 
a biolistic transformation (Hisano et al. 2004). Transgenic plants that accumulated 
a greater amount of fructan than non-transgenic plants showed increased tolerance 
to cellular freezing. The results suggest that the over-expression of the genes 
involved in fructan synthesis serves as a novel strategy to produce freezing-tolerant 
grasses (Hisano et al. 2004).

31.2.6 Gene Flow and Biosafety

Forage grasses are wind-pollinated and outcrossing species. Also forage legumes 
are insect-pollinated. Significant spread of the transgenes to other species or wild 
populations of the same species would be inevitable without strict control of 
pollination. Wang et al. (2004) reported pollen-mediated transgene flow using T

1
 

and T
2
 progenies derived of transgenic tall fescue plants (Wang et al. 2003a, b). 

No transgene was detected at 200 m distance in any direction. This experiment 
indicated that the isolation distance 300 m is enough to prevent transgene flow to 
neighboring plants, at least small-scale field trials.

Because human indirectly consumes forage crops, biosafety evaluation of trans-
genic forage crops will likely to focus on their environmental or ecological impacts 
(Wang and Yamada 2008). Two questions need to be answered regarding biosafety 
of transgenic forage crops, first, how far can grass pollen disperse and still remain 
viable, and second, what is the probability of transgene escape by crossing with 
related species under natural conditions? Molecular markers technique could be 
powerful to answer two questions.
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31.3 Genomics

Molecular breeding as molecular marker-assist selection could be powerful for the 
selection. In order to establish the molecular breeding, several researches on genome 
resources, DNA marker, genetic linkage map and quantitative trait loci (QTL) analy-
sis and association analysis have been carried out in forage crops. Genomic studies 
in forage crops have not well been performed due to many species and each species 
with relatively less importance compared to major cereals. However, genomic 
researches have been developed mainly in the diploid species, perennial ryegrass, red 
clover and so on. Herbage yield and forage quality are important breeding objectives 
in a combination of several traits such as drought, heat and cold tolerance as well as 
disease and insect resistance. DNA marker selection approaches are expected to 
accelerate the conventional breeding approaches because agriculturally important traits 
showing continuous phenotypic variation are controlled by a variable number of QTL.

31.3.1 Genome Resources

31.3.1.1 ESTs

Gene discovery by expressed sequence tag (EST) sequencing has generated substan-
tial genomic resources. In Australian group, a collection of 44,534 perennial ryegrass 
ESTs was generated from single pass sequencing of randomly selected clones from 
29 cDNA libraries that represent a range of plant organs, developmental stages and 
environmental conditions (Sawbridge et al. 2003a). Similarly a collection of 
42,017 white clover ESTs was generated from 16 cDNA libraries obtained from a 
broad range of plant organs, developmental stages and environmental conditions 
(Sawbridge et al. 2003b). Each of the sequences was annotated by comparison to 
GenBank and SwissProt public sequence databases and automated intermediate 
Gene Ontology (GO) annotation was obtained (Spangenberg et al. 2005). All 
sequences and annotation are maintained within ASTRA format MySQL databases, 
with web-based access for text searching, BLAST sequence comparison and GO 
hierarchical tree browsing. Each ryegrass sequence was mapped onto an EnsEMBL 
genome viewer for comparison with the complete genome sequence of rice and 
expressed sequences from related species. Similarly, each white clover sequence 
was mapped onto an EnsEMBL genome viewer for comparison with the complete 
A. thaliana genome sequence and expressed sequences from related legumes.

In L. multiflorum, 5,922 ESTs have been generated from seven cDNA libraries from 
various tissues and leaves under biotic and abiotic stresses (Ikeda et al. 2004). A gene 
inventory of 7,810 unique gene clusters has been generated from a total of 11,990 
individual sequences using cDNA libraries of switchgrass (Tobias et al. 2005). 
A total of 7,029 unigenes have been functionally categorized from EST collection 
of semiarid native grass, Eragrostis curvula (Schrad.) Nees (Cervigni et al. 2008). 
A total of 26,356 ESTs of red clover were collected, and 78% of the ESTs showed sequence 
similarity to registered genes, mainly of Arabidopsis thaliana and rice (Sato et al. 2005).
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31.3.1.2 BAC Libraries

Complementing the EST resources, large insert DNA libraries have been generated 
using bacterial artificial chromosome (BAC) vectors. Two BAC libraries were con-
structed for perennial ryegrass (Farrar et al. 2007). The libraries consisted of 98,304 
and 101,376 BAC clones for perennial ryegrass genotypes LTS18 and NV#20F1-30, 
respectively. The estimated average insert size of both libraries was approximately 
100 kb. BAC libraries of perennial ryegrass (50,304 BAC clones with 113 kb average 
insert size, corresponding to 3.4 genome equivalents and 97% genome coverage) 
and white clover (50,302 BAC clones with 101 kb average insert size, corresponding 
to 6.3 genome equivalents and 99% genome coverage) have been established 
(Spangenberg et al. 2005).

31.3.2 Transcriptomics

High-density cDNA microarrays representing approximately 15,000 unique genes 
for each of perennial ryegrass and white clover (Sawbridge et al. 2003a, b) have 
been developed. The forage crops-derived microarrays have been applied in hybrid-
izations with labelled total RNA isolated from a variety of genotypes, plant organs, 
developmental stages, and growth conditions. Results from these studies have 
enabled validation of functions predicted through comparative sequence annotation, 
and also suggested roles for novel genes which lack comparative sequence annota-
tion (Spangenberg et al. 2005). Unannotated genes which are co-regulated with the 
perennial ryegrass LpCAD1 and LpCAD3 (cinnamyl alcohol dehydrogenase) lignin 
biosynthesis genes have been identified and mapped as candidate gene-based markers 
to regions of the genome associated with herbage QTL (Cogan et al. 2006b). 
Microarrays may also be used for gene and promoter discovery when used in concert 
with the BAC libraries established for each species (Spangenberg et al. 2005). 
An International Transcriptome Initiative for Forage and Turf (ITIFT) has been 
proposed to facilitate international efforts in microarray-based transcriptome analyses 
for important forage crops (Spangenberg et al. 2005).

31.3.3 DNA Markers

31.3.3.1 SSR Markers

Simple sequence repeats (SSR) markers provide the current marker system of 
choice due to their abundance, ubiquitous distribution in plant genomes, high level 
of reproducibility, ease of PCR-based analysis, and detection of co-dominant mul-
tiallelic loci. Thus, SSR markers have been developed in forage crops such as 
perennial ryegrass (Jones et al. 2001; Kubik et al. 2001; Asp et al. 2007; Jensen 
et al. 2007; Studer et al. 2008), Italian ryegrass (Hirata et al. 2006; Cai et al. 2008), 
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tall fescue (Saha et al. 2004, 2006), timothy (Phleum pratense L.) (Cai et al. 2003), 
zoysiagrass (Cai et al. 2005a, b), orchardgrass (Cai et al. 2008) and switchgrass 
(Tobias et al. 2006). SSR markers for forage legumes have been also reported in 
white clover (Kölliker 2001; Jones et al. 2003; Barrett et al. 2004), red clover (Sato 
et al. 2005) and alfalfa (Diwan et al. 2000; Sledge et al. 2005).

31.3.3.2 DNA Markers from Rice Genome Information

Marker systems developed using rice genomic information (International Rice 
Genome Project 2005) were proposed for related Poaceae crops (Lem and 
Lallemand 2003; Fredslund et al. 2006; Ishikawa et al. 2007). These systems 
developed PCR-based markers from cDNA sequences, including ESTs, of the 
related species showing high similarity to single-copy rice genes (with no paralo-
gous genes). Thus, comparative genomic analyses allow the genomic loci of markers 
in the related species to be estimated from the corresponding the rice loci. In this 
marker system, primer design is based on the sequences of exonic regions flanking 
introns of rice genes (Fig. 31.1). Because intronic regions generally include more 
polymorphisms than exonic regions, a high frequency of polymorphic markers is 
expected using this system. Novel PCR-based EST markers were developed all 
designed around intronic regions which show higher polymorphism than exonic 
regions. Intronic regions of the grass genes were speculated using rice genomic 
information. Two hundred and nine primer sets were designed from Lolium/
Festuca ESTs showing high similarity to unique rice genes dispersed uniformly 
throughout the rice genome. Sixty one of these primer sets as insertion-deletion 

Comparative genomics between rice and grasses allow
to predict the position of linkage and locus of unique gene.
Analysis for across whole genome is available.

Primers were designed from intron/exon junction sites.
Polymorphism for size or restriction enzyme fragments of
PCR-products was detected. 

Rice genome

ESTs in grasses

exon exonintron

Meadow fesuce
Perennial ryegrass

PCR

Rice Grass
Chr1 LG3

syntenyPolymorphic analysis using variation
in intron sites

Fig. 31.1 Intron-flanking EST markers based on comparative genomics between Lolium 
perenne/Festuca pratensis and rice genome
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(indel) -type markers and 82 primer sets as cleaved amplified polymorphic 
sequence (CAPS) markers to distinguish between perennial ryegrass and meadow 
fescue (Festuca pratensis Huds) (Tamura et al. 2009). Many indel-type markers 
and CAPS markers had high species specificity to L. perenne and F. pratensis. 
Chromosome mapping of these markers using Lolium/Festuca substitution plants 
revealed syntenic relationships between Lolium/Festuca and rice largely consistent 
with previous reports (Tamura et al. 2009). This marker system based on intron 
polymorphisms with a high frequency between species and high species specificity 
could consequently be a useful tool for breeding of Festulolium, intergeneric 
hybrid between Lolium and Festuca.

31.3.4 Genetic Map

The development of molecular genetic markers and associated genetic maps for 
forage crops has been comprehensively reviewed by Forster et al. (2004). Many 
forage crops have not well been established precise genetic linkage maps 
because of outcrossing property. However, linkage maps have been constructed 
using SSR markers in perennial ryegrass (Jones et al. 2002b; Gill et al. 2006), 
Italian ryegrass (Hirata et al. 2006), tall fescue (Saha et al. 2005), red clover 
(Sato et al. 2005), white clover (Barrett et al. 2004; Zhang et al. 2007c) and 
alfalfa (Sledge et al. 2005).

An enhanced molecular marker-based genetic linkage map of perennial ryegrass 
has been constructed through the activities of the International Lolium Genome 
Initiative (ILGI) (Forster et al. 2001), using the p150/112 one-way pseudo-testcross 
mapping population. The map contains 109 RFLP loci detected by heterologous 
probes from wheat, barley, oat and rice. Comparative genetic mapping has allowed 
the alignment of the perennial ryegrass genetic map with those of wheat, rice and 
oat, revealing substantial conserved synteny with the genomes of Poaceae species 
(Jones et al. 2002a). At the macrosyntenic level, each of the seven linkage groups 
(LGs) of perennial ryegrass chiefly corresponds to one of the seven basic homeolo-
gous chromosome groups of the Triticeae cereals, and they have been numbered 
accordingly. Seven LGs of perennial ryegrass also correspond to 12 LGs of rice.

Two genetic mapping populations of perennial ryegrass (F
2
 (Aurora x Perma) 

and F
1
 (North African

6
 (NA

6
) x Aurora

6
 (AU

6
)) have been independently developed 

as successors to the p150/112 population, and have been aligned to the reference 
map using common markers (Armstead et al. 2004; Faville et al. 2004). These 
genetic maps contain functionally-associated molecular marker information 
through the inclusion of gene-associated CAPS markers, and both RFLP and SSR 
markers from ESTs, respectively. In addition, high- density molecular marker-
based genetic linkage maps have also been constructed for Italian ryegrass (Inoue 
et al. 2004a; Hirata et al. 2006), meadow fescue (Alm et al. 2003), tall fescue (Saha 
et al. 2005), interspecific hybrid populations based on crosses between L. multiflo-
rum and L. perenne (Warnke et al. 2004; Sim et al. 2005), zoysiagrass (Cai et al. 2004, 
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2005), timothy (Cai et al. 2008) and orchardgrass (Cai et al. 2008). Genetic maps 
are consequently available for detailed dissection of complex phenotypes to resolve 
the locations of pleiotropic and interacting genetic factors.

A comprehensive diploid red clover genetic map has been constructed using the 
F

1
 two-way pseudo-testcross population, initially through the use of 157 cDNA-

derived RFLP markers (Isobe et al. 2003), and more recently through incorporation 
of genomic DNA-derived and EST-SSR markers to generate a map containing 
1,434 SSR loci across the 7 LGs with a cumulative map length of 869 cM (Sato 
et al. 2005). Macrosynteny was determined between red clover and both Medicago 
truncatula and Lotus japonicus. A second two-way pseudo-testcross population has 
been used to construct a map containing 216 AFLP and 42 SSR loci, with a cumula-
tive length of 444 cM (Herrmann et al. 2006).

Genetic map development in allotetraploid white clover was performed using a 
combination of SSR and AFLP markers. The F

2
 genetic map contained 135 loci (78 

SSR and 57 AFLP) on 18 LGs (two more than the karyotypic number), with a total 
map length of 825 cM (Jones et al. 2003). A higher-resolution genetic map largely 
based on EST-SSR markers was constructed using the F

1
 mapping family (Barrett 

et al. 2004). A total of 335 EST-SSR and 30 genomic DNA-derived SSR primer 
pairs detected polymorphism and permitted assignment of 493 loci to a genetic map 
containing 16 LGs, with a total map length of 1,144 cM. The EST-SSR markers 
detected homoeologous locations between the ancestral genomes at high frequency, 
and provided the basis for standard chromosome nomenclature development. 
Recently third genetic linkage map of white clover was constructed using SSR 
markers from several Trifolieae species, including white clover, red clover, 
Medicago truncatula and soybean using F

1
 mapping population (Zhang et al. 

2007c). LGs for all eight homoeologous chromosome pairs of white clover were 
detected. Map length was estimated at 1,877 cM with 87% genome coverage.

Genomic DNA-derived and EST-SSR markers have been used to construct a 
functionally-associated marker-based tetraploid alfalfa genetic map (Sledge et al. 
2005) in a pair-cross population varying for drought tolerance-associated traits.

31.3.5 Trait Dissection

The application of genetic marker analysis to trait dissection has been reviewed by 
Yamada and Forster (2005) and Yamada et al. (2005). Trait dissection for perennial 
ryegrass has been performed in multiple populations to allow QTL analysis. The 
p150/112 population has been analyzed for traits such as vegetative and reproductive 
morphogenesis, reproductive development and winter-hardiness, herbage quality, and 
gametophytic self-incompatibility (Thorogood et al. 2002; Yamada et al. 2004; 
Cogan et al. 2005; Shinozuka et al. 2006), while the F

1
(NA

6
 x AU

6
) population 

has been studied for a range of root and shoot morphogenesis, photosynthetic 
efficiency, pseudostem water soluble carbohydrate content, and crown rust resistance 
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characters (Forster et al. 2004). Other perennial ryegrass populations have been 
analyzed to detect genetic control of crown rust resistance (Dumsday et al. 2003; 
Muylle et al. 2005a, b), vernalization response (Jensen et al. 2005) and flowering 
time variation (Armstead et al. 2004). Interspecific hybrid populations between 
L. multiflorum and L. perenne have been used to identify QTLs for flowering time 
variation (Warnke et al. 2004), fiber components and crude protein content (Xiong 
et al. 2007a), winter hardiness (Xiong et al. 2007b), gray leaf spot resistance 
(Curley et al. 2005) and crown rust resistance (Sim et al. 2007).

Trait-dissection in Italian ryegrass has permitted the detection of QTLs for lodging 
resistance and related traits such as heading date, plant height, culm weight, culm 
diameter, culm strength and tiller number (Inoue et al. 2004b). EST-derived CAPS 
and AFLP markers were also used to map and tag a major gene locus (LmPil) for 
ryegrass blast (grey leaf spot) resistance (Miura et al. 2005). A large two-way 
pseudo-testcross F

1
 progeny set based on two highly heterozygous individuals with 

contrasting resistance to bacterial wilt (Xanthomonas translucens pv. graminis) has 
been used to generate an SSR- and AFLP-based map and to locate a single large 
(accounting for 67% of total phenotypic variance) resistance QTL (Studer et al. 
2006). Two major QTLs for crown resistance were consistently detected on LG 1 
and LG 2 in Italian ryegrass, explaining up to 56% of total phenotypic variance. 
Nevertheless, differences between position and magnitude of QTLs were observed 
among individual field locations and suggested the existence of specific local patho-
gen populations (Studer et al. 2007). The meadow fescue mapping population has 
been used for QTL analysis of vernalization requirement, heading time and number 
of panicles (Ergon et al. 2006), and seed production traits (Fang et al. 2004).

The F
1
 genetic map of red clover containing 216 AFLP and 42 SSR loci was 

exploited for QTL analysis of seed yield component traits, identifying 38 QTLs for 
8 traits, including 2 genomic regions with clustered QTLs suitable for marker-based 
selection (Herrmann et al. 2006). Persistency which is important trait for red clover 
has been also identified using same mapping population (Herrmann et al. 2008).

The F
2
 genetic map of white clover has been exploited for QTL analysis of a 

number of vegetative morphogenesis, reproductive morphogenesis and reproduc-
tive development traits (Cogan et al. 2006a). Target traits were measured across a 
number of years of clonal replication, and geographical sites in Wales and Scotland, 
United Kingdom. Individual environment analyses detected a large number of QTLs 
for each trait, with QTL clustering for correlated traits, especially on LGs 7 and 12. 
Multi-environment combined analysis revealed genomic locations that are rela-
tively insensitive to genotype x environment effects. The F

1
 population has also 

been used for QTL analysis, specifically targeting seed production traits such as 
inflorescence density, yield per inflorescence and thousand-seed weight (Barrett 
et al. 2005). Stability of QTL effects was observed across temporal replication, 
along with co-location of QTLs for correlated traits.

QTLs controlling forage production, forage height, and forage regrowth at three 
harvests in tetraploid alfalfa were mapped on a genetic linkage map developed from 
hybrids between Medicago sativa subsp. falcata and M. sativa subsp. sativa. (Robins 
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et al. 2007b). The most marker-trait associations were detected during the first harvest. 
Markers associated with autumn regrowth tended to be different from those associ-
ated with regrowth earlier in the season, suggestive of the identification of autumn 
dormancy effects. Robins et al. (2007a) evaluated tetraploid alfalfa population for 
biomass production over several years at three locations. Despite the complexities 
of mapping within autotetraploid populations, single-marker analysis of variance 
identified 41 marker alleles, many on LGs 5 and 7, associated with biomass pro-
duction in at least one of the sampling periods. Seven alleles were associated with 
biomass production in more than one of the sampling periods. QTL involved in 
resistance and susceptibility to Stagonospora meliloti (Musial et al. 2007) and 
reaction to three races of Colletotrichum trifolii (Mackie et al. 2007) were identified 
in an autotetraploid alfalfa backcross population of 145 individuals. Other trait dis-
section studies in autotetraploid alfalfa have identified resistance to root rot 
(Phytophthora medicaginsis) (Musial et al. 2005) and yield, yield components and 
morphological traits (Musial et al. 2006). Three putative aluminum tolerance QTLs 
on LG I, LG II and LG III, explaining 38%, 16% and 27% of the phenotypic varia-
tion, respectively, were identified in diploid alfalfa (Narasimhamoorthy et al. 2007). 
Six candidate gene markers designed from Medicago truncatula ESTs that showed 
homology to known Al-tolerance genes were placed on the QTL map.

The phenotypic variation of a complex trait usually results from multiple QTLs, 
QTL–QTL interactions, and QTL–environmental interactions. In order to reveal 
QTL interactions and the relationship between various interactions in complex 
traits, a new QTL mapping approach, named genotype matrix mapping (GMM), 
which searches for QTL interactions in genetic variation has been developed (Isobe 
et al. 2007). GMM will be a valuable approach to identify QTL interactions in 
genetic variation of a complex trait within a variety.

31.3.6 Marker-Assist Selection

Genetic gain from phenotypic selection in open-pollinated forage crops is con-
strained by the inability to accurately use phenotype to estimate genotype, prior to 
parent selection for polycrossing. The use of marker-assisted selection (MAS) 
offers the potential to accelerate genetic gain by overcoming this constraint. SSR 
marker associated with QTLs for seed production allowed to be realized the value 
of MAS in white clover (Barrent et al. 2005, 2008). Identifying markers based on 
bi-parental mapping populations is likely not the best way to implement a MAS 
program, although this approach is useful to introgress alleles from wild germplasm 
(Brummer and Casler 2008). Instead, a more practical approach may be the use of 
association analysis, measuring both phenotypes and markers directly on the plants 
in the breeding nursery.
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31.3.7 Association Analysis

Marker-trait gene linkage analysis method is not readily used for outbreeding forage 
crops. Functionally-associated candidate genes have been developed in some 
forage crops. Forage crops would have a potentiality to dispose towards limited 
linkage disequilibrium (LD), extending over relatively short molecular distances 
(Forster et al. 2004; Dobrowolski and Forster 2007). Forage crops contain many 
accessions with long-established populations derived from a large number of founding 
parents, as expected for ecotypes and long-established varieties, in which many 
rounds of recombination have occurred. These accessions allow to use candidate 
gene-based functionally-associated marker analyses (Andersen and Lübberstedt 
2003). Nucleotide variation in qualified candidate genes will be closely associated 
with the casual mutations that generate variability for key agronomic traits, and 
may be used as diagnostics for such variation. Successful correlation of gene hap-
lotype structure and phenotypic variation will provide the basis for a new paradigm 
in forage crop molecular breeding based on direct selection of superior allele con-
tent at target genetic loci, allowing highly effective exploitation of germplasm col-
lections for identification of potential parental genotypes (Forster et al. 2004; 
Spangenberg et al. 2005). LD was investigated in the gibberelic acid insensitive 
gene region in three synthetic varieties of perennial ryegrass chosen for their con-
trasted number of parents in the initial polycrosses using Sequence Tagged Site 
(STS) and SSR markers (Auzanneau et al. 2007). Significant LDs were observed 
up to 1.6 Mb in a variety originated from 6 related parents and not above 174 kb in 
a variety originated from 336 parents, suggesting that an association analysis can 
be used when varieties have a large number of parents.

Single nucleotide polymorphisms (SNPs) are the most versatile class of func-
tionally associated genetic marker. Efficient methods for in vitro discovery of SNPs 
and characterization of SNP haplotype structure have been described for perennial 
ryegrass (Spangenberg et al. 2005; Cogan et al. 2006b; Ponting et al. 2007). SNP 
discovery in perennial ryegrass has been based on PCR amplification and sequenc-
ing of multiple amplicons designed to scan all components of the transcriptional 
unit. Multiple SNPs at regular intervals across the transcriptional unit were detected 
within and between the heterozygous parents and validated in the progeny of the 
F

1
(NA

6
 x AU

6
) genetic mapping family. Haplotype structures in the parental geno-

types were defined and haplotypic abundance, structure and variation were assessed 
in diverse germplasm sources. Decay of LD to r2 values of c. 0.2 typically occurs 
over 500–3,000 bp, comparable with gene length and with little apparent variation 
between diverse, ecotypic and varietal population sub-groups (Smith et al. 2008).

A candidate gene approach for associating SNPs with variation in flowering 
time and water-soluble carbohydrate content (WSC) and other traits has been 
described for perennial ryegrass (Skøt et al. 2007). Analysis of variance within 
populations identified several associations between WSC, nitrogen, and dry matter 
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digestibility with allelic variants within an alkaline invertase candidate gene LpcAI. 
Consistent associations between the perennial ryegrass homolog (LpHD1) of the 
rice photoperiod control gene HD1 and flowering time were identified. One SNP, 
in the immediate upstream region of the LpHD1 coding sequence (C-4443-A), was 
significant in the linear mixed model.

An EST resource obtained from multiple cDNA libraries constructed from 
numerous genotypes of a single cultivar has been used for in silico SNP discovery 
and validation in white clover. A total of 58 from 236 selected sequence clusters 
(24.5%) were fully validated as containing polymorphic SNPs by genotypic analy-
sis across the parents and progeny of several two-way pseudo-testcross mapping 
families of white clover (Cogan et al. 2007).

31.4 Candidate Gene Approach – Cold Responsible Genes

Author’s group has researched activities on genetic improvement of cold temperature 
tolerance in perennial ryegrass. Many plants exhibit an increase in freezing toler-
ance in response to low, non-freezing temperatures, a phenomenon known as cold 
acclimation. A number of genes respond to cold and condition the plant cells 
against the effect of freezing temperature during cold acclimation. Some of our 
results on candidate gene approach have been described as follows.

31.4.1 CBF Genes

Molecular mechanisms involved in cold acclimation are largely unknown but infor-
mation from model species whose genomes have recently been sequenced such as 
Arabidopsis and rice and the development of microarray technologies are giving 
insight into the complexity of the processes (Yamaguchi-Shinozaki and Shinozaki 
2006, 2008). The CBF (C-repeat binding factor) /DREB1 (dehydration-responsive 
element-binding protein 1) regulon is the most important transcription unit involved 
in cold acclimation in plants (Nakashima and Yamaguchi-Shinozaki 2006). Ten 
novel putative CBF cDNAs have been isolated from cold-treated leaf tissue of 
perennial ryegrass (Tamura and Yamada 2007). Their primary structures contain 
some conserved motifs characteristic of the gene class. Phylogenetic analysis 
revealed that LpCBF genes were attributable to the HvCBF3-, and HvCBF4-
subgroups following the previously proposed classification of barley CBF genes 
(Skinner et al. 2005). RT-PCR analysis revealed that the expression of LpCBF 
genes was rapidly induced in response to low temperature and that the expression 
pattern under the low temperature conditions for a long period was different 
between the various LpCBF genes. Five of the ten LpCBF genes were assigned to 
the genetic linkage map. Four LpCBF genes were mapped on LG 5 forming a clus-
ter within 2.2 cM, while one LpCBF gene on LG 1. Based on comparative genetic 
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studies, conserved synteny for CBF gene family was observed between the Triticeae 
cereals and perennial ryegrass (Tamura and Yamada 2007). CBF genes cluster is 
positioned at the frost resistance locus, Fr-H2 in barley (Francia et al. 2007). 
Freezing tolerance in tillers was also evaluated and QTL for this trait was observed 
on LGs 5 and 6 (Yamada et al., unpublished). Determination of the functional role 
of each different expression type LpCBF gene will be necessary for development of 
specific genetic markers associated with the low-temperature tolerance.

31.4.2 Fructosyltransferase Genes and Fructan QTL

Fructans are linear or branched forms of fructose polymers, which are derived from 
sucrose. Fructans are present in 15% of the angiosperm flora, and are particularly 
widespread in grasses (Chatterton et al. 1989; Hendry 1993). Fructans accumulate 
in plant cells as a carbohydrate reserve in addition to or instead of starch (Hendry 
1993), and are also thought to be involved in the maintenance of osmotic potentials 
(Pavis et al. 2001). Accumulation of fructans in plants has been found to be associ-
ated with tolerance to cold and drought, particularly in the development of freezing 
tolerance (Yoshida et al. 1998; Kawakami and Yoshida 2002). Fructan is synthe-
sized by a combination of multiple fructosyltransferases (FTs). Two FT genes have 
been identified in perennial ryegrass: 1-SST (Chalmers et al. 2003) and 6G-FFT 
(Lasseur et al. 2006). FT genes have been mapped to perennial ryegrass LGs using 
a mapping population derived from a pair-cross between North African

6
 (NA

6
) and 

Aurora
6
 (AU

6
) plants (Chalmers et al. 2005). The 1-SST gene (Lp1-SST; marker 

xlp1-sst) has been mapped to a distal region of LG7 of NA
6
.

Six cDNAs encoding FTs (prft1-prft6) have been isolated from cold-treated 
perennial ryegrass plants (Hisano et al. 2008). The prft1 and prft4 genes were both 
located at near a gene for soluble invertase in the distal part of the LG 7 using F

2
 

(Aurora x Perma) mapping population in Armstead et al. (2004). The prft3 gene 
was located in the distal part of the LG 3. Functional characterization using Pichia 
pastoris revealed that the prft4 encodes sucrose-sucrose 1-fructosyltransferase 
(1-SST), and the prft3 and prft5 encode fructan-fructan 6G-fructosyltransferase 
(6G-FFT). Protein sequences for the other genes (prfts 1, 2, and 6) were similar to 
sucrose-fructan 6-fructosyltransferase (6-SFT). The mRNA levels of prft1 and prft2 
gradually increased during cold treatment while those of the 1-SST and 6G-FFT 
genes first increased but then decreased before increasing again during a longer 
period of cold treatment. At least two different patterns of expression of FT genes 
appear to have developed during the evolution of functionally diverse FT genes 
which are associated in a coordinated way with fructan synthesis in a cold environ-
ment (Hisano et al. 2008).

The F
2
 (Aurora x Perma) mapping population was used to identify QTL for traits 

relating to winter hardiness as well as sugar content (Yamada et al., unpublished). 
Scores of winter survival were measured in the deep snow environment at Sapporo 
using fungicide control regime of snow mould fungi, and QTL were identified on 
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LGs 2, 4, 6 and 7. QTL for content of high molecular fructan were observed on LGs 
1, 2 and 4. QTL for winter survival in LGs 2 and 4 are close to QTL for fructan 
content. Freezing tolerance in tillers was also evaluated and QTL for this trait was 
observed on LGs 5 and 6. QTL for sucrose content on LG 5 was closed to one QTL 
for freezing tolerance. Fructosyltransferase genes were mapped to the genetic map, 
but failed to show coincidence with any fructan content QTL. QTLs for fructans 
and the other component of WSC (sucrose, glucose and fructose) in leaves and tiller 
bases have been also mapped using F

2
 (Aurora x Perma) mapping population 

(Turner et al. 2006). Fructan QTL were identified on chromosome 1, 2, 5 and 6. 
Many QTLs for growth-trait and drought-stress response were also identified on all 
chromosomes except for chromosome 7 (Turner et al. 2008). Therefore there is 
currently little evidence for FT involvement in these fructan QTL. Further isolation 
of FT genes and mapping may show closer association. Alternatively the QTL 
could result from variation in furctan hydrolases or from the activity of regulatory 
genes (Turner et al. 2006).

31.4.3 Other Genes

The a-subunit of the casein protein kinase CK2 has been implicated in both light-
regulated and circadian rhythm-controlled plant gene expression, including control 
of flowering time. Two putative CK2 a genes of perennial ryegrass (Lpck2a-1 and 
Lpck2a-2) have been obtained from a cDNA library constructed with mRNA iso-
lated from cold-acclimated crown tissue (Shinozuka et al. 2005). The Lpck2a-1 
CAPS marker was assigned to perennial ryegrass LG 4 and the Lpck2a-2 CAPS 
marker was assigned to LG2. Allelic variation at the Lpck2a-1 and Lpck2a-2 gene 
loci was correlated with phenotypic variation for heading date and winter survival, 
respectively (Shinozuka et al. 2005). The gene for a putative glycine-rich RNA 
binding protein, LpGRP1, was isolated from a cDNA library constructed from 
crown tissues of cold-treated perennial ryegrass plants (Shinozuka et al. 2006). 
An RFLP locus detected by the LpGRP1 cDNA probe was mapped to a distal 
location on LG 2 in the p150/112 population. A significant increase in the mRNA 
level of LpGRP1 was detected in root, crown and leaf tissues during the treatment 
of plants at 4oC, through which freezing tolerance is attained. LpGRP1 protein 
could play an important role for adaptation to cold environments.

31.5 Conclusion

Molecular breeding is important and will be used extensively in future forage crop 
improvement and development of biofuel crops as cellulosic biomass feedstock. 
Transformation techniques using Agrobacterium or biolistics-based method and many 
available molecular markers such as SSR markers and some functionally-associated 
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genetic markers have been developed in many forage crops. We have still remaining 
challenge on the successful implementation of molecular breeding in practical varietal 
development. Molecular breeding needs to develop from a platform of good conven-
tional breeding and include supporting agronomic research and partnering with 
commercial industry where appropriate. With the availability of more sequencing 
information such ESTs, gene isolation has much easier than ever before. We should 
focus on functional characterization of genes and their regulatory elements.

With a widening range of traits, techniques for more accurate, rapid and non-
invasive phenotyping and genotyping become increasingly important. The large 
amounts of data involved require good bioinfomatics support. Data of various kinds 
must be integrated from an increasingly wide range of sources such as genetic 
resources and mapping information for plant populations through to the transcrip-
tome and metabolome of individual tissues. The merging of data from disparate 
sources and multivariate data-mining across datasets can reveal novel information 
concerning the biology of complex systems.
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