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Preface

Enormous amount of biological information are available today, particularly after
the completion of whole genome sequencing project in legumes like Medicago
truncatula, Soybean, Pigeonpea and Chickpea. Large-scale sequencing projects on
two other legumes, Lotus japonicus and Vigna radiata, are also near completion.
The information generated from genome sequencing calls for producing a complete
functional interpretation of whole genome. This demand coincides with another
technological development in plant biology called “OMICS” revolution. The tech-
nologies such as transcriptomics, proteomics and metabolomics are being devel-
oped in major legume species with the aim to analyze molecular data on a
genome-wide scale. These developments are now becoming major landmarks in
understanding legume biology in a precise manner.

The present book is an excellent review of the recent advances in the grain
legumes’ genomics research and applications. In this book efforts have been made
to gather and present available recent information for individual grain legume spe-
cies in a logical order. Genomic resources, structural and functional genomics,
progress towards whole genome sequencing and use of genome sequence informa-
tion in crop improvement are major aspects which are described in detail for each
grain legume species in respective chapters. More focus is given to showcase the
potential and practical use of genomic tools and resources available today in these
species for crop improvement. Information is also shared on the advances in bioin-
formatics tools and techniques in grain legumes research. The genomic tools’ used
in revealing legume genome evolution are also discussed in detail. Legume biofor-
tification research and importance of genomic tools in nutritional improvement of
grain legumes are presented briefly.

This book contains 15 chapters authored by scientists/researchers who are
actively involved in analyzing and improving particular legume genome. Their con-
tribution is enormous in presenting up-to-date information on the subject. Some
figures included by the authors in the respective chapter were published elsewhere
previously. The necessary permission has been obtained by the authors to use them
again for their chapters. We record our acknowledgements to all such publishers and
authors for their generosity and goodwill. There are many people around the globe
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who were there always during the entire developmental period of this book
influencing positively to make this project feasible for us: Dr. Shiv Kumar, ICARDA,
Rabat, Morocco, Dr. Rajeev Varshney, ICRISAT, Patancheru, India, Dr. Clare J
Coyne, USDA/ARS, WSU, Pullman, USA, and Dr. Dil Thavarajah, NDSU,
Fargo, USA.

We editors are highly thankful to Dr. S. Ayyappan, Director General, ICAR,
and Secretary, DARE, Ministry of Agriculture, Govt. of India for being the
source of guidance and encouragement to take up this project. Thanks are also
due to Dr. S. K. Datta (DDG, Crop Science, ICAR) and Dr. B. B. Singh (ADG,
Oilseeds and Pulses, ICAR) for continuous support and encouragement. We
thank our parent organization, Indian Council of Agricultural Research (ICAR)
for supporting the scientific endeavor like “Legumes in the Omic Era”.

We thank our families for being patient and supportive in this long journey, with-
out their moral support it would not be possible. We thank Misses Hannah Smith and
Melissa Higgs (Associate Editors, Springer Science + Business Media, New York)
and Mr. Michael D. Sova (Developmental Editor) for enormous support to make the
publication a reality. Mr. Ashutosh Kumar, Senior Research Fellow, Crop
Improvement Division of Indian Institute of Pulses Research, Kanpur, is highly
appreciated for typographical help.

Kanpur, UP, India Sanjeev Gupta
Kanpur, UP, India Nagasamy Nadarajan
Fargo, ND, USA Debjyoti Sen Gupta
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Chapter 1
Legumes in Omic Era: Retrospects
and Prospects

Sanjeev Gupta, Nagasamy Nadarajan, and Debjyoti Sen Gupta

Abstract Legumes are important for nutritional security of humans and livestocks
and ecological sustainability of agricultural production systems of the world.
The adaptability and productivity of legumes are limited by major biotic and abiotic
stresses. Therefore, there is a crucial need to increase tolerance against various
stresses, which is a major challenge in legume improvement programs for enhancing
yield. Breeding methods complemented adequately by genomics approaches could
lead to simpler and more effective gene-based approach for legume improvement.
This requires adequate genomic resources and information for each legume species
of economic importance. Major developments made in recent past, like genome
sequencing, the “omic” research and bioinformatics have provided scope for utilization
of genomic resources for legume improvement. A good progress has been made in
genome sequencing of some legumes and this will increase even more due to novel
sequencing technologies called next generation sequencing. Since the release of
genome sequences of Lotus japonicus, Glycine max, Medicago truncatula, Cajanus
cajan and Cicer arietinum, a number of comprehensive tools such as bioinfor-
matics tools for sequence assembly and functional annotation, microarray platforms
for high-throughput gene expression, transformation systems, and large cDNA and
gDNA libraries have been developed for important legumes. These tools need to be
integrated to understand genome structure and function of legumes. More compre-
hensive approaches, including quantitative and qualitative analyses of gene expression
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products are further necessary at the transcriptomic, proteomic, and metabolomic
levels for better understanding the functioning of genomes and their gene, including
their regulatory networks by combining at computational approaches with trans-
lational genomics. The progress in omics research will considerably contribute
to better understanding of the molecular and genetic basis of yield and tolerance to
biotic and abiotic stress and accelerate molecular and transgenic breeding of
legumes of economic importance.

Keywords Legumes ¢ Genome sequence ¢ Transcriptomics ¢ Proteomics ¢
Metabolomics

Introduction

Legumes are the third largest family of higher plants with more than 20,000 species
having major impact on agriculture, human and livestock nutrition and environ-
ment. These are second only to grasses in agricultural importance (Doyle 2001).
Major grain legumes like common beans (Phaseolus spp.), pea (Pisum sativum L.),
chickpea (Cicer arietinum L.), broad bean (Vicia faba L.), pigeonpea (Cajanus
cajan L.), cowpea (Vigna unguiculata L.), and lentil (Lens esculentum L.) together
constitute 33 % of dietary protein needs of human (Vance et al. 2000). Moreover,
grain legumes, predominantly soybean (Glycine max L.) and peanut (Arachis hypo-
geae L.), are also a major source for vegetable oil, providing more than 35 % of the
world’s processed vegetable oil. Among fodder legumes, medics (Medicago spp. L.),
clovers (Trifolium spp.), Vetches (Vicia spp.) and Stylos (Stylosenthes spp.)
assume major importance for animal productivity and nitrogen economy in most
parts of the world.

Most of the grain legumes are attributed for low yield. The adaptability and pro-
ductivity of legumes are limited by major biotic and abiotic stresses, including fungal
and viral diseases, insect pests, drought, heat, frost, chilling, water-logging, salinity
and mineral toxicities (Dita et al. 2006). Fusarium wilt, blights and viral diseases
inflicts severe losses. Similarly, pod borers and sucking pests also causes serious
problems in crop management. Foliar and root diseases in forage legumes also con-
stitute major production constraints. Hence, there is a crucial need to increase the
abiotic and biotic stress tolerance in legumes, which is a major challenge in crop
improvement programs for enhancing yield. Although conventional plant breeding
and enhanced management strategies have addressed several constraints that limit
crop productivity or quality, there are situations where the existing genetic resources
lack the requisite traits. Breeding methods complemented adequately by genomics
approaches could lead to simpler and more effective gene-based approach for legume
improvement. This requires adequate genomic resources and information for each
legume species of economic importance.

In the beginning, the progress in legume biology has been made by the devel-
opment of model systems to investigate the genetics of important traits. Like
Arabidopsis thaliana, the two legumes, Lotus japonicus and Medicago truncatula,
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due to their small and diploid genomes, autogamous nature, short generation times,
and prolific seed production were emerged out as model legume plant systems
(Cook 1999; Handberg and Stougaard 1992). Since then, powerful genetic and
genomic tools have been developed that include genome sequencing (Kato et al.
2003), isolation of expressed sequence tags (ESTs) (Asamizu et al. 2004; Kulikova
etal. 2001), and establishment of genetic and physical maps for each model species
(Pedrosa et al. 2002; Thoquet et al. 2002). The increasing wealth of genetic and
genomic data and the high degree of synteny between legume genomes (Kalo et al.
2004; Stracke et al. 2004) make these two species valuable models for the molecular
genetic study of various traits related to increased productivity of legumes.

Recent advances in plant genomics have moved beyond model systems to vari-
ous plant species of economic importance. Since the release of genome sequences
of Arabidopsis and rice in the past (Goff et al. 2002; Yu et al. 2002; Lin et al. 1999;
Mayer et al. 1999) and of Lotus japonicus, Glycine max, Medicago truncatula,
Cajanus cajan and Cicer arietinum recently (Sato et al. 2008; Schmutz et al. 2010;
Young et al. 2011; Singh et al. 2012; Varshney et al. 2010, 2011), a number of com-
prehensive tools such as bioinformatics tools for sequence assembly and functional
annotation, microarray platforms for high-throughput gene expression, transforma-
tion systems, and large cDNA and gDNA libraries have been developed for a range
of species, including the important legumes. Now a major challenge is to integrate
these various tools to better understand genome structure and function.

While sequence information is invaluable and a necessary starting point, it is
insufficient to answer questions concerning gene function, regulatory networks, and
the biochemical pathways activated in response to biotic and abiotic stresses. To
address these questions, more comprehensive approaches, including quantitative
and qualitative analyses of gene expression products are necessary at the transcrip-
tomic, proteomic, and metabolomic levels. These developments will provide oppor-
tunities for better understanding the functioning of genomes and their gene,
including their regulatory networks by combining at computational approaches with
translational genomics.

Retrospects

Three major developments made in recent past, like genome sequencing, the OMICS
research and bioinformatics have revolutionized the plant biology (Weckwerth
2011a, b). A good progress has been made in genome sequencing of some legumes
and this will increase even more due to novel sequencing technologies called next
generation sequencing (Weckwerth 201 1a, b; Ideker et al. 2001). Based on sequence
information, genome assembly is developed. After the assembly of a full genome,
functional annotation is established for each sequence assembly. Predicted genes
are searched for homology against databases of characterized genes and proteins.
It is obvious that this initial functional annotation is not capable of producing a
complete functional interpretation of the whole genome and a prediction of the
molecular phenotype (Weckwerth 2011a, b). Consequently, the molecular
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phenotype needs to be measured for the functional interpretation of the genotype.
This requires the support of “omics” research. A modest beginning has been made
in this area for legumes. Recent progress indicates that appropriate bioinformatics
platform has also been developed for utilization of sequence and “omic” information
for improvement of legumes.

Genome Sequencing

The nuclear genomes of legumes vary greatly in size, from 370 Mbp in Lablab niger
to as large as 13,000 Mbp of Vicia faba. Efforts have been made to generate complete
sequence information of some important legumes. The whole genome sequencing of
three legumes viz., Medicago, Lotus and Glycine has been completed till date (Young
et al. 2011; Sato et al. 2008; Schmutz et al. 2010). The draft genome sequences of
Cajanus and Cicer are already available (Singh et al. 2012; Varshney et al. 2010,
2011). Genome sequencing in some other legumes like mungbean, peas, alfalfa, pea-
nut, cowpea and common bean are at various stages of progress, with the later being
expected to be completed shortly. With the advent of next generation sequencing,
the task of whole genome sequencing of these crops can be efficiently completed.
The next-generation sequencing not only is a dramatic advance over capillary-based
sequencing but also meets significant challenges in assembly and sequence accuracy
due to short read lengths, method-specific sequencing errors, and the absence of phys-
ical clones. However, the promise of much lower sequencing cost with the now proven
concept of next-generation expressed sequence tag sequencing which will allow
assessment of plant genomes at least at the functional level (Ohtsu et al. 2007).

“OMICS” Research

“Omics” research involves functional genomics, transcriptome profiling, pro-
teomics, and metabolomics for analyzing molecular data of living systems on a
genome scale (Somerville and Dangl 2000; Weckwerth 2003; Ideker et al. 2001).
This provides genome-scale molecular data in combination with a genomic tem-
plate. The ultimate goal is to derive a model of metabolism that is driven by genome
data and predicts the phenotype (Weckwerth 201 1a, b). Transcriptomics, proteomics
and metabolomics data can be exploited for gene prediction and functional gene
annotation in fully sequenced organisms (Castellana et al. 2008; Wienkoop et al.
2010). Major studies in plant model systems such as Arabidopsis thaliana and
Chlamydomonas reinhardtii have demonstrated the applications of proteo- and
metaproteogenomics (Castellana et al. 2008; Wienkoop et al. 2010). The progress in
omics research will considerably contribute to better understanding of the molecu-
lar and genetic basis of yield and tolerance to biotic and abiotic stress that has been
an important bottleneck for legume molecular and transgenic breeding.
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Functional Genomics

Since the 1990s, genomics has been the most active research field in biological
science generating a huge amount of information, while structural genomics has
emerged at the methodological level to understand gene expression and function.
A broad range of genomic resources has been developed to accelerate legume
improvement. These include expression sequence tag (EST) database, genome
sequences (whole or partial), physical maps, molecular maps, DNA chips and bac-
terial artificial chromosome (BAC) or similar genomic libraries. BAC libraries have
been widely used in different aspects of genome research. The value of large insert
libraries has long been recognized in genome analysis. BAC libraries are important
genomic resources that have been used for (1) physical mapping of genomes,
(2) cost effective molecular marker development of microsatellite markers (Shultz
et al. 2007), (3) map-based cloning of genes or QTL for important agronomic traits,
(4) evolutionary study of multigene families, (5) karyotyping genomes through
BAC-FISH, and (6) whole genome sequencing. BAC libraries have been constructed
for many species and are usually developed by cloning size-fractionated DNA frag-
ments partially digested with restriction enzymes. In near future, the BACs of
legumes should have potential applications in comparative genomics and functional
genomics as well owing to the macro- and microsynteny widespread within legumes.
Among the grain legumes, soybean has been more intensively studied and accord-
ing to the legume information system data, over 1.3 million ESTs were developed
from different cDNA libraries, which is the largest in number among the individual
grain legume ESTs. The availability of a large number of EST and BAC sequences
facilitated the discovery of new SNP and SSR markers toward the construction of
high-resolution genetic maps of various legumes. With the availability of whole
genome sequence information, large numbers of ESTs are identified for biotic and
abiotic response in two other legumes, chickpea and pigeonpea. However, progress
made in this area is also satisfactory in cowpea and groundnut.

Transcriptomics

Unlike genome analysis, transcriptome analysis offers a full profile of gene function
information under various conditions, and it differs with dissimilar environments,
cell types, developmental stages, and cell states (Moe et al. 2011). It provides a
powerful tool for differential gene expression, mutant splicing, SSR or SNP analysis,
and functional genetics studies. The typical analysis of the dynamic transcriptome
is usually performed with microarray technology and is one of the pioneering
genome-scale, hypothesis-free screening methods. Several large-scale studies have
revealed differential gene expression under different conditions and almost every
gene in Arabidopsis thaliana is already characterized based on RNA sequencing
data under specific conditions (www.arabidopsis.org). Nowadays, NGS provides an
alternative technology for RNA sequencing (Brautigam and Gowik 2010; Wang
et al. 2010). However, this technology is still in development and very expensive
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because several fold genome coverage has to be measured to obtain statistically
significant data. With development of new technologies it is expected that transcrip-
tomic analysis will be performed extensively in major legumes in near future.

Since trancriptomics in legumes started its beginning, it is desirable that gene
expression studies performed in Arabidopsis, and resulting knowledge from such
studies be used in legumes through comparative genomics. For example, Ishitani
etal. (2004) selected 100-200 genes from the Arabidopsis database and showed that
at least three DREB-like genes, thought to be key transcriptional regulators of
drought and/or cold tolerance, in common bean. Similarly, in Arabidopsis, analysis
of the transcriptome changes occurring during cold, drought, and salt stress in a
survey of 7,000 genes showed a shared response for a majority of cold and drought
stress regulated genes (Seki et al. 2002). The Arabidopsis model is likely to be very
different from legumes in terms of responses to stress in relation to grain filling,
nitrogen utilization, fixation, and transport, root architecture, and interactions, all
physiological processes that are fundamentally different in legumes. Hence, the
usefulness of developing a legume model has become increasingly relevant in recent
years. In legumes, the gene expression patterns following biotic stresses have been
more extensively studied than those following abiotic stresses. With respect to
abiotic stress, gene expression analyses have been mainly based on studies with
cloned genes (Singh et al. 2004). Significant progress is being made at the genetic and
genomic levels using the model legume M. truncatula through macro- and microar-
ray analysis, reverse genetics, genome sequencing, and other high-throughput tech-
niques (Thompson et al. 2005; Oldroyd 2005). The analysis of almost 200,000
ESTs of M. truncatula, isolated from many different libraries constructed from
diverse stages and treatments, was facilitated by searchable databases such as
MtDB2 (Lamblin et al. 2003) and the TIGR Gene Index (http://www.tigr.org).
Recent reports have also shown that transcriptomic tools are a good option for
legume breeding to abiotic and biotic stresses.

Proteomics

Proteins act directly on biochemical processes, and thus must be closer to the phe-
notype, compared to DNA-based markers. The studies on proteins expressed by the
genome of a cell, tissue, or organism at a specific time (proteome) is necessary to
understand the biological function of a cell or an organism. Although research on
plant responses to stress on the DNA or RNA level provided an important insight
into stress tolerance, the proteomics approach is very important in evaluating stress
responses since the mRNA levels may not always correlate with protein accumula-
tion (Gygi et al. 1999). In addition, many proteins are modified by posttranslational
modifications such as phosphorylation, glucosylation, and ubiquitinylation, which
significantly influence protein functions. Proteomics, understood as protein bio-
chemistry on an unprecedented and high-throughput scale, is becoming a promising
and active approach in this postgenomic period. However, its application to plants
is rather limited compared to other biological systems (Jorrin et al. 2006), although
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good technical progress has been achieved in the separation of proteins and their
identification by mass spectrometry. Studies have evaluated changes in protein
levels in plant tissues in response to stresses (Canovas et al. 2004; Kim et al. 2003).
However, these studies have mainly focused on nonlegume species such as
Arabidopsis and rice (Canovas et al. 2004) and some legumes recently (Jorrin et al.
2006). As a result, only a handful of studies have been carried out in legumes,
although in the next few years there should be a significant increase in the number of
legume species. So far, pea has been more intensively studied, with the analysis of
induced protein expression in roots in response to salt (Kav et al. 2004) and to
cadmium stress (Repetto et al. 2003). Recently, M. truncatula has been the subject of
several proteomic studies that represent the most extensive proteomic description to
date and provide a reference map for future comparative proteomics and functional
genomics studies of biotic and abiotic stress responses on legumes (Lei et al. 2005).

Metabolomics

Metabolomics provide the most direct tools for the quantitative measurement of the
metabolism in an organism. Transcriptomic and proteomic data are important in
deciphering a complex biological process, but they are still insufficient since most
biological processes are ultimately mediated by cell metabolites. Thus, the com-
plete understanding of both gene function and molecular events controlling complex
plant processes requires analysis of transcriptome, the proteome, and the metabo-
lome in an integrative manner (Dixon 2001). Metabolite profiling and metabolic
fingerprinting are two different approaches in metabolomics that can be used for a
large range of applications, including phenotyping of genetically modified plants,
substantial equivalence testing, determining gene function, and monitoring responses
to biotic and abiotic stresses. Recently, a promising platforms for metabolomics has
been developed with the combination of two-dimensional gas chromatography and
fast acquisition rate mass spectrometry (Scherling et al. 2010). Due to their specific
technology, both technologies provide a complementary view of the metabolome such
as amino acids, sugars, organic acids, free fatty acids, etc. However, most of
the metabolomics platforms still need further method validation and quality checks.
This is an essential requirement to guarantee meaningful biological applications.
Furthermore, databases, experimental standards and data exchangeability between
labs is an urgent issue for further developments in metabolomics (Weckwerth 2011a, b;
Sansone et al. 2007).

In legumes, the metabolomic approach has been used in M. truncatula to deter-
mine the responses to various stimuli (Bell et al. 2001). Although, large-scale com-
prehensive metabolomic studies are difficult, a number of targeted analyses have
been performed to assess the involvement of subsets of metabolites in various
stresses. Although the preliminary results from combining metabolic approaches
with transgenics indicates the potential of increasing intrinsic stress resistance
levels in legume crops and strengthens the potential role of “omic” research in crop
improvement (He and Dixon 2000; Wu and Van Etten 2004), it must be emphasized
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that most metabolic pathways are interconnected in highly complex networks.
Thus, modulating one metabolic pathway may have negative impacts on another,
leading to concomitant deleterious traits in the modified crop. Large-scale meta-
bolic analyses are therefore necessary to observe the metabolic networks important
for plant growth and development under a range of environmental conditions.

Bioinformatics Platform

“Omic” era in the twenty-first century gives us opportunities to understand the
legume genome at sequence-structural-functional levels. The rapid development of
various genomic tools and techniques including large scale analysis of genome
organization, gene expression, protein-protein interaction etc. are generating enor-
mous amount of data which need to be analyzed and interpreted to develop a bio-
logically meaningful concepts. The genome sequencing projects on different
legumes generated the wealth of sequence data. These data need to be properly
analysed to enable prediction of the potential functional elements, genes and tran-
scription factors. Bioinformatics tools and databases help us in the analysis as well
as understanding of the various features of the sequenced genome (Kushwaha et al.
2011; Dutt et al. 2010; Kumari et al. 2010). The availability of different biological
databases related to legumes provides valuable information resource for research
and analysis. Illustrated Legume Genetic Resources Database (www.gene.affrc.
20.jp), LegumeTFDB (www.legumetfdb.psc.riken.jp) Bioinformatics resources for
legume researchers (www.legumes.org), Chickpea Transcriptome Database
(http://59.163.192.90:8080/ctdb/) are some of the important bioinformatics
platforms providing important resources for legumes. These experimental datasets
give us opportunities to understand the functional and biological roles of unknown
genes/proteins from different legumes. Most of the assembler tools and packages
were also developed e.g., short oligonucleotide analysis package and de novo assem-
bly tools were developed by Beijing Genomics Institute (BGI). Several bioinformat-
ics tools are available for annotation, genome sequence alignment, de novo assembly,
sequence alignments and RNA sequence analysis. The basic level of genome annota-
tion can be done using Basic Local Alignment Search Tool to find out similarities
and differences. However, nowadays more and more additional information is added
to the annotation platform. Bioinformatics tools developed for many non-legume
species provides useful platform for legumes also.

Applications in Crop Improvement

All these technological platforms described above enable the genome-wide
molecular analysis of different genotypes. This integrated high throughput analysis
of metabolites, proteins and transcripts allow the definition of biochemical
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phenotypes and their relationship to the corresponding genotype (Weckwerth 2008).
The integration of metabolite and protein profiling has already been demonstrated
to significantly improve pattern recognition and the selection and interpretation of
multiple physiological and biomarkers for plant systems and different plant geno-
types under different environmental conditions such as day-night rhythms or cold
stress (Morgenthal et al. 2005; Wienkoop et al. 2008). Integration of metabolite and
transcript data was also demonstrated to reveal the relationship between mRNA
expression and dynamics of secondary metabolism (Tohge et al. 2005). The exploi-
tation of these technologies in QTL-based marker-assisted breeding approaches
(Fernie and Schauer 2009; Collard and Mackill 2008) is an obvious development.
Most of the studies are focused on DNA markers. In recent studies the successful
application of these technologies was also demonstrated for proteomics and metab-
olomics. Such efforts need to be accelerated for legumes. Marker-assisted selection
could accelerate this process for the identification of useful traits in the early years
of the selection process. It is anticipated that new technologies such as genomics,
proteomics and metabolomics will yield such marker systems, however, these tech-
nologies have hardly reached the stage of application for breeding. A multitude of
diagnostic marker assays will therefore be required for marker-assisted selection
(Gebhardt et al. 2006). However, the robustness of these markers must be analyzed
with higher statistical power from a higher number of samples. Both data sets—the
metabolomics data and the proteomics data—show a good cultivar discrimination,
however, the sample pattern can be interpreted differently depending on the charac-
teristics of the different cultivars. Thus, the metabolite data carry different informa-
tion to the protein data. Integration of these data leads consequently to optimized
pattern recognition processes and improved interpretation of the molecular data with
respect to the molecular phenotype which was indeed observed in several previous
studies (Morgenthal et al. 2005; Wienkoop et al. 2008).

Prospects

Legumes are important for nutritional security and ecological sustainability.
Exploitation of natural variation, population dynamics and a better understanding of
the genotype-phenotype relationship is very crucial for improving productivity and
stress adaptation of legumes. The development of genomic research during last
decade may lead to a refinement of classical and molecular breeding approaches for
legume improvement. A quite progress has been made for genome-scale investigation
of some legumes to understand adaptation mechanisms and to provide fundamental
knowledge for genetic variation, also for trait selection and genome/marker-assisted
breeding approaches. Genomic resources provide the breeders a platform for rapid
realization of resistance breeding objectives. A crucial pre-requisite for the deploy-
ment of markers to support stress tolerance or resistance breeding is the develop-
ment of a genetic map, followed by identification of gene-based or gene linked
markers to be used in marker assisted selection (MAS). Basic requirement of
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availability of genomic resources for successful application of molecular markers in
most of the legumes are now in place. Sequencing efforts have already made their
strides in complete genome sequencing of few legumes like M. truncatula, L. japonicus
and Glycine max, and draft genome sequencing of Cicer arietinum and Cajanus
cajan genomes and the genome sequencing projects of some other legumes. This will
generate large scale SNPs, SSRs and intron length polymorphic markers, which can
help to saturate the linkage maps. Current genetic linkage maps of most of the
legumes display an inadequate level of marker density. To improve the utility of
such maps, it will be required to further saturate the map with additional markers.

Large-scale analysis by using different omics technologies are providing extensive
data sets that will help identify potential candidate genes for enhanced productivity
and stress adaptations in important legume crops. Identification of these candidate
genes may allow their direct application in crop improvement through marker
assisted breeding. However, in most cases, the roles of these candidate genes remain
unknown and it will be important to carry out functional studies as a preliminary
step toward their use in genetic improvement. The traditional pursuit of a gene start-
ing with a phenotype (forward genetics) has paved the way for the opposite situation
where the gene sequences are known but not their functions. The challenge is to
decipher the function of thousands of genes identified by genome projects where
reverse genetics methodologies will be the key tools. The ability to knockout genes
or suppress their expression are powerful tools to determine the function of a gene.
This can be done by antisense RNA suppression, targeted gene replacement, inser-
tional mutagenesis, gene silencing through RNAI, and targeted induced local lesion
in genome (TILLING) approaches.

Successful application of omics to legume improvement requires knowledge of
stress response at molecular level, which includes gene expression to protein or
metabolite and its phenotypic effects. Availability of genome sequence of legumes
has a potential to facilitate positional cloning and other approaches and their appli-
cations for legumes research. A genome-wide expression profiling with next-
generation sequencing approaches could circumvent the various problems in studying
the legume genome. Compared to analysis of the transcriptome, analysis of the plant
proteome and metabolome in response to abiotic and biotic stresses is still limited to
M. truncatula and protein reference maps of soybean to stress responses are now
available. More recently, few proteomics studies are available on chickpea and
groundnut and they have to be extensively carried out for other legumes. Moreover,
the recent progress in the mass-scale profiling of the genome, transcriptome, pro-
teome, and metabolome offers the possibility of investigating the concerted response
of thousands of genes to biotic and abiotic stresses. The mapping of abiotic stress
QTL in legume is still at an early stage and gene pyramiding has not been applied
yet. Nevertheless, with the establishment of the model legumes, M. truncatula and
L. japonicus, there is now applicable information on legumes. Among the grain
legumes, soybean has been more intensively studied, and the availability of more
numbers of ESTs and genome sequences will facilitate mapping of major QTL
in other legumes. Rapid progress in legume improvement will be possible with
identification of candidate genes for desired traits in legumes. It is now possible
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to target almost all legume crops with a variety of omics approaches for genetic
improvement. All these efforts will lead to enhanced crop productivity of legume and
ensure progress towards attaining nutritional security and ecological sustainability.
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Chapter 2
Advances in Functional Genomics in Legumes

Marc Libault and Rebecca Dickstein

Abstract Functional genomics encompasses RNA transcription, protein expression
and metabolomics as well as forward and reverse genetics. In recent years several
resources like transcriptomes, proteomes, metabolomes, regulatory elements and
mutant libraries using TILLING methods have been developed for legumes. These
provide powerful molecular resources to identify the legume genes playing essential
roles in plant resistance to biotic and abiotic stresses, regulating protein and oil accu-
mulation in seeds and controlling beneficial plant-microbe symbiosis. Functional
genomic studies on model legumes as well as on legumes of economic interest have
already provided valuable information for enhancing legume productivity and holds
promise for the future.

Keywords Legumes * Functional genomics ® Genome ® Epigenome ® Transcriptome
* Proteome * Metabolome * Abiotic stresses ® Biotic stresses

Introduction

Functional genomics contributes to molecular breeding by identifying the expressed
genes, proteins and metabolites associated with specific traits. It also identifies
genes associated with water use efficiency (Kang et al. 2011) including those asso-
ciated with stomatal opening and closure, nitrogen use efficiency, genes that respond
to high temperature stress, those associated with flowering and seed set, those that
are activated in response to pathogen attack and multiple other traits that are critical
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for crop improvement. In legumes, functional genomics is helping to identify the
genes regulating legume development, yield, their resistance to biotic and abiotic
stresses, and other factors affecting their economic value.

Functional genomics in legumes had its start in the late 1990s with the first
publication of expressed sequence tags (ESTs) from root hairs and nodules in the
model legumes, Medicago truncatula and Lotus japonicus (Covitz et al. 1998;
Szczyglowski et al. 1997), followed by EST analyses in several tissues (Endo et al.
2000; Asamizu et al. 2000; Gyorgyey et al. 2000). Other EST analyses soon followed
in Medicago, Lotus, Glycine max and other legumes, with tissues collected from
various organs and at different developmental times in model legumes as well as crop
legumes (Fedorova et al. 2002; Journet et al. 2002; Shoemaker et al. 2002; Sawbridge
et al. 2003; Schroeyers et al. 2004). These ESTs were organized into tentative con-
sensus (TC) sequences and were originally housed at TIGR (Lee et al. 2005); now
the TCs are available at DFCI (http://compbio.dfci.harvard.edu/tgi).

Recently, functional genomic studies have been accelerated with the emergence
of high-throughput technologies. These technologies have been applied to the char-
acterization of physiological and molecular changes occurring in plants responding
to environmental stresses, as well as between organs, tissues or even single cell types.
It is assumed that the relative abundance of transcripts, proteins or metabolites would
provide an important indication of their role in plant development or in the plant
response to a stress.

High-throughput DNA sequencing technologies have been used to develop
genetic tools and resources used daily by functional genomicists such as the genera-
tion of drafts of legumes genome sequences (e.g. (Schmutz et al. 2010; Young et al.
2011)), the identification of genetic markers such as SNPs (Single Nucleotide
Polymorphisms (Hyten et al. 2010; Cortes et al. 2011; Han et al. 2011; Muchero
etal. 2011; Shu et al. 2011; Varala et al. 2011; Xu et al. 2011)), the establishment of
the epigenome (i.e., genomic DNA methylome profiles and the mapping of histone
post-translational chemical modification in the genomic DNA; (Schmitz and Zhang
2011)) and the deep characterization of legume transcriptomes (Benedito et al.
2008; Hogslund et al. 2009; He et al. 2009; Libault et al. 2010a; Severin et al. 2010).
Proteomic and metabolomics capabilities have also increased in terms of sensitivity
to now allow researchers the ability to identify thousands of proteins and metabo-
lites from smaller and smaller plant tissue sample sizes (e.g. (Watson et al. 2003;
Farag et al. 2008; Brechenmacher et al. 2009)).

Development of Resources for Functional
Genomics in Legumes

Transcriptomic Resources

Genes that are differentially expressed genes in response to a stress or across organs,
tissues or cell types are candidates to have a role in the adaptation of the plant to the
stress, in organ development or in functionality. Hence, the establishment of the
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transcriptional patterns of genes is a valuable starting point to identify genes
controlling a biological process. The quantification of the expression level of an
organisms’ set of genes, which is reflected by their mRNA abundance, leads to the
establishment of the transcriptome of single cell types, tissues and organs.

Arrays have been extensively developed and used during the past years to study
the transcriptome of model legumes (Kouchi et al. 2004; Kuster et al. 2004;
Suganuma et al. 2004; Vodkin et al. 2004; Lohar et al. 2006; Jones et al. 2008; You
et al. 2011; Takanashi et al. 2012; Zahaf et al. 2012). These arrays, which represent
a collection of transcript-specific oligonucleotides, allow the discrimination and the
quantification of the abundance of each transcript in an organism. In addition to
being useful for same species comparisons, the arrays may be used across species,
although caution must be taken. For example, taking advantage of the close evolution-
ary relationship between G. max, Vigna unguiculata and Phaseolus vulgaris, the
soybean arrays were also used with success to quantify the expression of P. vulgaris
genes, a non-model legume plant (Das et al. 2010; Yang et al. 2010). In addition to
these “oligonucleotide™ arrays, the Affymetrix Company has developed and com-
mercialized arrays to characterize the expression pattern of G. max (Valdes-Lopez
etal. 2011) and M. truncatula genes (Mitra et al. 2004a). M. truncatula arrays have
been used to profile alfalfa genes (Kang et al. 2011). An Affymetrix array was used
to generate the M. truncatula Gene Expression Atlas (MtGEA) (Benedito et al.
2008). This atlas groups a large number of transcriptomic analyses (Benedito et al.
2008; Naoumkina et al. 2007, 2008; Imin et al. 2008; Holmes et al. 2008; Ruffel
et al. 2008; Uppalapati et al. 2009; Gomez et al. 2009; Pang et al. 2008) and is
hosted by a webserver, allowing the analysis and manipulation of the transcriptomic
data sets (http://mtgea.noble.org/v2/; (He et al. 2009)). Overall, the quality of the
arrays and their coverage is highly dependent on the quality of the cDNA libraries
used to design the oligonucleotides on the array. For example, due to the complex-
ity of the soybean genome; i.e., its recent duplication 13 Mya, as well as the use of
incomplete cDNA libraries, the first generation of the soybean Affymetrix array
did not provide an optimal set of oligonucleotides, leading to a limited coverage of
the soybean transcriptome as well as a lack of specificity of some of the oligonu-
cleotides for specific transcripts (Libault et al. 2010b).

High-throughput sequencing recently became a reference technology to charac-
terize legume transcriptomes. Various platforms exist, allowing the generation of
different number of reads; i.e., sequencing products of different lengths (Fig. 2.1).
Hence, biologists are now frequently using high-throughput sequencing technology
to characterize legume transcriptomes. For example, the use of this technology led
to the establishment of the soybean transcriptome atlases (Libault et al. 2010a;
Severin et al. 2010). Coupled with the development of bioinformatics tools, these
transcriptomic resources can be easily accessed from two different bioinformatics
platforms: the Soyseq platform hosted on Soybase (http://soybase.org/soyseq/) and
Soykb (http://soykb.org/; (Joshi et al. 2012)). The drop of the this technology’s cost
as well as its higher sensitivity and accuracy in measuring transcript abundance
now allow scientists to use it to characterize gene expression patterns in legumes.
In model legumes, use of high-throughput sequencing enables transcript abundance
measurements of genes missing from microarray platforms. Also, since this
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Fig. 2.1 A brief history of long read automated DNA sequencing instruments (Courtesy of
Dr. Fares Najar from the University of Oklahoma)

technology is based on de novo sequencing of DNA fragments, another advantage
is that it does not rely on the need for genome sequences to map the reads. Hence
with the support of bioinformatics tools, which are required to assemble the
sequences and create contings, transcriptomic data sets can also been generated in
any legume (e.g. Acacia auriculiformis and Acacia mangium (Wang et al. 2011);
Maruca vitrata (Margam et al. 2011); P. vulgaris (Kalavacharla et al. 2011); Cicer
arietinum (Garg et al. 2011; Hiremath et al. 2011)).

Efforts have been made to create large scale libraries of oligonucleotide primers,
allowing the quantification of G. max and M. truncatula transcription factor gene
expression using quantitative RT-PCR reaction (QRT-PCR) (Libault et al. 2009;
Kakar et al. 2008; Verdier et al. 2008). qRT-PCR, which is the most sensitive tech-
nology to accurately quantify gene expression, is a especially well-suited to quan-
tify transcription factor gene expression. Transcription factors have overall low
expression of these genes, making them less amenable to quantitation based on
microarrays or other high-throughput strategies. Additionally, redundancy of some
of their nucleotidic sequences requires the design of specific primer sets.

DNA microarray hybridization and high-throughput sequencing technologies
have been used to characterize legume transcriptomes, resulting in the development
of gene expression atlases. Similar to the development of Genevestigator which was
developed for several systems including Arabidopsis thaliana (Hruz et al. 2008),
a transcriptional platform developed for the model plant A. thaliana, the
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development of bioinformatics tools allowing the individual investigator to query
specific genes’ or groups of genes’ expression was a major milestone for the legume
functional genomics community; i.e., the M. truncatula Gene Expression Atlas
(Benedito et al. 2008; He et al. 2009) and the Soybean Transcriptome atlases
(Libault et al. 2010a; Severin et al. 2010; Joshi et al. 2012); http://soybase.org/,
http://soykb.org/.

Proteomes and Metabolomes

Legumes are an important source of protein used in animal and human nutrition
especially in developing countries. Also, several metabolites, such as flavonoids,
have been characterized for their beneficial impact on human health (Valachovicova
et al. 2004). Hence, it is imperative to characterize the proteome and metabolome
of legumes, with the goal of improving their nutritive value. As a consequence,
metabolomic and proteomic approaches are of great interest to detect and quantify
proteins and metabolites. Several studies characterized and integrated changes in
legume metabolomes in response to biotic and abiotic stresses (Farag et al. 2008;
Brechenmacher et al. 2010; Wu et al. 2008; Hernandez et al. 2009; Sanchez et al.
2010) as well as the protein composition in legume seeds (e.g., M. truncatula
(Zhang et al. 2006; Gallardo et al. 2003; Gallardo et al. 2007; Repetto et al. 2008;
Chatelain et al. 2012), L. japonicus (Dam et al. 2009; Nautrup-Pedersen et al. 2010),
G. max (Hajduch et al. 2006; Agrawal et al. 2008; Krishnan et al. 2009), P. vulgaris
(Marsolais et al. 2010) and Pisum sativum (Bourgeois et al. 2009)). The integration of
the legume metabolomes and proteomes together with transcriptomes and genomes
will improve our understanding of legume metabolomics pathways. As a conse-
quence, bioinformatic tools have been created to analyze and integrate metabolomics
and proteomic data sets, which is described in Table 2.1. These tools have been
develop broadly to better understand plant biology [KEGG (http://www.genome.jp/
kegg/); MetaCyc ((Caspi et al. 2010), http://metacyc.org/); Aracyc ((Mueller et al.
2003), http://www.arabidopsis.org/biocyc/)] but also especially developed to high-
light the specificity of legume proteomes and metabolomes, e.g., The Soybean
Proteome Database ((Sakata et al. 2009), http://proteome.dc.affrc.go.jp/Soybean/);
Soykb ((Joshi et al. 2012), http://soykb.org/); MedicCyc ((Urbanczyk-Wochniak and
Sumner 2007), http://pathway.gramene.org/gramene/mediccyc.shtml).

Regulatory Elements

Transcriptomic data along with genomic information, can also be used to identify the
regulatory elements controlling gene expression. These regulatory elements are essen-
tial DNA promoter sequences recognized by the transcriptional regulatory proteins.
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Website

Database name

General information
on legumes

Genomic resources

Legume synteny

Transcriptomic
resources

Proteomic resources

Metabolomic
resources

TILLING resources

Functional genomic

Genetic and physical
maps

http://www.nsrl.uiuc.edu/international.
html

http://www.soybiotechcenter.org/

http://www.comparative-legumes.org/
http://www.phytozome.net/
http://www.medicagohapmap.org/

http://www.jcvi.org/cgi-bin/medicago/
overview.cgi
http://www.jcvi.org/cgi-bin/gb2/
gbrowse/mtruncatula/
http://www.kazusa.or.jp/lotus/
http://www.symapdb.org/
http://genomevolution.org/CoGe/

http://plantgrn.noble.org/LegumelP/
http://mtgea.noble.org/v2/

http://soybase.org/soyseq/
http://soykb.org/

http://soykb.org/
http://proteome.dc.affrc.go.jp/Soybean/
http://soykb.org/

http://soybase.org/soyseq/
http://plantcyc.org/
http://pathway.gramene.org/gramene/
mediccyc.shtml
http://revgenuk.jic.ac.uk/TILLING.htm
http://www.inra.fr/legumbase
http://www.soybeantilling.org
http://compbio.dfci.harvard.edu/tgi

http://plantgrn.noble.org/LegumelP/

http://bioinfo3.noble.org/medicago/
index_MT?3.html

http://www.genome.jp/kegg/

http://soybase.org/soyseq/

National Soybean Research
Laboratory

National Center for Soybean
Biology

Legume Information System

Phytozome

Medicago truncatula HapMap
Project

Medicago truncatula Genome
Project

Medicago Genome Browser

Lotus genome database

SyMAP Synteny Browser

CoGe, The plant to Compare
Genomes

LegumelP

Medicago truncatula Gene
Expression Atlas

Soybase

SoyKB

SoyKB

Soybean Proteome Database

SoyKB

Soybase
Plant Metabolic Network
Medicago Metabolic Pathways

RevGen UK

Legume base

Soybean Mutation Database

Computational Biology and
Functional Genomics
Laboratory

LegumelP

Medicago genome portal at the
Noble Foundation

Kyoto Encyclopedia of Genes
and Genomes

Soybase

The characterization of these regulatory networks is difficult and only a few studies
could be successful to unravel these elements. Among them, several studies charac-
terized the regulatory elements of the MtENODII (Early NODulin 11) gene
previously characterized for its early induction of its expression during nodulation.
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The M!ENODII Nod Factor-Responsive Element interacting with the ERF
transcription factor (Andriankaja et al. 2007) and the Nodulation Responsive Elements
1 and 2 recognized by the NSP1 GRAS transcription factor were identified (Hirsch
et al. 2009). This latter study also highlighted the interaction between NSP1 and
NSP2 GRAS transcription factors as an essential component activating MtENOD1 ]
gene expression. The characterization of cis-acting regulatory elements can now
been accessed using chromatin-immunoprecipitation methods (ChIP) coupled with
high-throughput sequencing technology. This is called the ChIP-Seq method
(Muino et al. 2011). Complementary to these approaches, bioinformatics tools
have been developed to reconstruct gene regulatory networks (Wang et al. 2010).

It is now clear that the characterization of the interactions between transcription
factors and their promoter binding sites is not sufficient to fully explain the regula-
tion of eukaryotic gene expression. In fact, the regulation of gene expression is not
only controlled by the interaction between cis-regulatory elements and transcription
factors but also by reversible chemical modifications of the gDNA, e.g., methylation
of cytosine residues and post-translational modification of histones, proteins associ-
ated to the gDNA (for review, (Schmitz and Zhang 2011)). These chemical modifica-
tions are named as epigenetic marks. The epigenome refers to the overall composition
of these epigenetic marks. Until very recently, the impact of the epigenome control-
ling gene expression and regulating legume biological processes has been neglected.
Taking advantage of the sensitivity of high-throughput sequencing technology as well
as the development of bioinformatics tools (Sunkar and Jagadeeswaran 2008; Zhang
etal. 2008, 2010; Zhou et al. 2008; Xuan et al. 2011), legume micro RNAs were iden-
tified (Wong et al. 2011; Subramanian et al. 2008; Szittya et al. 2008; Jagadeeswaran
et al. 2009; Joshi et al. 2010; Zhe et al. 2013; Devers et al. 2011; Kulcheski et al.
2011; Li et al. 2010; Song et al. 2011; Wang et al. 2011; Chen et al. 2012a, 2012bj;
Zhou et al. 2012) and efforts to characterize their putative targeted genes and func-
tion have been initiated. In addition, several studies have identified small RNA from
non-model legumes such as peanut (Arachis hypogaea, (Zhao et al. 2010)), com-
mon bean (P. vulgaris, (Valdes-Lopez et al. 2008; Arenas-Huertero et al. 2009)) and
wild soja (Glycine soja, (Chen et al. 2009)). In soybean, Li et al. (2010) highlighted
the role of miR482, miR1512, and miR1515 as key regulators of nodulation while
the role of M. truncatula small RNAs in controlling nodulation (miRNA166
(Boualem et al. 2008); miRNA169 (Combier et al. 2006)), root development
(miRNA166 (Boualem et al. 2008)), plant response to inorganic phosphate during
mycorrhization (miRNA399 (Branscheid et al. 2010)) and to water deficit (miR398
and miR408 (Trindade et al. 2010)) have been demonstrated. While consistent effort
has been made during the past 5 years to enumerate and characterize the function
of small RNAs in legume biology, other epigenetic regulatory mechanisms have
been poorly explored in legumes. The proteomic analysis of soybean histone post-
translational modifications clearly highlighted specific chemical modification of
soybean histones compared to A. thaliana histones, e.g., methylation of H3K79
(Wu et al. 2009). However, the mapping at the scale of legume genomes of histone
post translational modifications and cytosine methylation is not currently estab-
lished in soybean organs, tissues, cells.
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Mutant Libraries

Reverse genetics in legumes, an important tool in functional genomics, requires
mutagenized legume populations that can be screened for variation, deletion or
insertions in the genes of interest. To fully unleash the benefits of the sequencing of
the genome of the three legume models, mutant collections have been developed
during the past years (Cook 1999; Penmetsa and Cook 2000; Catoira et al. 2000;
Schauser et al. 1999). In the case of M. truncatula and L. japonicus, mutant collec-
tions were developed before the sequencing their genomes. A Tnt! retrotransposon
insertional M. truncatula mutant collection is available at the Samuel Roberts Noble
Foundation (Ardmore, OK, USA; (Tadege et al. 2008)) while an ethylmethanesul-
phonate (EMS) L. japonicus mutant collection was generated at the John Innes
Center (UK) (Perry et al. 2009). In soybean, mutant libraries are under construction;
i.e., the group of Wayne Parrott at the University of Georgia is leading the genera-
tion of transposon-based mutants using the tobacco retrotransposon 7ntl, the maize
Ac/Ds transposon and the rice miniature inverted terminal repeat element (MITE)
transposon mPing (Hancock et al. 2011).

In addition to these resources, TILLING (Targeting Induced Local Lesions IN
Genomes; (Colbert et al. 2001)) is currently used to identify mutations within
specific, targeted genes, leading to characterization of gene function. This technol-
ogy is based on the use of the plant endonuclease CEL I which cleaves specifically
heteroduplex mismatched sites (Kulinski et al. 2000) This technology allows the
detection of mismatches between annealed wild-type and mutant DNA strands.
Hence, mutagenesis, usually by the point mutation mutagen ethyl methane sulfo-
nate (EMS)), is a pre-requirement to TILLING experiments. The TILLING strategy
has been applied to M. truncatula, L. japonicus and G. max mutant EMS popula-
tions. Developed resources for TILLING are now available at the John Innes Center
(UK; http://revgenuk.jic.ac.uk/TILLING.htm; (Perry et al. 2003, 2009)), the Institut
National de la Recherche Agronomique (France; http://www.inra.fr/legumbase;
(Le Signor et al. 2009)) and Southern Illinois University (http://www.soybeantilling.
org/; (Cooper et al. 2008)). Mutants identified via the TILLING strategy have been
used successfully to characterize the function of legume genes. For example, taking
advantage of TILLING technology, Dierking and Bilyeu (2009) identified mutations
in soybean raffinose synthase genes, while Ariel et al. (2010) characterized the
function of the HD-Zip I transcription factor HB1 in the emergence of
M. truncatula lateral roots.

Fast neutron mutagenesis, which induces deletion mutations, has been applied
with success to characterize M. truncatula, L. japonicus and G. max mutants show-
ing defects in nodulation (Starker et al. 2006; Hoffmann et al. 2007; Bolon et al.
2011; Murray et al. 2011) as well as in seed development (Bolon et al. 2011). Fast
neutron mutagenesis, when used together with comparative genomic hybridization
(CGH) technology allow the mapping of the deletion(s) at the scale of the entire
genome. The combination of fast neutron mutagenesis and CGH is powerful to
identify candidate genes associated with phenotypes of interest. Fast neutron
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mutagenesis has also been coupled with TILLING strategies leading to the develop-
ment of a new reverse genetic strategy named Deletion TILLING (De-TILLING).
De-TILLING has been successfully used to identify mutants in the MtEFD gene
encoding an ethylene response transcription factor previously characterized for
being up-regulated during M. truncatula nodulation (El Yahyaoui et al. 2004) and
controlling M. truncatula nodulation (Vernie et al. 2008).

Use of Functional Genomics in Legume Improvement

Seed Composition

Using functional genomics, the genes could be indentified which were important for
metabolic and regulatory networks leading to seed development. Investigations
were made in soybean and M. truncatula embryo and seed development (Benedito
et al. 2008; Joshi et al. 2012; Verdier et al. 2008; Le et al. 2007; Wang et al. 2012;
Buitink et al. 2006). Functional genomics were also used in conjunction with
legume mutant populations to identify important legume seed genes. Medicago
populations have been mutagenized with the retrotransposons Tnt/ (Tadege et al.
2005, 2008; Benlloch et al. 2006; Cheng et al. 2011) and MERE! (Rakocevic et al.
2009), by fast neutrons (FN) and X-rays causing deletions (Starker et al. 2006;
Rogers et al. 2009; Sagan et al. 1995) and by agents that cause point mutations
(Catoira et al. 2000; Le Signor et al. 2009; Porceddu et al. 2008). Soybean popula-
tions with point mutations have been constructed and screened by TILLING for
mutations in genes associated with seed quality. Plants were found containing muta-
tions in targeted genes and some of these had altered seed composition (Dierking
and Bilyeu 2009). In a different study, a soybean fast neutron mutant population was
screened with changes in seed protein and oil composition. Eight mutants were
identified and subjected to comparative genome hybridization using a custom
NimbleGen microarray designed to contain 696,139 gene probes, approximately
one every 1.1 kb along the genome. Deleted regions were identified, revealing can-
didate genes associated with the seed quality phenotypes (Bolon et al. 2011).
Functional genomics has been used to modify soybean to contain increased levels
of the phytosterol sitosterol, desirable for oilseeds and human health (Neelakandan
etal. 2012). A high-density oligonucleotide microarray was constructed and used to
identify tissue-specific genes from peanut pods. These were found responsible for
seed storage proteins as well as desiccation. Many transcripts highly induced in
pods were previously unknown, now allowing for the possibility of assigning func-
tion to uncharacterized genes (Payton et al. 2009). Functional genomic studies in
seeds may also impact other tissues in legumes. For example, in M. truncatula,
gRT-PCR studies were used to identify transcription factors (TFs) activated during
seed development (Verdier et al. 2008). Reverse genetics identified M. truncatula
Tntl mutants in one of these TFs, MtPAR, a MYB-type TF, that resulted in seeds
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deficient in proanthocyanidin (PA) biosynthesis. MtPAR is normally expressed
exclusively in the seed coat, where PA accumulates. Ectopic MfPAR expression in
alfalfa (M. sativa) resulted in shoots that contained detectable levels of PA, opening
the potential for MtPAR expression in forage legumes to contain PAs in foliage,
which may reduce pasture bloat in ruminant animals (Verdier et al. 2012).

Resistance Against Pathogens

Legumes are susceptible to pathogen attack by a number of soil-borne pathogens.
Among them are Phymatotrichum rot, sometimes called cotton or Texas root rot,
attacking diverse species including alfalfa (Uppalapati et al. 2010). Extensive cyto-
logical and biochemical research aimed at understanding how the fungus penetrates
and invades root tissue has recently been augmented with a functional genomics
approach using the model legume M. truncatula, revealing that jasmonic acid,
ethylene and flavonoid pathways are involved in disease development (Uppalapati
et al. 2009). It has been determined that M. truncatula is susceptible to Fusarium
wilt (Ramirez-Suero et al. 2010) and charcoal rot (Gaige et al. 2011) and future
studies on these pathogens’ mechanisms of attack in Medicago may include func-
tional genomics approaches. In soybean, sudden death syndrome (SDS) is caused
by Fusarium species and macroarray analysis as well as transcriptional profiling of
susceptible and resistant soybean genotypes has been carried out. In the macroarray
study, relatively large differences were noted in transcript abundance in susceptible
and partially resistant soybean lines (Igbal et al. 2005). In the latter profiling experi-
ments, although many of the genes determined to increase in expression were similar
in susceptible versus resistant lines, there were genotype-specific expression differ-
ences that were compared to known quantitative trait loci, narrowing candidate genes
that control SDS-defense (Radwan et al. 2011).

Asian soybean rust (ASR), caused by Phakopsora pachyrhizi, an obligate, bio-
trophic, plant-pathogenic fungus, was recently introduced into the major soybean-
growing countries of the Western Hemisphere. This event has generated
considerable interest in the molecular interactions of P. pachyrhizi with its soy-
bean host as well as with nonhost plants, some of which have been studied using
functional genomics approaches (Choi et al. 2008; Schneider et al. 2011; Garcia
et al. 2008; van de Mortel et al. 2007; Panthee et al. 2009; Soria-Guerra et al.
2010a, b; Tremblay et al. 2010). Medicago is being used as a model for pathogens
that affect foliage. M. truncatula genotypes differentially susceptible to Phoma
medicaginis have been studied using functional genomics, demonstrating that the
octadecanoid and phenylpropanoid pathways are stimulated by this pathogen
(Kamphuis et al. 2010). Earlier, it was shown by profiling flavonoid glycoconju-
gates that rapid increase of these molecules was correlated to the infection process
in M. truncatula (Jasinski et al. 2009). M. truncatula is also being used as a model
for alfalfa rust, incited by Uromyces striatus, and recently transcription factors
(TFs) differentially expressed in resistant vs. susceptible M. truncatula genotypes
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were profiled, with the resulting TFs mapped to chickpea using syntenic relation-
ships (Madrid et al. 2010). Susceptible and resistant closely related lines of
M. truncatula were assessed for TF expression following 6 and 12 h of bluegreen
aphid (Acyrthosiphon kondoi) infestation and bluegreen aphid-induced expres-
sion of a subset was correlated with a single dominant gene conferring resistance
to bluegreen aphids (Gao et al. 2010). Medicago is also susceptible to the soybean
pathogen P. pachyrhizi and serves as a model for infection by Puccinia emacu-
lata, the causative agent of switchgrass rust disease of switchgrass. Recently, a
forward screen for M. truncatula mutants resistant to P. pachyrhizi and P. emacu-
lata identified IRG1/PALM1, encoding a Cys(2)His(2) zinc finger transcription
factor that had been previously identified as controlling leaf morphology, as also
controlling leaf asymmetric epicuticular wax deposition, influencing fungal spore
differentiation (Chen et al. 2010; Uppalapati et al. 2012). Transcription profiling
in irgl/palml mutants identified many mis-regulated genes predicted to function
in wax/lipid biosynthesis (Uppalapati et al. 2012).

Resistance Against Nematodes

Root cyst and root knot nematodes are parasites that are among the world’s most
damaging crop pests. Soybean is an affected crop, and susceptible and resistant
lines of soybean have been assessed for transcriptional responses both to cyst
(Mazarei et al. 2011; Matsye et al. 2011; Klink et al. 2007a, 2010a, 2011; Ithal et al.
2007a, b; Puthoff et al. 2007) and root knot (Ibrahim et al. 2011) nematodes. Several
elegant experiments coupled laser capture microdissection with microarray analysis
in soybean resistant vs. susceptible lines or soybean near-isogenic lines differing at
a major quantitative trait locus for resistance to cyst nematodes (Kandoth et al.
2011; Klink et al. 2007b); other studies have also coupled laser capture microdissec-
tion with transcriptome analyses (Klink et al. 2009a, 2010b). Proteomic and meta-
bolic studies have also been done (Afzal et al. 2009). Together these studies
identified many differentially expressed soybean genes and proteins, especially
those associated with defense, in resistant lines compared to susceptible lines. Since
genes encoded by soybean cyst nematode are on the soybean gene chip, some stud-
ies have identified differentially regulated cyst nematode genes (Klink et al. 2009b;
Alkharouf et al. 2007). These identified genes are leading to new strategies for
breeding and genetic engineering of new soybean lines and cultivars that are resis-
tant to these damaging pathogens (Klink et al. 2009b; Alkharouf et al. 2007; Klink
and Matthews 2009; Wise et al. 2007). Root-knot nematodes infect other legumes
as well as soybean (Caillaud et al. 2008; Anderson et al. 2010; Wasson et al. 2009;
Quesenberry et al. 2008; Poch et al. 2007; Stirling et al. 2006; Davis and Mitchum
2005; Lohar and Bird 2003). Some of these interactions have been studied using
gene profiling using available gene chips from related legume species, for example,
using the soybean microarray to study root knot nematode induced gene expression
in cowpea (Vigna unguiculata) (Das et al. 2010).
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Tolerance to Abiotic Stresses

Legumes deal with many abiotic stresses, some of which are being investigated by
functional genomics approaches. Drought and salt stress are important abiotic
stresses affecting legume production in tropics. In a drought and salt stress study in
the model legume L. japonicus, metabolite profiling revealed gradual increases of
many soluble small molecules, that were compared to similar stress in forage
legume Lotus species. The results showed that only a few salt- and drought-
responsive metabolites were common in all species examined (Sanchez et al. 2012).
This is consistent with a similar transcriptomic and metabolomic study using model
and cultivated Lotus species showing many genotype-specific transcriptional and
metabolic changes but only a very small percentage of changes common to all species
profiled (Sanchez et al. 2011). Both of these studies suggest caution in interpreting
changes in gene expression and metabolites from only one species. An earlier study
showed evidence for conserved and divergent metabolic responses to salinity in
L. japonicus compared to two non-legume species (Sanchez et al. 2008a). A different
earlier study that profiled at the ionomic, transcriptomic and metabolomic levels in
L. japonicus during increasing salt stress suggested successive and global needs for
gene expression and metabolic pathway reprogramming for maintenance of osmotic
and ionic homeostasis (Sanchez et al. 2008b). TF profiling using quantitative
RT-PCR of M. truncatula root apexes showed several TFs with large fold expression
changes in salt stress conditions. A number of the TF genes also responded to other
abiotic stresses, suggesting that they may participate in a general stress response,
and thus are potential targets for mitigating stress (Gruber et al. 2009). The M. trun-
catula gene chip has been used to examine two alfalfa (M. sativa) varieties that
differ in their tolerance/sensitivity to drought. The study, which also included a
metabolomics analysis of the two varieties, showed differences in accumulation of
osmolytes as well as differential regulation of TFs and other regulatory proteins
between the two varieties, and thus it identified potential targets for improving
drought tolerance in alfalfa (Kang et al. 2011). The results are consistent with an
alfalfa leaf proteome study demonstrating that in drought conditions, plants invest a
large quantity of resources into osmolytes to maintain turgor (Aranjuelo et al. 2011).

Phosphate (P) stress is a serious problem for legumes: P deficiency can have
significant effects on N fixation, including nodule number and mass, nitrogenase
activity and N content (Tang et al. 2001; Olivera et al. 2004; Sa and Israel 1991; Le
Roux et al. 2006; Ribet and Drevon 1995; Vance et al. 2003). Functional genomic
studies are identifying mechanisms by which legumes deal with P stress and iden-
tifying potential targets that may be useful in the future to help alleviate symptoms
of P stress. Proteomic studies identified 44 P-starvation responsive proteins identi-
fied from soybean nodules and qRT-PCR verified that gene expression correlated
with some of the P-regulated proteins (Chen et al. 2011). A number of important
systems biology studies of P stress have been done in common bean, the most
important human dietary legume, that is frequently cultivated in areas that lack
sufficient P in the soil (Hernandez et al. 2007, 2009; Broughton et al. 2003; Graham
et al. 2006). These studies, as well as others conducted in non-legumes have led to
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the identification of genes and miRNAs important in regulating legume plants
response to P stress as well as other abiotic stressors (Valdes-Lopez et al. 2008,
2010; Hernandez et al. 2009).

Root Symbioses

The legume root symbioses with soil rhizobia, producing nitrogen-fixing root nodules,
and with mycorrhizal fungi, that help plants obtain nutrients from the soil, provide
examples where functional genomics has led to many breakthroughs. Transcript
profiling has identified many legume genes that are differentially regulated during
the symbioses (Fedorova et al. 2002; Colebatch et al. 2002, 2004; Benedito et al.
2008, 2010; Hogslund et al. 2009; El Yahyaoui et al. 2004; Mitra et al. 2004b;
Gomez et al. 2009; Liu et al. 2003, 2007; Guether et al. 2009; Hohnjec et al. 2005;
Deguchi et al. 2007; Manthey et al. 2004; Asamizu et al. 2005; Brechenmacher
et al. 2008; Mitra and Long 2004; Frenzel et al. 2005), including those encoding
microRNAs (Subramanian et al. 2008; Joshi et al. 2010; Devers et al. 2011;
Lelandais-Briere et al. 2009; Omrane et al. 2009; Simon et al. 2009; Zhai et al.
2011; Udvardi et al. 2007; Samac and Graham 2007). Transcript-based cloning has
helped to identify genes essential to nitrogen-fixing root nodule and mycorrhizal
root development, including a calcium calmodulin kinase CCaMK, the transcrip-
tion factor genes NSP2 and ERN, GmFWLI, associated with changes in chromatin
structure, and VAPRIN, controlling infection by both rhizobia and AM fungi
(Murray et al. 2011; Mitra et al. 2004b; Middleton et al. 2007; Libault et al. 2010c;
Kalo et al. 2005). Soybean root hair cells, a single cell type, have been subjected to
extensive functional analyses, including transcriptomics and metabolomics in the
basal state and in response to its rhizobial symbiont (Brechenmacher et al. 2010;
Libault et al. 2010a, c, d, ). These studies have led to the aforementioned essential
gene GmFWLI (Libault et al. 2010c), as well as the identification of a soybean
protein that has dual-localization in nodules (Libault et al. 2011). Transcript pro-
filing with legume mutants and with plants on which nodule-like structures have
been elicited have shown that there are discrete stages in the development of the
symbioses as well as identified mutants with developmental defects in specific
stages (Hogslund et al. 2009; Starker et al. 2006; Mitra and long 2004; Rightmyer
and long 2011; Moreau et al. 2011). Laser microdissection of symbiotic tissues
has revealed cell-type specific transcriptional responses (Guether et al. 2009;
Hogekamp et al. 2011; Limpens et al. 2013).

Perspectives

The rapid development of high-throughput technologies allowing the characterization
of genomic and transcriptomic, both protein coding and non-coding RNA sequences
as well as the establishment of proteome and metabolome profiles is revolutionizing
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Fig. 2.2 Whole-genome dot-plot of between M. truncatula (Jemalong-A17) and various legume
species: G. max (William82); L. japonicus (var. japonicus) and Cajanus cajan (pigeon pea). The x
and y-axis numbers represent the chromosomes from each species. Each dot highlights a macro-
synteny relationship between blocks of chromosome of the two species in comparision. Based on
their recent evolutionary divergence, M. truncatula and L. japonicus chromosomes share strong
syntenic relationships (purple circles) opposite to M. truncatula and C. cajan (blue circles). The
recent duplication of the soybean genome is leading to a more complex interpretation of the syn-
teny existing between G. max and M. truncatula (orange and red circles). Unanchored sequences
are indicated in the grey section of each figure. This figure was generated using the SynMap tool
available from the genome comparative platform CoGe (http://genomevolution.org/CoGe/)

legume functional genomics. Comparative genomic tools clearly highlight
macrosyntenic relationships between non-model and model plants (Fig. 2.2).
The synteny relationships existing between their genomes are directly correlated
by the fact that the entire pool of legumes selected for genome sequencing belongs
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to the Papilionoideae sub-family. Therefore, to enlarge our understanding of legume
evolution, the generation of draft genomes from legumes selected from the other
Mimosoideae and the Caesalpinoideae clades will be highly desirable. Among
them, Chamaecrista fasciculata, a mimosoid, represents an attractive model to better
understand legume evolution (Doyle 2011). First, in contrast to the four model
legumes members which belong to the papilionoid sub-family, C. fasciculata
genome did not undergo duplications events; thus C. fasciculata is expected to have
a simpler genome structure. Second, in contrast to other mimosoids species sharing
its clade, C. fasciculata is one of the nodulating mimosoids (Doyle 2011). Hence, it
is possible that nodulation originated in C. fasciculata independently from model
papilionoid legumes. Concomitant with this, translational genomics between
legume genomes and the development of molecular tools allowing the deep investi-
gation of gene function make legume functional genomics a very valuable strategy for
improving legume biology. However, epigenetic regulation of gene expression in
legumes, remain largely unexplored and will require immediate attention. A better
understanding of legume evolution through the sequencing of non-model legumes
including the genomes of related species can be expected to yield novel insights into
legume biology that will be able to be translated to crop legume improvement.
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Chapter 3
Advances in Soybean Genomics

Milind B. Ratnaparkhe, S.V. Ramesh, Giriraj Kumawat,
S.M. Husain, and Sanjay Gupta

Abstract Soybean is an agronomically important crop that is endowed with rich
seed protein and oil. It enriches the soil by fixing nitrogen through symbiosis with
bacteria. In addition to human consumption, soybean is a major protein source in
animal feeds and is also becoming a major crop for biodiesel production. A major
landmark in soybean genomics research was its draft genome sequence assembly
(cultivar Williams 82) following whole-genome shot gun (WGS) approach. It
revealed 950 Mb (megabases) of assembled and anchored sequence as against the
predicted 1,115 Mb genome consequently representing 85 % of the whole genome.
Development of comprehensive physical map employing chiefly Bacterial artificial
chromosomes (BAC) and Binary large-insert BAC clones (BIBAC) have assisted in
the whole genome sequencing venture and in targeted genetic marker development,
accelerating positional cloning approaches along with the generation of rapid and
robust EST maps. Comprehensive Expressed Sequence Tags (ESTs) repository and
genome sequence of the crop have helped in sound integration of physical map with
the genetic map. In order to perform genetic and genomic analysis various molecular
markers like RFLP, RAPD, AFLP, SSR, SNP etc. have been employed on RIL or F2
populations. In addition the genome is typified with single nucleotide polymor-
phisms (SNPs) and its utilization in molecular breeding applications like QTL map-
ping, positional cloning and association mapping studies is gaining impetus. QTLs
associated with foremost traits of agronomic interests including QTLs for Aphid
resistance, Soybean Cyst Nematode (SCN) resistance among others have been iden-
tified and validated. Further molecular marker assisted QTL introgression and gene
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pyramiding for traits like enhanced seed protein concentration and Soybean Mosaic
Virus (SMV) resistance, insect resistance etc. have been accomplished. Legume
comparative genomics using orthologous genomic regions have addressed queries
relating to Nucleotide binding-Leucine rich repeat (NB-LRRs) genes, polyploidy,
and genome evolution. In the soybean functional genomics arena, in addition to the
conventional assays involving qRT-PCR, Northern blotting, global gene expression
analysis like Serial analysis of gene expression (SAGE), microarrays kind strategies
are being widely employed. With the identification of micro RNAs (miRNAs) as
ultimate gene effector molecules identification and characterization of novel miR-
NAs in soybean is gaining a momentum. Thus the rapid development of soybean
genomics and transcriptomics has provided tremendous opportunity for the genetic
improvement of soybean.

Keywords Glycine max * Genome mapping * Genome structure ¢ Comparative
genomics ¢ Functional genomics ¢ Diversity ® Soybean genetics

Introduction

The legumes are critical in global agriculture, providing the majority of plant protein,
and more than a quarter of the world’s food and animal feed. Soybean (Glycine max
L. Merr.) is a member of the legumes, the third largest family of flowering plants.
It is a good source of both protein (40 %) and oil (20 %). In the international world
trade markets, soybean is ranked number one (53 %) among the major oil crops
such as rapeseed, groundnut (peanut), cottonseed, sunflower seed, linseed, sesame
seeds, and safflower. Soybean was domesticated in northeastern China about 2500
BC and subsequently spread to southern China, Korea, Japan, and other countries in
South-Eastern Asia. Soybean is a self-pollinated diploid and has a chromosome
number of 2n=4x=40. Taxonomically, soybean is classified in the legume family,
Leguminosae, subfamily Papilionoideae, tribe Phaseoleae, and genus Glycine.

Soybean Genome and Its Size

The genus Glycine contains two subgenera Soja and Glycine. Sub-genus Glycine
contains 26 perennial species which are geographically distributed in Australia.
Sub-genus Soja contains two species viz. max, a cultivated annual species and soja,
a wild annual species (Table 3.1). Genetic diversity in genus Glycine is covered in
great detail by Ratnaparkhe et al. (2011). Goldblatt (1981) has reported that the base
number for Phaseoleae is almost certainly x=11 and aneuploid reduction to x=10 is
prevalent throughout the Papilionoideae including genus Glycine. However,
Darlington and Wylie (1955) proposed an x=10 basic chromosome number for the
cultivated soybean. Based upon these views and on recent taxonomic, cytological
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Table 3.1 List of subgenus, species, 2n number, genome symbol and distribution of genus Glycine

Geographic
S.no.  Species 2n  Genome distribution
Subgenus Glycine
1. G. albicans Tind. And Craven 40 1 Australia
2. G. aphyonota B. Pfeil 40 Iz Australia
3. G. arnarea Tind. 40 H Australia
4. G. argyrea Tind. 40 A, Australia
5. G. canescens F. J. Herman 40 A Australia
6. G. clandestina Wendl. 40 A, Australia
7. G. curvata Tind. 40 C Australia
8. G. cyrtoloba Tind. 40 C Australia
9. G. falcate Benth. 40 F Australia
10. G. gracei B. E. Pfeil and Craven 40 ? Australia
11. G.hirticaulis Tind. and Craven 40 H, Australia
80 7
12. G. lactovirens Tind. and Craven 40 1, Australia
13. G. latifolia (Benth.) Newell and Hymowitz 40 B, Australia
14. G. latrobeana (Meissn.) Benth. 40  A; Australia
15. G. microphylla (Benth.) Tind. 40 B Australia
16. G. montis-douglas B. E. Pfeil and Craven 40 ? Australia
17. G. peratosa B. Pfeil and Tind. 40  As Australia
18. G. pescadrensis Hayata 80 AB, Australia
19. G. pindanica Tind. and Craven 40 H, Australia
20. G. pullenii B. Pfeil 40 H; Australia
21. G. rubiginosa Tind. and B. Pfeil Ay Australia
22. G. stenophita B. Pfeil and Tind. 40 B, Australia
23. G. syndetika B. Pfeil and Craven. 40 A¢ Australia
G. dolichocarpa Tateishi and Ohashi 80 DA Taiwan
24, G. tabacina (Labill.) Benth. 40 B, Australia
80  Complex
25. G. tomentella Hayata 38  Complex  Australia
40  Complex
78  Complex
80
Subgenus Soja
26. G. soja Sieb. and Zucc. 40 G China, Japan, Korea,
Russia, Taiwan
27. G. max (L.) Merr. 40 G Cultigen

Source: Ratnaparkhe et al. (2011)

and molecular systematic research on the genus Glycine and allied genera, it has
been hypothesized that soybean genome is the product of a diploid ancestor (n=11),
which underwent aneuploid loss (n=10) and polyploidization (2n=40) (Singh
and Hymowitz 1988; Blanc and Wolfe 2004). Based on the chromosomal evidences
it has been inferred that polyploidization event was most probably an allopolypoly-
ploidization event (Gill et al. 2009). Two genome duplications or hybridizations may
have occurred (Blanc and Wolfe 2004; Shoemaker et al. 1996, 2002; Tian et al. 2004)
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and the duplicated regions might have been segmented and reshuffled (Grant
et al. 2000; Yan et al. 2003). Soybean (Glycine max L. Merr.) has a genome size of
1.1-1.115 Gb (Arumuganathan and Earle 1991; Schmutz et al. 2010).

The soybean genome is a largest of plant genome, thus far, that underwent
sequencing following WGS approach and the outcome match up to all the high
quality WGS sequenced plant genomes. The uncovering of draft genome sequence
assembly of soybean cultivar Williams 82 following whole-genome shot gun (WGS)
approach by Department of Energy-Joint Genome Initiative (DOE-JGI) revealed
950 Mb (megabases) of assembled and anchored sequence as against the predicted
1,115 Mb genome thus representing 85 % of the whole genome (Schmutz et al.
2010). Consequently the size of the genome is significantly larger than the genomes
of grapes (505 Mb), Arabidopsis (157 Mb), rice (389 Mb), and poplar (485 Mb) and
to some extent comparable in size to pigeonpea (833.07 Mb) and tomato (900 Mb)
genomes. The soybean genome sequence information has been assembled on to the
397 sequence scaffolds of 20 chromosomes representing the 20 linkage groups of the
crop. With the aid of high density genetic maps comprising SNPs (4,991), SSRs (874)
among others, the order and orientation of the scaffold placements were accom-
plished. All of the 397 sequence scaffolds, excluding 20, have been oriented unequiv-
ocally on the chromosomes. The assembly features also discloses that the unoriented
scaffolds are part of repetitive regions of the genome which are ascribed with low or
no recombination frequency and scanty availability of genetic markers.

A striking feature of the soybean genome is that 57 % of the genomic sequence
occurs in repeat-rich, low-recombination heterochromatic regions surrounding the
centromeres. The average ratio of genetic to-physical distance is 1 ¢cM per 197 kb in
euchromatic regions, and 1 cM per 3.5 Mb in heterochromatic regions. These propor-
tions are similar to those in sorghum, in which 62 % of the sequence is heterochro-
matic, and different than in rice, with 15 % in heterochromatin. Ninety-three percent
of the recombination occurs in the repeat-poor, gene-rich euchromatic genomic region
that only accounts for 43 % of the genome. Nevertheless, 21.6 % of the high confi-
dence genes are found in the repeat- and transposon-rich regions in the chromosome
centres. Schmutz et al. (2010) have identified 46,430 high-confidence protein-coding
loci in the soybean genome, using a combination of full-length complementary DNAs,
expressed sequence tags, homology and ab initio methods. Another, 20,000 loci were
predicted with lower confidence; this set is enriched for hypothetical, partial and/or
transposon-related sequences, and possess shorter coding sequences and fewer introns
than the high-confidence set. Of the 46,430 high-confidence loci, 34,073 (73 %) are
clearly orthologous with one or more sequences in other angiosperms, and can be
assigned to 12,253 gene families. A combination of structure-based analyses and
homology-based comparisons identified 38,581 repetitive elements, covering most
types of plant transposable elements (Schmutz et al. 2010). These elements, together
with numerous truncated elements and other fragments, make up 59 % of the
soybean genome. Long terminal repeat (LTR) retrotransposons are the most abun-
dant class of transposable elements. The intact element sizes range from 1 to 21 kb,
with an average size of 8.7 kb. Of the 510 families containing 14,106 intact elements,
69 % are Gypsy-like and the remainder Copia-like.
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Comprehensive annotation of the genome disclosed the presence of 32,370
LTR-retrotransposons, 182 LINEs and 6,029 DNA transposons (Du et al. 2010).
Besides the list of transposons is endless with the new and unique TE is discovered
aftermath of the re-sequencing of the some soybean germplasm lines by Lam et al.
(2010). The re-sequencing project also throws light on the soybean population sta-
tistics parameter linkage disequilibrium (LD), wherein high LD is detected in both
the cultivated and wild genotypes of soybean (Lam et al. 2010). Thus the high LD
attribute of soybean genome makes the marker assisted breeding a less challenging
breeding method whereas it exerts a limit on QTL mapping or association studies.
Nevertheless the newly identified 205,614 tag SNPs (Single nucleotide polymor-
phisms) may be supportive for these population genetics studies (Lam et al. 2010).
The analysis on the soybean genome also revealed that it is exemplified by the pres-
ence of large effect single nucleotide polymorphisms (SNPs) and hence the higher
non-synonymous to synonymous mutation ratio (Non-syn/Syn) thereby paving way
for rapid accumulation of deleterious mutations (Lam et al. 2010).

Genomic Resources

The resources for soybean genomics are aplenty online for the benefit of soybean
research community as enumerated in Table 3.2.

Mapping Populations

Various mapping populations in soybean have been developed independently based
upon the interests and needs of individual researchers, i.e., the degree of polymor-
phism required and specific agronomic traits for analysis. F, populations or recom-
binant inbred lines (RILs) have been employed for the construction of linkage maps
in soybean. Genetic markers often show polymorphism in one population but not in
another population, which hinders the efficient use of the developed markers. While
interspecific mapping populations contributed enormously to the saturation of the
soybean linkage map, intraspecific linkage maps have also been developed.

Molecular Markers

In order to perform genetic and genomic analysis of the soybean genome, various
types of molecular markers have been developed and utilized. The first report of
utilization of molecular markers in soybean began with the application of restriction
fragment length polymorphism (RFLP) for the assessment of molecular genetic
diversity of the soybean nuclear genome (Apuya et al. 1988). Subsequent marker
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analysis employed RFLP, random amplified polymorphic DNA (RAPD), amplified
fragment length polymorphism (AFLP), simple sequence repeats (SSRs) and single
nucleotide polymorphisms (SNPs). Apuya et al. (1988) analyzed randomly chosen
300 RFLP probes in genomic DNA of the genetically distant cultivars Minosy and
Noir 1. One in five probes revealed a polymorphism, more than half of these poly-
morphisms appear to result from rearrangement of the genomic DNA. Twenty seven
markers were analyzed for linkage in F, plants and eleven of these markers were
present in four linkage groups. Subsequently RFLP markers were used extensively
for genetic diversity analysis (Keim et al. 1989, 1992; Skorupska et al. 1993;
Lorenzen et al. 1995) and linkage mapping (Keim et al. 1990, 1997; Diers et al.
1992a; Lark et al. 1993; Akkaya et al. 1995; Shoemaker and Specht 1995; Mansur
et al. 1996; Cregan et al. 1999; Ferreira et al. 2000; Yamanaka et al. 2001; Lightfoot
et al. 2005) until SSR and SNP markers have become popular. Owing to simple
method of detection and no prior knowledge of DNA sequence requirement, RAPDs
were also used extensively by soybean geneticists, mainly for germplasm classifica-
tion (Thompson et al. 1998; Brown-Guedira et al. 2000; Li and Nelson 2002). A large
number of AFLP markers were also utilized for linkage map construction in soybean
(Keim et al. 1997; Matthews et al. 2001).

The discovery and use of SSR markers in human (Litt and Luty 1989; Tautz 1989;
Weber and May 1989) and other mammalian systems (Dietrich et al. 1994) prompted
the soybean scientists to use SSRs in soybean. Indeed, the first report of SSR allelic
variation and their use as marker system in plant species appeared from soybean
(Akkaya et al. 1992; Morgante and Olivieri 1993). The early studies on SSR polymor-
phism revealed very high level of allelic variation in cultivated and wild soybean geno-
types (Maughan et al. 1995; Morgante et al. 1994; Rongwen et al. 1995). Akkaya et al.
(1995) first time developed 40 SSRs and integrated them to soybean linkage map.
Subsequently, Cregan et al. (1999) developed a large set of SSRs and mapped 606 SSR
loci in one or more of the three mapping populations to develop an integrated linkage
map. Song et al. (2004) developed 420 new SSRs from ESTs, BAC-end sequences and
genomic libraries, and added them to the soybean integrated linkage map developed by
Cregan et al. (1999). Hisano et al. (2007) developed SSR markers using publically
available EST sequence information. A total of 6,920 primer pairs were designed to
amplify SSRs from 63,676 non redundant soybean ESTs. As a result, 668 EST-derived
marker loci were mapped on soybean linkage map. With the advancement of sequenc-
ing technologies and availability of more and more sequence information, develop-
ment and use of SSRs increased greatly in soybean. The availability of BAC-end
sequence facilitated development of comprehensive sets of SSRs leading to integration
of physical map with genetic map (Shultz et al. 2007; Shoemaker et al. 2008). Recently,
utilizing the whole genome sequence, a soybean SSR database (BARCSOYSSR_1.0)
containing genome position and primer sequences for 33,065 SSRs was developed
by Song et al. (2010). This genome wide SSR database is effective in providing
informative SSRs at any genomic position required for fine mapping to identify the
position of a causative gene as well as for marker assisted selection.

SNPs provide an abundant source of DNA polymorphism in comparison to
SSRs, thereby improving the success rate in a diversity of applications including
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QTL mapping, positional cloning, association analysis and determination of genetic
relatedness among individuals. To determine SNP frequency in coding and noncoding
regions of soybean genome, approximately 28.7 kbp of coding sequence, 37.9 kbp
of noncoding perigenic DNA, and 9.7 kbp of random noncoding genomic DNA was
sequenced in 25 diverse soybean genotypes by Zhu et al. (2003). The nucleotide
diversity (6) observed was 0.00053 and 0.00111 in coding and in nocoding peri-
genic DNA, respectively, whereas combined nucleotide diversity of whole sequence
analyzed was 0.00097. Squared allele frequency correlations (7?) among haplotypes
at 54 loci with two or more SNPs indicated low genome wide linkage disequilib-
rium. Choi et al. (2007) identified SNPs via the resequencing of sequence-tagged
sites (STSs) developed from EST sequences. From an initial set of 9,459 STS prim-
ers designed to a diverse set of genes, 4,240 STSs were amplified and sequenced in
six diverse soybean genotypes. In the total 2.44 Mbp of aligned sequence, a total
of 5,551 SNPs were discovered, including 4,712 single-base changes and 839
indels resulting in an average nucleotide diversity of 6=0.000997. Exploiting these
SNPs a total of 1,141 genes were placed on the genetic map by virtue of a SNP
segregating among one or more RIL mapping populations, thus constructed a tran-
script map in soybean.

Hyten et al. (2008) developed a multiplex assay of 384 SNPs designated as soy-
bean oligo pool all-1 (SoyOPA-1), for genotyping in the complex genome of soy-
bean. This custom 384-SNP GoldenGate assay was designed using SNPs discovered
through resequencing of five diverse accessions. SNP allelic data were obtained for
342 of the 384 SNPs in SoyOPA-1 with success rate of 89 %. In order to develop
more SNPs Hyten et al. (2010a) sequenced a total of 3,268 SNP-containing robust
STS in six diverse genotypes, resulting in identification of 13,042 SNPs with an aver-
age of 3.5 SNP per polymorphic STS. These SNPs along with 5,551 SNPs discov-
ered by Choi et al. (2007) were used to design two Illumina custom 1,536 SNP
GoldenGate assays designated as SoyOPA-2 and SoyOPA-3. A set of 1,536 SNPs
from the 3,456 SNPs present in three SoyOPAs was selected to include sufficient
polymorphic SNP markers distributed throughout the genome that could be used for
most of the QTL mapping applications. This set of 1,536 SNPs GoldenGate assay
was designated as Universal Soy Linkage Panel 1.0 (USLP1.0). Hyten et al. (2010b)
sequenced a reduced representation library of soybean to identify SNPs using high
throughput sequencing methods. A total of 7,108-25,047 SNPs were detected by
using multiple SNP detection methods. A total of 1,536 SNPs were selected
from this pool of 7,108 SNPs to create an Illumina GoldenGate assay (SoyOPA-4).
The SoyOPA-4 produced 1,254 successful GoldenGate assays indicating a validation
and assay conversion rate of 81.6 % for the predicted SNPs. Chaisan et al. (2010) used
335,857 publically available ESTs derived from 18 genotypes for EST clustering and
In silico SNP identification. A total of 3,219 EST contigs were established based on
three to nine genotypes and a total of 26,735 SNPs were identified. The confirmation
of In silico identified SNPs by Sanger sequencing yielded 15.7 % accuracy rate
between two cultivars Williams 82 and Harosoy. These studies resulted in development
of large number of SNP markers in soybean which could be utilized for mapping of
complex traits as well as molecular breeding applications.
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ESTs and Functional Markers

A simple and efficient method for identification of the expressed genes in an organism
is random sequencing of gene transcripts also called as expressed sequence tags
(ESTs). ESTs are crucial resource for genome annotation, and provide useful infor-
mation about gene structure, alternative splicing, expression patterns and transcript
abundance (Umezawa et al. 2008). In soybean, even before the start of the whole
genome sequencing project, large-scale EST-sequencing projects were undertaken,
and a large number of ESTs have become available. Presently, the soybean research
community possesses a collection of more than 14,00,000 EST sequences (http://
www.ncbi.nlm.nih.gov/dbEST/). These ESTs were obtained from cDNA libraries
prepared from tissues representing a wide range of plant developmental stages,
organs, genotypes, and biotic and abiotic challenges (Shoemaker et al. 2002; Umezawa
et al. 2008; Sha et al. 2012). This EST collection represents a large resource of publicly
available genic sequences and provides valuable insight into structure, function and
evolution of this model crop legume (Shoemaker et al. 2003). EST resources have been
also used in applied aspects like functional genomics studies by developing cDNA
arrays, and by exploiting them in the development of molecular markers. Using auto-
mated procedures, ESTs and full-length mRNA sequences from characterized genes
are partitioned into sets, or “clusters,” that are very likely to represent distinct genes.
Such cluster sequences are called as “unigenes” which are used to select reagents for
large-scale gene mapping and gene expression studies (Schuler 1997). The recent clus-
tering of ESTs in NCBI database (UniGene Gma build 42) contain 35,982 unigenes
developed by clustering of 13,54,263 ESTs (http://www.ncbi.nlm.nih.gov/UniGene/
UGOrg.cgi?TAXID=3847).

Among the popular molecular markers that can be developed from ESTs or
unigenes are simple sequence repeats (SSRs), single-nucleotide polymorphisms
(SNPs) and conserved orthologous sets of markers (COSs). Putative functions can
be deduced for the markers derived from ESTs or genes using homology searches
with existing databases. Therefore, molecular markers generated from gene
sequence data are known as “functional markers” (FMs) (Varshney et al. 2000).
Excellent examples of development of functional SNP markers were reported in
two vegetable type soybean cultivars for fragrance alleles of GmBADH2 gene
(Juwattanasomran et al. 2011, 2012). Lipoxygenases are the enzymes responsible
for the development of unpleasant flavors in foods containing soybean by oxidation
of polyunsaturated fatty acids. Soybean seeds contain three lipoxygenase (Lox)
enzymes that are controlled by separate genes, Lox/, Lox2 and Lox3. Genetic studies
demonstrated that the absence of each enzyme is under the control of three null
alleles, lox1, lox2 and lox3, which are inherited as simple recessive alleles. Perfect
molecular marker assays were designed to distinguish mutant from wild type alleles
for LoxI, Lox2 and Lox3 genes which showed a complete association between the
inheritance of homozygous lox mutant alleles and the lack of lipoxygenase activity
(Lenis et al. 2010). Gillman et al. (2009) have identified recessive mutations in two
soybean homologs of the maize Ipal gene in soybean line CX1834, a mutagenized
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line with a low phytic acid phenotype and consequently developed functional
marker assays for Ipal and Ipa2 genes that can be used to directly select for the
mutant alleles that control the phenotype.

Reducing the saturated fatty acid concentration in soybean oil is required to reduce
the risk of coronary heart disease. The primary focus of modifying the saturated fatty
acid profile has been on reducing the palmitate concentration. The mutant alleles asso-
ciated with a decrease in palmitate concentration in soybean seed oil result from muta-
tions in the fatty acid thioesterase B (FAT B) enzyme; specifically the 16:0-ACP
thioesterase enzyme (16:0-ACP TE). DNA sequence analysis of GmFATBIa, the
major 16:0-ACP TE gene of soybean, revealed a single nucleotide polymorphism
(SNP) resulting in single amino acid substitution that is likely to be detrimental to
enzyme function. A functional marker based on SimpleProbe molecular marker
assay was developed for SNP detection in GmFATBIa gene, which will be useful
for selection of low palmitate genotypes (De Vries 2011).

BAC Libraries

In soybean, several BAC libraries have been developed from different genotypes.
These soybean BAC libraries have been developed with different objectives including
general genomic research as well as specifically for cloning of disease and insect
resistance loci. Various important characteristics and purposes of the selected
soybean BAC libraries are summarized in Table 3.3. These libraries will provide a
good resource for positional cloning of agronomical and biologically important
QTL genes that the representative genotype possesses. Moreover, the ability to
introduce large insert DNA clones into plant cells (Hamilton et al. 1996) provided
new avenues for functional genomics, genetic engineering of complex loci and the
assembly of several unlinked genes into a single locus. Therefore, BAC vectors are
designed for cloning large fragments that might contain a gene cluster or an intact
locus which may be useful for plant transformation and functional analysis (Meksem
et al. 2000a, b). BAC libraries constructed from various cultivars with different back-
grounds are very useful, because not all genes necessarily exist in one germplasm
(Xia et al. 2005). For example, the resistance genes, rhgl and Rhg4, to the soybean
cyst nematode were isolated by positional cloning from a Forrest BAC library.
Zhu et al. (2009) constructed a unique soybean BAC library derived from a soybean
genotype PI 229358 that carries defoliating insect-resistance alleles. This library
should be useful for the map-based cloning of the major insect resistance quantita-
tive trait loci (QTL), QTL-M, and other insect-resistance QTLs from as well. BAC
libraries have also been constructed for G. soja, G. syndetika, G. canescens, G.
stenophita, G. cyrtoloba, G. tomentella, G. falcata, and the polyploid, G. dolicho-
carpa. All libraries are publicly available through the Arizona Genome Institute and
are part of an NSF Plant Genome project to leverage diversity within the genus
Glycine.
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Table 3.3 Characteristic features of soybean BAC libraries

Soybean Number of Average insert Purpose of BAC

S.no. cultivar used BAC clones size (kbp) library construction References
1 Williams 82 40,000 150 Genomic research Marek and Shoemaker
(1997)
2 Faribault 30,720 120 Cloning SCN* Danesh et al. (1998)
resistance gene
3 Williams 82 45,000 105 CloningRpsi-k gene Salimath and
Bhattacharyya (1999)
4 PI 437654 73,728 136 Cloning SCN Tomkins et al. (1999)
resistance gene
5 A3244 206,592 148 Genomic research Tomkins et al. (2000)
6 Forrest (two 38,400 125 Genomic research,  Meksem et al. (2000b)
libraries) SCN and SDS®
resistance
7 Forrest 38,400 157 Genomic research Wu et al. (2004b)
8 Misuzudaizu 53,760 116 Genomic research Xia et al. (2005)
9 PI 229358 55,296 131 Insect-resistance QTL  Zhu et al. (2009)

4SCN soybean cyst nematode
5SDS sudden death syndrome

Physical Mapping

Availability of genomic clone libraries with large DNA inserts is one of the essential
requirements for plant genome analysis, primarily for physical mapping, gene isola-
tion, and gene structure and function analysis. Various cloning vectors have been
extensively used in generating genomic libraries with large DNA inserts. The bacterial
artificial chromosome (BAC) vectors have been used widely for generating genomic
DNA libraries in economically important crop plants including soybean. Development
of BAC libraries is considered as critical step towards physical mapping and positional
cloning of important genes.

Physical Map

The genome wide physical maps are an important platform for the genomic researches
in an economically important crop like soybean. Besides assisting in the whole
genome sequencing venture it facilitates the researchers in different applications like
targeted genetic marker development, accelerates positional cloning approaches and
rapid and robust EST mapping as well. The physical map generation of soybean was
initiated with the development of early genetic maps characterized by the even distri-
bution on the whole genome of the crop. Yeast artificial chromosomes (YAC) were
initially developed with a view to utilize the resource for chromosome walking and
in situ hybridization (Zhu et al. 1996). Bacterial artificial chromosome (BAC)
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libraries covering the whole soybean genome were generated by early genomic
researchers (Marek and Shoemaker 1997; Danesh et al. 1998; Tomkins et al. 1999;
Salimath and Bhattacharyya 1999; Meksem et al. 2000a). Notwithstanding the small
size of the predicted soybean genome, when compared with other organisms for
which whole genome physical maps have been developed, the endeavor was an over-
whelming task considering the fact that the genome underwent large scale duplica-
tions twice ~59 and 13 million years ago (mya), respectively (Shoemaker et al. 2006;
Schmutz et al. 2010 ). In consequence the soybean is a paleopolyploid genome, typi-
fied by duplication and diploidisation, resulting in highly replicated genome and thus
has on average of 2.55 duplicated segments (Shoemaker et al. 1996). Nevertheless,
BAC libraries encompassing variety of genotypes in combination with diverse
enzymes, have led to the development of early physical contigs (Marek and
Shoemaker 1997). Efforts were made to develop physical map of soybean genome
on a regional level using BAC based libraries but the map could possibly cover only
20 % of the genome (Meksem et al. 2001). It was followed by the construction of
genome-wide physical map utilizing 78,001 BAC and Binary large-insert BAC
clones (BIBAC clones) representing 9.6 haploid genomes and three cultivars of soy-
bean (Wu et al. 2004a). The map comprises 2,905 BAC/BIBAC contigs, estimated
to embody 1,408 Mb in physical length thus pointing towards the overlapping
nature of the contigs employed in the generation of the map. Greater proportion of
the physical map was anchored to the genetic map with the support of RFLP and
SSR markers available by then (Wu et al. 2004a). A physical map of soybean cultivar
Williams 82 was in place that was generated from 67,968 BAC clones from a BsfY 1
library and 40,320 clones from a Hind III library (http://soybeanphysicalmap.org).
The physical map was developed using high information content fingerprint
(HICF) approach (Luo et al. 2003; Warren and The Soybean Mapping Consortium
2006) with the BAC clones assembled in to 1,893 contigs and around 3,000 singletons
(http://www.soybase.org). Furthermore in a quest to develop well developed physi-
cal map, overlaid on to a sequence based genetic map, SSR markers derived from
BAC ends sequence (BES) were mapped and integrated in to the physical map to
improve its quality (Shoemaker et al. 2008). Despite the complexity of the soybean
genome six dimensional BAC clones pools were employed to demonstrate the
anchoring of genetic markers to the soybean BAC clones (Wu et al. 2008). The 6-D
pool screening endeavor resulted in anchoring of 1,470 markers (580 SSRs and 890
STSs) on a Bst Y I BAC library generated from cultivar Williams 82. The physical
framework comprises more than 7,000 BAC clones, anchored employing 1,470
markers, representing the complete genome (Wu et al. 2008). On the parallel lines
soybean unigene sets from NCBI were computationally anchored to Williams 82
BAC end sequences (BES) resulting in anchoring of additional 305 contigs thereby
complementing 1,184 anchored contigs achieved through 6-D pool screening efforts
(Wu et al. 2008). Thus the physical framework was accomplished by associating the
contigs to the molecular markers which in turn was achieved by finger printing of the
BAC clones through overgo hybridization, RFLP hybridization and SSR amplifica-
tion (Song et al. 2004; Choi et al. 2007). Thus the soybean physical map has been
updated to the final version (Oct 2008) with the contribution from 86,524 soybean
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BACs as well as HICF fingerprints from 37,658 BACs (http://soybeanphysicalmap.
org). The soybean physical map is made available public under Soybean Breeders
Toolbox (SBT) set up in soybase website (http://www.soybase.org) for the greater
benefit of research community.

Whole Genome Sequencing and Data Mining

Soybean genome sequencing project was accomplished by US Department Of
Energy-Joint Genome Initiative (DOE-JGI)-Community Sequencing Program (CSP).
The endeavor was carried out by traditional Sanger’s method by whole genome shot-
gun sequencing approach where in the entire genome is randomly sheared, subcloned
and sequenced redundantly. The strategy is a preferred method of choice owing to its
relative ease, cost-effectiveness and rapidity. The present genome sequence assembly
made available public is a first chromosome scale assembly and termed as Glyma-1.0.
This reveals approximately 950 Mb genome of expected 1,115 Mb assembled on to 20
chromosomes of the crop. The chromosome scale assembly was generated by employ-
ing assembler Arachnae 2, suitable for repetitive genomes like soybean, at JGI-Stanford
Human Genome Centre. Then integration of sequence information with the genetic
and physical maps already available to obtain glymal reads were carried out at the
University of Minnesota (http://www.phytozome.net/soybean). The protein coding
regions have been predicted to be 66,153, of which over 46,000 genes are predicted
with high confidence level (Schmutz et al. 2010). Thus with reference to the “gene
space” the assembly is complete in all aspect as comparisons with EST database on
soybean revealed the 98 % coverage of the protein coding genes. In terms of accu-
racy the Glyma 1 is highly accurate in the genic regions as EST sequences matches
exactly with the assembled genome sequences. Moreover any discrepancies that
arise between the shot-gun assembly and the studies based on physical or genetic
maps have been eradicated manually to make the Glyma 1 error free with respect to
large scale genome structure of soybean (Schmutz et al. 2010).

Glyma.l gene set was prepared employing homology based computational
prediction algorithms like GenomeScan from Chris Burge and FgenesH predictions
provided by Asaf Salamov at JGI, along with the PASA program to integrate
soybean ESTs. Peptides from other flowering plants, TIGR legume EST data base
were used and aligned with soybean genome data to obtain the gene rich regions.
The resultant regions were fed in to the gene prediction algorithms to find putative
genic regions. The homologous regions were integrated with EST sequences using
PASA program (Haas et al. 2003).

The genome sequence data and gene annotation of soybean, among other 30
green plants, is housed in Phytozome v8.0 database (http://www.phytozome.net/)
which is a joint project of the Department of Energy’s Joint Genome Institute and
the Center for Integrative Genomics along with the University of California. It provides
access to genes and gene families either by keyword based search or sequence simi-
larity based programs like BLAST and BLAT (BLAST like Alignment Tool).
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The sequence analysis via shared functional domain or consensus sequence similarity
enables the study on the evolutionary history of each gene family and identification
of the closely linked gene families. Gbrowser in the database facilitates EST align-
ments, utility of VISTA tracks that helps in assessing the extent of nucleotide
conservation in related plant genera. The Biomart-open source data retrieval software
allows the research community to download complete data from phytozome.

Genetic Mapping

An accurate and well-saturated genetic linkage map is fundamental to modern
plant genetics and breeding. A genetic map allows the identification of genomic
loci controlling an agronomic trait, including quantitative trait loci, and an under-
standing of genetic diversity and genome structure of genetic resources.
Furthermore, such a linkage map is required for anchoring of a physical map. The
first report of construction of genetic linkage map in soybean using molecular
markers was published by Keim et al. (1990) (Table 3.4). Using a F, population of
59 plants derived from a cross between A81-356022 x Glycine soja (P1468916)
(A xPI), a total of 150 RFLP markers were mapped on soybean genome. The map
contains 26 linkage groups covering 1,200 cM length. Subsequently, a large num-
ber of RFLP markers were added to soybean linkage map by Diers et al. (1992a),
Lark et al. (1993), Akkaya et al. (1995), Shoemaker and Specht (1995), Mansur
et al. (1996), Cregan et al. (1999), Ferreira et al. (2000), and Yamanaka et al.
(2001) (Table 3.4). Later on, RAPD and AFLP markers were also utilized for
genetic mapping in soybean (Ferreira et al. 2000; Keim et al. 1997; Matthews
et al. 2001) (Table 3.4) until SSRs and SNPs become popular and marker of
choice. Keim et al. (1997) mapped a total of 650 AFLP loci in the 42 RILs of the
cross PI437654 x BSR101. Ferreira et al. (2000) mapped 106 RAPD markers in
the same mapping population along with 250 RFLP markers. Matthews et al.
(2001) mapped a total of 105 AFLP markers in a F, population of 149 plants
derived from cross Noir 1 x BARC-2.

The high level of polymorphism combined with the random distribution in
genome as well as their single locus nature and simple method of detection suggested
that SSRs were excellent complement to RFLP markers for use in soybean genetics,
genomics and breeding research (Cregan 2008). Akkaya et al. (1995) first time
mapped 34 SSRs and integrated them to soybean RFLP linkage map of an aF, popu-
lation derived from cross Clark x Harosoy (Table 3.4). Subsequently, Cregan et al.
(1999) mapped 606 SSR loci in one or more of the three mapping populations to
develop an integrated linkage map (Table 3.4). These three different mapping popu-
lations were: the USDA/Iowa State G. max x G. soja F, population, the Univ. of Utah
Minsoy x Noirl (M xN) recombinant inbred population, and the Univ. of Nebraska
Clark x Harosoy F, population. Each SSR loci mapped to a single genomic location
with map order essentially identical in all three populations. This integrated linkage



57

3 Advances in Soybean Genomics

(80102) T8 30 Uk 96T°CT  TOL'E  900°T #99  00S°S suone[ndod opdnny
(6007) Te 3o Suemy YT 0181 018°1 suone[ndod sy
(L00?) e 30 1Y) 68€T  19€°1 €86 v €9 T86'C suone[ndod apdnny
(¥007) Te 1o Suog ¥TST SI0°T 9 €L 60L  €08°1 suone[ndod apdnn sdew snsuasuo)
(Q0102) 'Te 30 ukH LES'T  06LT 06L°1 ST by 91689 Id X T8 SWeI[[IM
(S007) "Te 10 10013yS1] €C8°C 90¢ 06 I LEE ST 001 1SOLIO] X X3SSH
(1002) "T& 10 SMIYNB 00t'1 ST SO1 L1 6€ 981 syuerd f 641 7-DYVAX [ JION
(L00T) 'Te 30 ouesIH 00L°C 6C8 SoT1 S¢6 ST t6 £0S Suon
(1002) 'T& 30 eeuRWEX 606C 96 I 10t 861 sjue[d &1 061 ~ MOPIYSOJN X NZIepnznsIjy
(0002) Te 3o nry €IL'E €¢ w 9 001 LET STY 88 9 unuury x4 uousuey)
(0007) "Te 10 elro1d SLT'E 901 0S¢ 96¢ ST T
(L661) Te 10 wiay] Ivb'e 059 ST S91 0t8 ST T 10€4SI X ¥S9LEYId
(6661) 'T& 19 UB3a1) L8LT 6¢¢ 1 69 S6 14l syue[d & 16
(S661) Te 10 ehexply 981 € 12 08 811 syuerd & 16
(S661) IEWwa0yS $00°T € 08 €8 sjue[d &g 26 saurjost KosoreH xIe[)
(6661) Te 10 uegar) €IvT 487 60T 129 ST 0%
(9661) "Te 10 Insuey 186°1 I ¥ S9T ST 042
(€661) Te 10 y1e] 1661 (43! el sor[Iwey £ 69 [ JToN x Kosuty]
(6661) 'T& 19 ue3a1) €00°¢ 98t 1 01 10S  800°1 syue[d & 65
(S661) IeWwa0yS €LY'T 01 86¢ 89¢ syue[d & 65
(az661) T 12 s11q LYTT 8¢T 8¢T syue[d & 66
(0661) Te 10 wiay| 00T°1 0S1 0S1 swue[d 1 66 9168971 X TTO9SE- 18V
SQOUAIRJOY (JND) Yi3uo| dANS dSS  d1dV dadvd dJdTId o]  odA pue ozis uonendod  pasn uonendod Surddey

dewr onjouan)

("ON) pasn Iorew YN Jo sadA, 4O ON

ueaqAos ur padojoasp sdew 95exul] Je[nodjoul Jo Arewuins v 4°¢ d[qel,



58 M.B. Ratnaparkhe et al.

map consists a total of 1,423 marker loci including 606 SSRs, 689 RFLPs and 26
classical loci aligned into 20 sets of linkage groups. Song et al. (2004) mapped 420
new SSRs and added them to the soybean integrated linkage map developed by
Cregan et al. (1999) to construct a new integrated genetic linkage map (Table 3.4).
Using one or more of the three mapping populations used by Cregan et al. (1999)
as well as two additional RIL populations from Univ. of Utha; Minsoy x Archer
(M x A) and Archer x Noir 1 (A xN), a consensus map was developed using JoinMap
software. This new integrated genetic map covers 2,523.6 cM of map distance across
20 linkage groups that contained 1,849 markers, including 1,015 SSRs, 709 RFLPs,
73 RAPDs, 24 classical traits, six AFLPs and ten isozymes (Table 3.4). Later on,
additional SSR markers were mapped on soybean genome by Shultz et al. (2007) and
Shoemaker et al. (2007), to fill the large gaps and to anchor genetic maps with physi-
cal map (Table 3.4).

Expressed sequence tag (EST)-derived SSRs are particularly popular because
they are cost effective and easy to develop, informative, display putative functional
polymorphism and transferable to other species for comparative mapping. In soy-
bean, Hisano et al. (2007) generated a high-density genetic linkage map of soybean
using EST-derived SSR markers (Table 3.4). A total of 6,920 SSR primer pairs were
designed from 63,676 publicly available non-redundant soybean ESTs. Primer pairs
showing polymorphism were then used for genotyping 94 RILs derived from a cross
between the Japanese cultivar “Misuzudaizu” and the Chinese line “Moshidou
Gong 503” (M xM). A total of 693 polymorphic SSR loci were detected using the
668 EST-derived microsatellite markers, which were used along with 242 other
marker loci to develop a high density genetic map spanning 2,700.3 cM of map
length (Table 3.4). Hwang et al. (2009) mapped a total of 1,810 SSRs including 693
EST-derived SSR loci, in one or more of three recombinant inbred populations; the
US cultivar “Jack” xthe Japanese cultivar “Fukuyutaka,” the Chinese cultivar
“Peking” x the Japanese cultivar “Akita,” and the M xM population used by Hisano
et al. (2007) (Table 3.4). The integrated linkage map span 2,442.9 cM of genetic
map length with the average number of molecular markers per LGs was 90.5 (range
of 70-114). The presence of SSRs in EST sequence provides one means for the
genetic mapping; however, the number of polymorphic SSRs present in ESTs
appears rather limited.

Alternatively, discovery of SNPs in genic sequence would provide a good source
of markers, because SNPs are more abundant than SSRs, they improve the odds of
success in a diversity of applications including genetic mapping, positional cloning,
association analysis, and QTL mapping. In order to construct a transcript map of
soybean, Choi et al. (2007) developed STSs primers using ESTs and 3’-unigene
sequence and utilized these STSs for the discovery of SNPs via the resequencing of
six diverse soybean genotypes. A total of 5,551 SNPs were discovered and 1,141
genes were placed on the genetic map by virtue of a segregating SNP mapped in one
or more of the three RIL mapping populations: the University of Utah M xN, and
MxA as well as the Evans xPI 209332 (ExPI) (Table 3.4). The analysis of the
theoretical distribution of map distances between adjacent genic sequences within
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linkage groups clearly indicated clustering of genes. This transcript map of 1,141
genes was integrated with genetic map of 1,015 SSRs developed by Song et al.
(2004). Hyten et al. (2008) further added 334 SNPs to this map using 384 SNP
GoldenGate genotyping assay (SoyOPA-1). This new integrated consensus map
should enhance both applied and basic soybean genetics and genomics research,
including QTL discovery, marker-assisted selection, map-based cloning, and the
anchoring of the physical to the genetic map.

Hyten et al. (2010a) used three Illumina GoldenGate assays namely SoyOPA-1,
SoyOPA-2 and SoyOPA-3 consisting of 3,456 SNP loci for genetic mapping in
three mapping populations: the Univ. of Utah “MxN,” “MxA” and Univ. of
Minnesota “Evans” x “Peking” (ExP). In total, the three SoyOPAs included 2,651
new SNP markers which were segregating in one or more of the three different map-
ping populations. A fourth version of the soybean integrated genetic linkage map
(Consensus Map 4.0) was created by combining the SNP locus data of the E xPI
and A xPI mapping populations used by Choi et al. (2007) with the new SNP locus
data of the MxN, Mx A, and ExP mapping populations to create an integrated
genetic linkage map of 5,500 markers spanning a genetic map distance of 2,296.4 cM
(Table 3.4). A set of 1,536 SNPs were selected from the 3,456 SNPs present in the
three SoyOPAs to create a “Universal Soy Linkage Panel” (USLP 1.0). SNPs for
USLP 1.0 were selected based on even distribution throughout each of the 20 consen-
sus linkage groups and to have a broad range of allele frequencies in diverse germ-
plasm. The 1,536 USLP 1.0 will allow fast genotyping and creation of acomprehensive
genetic map in most QTL mapping populations and thus will serve as a useful tool
for high-throughput QTL mapping.

Hyten et al. (2010b) reported deep resequencing of a reduced representation
library for high-throughput SNP discovery, which were used to create a high resolu-
tion map required for anchoring and orienting additional scaffolds in the soybean
whole genome sequence. In total, 7,108 SNPs were predicted for use in anchoring
and orienting additional scaffolds. Ultimately, 1,536 SNPs were selected from this
pool of 7,108 SNPs to create an Illumina GoldenGate soybean oligo pool all
(SoyOPA-4). SoyOPA-4 was used to genotype 470 Fs-derived RILs from the
Williams 82 xPI 468916 (W82 x468) population along withSoyOPA-3. A total of
550 polymorphic SNPs from SoyOPA-3 and 1,240 polymorphic SNPs from
SoyOPA-4 were mapped using 444 RILs to create the 20 linkage groups with an
estimated total genetic length of 2,537 cM. The high-resolution W82 x 468 genetic
map containing 1,790 SNP markers was successful in anchoring and orienting addi-
tional scaffolds in the 8x scaffold assembly. It added new markers to 335 8x assem-
bly scaffolds, of which 23 scaffolds were previously unmapped in the preliminary
6.5x scaffold assembly. To conclude, several genetic maps have been developed for
soybean with various types of molecular markers with recent trend towards devel-
opment of high density SSR and SNP based maps. These well saturated or high-
density linkage maps should facilitate ongoing and future genomic research such as
quantitative trait loci mapping and positional cloning in addition to marker-assisted
selection in soybean breeding.
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QTLs

Quantitative Trait Loci (QTL) Mapping

Different type of molecular markers has been used to map genomic location of
major genes and quantitative trait loci (QTLs) for many traits of agronomic and
economic importance in soybean. More than thousand QTLs representing more
than 90 agronomically important traits have been mapped in soybean (Grant et al.
2010). Current information on all mapped QTLs in soybean is available on the
USDA-ARS soybean genetic database SoyBase (http://soybase.org). Although a
number of QTLs were mapped in the soybean but introgression and pyramiding of
genes or QTLs affecting the same trait is a great challenge to breeding programs.
For molecular breeding applications, the QTL data published will be useful only if
QTL can be validated in independent mapping population(s). Fortunately, many of
the QTLs were validated in different genetic backgrounds or in the independent
studies and given the name confirmed QTLs “cq” by Soybean Genetics Committee.
An attempt has been made to summarize the confirmed QTLs by a review of available
information in SoyBase and published literature which is presented in Table 3.5.

A total of 25 QTLs were identified to be validated in different genetic back-
grounds and thus they can be utilized confidently in marker assisted breeding. The
highest percentage of QTLs confirmed was for pest resistance (44 %), probably due
to the high heritability of pest resistance. Soybean aphid (Aphis glycines Matsumura)
is a major sucking pest in soybean and heavy aphid infestation could cause consid-
erable yield loss, especially when aphid density peaks at the beginning of flowering.
Three QTLs on three different linkage groups have been validated for aphid resis-
tance in soybean. Zhang et al. (2009) validated two aphid resistance QTLs identified
on linkage groups F and M. A mapping population of 51 F;-derived lines developed
from the cross PI 567541B (resistant) x EOOOO3 (susceptible), along with 50
advanced breeding lines was used for the QTL validation. QTL analysis identified
two QTLs, detected at similar genomic regions as in the original mapping popula-
tion. The two QTLs combined with their interaction explained 95.2 % of the pheno-
typic variation in the field trial. Another aphid resistance locus on linkage group J
has been validated by Zhang et al. (2010) in a population of 96 F, s lines from a cross
between PI 567543C and ““Skylla,” where Skylla is an aphid-susceptible cultivar.
The QTL was detected at similar position in the validation population and explained
the majority of the phenotypic variation in the field trial.

Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) which is the most
destructive pest of soybean worldwide, studied extensively for QTL mapping.
The QTLs for SCN resistance have been validated for seven genomic locations
(Table 3.5). The sudden death syndrome (SDS) of soybean is caused by Fusarium
solani. The use of resistant cultivars is the most effective method for controlling
SDS, therefore mapping SDS resistance QTL is of prime importance. One QTL was
mapped and confirmed for SDS resistance by Farias Neto et al. (2007). This QTL
on linkage group D2 was tested in a population of F, plants developed through one
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Table 3.5 List of selected QTLs reported in soybean

Populations  Linkage No. of QTLs

Traits (No.) group confirmed References
Soybean cyst 6 A2 1 Matthews et al. (1998); Prabhu et al.
nematode (1999); Meksem et al. (2001)
resistance 1 E 1 Kabelka et al. (2005)
8 G 3 Meksem et al. (2001); Glover et al.

(2004); Kabelka et al. (2005);
Vuong et al. (2010)

3 J 1 Glover et al. (2004)
1 O 1 Vuong et al. (2010)
Soybean aphid 1 J 1 Zhang et al. (2010)
resistance 1 F 1 Zhang et al. (2009)
1 M 1 Zhang et al. (2009)
Sudden death 2 D2 1 Farias Neto et al. (2007)
syndrome
Oil content 2 Cl 1 Fasoula et al. (2004)
2 H 1 Fasoula et al. (2004)
7 1 1 Nichols et al. (2006)
2 L 1 Fasoula et al. (2004)
Protein content 2 E 1 Fasoula et al. (2004)
10 1 1 Sebolt et al. (2000); Nichols et al.
(2006); Bolon et al. (2010)
Seed weight 2 G 2 Fasoula et al. (2004)
7 1 1 Nichols et al. (2006)
Seed yield 6 B2 1 Concibido et al. (2003)
7 1 1 Nichols et al. (2006)
Pod maturity 7 1 1 Nichols et al. (2006)
Low cadmium 1 K 1 Jegadeesan et al. (2010)
accumulation
Salt tolerance 3 N 1 Hamwieh et al. (2011)
Total 25

backcross (BC1F,) in the PI 567374 resistance source and in a population of Fg
plants derived from a heterozygous F;s plant in the Ripley resistance source. The QTL
was significant in confirmation populations in both resistant backgrounds.

Soybean seed is a major source of protein for animal feed and oil for human con-
sumption. Since most experimental data show that protein and oil content are nega-
tively correlated, therefore simultaneous increases in protein and oil content can
proceed only to a limited extent. There are a number of QTL mapping studies for seed
protein and oil content, however only two QTLs for seed protein content and four
QTLs for oil content have been confirmed so far (Sebolt et al. 2000; Fasoula et al.
2004; Nichols et al. 2006; Bolon et al. 2010). Seed weight, is an important yield com-
ponent of soybean and is positively correlated with seed yield. Three QTLs for seed
weight and two QTL for seed yield have been confirmed (Fasoula et al. 2004;
Concibido et al. 2003; Nichols et al. 2006). Although seed yield is considered the trait
of highest priority but its low heritability, requirement for extensive data collection
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across environment and expectant large number of QTL with majority conditioning
small effects, has most likely limited the number of QTLs identified and validated.
One QTL for pod maturity and one QTL for low cadmium accumulation have been
also validated in soybean (Nichols et al. 2006; Jegadeesan et al. 2010). Recently,
Hamwieh et al. (2011) validated a major salt tolerant QTL on linkage group N, using
three sets of near isogenic lines (NILs). The evaluation of salt tolerance of the NILs
revealed that all the lines with salt tolerant parent chromosome segment at the QTL
region showed significantly higher salt tolerance than the lines without the tolerant
parent chromosome segment. Although the number of confirmed QTLs in soybean is
very less, the list is expected to increase in near future because of the development of
advanced and high throughput technologies in genomics.

Marker Assisted QTL Introgression and Gene Pyramiding

The availability of molecular markers makes it possible to identify specific genomic
regions and transfer them into commercial varieties with minimal linkage drag.
The use of markers in backcrossing is especially applicable in transferring, into elite
breeding material, novel genes that were obtained through genetic transformation or
from exotic germplasm (Ribaut and Hoisington 1998). An example of marker
assisted QTL introgression from exotic germplasm in soybean is reported by Sebolt
et al. (2000). Two major QTL alleles from Glycine soja that increased seed protein
concentration were identified previously by Diers et al. (1992a), used for marker
assisted introgression. The G. soja genomic segments on LG I, which had the greatest
effect, was backcrossed into the background of the experimental line with the help
of linked markers. The BC;F,-derived lines that were homozygous for the G. soja
QTL allele had a 20 g kg™! greater seed protein concentration than lines homozygous
for the soybean allele. They crossed the G. soja QTL into the backgrounds of two
high yielding cultivars and one high protein experimental line. They found a signifi-
cant (P<0.0001) increase in protein concentration associated with the G. soja QTL
in the former two populations but not the population derived from the high protein
experimental line. These results suggest that the high protein QTL allele from
G. soja that was studied could already exist in the high protein experimental line.
This experiment demonstrate the usefulness of markers in introgressing genes from
exotic sources but also the fact that “mined” alleles may already be present in elite
germplasm. Concibido et al. (2003) identified a yield-enhancing QTL from G. soja
by evaluating a population of 265 BC, individuals from a cross between HS-1 and
PI 407305. The yield QTL was located on linkage group B2. To assess the adapt-
ability of the G. soja yield-QTL across genetic backgrounds, they developed sibling
lines derived from BC; and BC, populations in the following Asgrow germplasm:
AG4501, AG2401, QR4459, QP4459, QR4544 and QP4604. Interestingly, the efficacy
of the yield QTL was limited to AG4501 and QP4459 lines, indicating considerable
effect of genetic background on QTL expression. Lines that were homozygous for the
PI 407305 haplotype at the QTL locus demonstrated a 9 % yield increase (P=0.0006)
over lines that were homozygous for the AG4501 haplotype, whereas, in the QP4459
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background, the presence of the PI 407305 haplotype showed a 5 % yield increase
(P=0.0119) over lines that were homozygous for the QP4459 haplotype.

Gene pyramiding has been used as an effective approach to achieve multiple and
durable resistance in crop plants. To evaluate a multiple resistance gene pyramiding
strategy, Walker et al. (2004) developed eight soybean lines possessing factorial
combinations of two quantitative trait loci (QTLs) for insect resistance from plant
introduction (PI) 229358 and a synthetic Bt cry/Ac gene using marker assisted
selection with simple sequence repeat (SSR) markers. Field studies were conducted
to evaluate resistance to corn earworm (Helicoverpa zea) and soybean looper
(Pseudoplusia includens), and detached leaf bioassays were used to test antibiosis
resistance to Bt-resistant and Bt-susceptible strains of tobacco budworm (TBW;
Heliothis virescens). Based on defoliation in the field and larval weight gain on
detached leaves, lines carrying a combination of cry/Ac and the PI 229358 allele at
a QTL on linkage group M were significantly more resistant to the lepidopteran
pests, including the Bt-resistant TBW strain, than were the other lines.

Gene pyramiding has been used to achieve multiple and durable resistance to
various strains of Soybean Mosaic Virus (SMV) in soybean. Shi et al. (2009) have
successfully pyramided three genes Rsv/, Rsv3, and Rsv4 for SMV resistance with
the help of SSR markers in order to develop new soybean lines harboring multiple
resistance genes. Genotype JO5 carrying Rsvl and Rsv3 and V94-5152 carrying
Rsv4 were used as the donor parents for gene pyramiding. A series of F,3, Fs.4,
and F s lines derived from JO5 x V94-5152 were developed for selecting individuals
carrying all three genes. Eight PCR-based markers linked to the three SMV resis-
tance genes were used for marker-assisted selection. Two SSR markers (Sat_154
and Satt510) and one gene-specific marker (RsvI-f/r) were used for selecting plants
containing RsvI; two SSR markers (Satt560 and Satt063) for Rsv3; and three
(Satt266, AI856415, and AI856415-g) for Rsv4. Five F,s lines were homozygous
for all eight marker alleles and presumably carry all three SMV resistance genes
that would potentially provide multiple and durable resistance to SMV. To evaluate
the effects of pyramided QTLs on the level of tolerance to Phytophthora root rot
(PRR) of soybean, Li et al. (2010) stacked seven QTLs underlying tolerance to
PRR, and found that the accumulation of tolerance loci was positively correlated
with decreases in disease loss percentage. The pyramid of loci underlying tolerance to
PRR provided germplasm useful for crop improvement by marker-assisted selection
and may provide durable cultivar tolerance against the PRR disease. In conclusion,
molecular markers are valuable tool to accelerate and to improve the efficiency of
breeding programmes for cultivar development in soybean.

Comparative and Functional Genomics

New short-read sequencing technologies, capable of producing vast quantities of
sequence, have the potential to rapidly change the comparative sequence research
landscape in the legumes. At the time of writing, some ongoing projects include
genome resequencing, digital gene expression, and whole transcript profiling.
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Projects are being carried out both in legumes with near-complete genome sequence,
and in less well-developed research systems. Innes et al. (2008) sequenced an approx-
imately 1 Mbp region in soybean centered on the Rpglb disease resistance gene and
compared this region with a region duplicated 10—14 Mya. These two regions were
also compared with homologous regions in several related legume species (a second
soybean genotype G. romentella D3, Phaseolus vulgaris, and M. truncatula). In this
study one hundred and ten BACs were sequenced from different legumes (http://
sites.bio.indiana.edu/~nsflegume/progress.php). Comparison of ~1 Mb region of
soybean with the orthologous regions of Medicago, Phaseolus and G. tomentella D3
addressed several fundamental questions relating to Nucleotide binding-Leucine rich
repeat (NB-LRRs) genes, polyploidy, and genome evolution. Analysis revealed a
high level of conservation of low-copy genes but major differences in the NB-LRR
content and retroelement content as well as differences in copy number of a family of
protein kinases. Ashfield et al. (2012) used a comparative genomics approach to
investigate the evolution of a complex nucleotide-binding (NB)-leucine-rich repeat
(LRR) gene cluster found in soybean that is associated with several disease resistance
(R) genes of known function, including Rpglb (for Resistance to Pseudomonas gly-
cinealb), an R gene effective against specific races of bacterial blight. Analysis of
domains revealed that the amino-terminal coiled-coil (CC) domain, central nucleo-
tide-binding domain (NB-ARC), and carboxyl-terminal LRR domain have under-
gone distinct evolutionary paths. Sequence exchanges within the NB-ARC domain
were rare. In contrast, interparalogue exchanges involving the CC and LRR domains
were common, consistent with both of these regions coevolving with pathogens.

Retrotransposons and their remnants often constitute more than 50 % of higher
plant genomes. Although extensively studied in monocot crops such as maize and
rice, the impact of retrotransposons on dicot crop genomes is not well documented.
Wawrzynski et al. (2008) identified several retrotransposon families in the soybean
and grouped the 23 intact elements into 16 families. Nine of these 16 families contain
elements that had inserted within the last million years, and two elements contained
identical long terminal repeats (LTRs). In addition to this, several apparently replicating
non-autonomous retrotransposon families were identified. The results indicated that
autonomous and non-autonomous retro-transposons appear to be both abundant and
active in the soybean. Gill et al. (2009) characterized and analyzed two subfamilies of
high-copy centromeric satellite repeats, CentGm-1 and CentGm-2, using a combina-
tion of computational and molecular cytogenetic approaches. These two subfamilies of
satellite repeats mark distinct subsets of soybean centromeres and, in at least one case,
a pair of homoeologs, suggesting their origin from an allopolyploid event. These satel-
lite repeats are also present in G. soja, the wild progenitor of soybean, but could not
be detected in any other relatives of soybean examined in this study, suggesting the
rapid divergence and species-specific concerted evolution of the centromeric satellite
DNA within the Glycine genus. Recently Tian et al. (2012) investigated TE insertions
in 31 resequenced wild and cultivated soybean genomes and detected 34,154 unique
nonreference TE insertions mappable to the reference genome. Data revealed consis-
tent distribution patterns of the nonreference LTR-RT insertions and those present in
the reference genome, whereas the distribution patterns of the nonreference DNA
TE insertions and the accumulated ones were significantly different.
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Gene expression studies are imperative constituent of any crop improvement pro-
gramme and soybean is no different. Expression studies on single genes employing
RNA blotting or quantitative RT PCR etc were in vogue however global gene expres-
sion pattern analysis forms an integral part of soybean functional genomics. The
gene expression patterns are investigated using the global expression analysis tech-
niques like high-density expression arrays with clones imprinted on conventional
nylon filters detected using radioactive probes, micro array systems with cDNA
clones imprinted on glass slides with fluorescently labeled probe detection and
finally Serial Analysis of Gene Expression (SAGE) meant for both quantitative and
qualitative gene expression analysis. Microarray based expression investigation on
soybean was initiated with a mere 18,000 cDNAs arrayed on a filter in high density
expression arrays format (Vodkin et al. 2004). Later on the usage of microarray on
soybean gene expression studies were very sparse like the instances of comparison
of gene expression between root and shoot (Maguire et al. 2002), comparing tran-
script expression pattern during somatic embryogenesis (Thibaud-Nissen et al.
2003). Similarly to unravel the genes responsible for SCN susceptibility, soybean cv
Kent was diagnosed using microarrays containing over 1,300 cDNA inserts specifi-
cally isolated from soybean libraries infected with SCN population (Khan et al.
2004). It was followed by the array of 27,513 cDNA based, low redundancy unigene
sets representing wide range of source tissue and organ systems, developmental
stages, and stress or pathogen-challenged plants (Vodkin et al. 2004). Further the
quality of the cDNA microarray was scrutinized and demonstrated for its compe-
tence to distinguish the isogenic, mutant lines which are differentiated by expression
or otherwise of small list of candidate genes. Currently soybean genome arrays have
been designed and developed in consultation with Soybean Research Community in
a consortia mode by Affymetrix. GeneChip® Soybean Genome Array by Affymetrix
is characterized by the utility on expression studies of over 37,500 transcripts. The
array also includes probe sets to detect over 15,000 and 7,500 transcripts of
Phytophthora sojae and Heterodera glycines transcripts, respectively.

MicroRNAs (miRNAs) are key regulators of gene expression and play important
roles in many aspects of plant biology. Turner et al. (2012), identified number of
novel miRNAs and previously unknown family members for conserved miRNAs in
the recently released soybean genome sequence. They classified all known soybean
miRNAs based on their phylogenetic conservation (conserved, legume- and
soybean-specific miRNAs) and examined their genome organization, family char-
acteristics and target diversity. Comparative and functional genomics of soybean
has covered in great detail by Ma et al. (2010), Livingstone et al. (2010).

Conclusions

In just the past few years we have witnessed tremendous progress in soybean
genomics and an explosive expansion of new resources. We have seen the development
of high-density genetic maps, construction of physical and transcript maps, EST
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sequencing and analysis, development of high-density cDNA and oligo arrays, and
sequencing and comparison of homologous segments. These resources and the
resultant studies have shed much light on the structure, organization and evolution
of the soybean genome. With the availability of the whole-genome sequence of the
soybean genome, large-scale genomic sequences from two other reference legume
species, M. truncatula and L. japonicus, plus the emerging genomic data from other
legumes (Pigeonpea and Common bean), multi-species genome-wide comparisons
can be achieved. These approaches will allow researchers to decipher the evolutionary
history and genomic complexity of legumes. We will be able to further explore
genomic approaches to the elucidation of key genes or functional components that
control complex agronomical and physiological traits.
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Chapter 4
Advances in Chickpea Genomics
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Abstract Chickpea (Cicer arietinum L.), the second largest consumed pulse
crop of the world after common bean, is grown in over 50 countries and traded
across 140 countries. After several decades of slow progress, the recent years have
witnessed spectacular progress in development of genetic (mapping populations)
and genomic resources (structural and functional molecular markers, integrated
genetic map and mapping of genes/quantitative trait loci; QTLs) in this crop. QTLs
associated with traits of interest including resistance against wilt, Ascochyta blight,
Botrytis grey mould and rust; tolerance against salinity and drought and agronomic
traits have been identified and validated. A more than 30 genetic linkage maps available
in this crop are useful resources for genetic analysis and marker assisted breeding.
Genomic tools like bacterial artificial chromosome (BAC) libraries, expressed
sequence tags (ESTs) and targeting induced local lesions in genome (TILLING)
mutants have been developed in chickpea to facilitate the genome sequencing efforts
in this crop. A major landmark in chickpea genomics has been the publication of
738 Mb draft whole genome sequence assembly of a kabuli variety, CDC Frontier.
Now, chickpea is one of the most advanced grain legumes in terms of availability of
genomic resources. Efforts have already begun on application of these genomics
resources in chickpea improvement. This book chapter provides an update on the
development of genetic and genomic resources for chickpea and their current and
potential uses in chickpea improvement.
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Introduction

Chickpea (Cicer arietinum L.) is the second most important pulse crop of the world
in terms of area and production. During 2010, chickpea was grown in more than
50 countries and had an area of about 12 million ha, production of 11 million tons
and productivity of 910 kg ha™! (FAOSTAT 2012). The major chickpea producing
countries include India, Pakistan, Australia, Myanmar, Iran, Mexico, Canada
and USA. The highest production and consumption of chickpea is in South Asia
where India alone accounts for over two-third of the global area, production and
consumption. The awareness of health benefits of chickpea has led to considerable
increase in the international trade of chickpea.

Being a legume crop, chickpea is highly valued in the cropping systems, particu-
larly in rotation with cereals, for its overall impacts on soil health. There has been
a large shift in chickpea area (about 3 million ha) from cooler, long growing sea-
son environments to warmer, short growing season environments during the past
four decades (Gaur et al. 2012a). This significant change in the chickpea growing
environment and the expected impacts of climate change need to be accounted by
chickpea breeding programs.

The major adaptation traits to be considered by chickpea breeding programs
include phenology, plant type and resistance to key abiotic and biotic stresses preva-
lent in the target environment and growing conditions. Drought and heat stresses
during the reproductive phase and with increasing severity towards the end of the
crop season are the major abiotic stresses of chickpea as the crop is generally grown
rainfed on residual soil moisture and experiences progressively receding soil mois-
ture conditions and increasing atmospheric temperatures towards end of the crop
season. Soil salinity and chilling atmospheric temperatures are also important
stresses in some growing environments. Among diseases, fusarium wilt (caused by
Fusarium oxysporum f. sp. ciceri), dry root rot (caused by Rhizoctonia bataticola),
and collar rot (caused by Sclerotium rolfsi), are the important root diseases of chickpea
in areas where the growing season is dry and warm, while ascochyta blight [caused
by Ascochyta rabiei (Pass.) Labr.], and botrytis grey mold (caused by Botrytis
cineria Pres.), are the important foliar diseases in the areas where the growing season
is cool and humid. Pod borer (Helicoverpa armigera Hiibner) is the most important
pest of chickpea worldwide. The viral diseases, rust (caused by Uromyces ciceris-
arietini), root nematodes (Meloidogyne sp.), Phytophthora root rot (caused by
Phytophthora medicaginis), cutworm (Agrotis sp.) and leaf miner (Liriomyza
cicerina) are also important in some chickpea growing areas.

Recent advances in the development of genomic resources have made it possible
to use genomics-assisted breeding for improvement of chickpea. The breeding
programs will have higher precision and efficiency and thus better equipped to rapidly
develop cultivars better adapted to existing and evolving growing environments and
with improved nutrition quality and grain traits required by the industry and the
consumers. This chapter provides an update on the progress made in development
and use of genomic resources in chickpea.
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Gene Pool

Chickpea is a self-pollinated, annual, diploid (2x=2n=16), cool season food legume.
It is considered to have originated in south-eastern Turkey and the adjoining northern
region of Syria (Van der Maesen and Pundir 1987), because the proposed wild
progenitor (C. reticulatum) of the chickpea and its other closely related wild species
(C. echinospermum, C. bijugum) are found there. The genus Cicer includes 43 spe-
cies, 9 of which are annual, 33 are perennial and 1 with unspecified life cycle (Van der
Maesen and Pundir 1987). The species C. arietinum is the only cultivated species of
this genus. Based on successes in interspecific crosses, C. arietinum has been placed
in primary gene pool, C. echinospermum in the secondary gene pool and all the
remaining species in the tertiary gene pool (Ahmad et al. 2005). The phylogenetic
relationships among nine annual species have also been studied based on allozyme
polymorphism (Kazan and Muehlbauer 1991; Ahmad et al. 1992; Labdi et al. 1996;
Tayyar and Waines 1996) protein banding patterns of seeds (Ahmad and Slinkard
1992) and randomly amplified polymorphic DNA (RAPD) markers (Ahmad 1999).
These studies have categorised the annual Cicer species into four phylogenetic groups.
C. arietinum, C. reticulatum and C. echinospermum formed one group while
C. pinnatifidum, C. bijugum and C. judaicum formed another group. C. chorassani-
cum was grouped with C. yamashitae whereas C. cuneatum showed the largest
distance from C. arietinum and formed an independent group. Further, cultivated
chickpea was found to be more closely related to C. reticulatum than C. echinosper-
mum. These results were further supported by studies using molecular markers such
as RAPD (Iruela et al. 2002; Sudupak et al. 2002), amplified fragment length poly-
morphism (AFLP) (Nguyen et al. 2004; Sudupak 2004) and simple sequence repeats
(SSR) (Croser et al. 2003; Rao et al. 2006; Choudhary et al. 2012a). In the process of
evolution, chickpea has emerged into two distinct types; small seeded dark colored
Desi and large seeded, cream colored Kabuli. About 80 % of the chickpea area is
under the Desi type and the remaining area under the Kabuli type.

Molecular diversity studies indicated that wild relatives of chickpea have high
genetic diversity compared to its cultivated species C. arietinum and supports the
conclusion that chickpea has a narrow genetic base (Nguyen et al. 2004; Choudhary
et al. 2012a). These results indicate that the varieties currently under cultivation are
closely related among themselves. Efforts should be made to widen the genetic base
of the cultigen by exploiting wild species. The wild species also offer opportunities
of bringing novel alleles for important traits, particularly resistance to abiotic and
biotic stresses (Gaur et al. 2010).

Genome and Genome Size

Almost all Cicer species have 2n=2x=16 chromosomes. The genome of size of
cultivated chickpea (Cicer arietinum L.) is 738 Mbp that is only 1.5 times higher
than Medicago truncatula. The chromosomes have been numbered from 1 to 8 in
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order of decreasing size of the chromosomes and the size difference between pair
one and pair eight has been found to be in the ratio of 3:1 (Ahmad and Godward
1980). Ahmad and Hymowitz (1993) recorded the total chromosome length at
pachytene stage as 353.53 pm and also found that the chromosome size ranged from
30.53 to 58.05 pm. The chickpea chromosomes are small which makes the karyotype
analysis difficult. The chickpea karyotype revealed from various cytological inves-
tigations has the following features: a pair of very long chromosomes, distinctly
satellited and sub-metacentric; six pairs of metacentric to sub-metacentric chromo-
somes; and a pair of very short metacentric chromosomes (reviewed by Gupta and
Bahl 1983). Both, spontaneous (Sen and Jana 1956) and induced (Ramanujam and
Joshi 1941; Akhtar 1954; Sharma and Gupta 1982; Pundir and Mengesha 1983),
autotetraploids have been reported in chickpea. Seed treatment with 0.1-0.25 %
colchicine for 4 h has been found effective in inducing autotetraploidy and these
autotetraploids predominantly show bivalent pairing and normal disjunction at
anaphase I (Sharma and Gupta 1983).

Genetic and Genomic Resources

Genetic resources, which include mapping populations, genetic stocks and breeding
materials, have been developed in chickpea for use in genetic studies and breeding
programs. Further, during recent years, large scale genomic resources in the form of
molecular markers, genetic linkage maps and quantitative trait loci (QTL) maps
have been developed and made available to breeders for implementing integrated
breeding approaches and developing cultivars more efficiently.

Mapping Populations

Development of appropriate mapping population is necessary for constructing a
genetic linkage map and dissecting complex traits. The first step in producing a
mapping population is selecting two genetically diverse parents for one or more
traits of interest. Further the parents should be genetically divergent enough to
exhibit sufficient polymorphism, and on the other hand they should not be too dis-
tant that causes sterility of the progenies and expresses high level of segregation
distortion during linkage analysis. A range of populations including progenies from F,
generation, backcross (BC), recombinant inbred lines (RILs), double haploids (DH)
and near isogenic lines (NILs) have been used for genetic mapping in chickpea. F,
populations are developed by self-pollinating F; hybrids derived by crossing two
parents, while BC population is produced by crossing F, to one of the parents.
By repeated backcrossing for at least six generations (BC¢) with the recipient or
recurrent parent, more than 99 % of the genome can be recovered from the recurrent
parent. Further selfing of selected individuals at BC¢F, or BC;F, will produce lines
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Table 4.1 List of chickpea RIL mapping populations developed and available at ICRISAT

RIL population Cross Generation No. of RILs Segregating traits

ICCRILO1 ICCV 2 xJG 62 Fios 573 Fusarium wilt (FW)
resistance, botrytis gray
mold (BGM) resistance,
Helicoverpa resistance,
salinity tolerance

ICCRIL02 Annigeri x ICC 4958  Fy, 257 Root traits

ICCRILO3 ICC 4958 x ICC 1882 Fy, 264 Root traits

ICCRILO4 ICC 283 x ICC 8261  Fyq, 281 Root traits

ICCRILOS ICC 506-EB x Vijay  Fj, 328 Helicoverpa resistance

ICCRILO6 ICC 3137 x1G 72953 F¢ 241 Helicoverpa resistance

ICCRILO7 ICC 995 x ICC 5912 Fy, 240 Protein content

ICCRILO8 ICC 6263 x ICC 1431 Fy 266 Salinity tolerance

ICCRIL09 ICCV2xJG11 Fg 280 Salinity tolerance

ICCRIL10 JG 62 x ICCV 05530 Fy,, 315 Ascochyta blight (AB),
BGM and FW resistance

ICCRILI11 Pb 7 x ICCV 04516 Fg 127 AB resistance

ICCRILI12 ICC 4567 x ICC 15614 F; 296 Heat tolerance

ICCRIL13 ICC 4567 x ICC 1356 Fg 291 Heat tolerance

that are homozygous for the target gene, which are considered to be nearly isogenic
with the recipient parent (NILs). NILs are mainly generated for fine mapping of a
QTL/genomic region of interest. DH populations are generally developed by
chromosome doubling of haploids developed though anther culture (pollen or
microspore culture) of F; plants. RILs are developed following single seed descent
(SSD) advancement of F, plants by six or more generations and then developing
single plant progenies. This process leads to lines that contain a different combina-
tion of linkage blocks from the original parents. Seed from RILs is predominantly
homogeneous and abundant, so the seed can be sent to any lab interested in adding
markers to an existing linkage map previously constructed with the RILs. Moreover,
RILs can be grown in replicated trials at several locations and/or over several years
making them ideal for QTL mapping. Similar types of inbred populations, such as
doubled haploids, can also be used for linkage mapping with many of the same
advantages of RILs. The RIL mapping populations of chickpea developed and
available at ICRISAT are listed in Table 4.1.

For creating novel genetic variation and identification of useful allelic variants, a
TILLING (Targeting Induced Local Lesions IN Genomes) population from chickpea
accession ICC 4958 was developed at ICRISAT through mutagenesis by ethyl meth-
ane sulphonate (EMS). This population comprises of >5,000 M2 lines which are
currently being used for allele mining for various agronomically important genes.
A multi-parent advanced generation inter-cross (MAGIC) population has been used to
develop over 1,200 lines at ICRISAT. The MAGIC population was developed from
eight parents and includes cultivars and elite breeding lines from India and Africa.
Twenty-eight two-way, 14 four-way and 7 eight-way crosses were made to develop
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this MAGIC population. The MAGIC lines constitute a valuable genetic resource for
trait mapping and gene discovery. In addition, these can be directly used as source
material for development of improved cultivars (Gaur et al. 2012b).

Molecular Markers

The genomic resources being made available for chickpea breeding community
have been reviewed from time to time (Gaur et al. 2012b; Varshney et al. 2010,
2012a; Upadhyaya et al. 2011). However, this chapter provides the latest develop-
ments as well as discusses the pros and cons of these marker resources in various
genetic analyses. Based on the method of detection of the sequence variation, the
molecular markers can be classified as hybridization based (PCR-independent),
PCR dependent and micro-array based markers. Restriction fragment length poly-
morphism (RFLP) markers were the first hybridization based highly reproducible,
co-dominant, locus specific markers employed for plant genome analysis during
1990s. The first genetic map constructed in chickpea using molecular markers
included RFLP and RAPD markers along with isozyme markers (Simon and
Muehlbauer 1997). Genetic diversity studies were also carried out using RFLP
markers (Udupa et al. 1993) and microsatellite-derived RFLP markers (Sharma
et al. 1995; Serret et al. 1997). These studies showed narrow genetic variability
for restriction sites in the genome of cultivated chickpea. The PCR-based marker
systems are of two types—(1) non-sequence specific markers which include RAPD
and AFLP markers, and (2) sequence tagged PCR-based markers which include
cleaved amplified polymorphic sequence (CAPS), sequence tagged site (STS) and
SSR markers. Although RAPD markers were also employed to characterize germ-
plasm (Ahmad 1999; Sudupak et al. 2002), these markers are not currently being
preferred for any genetic analysis in chickpea owing to the dominant nature of
inheritance and non-reproducibility of these markers. However, utility of RAPD
markers can be enhanced by converting these into more reproducible informative
marker types such as sequence characterized amplified regions (SCAR). To over-
come the limitations of reproducibility associated with RAPD, AFLP marker sys-
tem was developed by selective amplification of DNA fragments obtained by
restriction enzyme digestion. AFLP markers have been used for genetic diversity
estimation in cultivated chickpea and its wild relatives in order to discover the origin
and history of chickpea (Nguyen et al. 2004; Talebi et al. 2008, 2009). However, the
requirement of significant technical skills, laboratory facilities, financial resources
and high quality genomic DNA for complete restriction, digestion and dominant
inheritance has limited the use of AFLP markers.

PCR based CAPS markers are characterized by their co-dominant inheritance
and locus specific nature which are useful for genotyping applications (Parsons and
Heflich 1997; Weiland and Yu 2003). In chickpea, CAPS and derived CAPS
(dCAPS) markers have been developed from bacterial artificial chromosome
(BAC)-end sequences (Rajesh et al. 2008) and EST sequences (Varshney et al.
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2007), and these markers were further integrated into composite genetic map of
chickpea to study their association with disease resistance (Palomino et al. 2009).
Microsatellite markers are also known as simple sequence repeats (SSRs) or
sequence tagged microsatellite site (STMS), constitute tandem repeats of 1-6 bp in
length (Gupta and Varshney 2000) are advantageous over many other markers types as
they are highly polymorphic and abundant, analytically simple and readily transferable
(Weber 1990), and show co-dominance. In chickpea genome SSRs were found to be
abundant and showed moderately high level of intra-specific polymorphism when
compared to other marker types (Sharma et al. 1995). About 500 SSR markers were
available for chickpea earlier (Huttel et al. 1999; Winter et al. 1999; Lichtenzveig
et al. 2005) and were used for development of genetic map (Winter et al. 1999;
Millan et al. 2006). Later, several studies reported the development of SSR markers
using hybridization based microsatellite enrichment and BAC and BIBAC libraries in
chickpea (Lichtenzveig et al. 2005; Choudhary et al. 2006). At ICRISAT, currently
>2,000 SSR markers are available for utilization in chickpea crop improvement
(Varshney et al. 2009; Nayak et al. 2010; Thudi et al. 2011; Gujaria et al. 2011).

Sequence Information

Recent advances in next generation sequencing (NGS) technologies have greatly
facilitated the ability to sequence the genome and transcriptomes of several plant
species (Thudi et al. 2012). In case of chickpea, as on 13th November 2012, 97,836
nucleotide sequences were available in the public domain (http://www.ncbi.nlm.
nih.gov/nuccore?term=chickpea%?20cicer) against only a limited number of ESTs
(Varshney et al. 2009).

Functional Markers, ESTs, BAC Libraries

Molecular markers developed from genes/ESTs are referred as genic molecular
markers (GMMs; (Gujaria et al. 2011)) or functional markers (Anderson and
Liibberstedt 2003). Based on origin, genic markers are of two kinds: (a) markers
that are derived from polymorphisms within genes are gene targeted markers
(GTMs), these markers however not necessarily involved in phenotypic trait varia-
tion, e.g. EST-based molecular markers (Schmitt et al. 2006); (b) functional markers
(FMs) are derived from polymorphic sites within genes involved in phenotypic
expression of traits, e.g. candidate gene-based molecular markers. Functional mark-
ers can further be grouped into two subgroups depending on the involvement in the
phenotypic trait variation, (1) direct functional markers (DFMs), for which the role
in phenotypic trait variation is well proven, and (2) indirect functional markers
(IFMs), for which the role for phenotypic trait variation is indirectly known (Anderson
and Liibberstedt 2003).
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Few studies have been conducted on understanding the chickpea transcriptome by
generating the ESTs (Boominathan et al. 2004; Romo et al. 2004; Buhariwalla et al.
2005; Coram and Pang 2005). Recently several EST sequencing projects have led to
generation of large scale EST sequences through single pass sequencing (Varshney
et al. 2009; Gao et al. 2008; Ashraf et al. 2009; Jain and Chattopadhyay 2010).

Several large-insert BAC libraries and binary BAC (BIBAC) libraries have been
constructed in chickpea for marker development as well as construction of physical
maps. For instance, 233 new chickpea SSR markers were developed by Lichtenzveig
et al. (2005) by screening the BAC library with eight synthetic SSR oligos, (GA)10,
(GAA)7, (AT)10, (TAA)7, (TGA)7, (CA)10, (CAA)7, and (CCA)7. Recently a set of
1,344 novel SSR markers were developed from BAC-end sequences (Thudi et al.
2011). The Chickpea Transcriptome Database (CTDB) (http://59.163.192.90:8080/
ctdb/) developed at National Institute of Plant Genome Research provides user scien-
tists/breeders a portal to search, browse and query the data to facilitate the research
on chickpea and other legumes.

Quantitative Trait Loci (QTLs)

Understanding the genetics of complex traits like drought tolerance, Helicoverpa
resistance and salinity tolerance will help in improving these traits through
marker-assisted selection (MAS). Despite the importance of root traits in drought
avoidance and availability of germplasm with prolific root systems such as ICC
4958 and ICC 8261, the breeding efforts to improve root traits have been negli-
gible. This is because of the laborious, time-consuming and destructive methods
involved in root studies. Molecular markers linked to major QTLs for root traits
can greatly facilitate marker-assisted selection (MAS) for root traits in segregat-
ing generations. ICRISAT in collaboration with several partners generated >3,000
chickpea ESTs from a library constructed after subtractive suppressive hybridiza-
tion (SSH) of root tissues from ICC 4958 and Annigeri to isolate and characterize
root-specific genes differentially expressed between these genotypes (Buhariwalla
et al. 2005; Jayashree et al. 2005). This database provides researchers in chickpea
genomics with a major new resource for data mining associated with root traits
and drought tolerance.

A set of RILs from Annigeri x ICC 4958 cross was developed at ICRISAT and
characterized for root traits (Serraj et al. 2004), and SSR marker TAA 170 was iden-
tified for a major QTL that accounted for 33 % of the variation for root weight and
root length (Chandra et al. 2004). Based on the screening of mini-core collection,
parents genetically and phenotypically more distant were identified for development
of new mapping populations. These include ICC 8261 and ICC 4958 for a large root
system and ICC 283 and ICC 1882 for small root systems. These two crosses were
made and more than 250 RILs were developed in each cross (Gaur et al. 2008).
These two mapping populations have been phenotyped and genotyped to identify
additional QTLs for root traits.
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Several other intra-specific mapping populations have been developed and used
to identify the markers associated with traits like resistance to fusarium wilt
(Tekeoglu et al. 2002; Udupa and Baum 2003; Sharma et al. 2004, 2005), resistance
to ascochyta blight (Iruela et al. 2007; Anbessa et al. 2009; Kottapalli et al. 2009),
resistance to rust (Madrid et al. 2008), resistance to botrytis grey mold (Anuradha
et al. 2011), salinity tolerance (Vadez et al. 2012), drought tolerance (unpublished
data with ICRISAT), seed traits (Cobos et al. 2009) and, for grain yield (Rehman
et al. 2012). Several of these studies have been summarized in earlier reviews
(Gaur et al. 2012b; Upadhyaya et al. 2011; Varshney et al. 2007).

Genome Mapping
Physical Mapping

As mentioned above, large scale genomic resources like molecular markers and
genetic linkage maps were developed during recent past. Although QTLs for differ-
ent traits were identified (Table 4.2), the markers were not close enough for their
effective use in molecular breeding. In this context, genome-wide physical maps
have been used in several species to effectively integrate genomic tools for marker-
assisted breeding, high-resolution mapping and positional cloning of genes and
QTL (Chin et al. 2010). In addition physical maps will also enable desirable genome
sequencing and comparative genomics. Despite these advantages, a genome-wide
physical map has not been developed for chickpea. However, recently a BAC/
BIBAC based physical map was developed; three large contigs closely linked to
QTLs contributing to ascochyta blight resistance and flowering in chickpea were
identified (Zhang et al. 2010). However, a genome-wide physical map is essential
for genomics research, cloning candidate genes and enhancing molecular breeding.
Towards development of genome-wide physical map, in chickpea in collaboration
with National Institute of Plant Genetic Research (NIPGR), New Delhi (S Bhatia
and A K Tyagi) and UC-Davis, USA (MingCheng Luo), two new BAC libraries
were constructed using HindIIl and EcoRI restriction enzymes employing pCC-
1BAC Epicentre vector in DH10b. A total of 96,768 clones from both the libraries
that cover ~15.7x genome were fingerprinted. In addition, clones from BAC library
developed by Thudi et al. (2011) and NBS-LRR genes were also fingerprinted and
used for developing the physical map as a result chickpea physical map was devel-
oped spanning an estimated 574 Mb (http://probes.pw.usda.gov:8080/chickpea/).
Genetic map positions for 245 BES-SSR markers permit an initial integration of
BAC contigs with the chickpea genetic map. Efforts are underway to define the mini-
mum tiling path (MTP) based on the available physical mapping data, which will
facilitate either BAC-end or pooled BAC-sequencing of MTP clones. The resulting
integrated genetic and physical map is expected to enhance genetics and genomics
research and breeding applications in chickpea. The integration of physical map
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Table 4.2 Summary of trait mapping for biotic, abiotic and agronomically important traits in

chickpea

Traits studied

QTL/genes Markers linked

References

Biotic stress
Resistance to fusarium wilt

Ascochyta blight

Botrytis grey mould
Resistance to rust

Abiotic stress

Salinity

Root weight; root length

Root traits

Drought tolerance score
Canopy temperature differential
Agronomic and yield

Plant growth habit

Days to flowering

Flowering time
Days to maturity
Seed coat thickness
Seed size

Seed/pod

Double podding
Harvest index

FocO
Focl
Foc2
Foc3

Foc4
Foc5
QTL
Arl9
QTLar2b
QTLAR3
QTLarl
QTLar2
QTL
QTL
QTL
Ucallucal

QTL
QTL
QTL
Q3-1
Ql-1

Prostrate
Hglhg
Q3-1
QTL
QTL
DF3
Efll, Efi2
Q3-1
QTLx,
QTLSWI
Spp

Sl

Ql1-1
Q3-1

RAPD, SSR
SSR
SSR
SSR

SSR
SSR
RAPD
RAPD
SSR
SSR
SSR
SSR
SSR
SSR
SSR
SSR

SSR
SSR
SSR
SSR
SSR

SSR

RAPD

SSR

SSR

SSR

SSR, RAPD
SSR, RAPD
SSR, morphological
SSR
RAPD, SSR
SSR, RAPD
SSR

SSR

Cobos et al. (2005)
Gowda et al. (2009)
Gowda et al. (2009)
Sharma et al. (2004), Gowda
et al. (2009)
Sharma et al. (2004, 2005)
Gowda et al. (2009)
Millan et al. (2003)
Rakshit et al. (2003)
Udupa and Baum (2003)
Iruela et al. (2007)
ITruela et al. (2006)
Truela et al. (2006)
Anbessa et al. (2009)
Aryamanesh et al. (2010)
Anuradha et al. (2011)
Madrid et al. (2008)

Vadez et al. (2012)

Chandra et al. (2004)
Varshney et al. (Unpublished)
Rehman et al. (2012)
Rehman et al. (2012)

Aryamanesh et al. (2010)
Gowda et al. (2009)
Rehman et al. (2012)
Aryamanesh et al. (2010)
Aryamanesh et al. (2010)
Gowda et al. (2009)
Aryamanesh et al. (2010)
Rehman et al. (2012)
Gowda et al. (2009)
Gowda et al. (2009)
Radhika et al. (2007)
Radhika et al. (2007)
Rehman et al. (2012)
Rehman et al. (2012)

with genetic maps has been reported earlier in different plant species including some
fruit trees such as peach (Zhebentyayeva et al. 2008), papaya (Yu et al. 2009), apple
(Han et al. 2011). The framework physical map serves as a valuable resource for
various other studies such as effective positional cloning of genes and quantitative
trait locus (QTL) fine-mapping.
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Genetic Mapping

The first linkage map of chickpea was reported in 1990 and consisted of 26 isozyme
and three morphological trait loci (Gaur and Slinkard 1990a, b). Several additional
isozyme loci and morphological trait loci were mapped in the subsequent studies
(Simon and Muehlbauer 1997; Kazan et al. 1993; Idnani 1998). The use of DNA
markers in gene mapping greatly accelerated progress in development of a detailed
genetic map of chickpea. A linkage map of DNA markers was first published in
1997 which contained 10 RFLP and 45 RAPD markers (Simon and Muehlbauer
1997). These maps were developed by using F, mapping populations. The first map
using RILs was developed in 2000, which consists of 118 STMS, 96 DAF (DNA
amplification fingerprinting), 70 AFLP, 37 ISSR (inter simple sequence repeats), 17
RAPD, 2 SCAR, 3 cDNA and 8 isozyme markers (Winter et al. 2000). All these
earlier studies used interspecific mapping populations because of limited polymor-
phism observed for then available markers in the cultivated chickpea. Availability
of additional markers made it possible to use intraspecific segregations in linkage
studies. A molecular map based on intraspecific cross (kabuli-desi cross) was devel-
oped and used to tag genes for resistance to Fusarium wilt. Two SCAR markers and
two RAPD markers (Mayer et al. 1997) were found associated with resistance to race
1 and one ISSR marker with resistance to race 4 (Ratnaparkhe et al. 1998). The genes
for resistance to races 4 and 5 were found to be linked and located close to one STMS
and one SCAR marker (Winter et al. 2000).

As aresult of concerted efforts of ICRISAT in collaboration with several partners
across globe, large-scale markers resources are now available for chickpea.
Employing these marker resources both intra and inter-specific maps have been
developed. A set of interspecific RILs from C. arietinum (ICC 4958) x C. reticula-
tum (P1489777) cross has been used as reference mapping population for chickpea.
Nayak et al. (2010) developed a comprehensive map of this reference population
with 521 loci that mainly comprised of SSR markers developed from microsatellite
enriched library. Further, this map was integrated with BES-SSRs, DArT and gene-
based markers by Thudi et al. (2011), which comprised of 1,291 loci. An advanced
gene-rich map of chickpea comprising of 406 loci (including 177 gene-based mark-
ers) spanning 1,497.7 cM genetic distance has been developed for this reference
population (Choudhary et al. 2012b). Recently, Hiremath et al. (2012) developed
large-scale KASPar assays for SNP genotyping and developed a genetic map com-
prising 1,328 marker loci including novel 625 CKAMs (Chickpea KAspar Assay
Markers), 314 TOG-SNPs and 389 published marker loci for this reference popula-
tion. The summary of genetic maps developed in chickpea is illustrated in Table 4.3.

Comparative and Functional Genomics

The advances in next-generation sequencing technologies facilitated the sequencing
of trancriptomes as well as the genome of several crop plants. In this context under-
standing the gene function is of great importance. Recently several genes/ESTs
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No. Genetic
of loci map length

Mapping population mapped Types of markers (cM) References

ICC 4958 xP1 489777 1,328  SSR, CKAM, TOG-SNP, 789 Hiremath et al.
DArT (2012)

ICC 4958 xP1 489777 406  EST-SSRs, intron targeted 1,498 Choudhary et al.
primers (ITPs), (2012b)
expressed sequence
tag polymorphisms
(ESTPs), and SNPs

ICC 4958 xP1 489777 1,063  SSR and SNP 1,809 Gaur et al. (2012a)

ICC 4958 xP1 489777 1,291  SSR, SNP, DArT 846 Thudi et al. (2011)

ICC 4958 xP1 489777 300  SSR, CISR, CAPS 767 Gujaria et al.

(2011)
ICCV 2xJG 62 138 STMS 631 Gaur et al. (2010)
ICC 4958 xP1 489777 521  SSR, RAPD, AFLP, RGA 2,602 Nayak et al. (2010)
Five narrow crosses 229  STMS, RAPD, cross- 427 Millan et al. (2010)
(Desix Kabuli types) genome markers

Five wide crosses 555  STMS, RAPD, cross- 653 Millan et al. (2010)
(C. arietinumx genome markers
C. reticulatum)

ICC 4991 xICCV 84  SSRs 724 Kottapalli et al.
04516 (F,) (2009)

JG 62 x Vijay (RIL), 273 RAPDs and ISSRs 740 Radhika et al.
Vijay x ICC 4958 (2007)
(RIL)

ILC72%xCr5-10 89  RAPDs, ISSRs, STS - Cobos et al. (2006)

Hadas x Cr205 (RIL) 93  SSRs, CytP450 markers 345 Abbo et al. (2005)

WR315xC104 102  ISSR, STMS, RAPD, STS - Sharma et al.

(2004)
ILC 1272 xILC 3279 55  SSRs - Udupa and Baum
(2003)
ICC 12004 x Lasseter 69  SSRs, RGAs, ISSRs - Flandez-Galvez
(Fy) et al. (2003)

Lasseter x PI 527930 (F,) 83 RAPDs, SSRs, ISSRs, - Collard et al.
RGA (2003)

C. arietinumx 296 47 defense response gene  — Pfaff and Kahl

C. reticulatum (F,) markers to the map of (2003)
Winter et al. (2000)
C. arietinumx 83  SSRs, RAPDs, ISSRs and — Collard et al.
C. echinospermum (F,) RGA (2003)
ICCV 2xJG 62 (RIL) 103 SSRs, RAPDs, ISSRs, - Cho et al. (2002)
morphological
ICC4958 xP1 489777 56  SSRs and RGA 1,175 Tekeoglu et al.
(RIL) (2002)

C. arietinum x 117  SSRs and RGA - Rajesh et al. (2002)
C. reticulatum (F,)

FLIP 84-92C x PI 144 RAPDs, ISSRs, morpho- - Santra et al. (2000)

599072 (RIL)

logical, isozyme

(continued)
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No. Genetic
of loci map length
Mapping population mapped Types of markers (cM) References
C. arietinum X 116 Marker loci RAPDs, - Santra et al. (2000)
C. reticulatum (F,) ISSRs, isozyme, and
morphological
C. arietinumx 354 SSRs, DAF, AFLPs, 2,078 Winter et al. (2000)

C. reticulatum (F,)

ISSRs, RAPDs,
isozyme, cDNA,

SCAR and
morphological
C. arietinumx 120 STMS - Winter et al. (1999)
C. reticulatum (F,)
C. arietinumx 91 Morphological, isozyme, - Simon and
C. reticulatum (F,); RFLPs and RAPDs Muehlbauer
C. arietinumx (1997)

C. echinospermum (Fy)
C. arietinumx 28
C. reticulatum (F,);
C. arietinumx
C. echinospermum (F,)

Morphological and -
isozyme

Kazan et al. (1993)

C. arietinumx 29 Morphological and - Gaur and Slinkard
C. reticulatum (F,) isozyme (1990a), Gaur
and Slinkard
(1990b)

involved in various stress responses have been identified based on transcriptomic
and proteomic studies (Varshney et al. 2009; Pandey et al. 2006, 2008; Mantri et al.
2007; Molina et al. 2008, 2011). However, limited efforts have been made on gene
discovery and only a few candidate genes cloned and functionally validated (Kaur
et al. 2008; Shukla et al. 2009; Tripathi et al. 2009; Peng et al. 2010). Several func-
tional genomics studies have been performed in chickpea to identify the abiotic
stress-responsive transcripts by approaches such as suppression subtractive hybrid-
ization (SSH), super serial analysis of gene expression (SuperSAGE), microarray,
and EST sequencing (Varshney et al. 2009; Buhariwalla et al. 2005; Molina et al.
2008). The salt stress transcriptomes of roots and nodules studied by Molina et al.
(2011) by using deep SuperSAGE provided deep insights into the first molecular
reactions of a plant exposed to salinity. By studying two chickpea varieties (BGD 72
and ICCV 2) for differences in transcript profiling during drought stress treatment
by withdrawal of irrigation at different time points. Jain and Chattopadhyay (2010)
reported that most of the highly expressed ESTs in the tolerant cultivar predicted
that most of them encoded proteins involved in cellular organization, protein metab-
olism, signal transduction, and transcription. Deokar et al. (2011) in addition to
studying the genes that are up- and down-regulated in a drought-tolerant genotype
(ICC 4958) under terminal drought stress and a drought susceptible genotype
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(ICC 1882), also studied the gene expression between the bulks of the selected RILs
exhibiting extreme phenotypes. Garg et al. (2011) reported the sequencing and de
novo assembly of chickpea transcriptome using short-read data.

Progress Towards Whole Genome Sequencing and Data Mining

In recent years, genome sequencing has become very popular in the area of plant
genomics and breeding as it offers threefold advantages: (a) enables us to under-
stand plant genome structure and dynamics of molecular evolution, (b) enable iden-
tification of genes and functional elements and help in annotation of completed
genome, and (c) provide the genomic tools and platforms for gene mapping, gene
isolation and molecular breeding. Further, information gained from sequenced
genomes, coupled with genetic association studies, may allow us to identify key
genes/quantitative trait loci and networks in the other species. Such information can
be very useful for molecular breeding programmes in order to develop improved
varieties/hybrids. Several crop plant genomes have already been sequenced for
instance rice (Goff et al. 2002; Yu et al. 2002), sorghum (Paterson et al. 2009), using
Sanger sequencing. Further, a number of plant genomes were sequenced using NGS
technologies, for example cucumber (Huang et al. 2009), castor (Chan et al. 2010),
cannabis (van Bakel et al. 2011), date palm (Al-Dous et al. 2011), cocoa (Argout
et al. 2011) and pigeonpea (Varshney et al. 2012b).

A draft genome sequence of chickpea has been published recently which consists
of about 738-Mb draft whole genome shotgun sequence of kabuli chickpea variety
CDC Frontier (Varshney et al. 2013). The sequence contains an estimated 28,269
genes. In addition, resequencing and analysis of 90 cultivated and wild genotypes
from ten countries was published and targets of both breeding-associated genetic
sweeps and breeding-associated balancing selection were identified. Candidate genes
were identified for disease resistance and agronomic traits, including traits that
distinguish desi and kabuli chickpea. The chickpea genome sequencing work was
carried out by the International Chickpea Genome Sequencing Consortium (ICGSC)
led by ICRISAT. This ICGSC involved 49 scientists from 23 organizations in ten
countries. This is a landmark milestone in chickpea genomics and will pave the way
for more rapid progress towards integrating physical and genetic maps and genomics-
assisted breeding of chickpea.

Use of Genomic Resources in Molecular Breeding

The large scale genomic resources developed during recent years are currently
being employed for accelerating the molecular breeding programs in chickpea.
For instance, a genomic region controlling root traits and several other traits related
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Table ""4 Details of MABC Organization Cross Current status
progenies being developed by EIAR, Ethiopia Ejere x ICC 4958 BCF,
introgression of genomic Arerti X ICC 4958 BCE
region controlling root traits rertix 33
and other traits involved in EU, Kenya ICCV 97105 xICC 4958 BC;F;
drought tolerance from ICC ICCV 95423 xICC 4958 BCiF,
4958 into chickpea cultivars ICRISAT, India ICCV 10xICC 4958 BC;F,

IIPR, India DCP92-3xICC 4958 BC,F,

KWR108 xICC 4958 BC,F,
IARI, India Pusa 362 xICC 4958 BC;F,

to drought tolerance contributing >30 % phenotypic variation identified in the Phase
I of the Tropical Legume (TL-I) project of Generation Challenge Programme
(GCP). The draft has been intogressed into three popular chickpea varieties, JG 11
and KAK 2 from India and Chefe from Ethiopia. Phenotypic evaluation of these
lines is underway in India, Kenya and Ethiopia (Table 4.4).

A marker-assisted recurrent selection (MARS) program is also in progress at
ICRISAT, India and Egerton University, Kenya for accumulating favorable alleles
for yield under moisture stress conditions. MARS is a modern breeding approach
that enables increasing frequency of several beneficial alleles having additive effect
and small individual effects in recurrent crosses (Bernardo and Charcosset 2006).
While several multi-national companies are using MARS in crops like maize and
soybean, only a few public sector institutes have started to use MARS in crops likes
wheat (Charmet et al. 1999), maize (Ribaut and Ragot 2007). At ICRISAT four
superior desi genotypes based on their performance have been selected ICCV
04112, ICCV 05107, ICCV 93954 (released as JG 11 in India) and ICCV 94954
(released as JG 130 in India) and two crosses were made by using elite and elite
lines JG 11 xICCV 04112 and JG 130xICCV 05107). The F; plants were geno-
typed and F;5 progenies were evaluated at three locations (Ethiopia, Kenya and
India) under rainfed and irrigated conditions. To pyramid superior alleles of the
favorable QTLs identified based on F; genotyping data and Fs phenotyping data, a
set of eight lines were selected for each cross using OptiMAS 1.0. It is anticipated
that at the end of the project, RC;F, progenies will be available for evaluation at
multi-locations. Recently, Indian Agricultural Research Institute (IARI), New
Delhi and Indian Institute of Pulses Research, Kanpur have also initiated MARS
in chickpea for Pusa 372xJG130 and DCP92-3 xICCV 10 crosses, respectively.
These efforts are expected to develop superior lines with enhanced drought
tolerance.

The MAGIC population developed at ICRISAT (described in section “Mapping
Populations™) also provided breeding materials for direct use in chickpea breeding
programs. ICRISAT has shared F, seed from 4-way and 8-way crosses with several
institutes in South Asia and sub-Saharan Africa. The plant breeders can select
promising plants at their locations and develop progenies for further evaluations.
Several heat tolerant progenies have been developed from MAGIC population at
ICRISAT.
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Conclusions and Perspectives

Rapid advancements in development of chickpea genomics during the past decade
have made it possible to initiate genomics-assisted breeding in chickpea for
improvement of its adaptation to abiotic and biotic stresses. MABC lines, in which
a genomic region that controls root traits and several other drought tolerance related
traits was introgressed, are already under field evaluation. Several other projects on
marker-assisted breeding of chickpea are in progress and elite lines being developed
from these projects are expected to be available for field evaluation in coming years.
The year 2013 began by adding a landmark milestone in chickpea genomics with
the publication of draft genome sequence of chickpea. The information revealed by
the draft genome sequence will further boost efforts on development of genomic
resources and their applications in chickpea improvement. Integrated breeding
approaches would improve speed, precision and efficiency of ongoing breeding
efforts of chickpea improvement in development of cultivars better adapted to exist-
ing and evolving growing environments and cropping systems and with grain and
nutritional quality preferred by the industry and the consumers.
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Chapter 5
Advances in Pigeonpea Genomics

Abhishek Bohra, Rachit K. Saxena, K.B. Saxena,
C.V. Sameerkumar, and Rajeev K. Varshney

Abstract Pigeonpea, a member of family Fabaceae, is one of the important food
legumes cultivated in tropical and subtropical regions. Due to its inherent properties
to withstand harsh environments, it plays a critical role in ensuring sustainability in
the subsistence agriculture. Furthermore, plasticity in the maturity duration imparts it
a greater adaptability in a variety of cropping systems. In the post genomics era, the
importance of pigeonpea is further evident from the fact that pigeonpea has emerged
as first non-industrial legume crop for which the whole genome sequence has been
completed. It revealed 605.78 Mb of assembled and anchored sequence as against the
predicted 833 Mb genome consequently representing 72.8 % of the whole genome.
In order to perform genetic and genomic analysis various molecular markers like
random amplified polymorphic DNA (RAPD), restriction fragment length polymor-
phism (RFLP), amplified fragment length polymorphism (AFLP), simple sequence
repeat (SSR), diversity array technology (DArT), single feature polymorphism (SFP),
and single nucleotide polymorphism (SNP) were employed. So far four transcrip-
tome assemblies have been constructed and different sets of EST-SSRs were devel-
oped and validated in a panel of diverse pigeonpea genotypes. Extensive survey of
BAC-end sequences (BESs) provided 3,072 BES-SSRs and all these BES-SSRs were
further used for linkage analysis and trait mapping. To make the available linkage
information more useful, six intra-specific genetic maps were joined together into a
single consensus genetic map providing map positions to a total of 339 SSR markers
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at map coverage of 1,059 cM. However, earlier very few linkage maps were available
in the crop because of non-availability of genomic resources. Several quantitative
trait loci (QTLs) associated with traits of agronomic interest including QTLs for
sterility mosaic disease, fertility restoration, plant type and earliness have been iden-
tified and validated. To strengthen the traditional breeding, plenty of genomics tools
and technologies are now available for integration in regular pigeonpea breeding
schemes. This article presents the progress made in the area of pigeonpea genomics
and outlines its applications in crop breeding for pigeonpea improvement.

Keywords Pigeonpea ¢ Genetic map * Quantitative trait loci * Marker assisted
selection * Genome sequence

Introduction

Pigeonpea [Cajanus cajan (L.) Millsp] is one of the most important legume species
belonging to the family Papilionoideae and a member of warm season legumes
(Millettioid clade). Pigeonpea is grown mainly in Asia, Africa and Central/South
America, on ~5 million hectares. India ranks first in pigeonpea production with
2.46 million metric tons (mmt) followed by Myanmar (0.2 mmt) and Malawi
(0.18 mmt) (FAOSTAT 2011). In developing world specially in India and Africa,
pigeonpea remains one of the potential sources for livelihood generation and provid-
ing proteins to the resource poor farmers, whereas, in other countries such as Myanmar
and China, it is gaining importance as one of the commodity crop to generate the
foreign revenue. The cultivation of pigeonpea mostly in marginal and degraded soils
and risk prone environments often causes considerable reduction in crop yield due to
several factors. These factors mainly include diseases, insects/pests and abiotic
stresses such as drought, salinity and water logging. This has reflected in form of a
wide yield gap existing between the potential yield and actual yield realized at farm-
ers’ field (see Varshney et al. 2012).

Realizing its importance in subsistence agriculture, sincere efforts have been
directed towards genetic improvement of pigeonpea. Significant genetic gains have
been achieved in the form of release of several pureline varieties along with cyto-
plasmic genetic male-sterility (CGMS) based hybrids that has led to the expansion
of production area from 2.7 mha (1961) to 5.83 mha (2011) however average yield
still remains in the range of 736-755 kg/ha (FAOSTAT 2011). Domestication and
breeding methods focusing strictly on self-pollination led to drastic narrowing down
of the genetic base therefore further complicated the situation.

In order to experience a quantum jump in the productivity, traditional breeding
efforts should be supplemented with the genomics technologies. All the essential
prerequisites such as large scale DNA markers e.g. simple sequence repeat markers
(SSRs), diversity array technology markers (DArT), single feature polymorphisms
(SFPs) and single nucleotide polymorphisms (SNPs), genetic and quantitative trait
loci (QTLs) maps, trait specific mapping populations and sequence information
(transcriptome and genome assemblies) are now available in pigeonpea for
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Genomic resources Number Features References
Mapping ~30 Segregating for Kumawat et al. (2012),
populations Fusarium wilt (FW), Varshney et al. (2010a),
sterility mosaic Dhanasekar et al. (2010),
disease (SMD), Kotresh et al. (2006)
water logging
tolerance and
plant type
BAC resources
1) BAC libraries 2 Comprising 34,560 Bohra et al. (2011)
clones each with
11x coverage of
pigeonpea genome
2) BAC-end 88,860 A set of >52K non- Bohra et al. (2011)
sequences redundant sequences

Second and third generation DNA markers

1) SSRs
a) Genomic
(gSSRs)

b) Genic or
EST-SSRs

i) Sanger

sequencing

ii) Deep
transcriptome
sequencing

¢) In silico mining
of draft genome
sequence

2) SNPs

3) DArTs

4) SFPs

Genetic maps
1) DArTs based

2) SSRs based

~3,300

84

550

23,410

28,104

29,000

5,692

1 paternal and
1 maternal

7 (1 inter-specific
and 6
intra-specific)

represented 35 Mb or

~4.3 % of the
pigeonpea genome

BAC library and

BES-derived highly
informative SSRs

Average polymorphic

information content
(PIC) value of 0.40

PIC values ranged from

0.46 t0 0.72

Containing tri-, tetra-,

penta-, hexa- or
compound repeat
units

Specific to parental
combinations derived

from 12 genotypes

Diversity surveyed for

400 genotypes

Specific for drought

tolerance

Maps covered 270.0 cM

and 451.6 cM of the
total genome

Covering map distances

from 466.97 to
930.9 cM

Odeny et al. (2007), (2009),
Saxena et al. (2010b),
Bohra et al. (2011)

Raju et al. (2010)

Dutta et al. (2011)

Varshney et al. (2012)

Varshney et al. (2012)

Varshney et al. (2010b)

Saxena et al. (2011)

Yang et al. (2009)

Bohra et al. (2011), (2012),
Gnanesh et al. (2011)

(continued)
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Table 5.1 (continued)

Genomic resources Number Features References
3) SNPs based 1 intra-specific Total map length Kumawat et al. (2012)
1520.22 cM
1 inter-specific Total map length Saxena et al. (2012)
996.21 ctM
Transcriptomic resources
1) ESTs 25,314 Sanger as well as third  http://www.ncbi.nlm.nih.gov
generation sequencing
derived
2) Transcriptome 4 Number of transcript Kudapa et al. (2012)
assemblies assembly contigs
(TACs) ranging from
4,557 to 48,726
Whole genome sequence
Draft genome 2 ~605.78 Mb of genome  Varshney et al. (2012)
sequences of with ~163.4x
variety ‘Asha’ coverage

~511 Mb of the genome  Singh et al. (2011)
with ~10x coverage

initiating genomics assisted breeding (GAB) (Bohra et al. 2011; Varshney et al.
2012; Saxena et al. 2012) (Table 5.1). In recent years, several novel molecular
breeding methodologies have been proposed for the crop improvement such as
marker assisted back-crossing (MABC) and marker assisted recurrent selection
(MARS) which offer a precise manner to choose a desired/superior genotype
(Varshney et al. 2013). Approaches like multi parent advance generation inter-cross
(MAGIC) and introgression libraries (ILs) are offering new avenues to tap natural
genetic variation available in wild relatives and landraces into the cultivated gene
pool (Varshney et al. 2013).

This chapter provides an overview on availability of genomic resources and the
current status of molecular breeding approaches in pigeonpea improvement and
explores possibilities to implement emerging molecular genetics and breeding
approaches to gain the advancement in pigeonpea research and productivity.

Genome Size

Pigeonpea is a diploid crop with chromosome number 2n=2x=22. The various
karyotype studies conducted in pigeonpea (Krishnaswamy and Ayyangar 1935;
Naithani 1941; Akinola et al. 1972) have concluded that all the wild relatives of
pigeonpea carry the same number of chromosomes. After soybean, pigeonpea
became the second member of clade Phaseoloid for which the draft genome
sequence has become available and based on K-mer statistics the entire genome size
was estimated to be 833.07 Mb (Varshney et al. 2012).


http://www.ncbi.nlm.nih.gov/
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Genomic Resources
Mapping Populations

Auvailability of large segregating populations is an essential requirement for molecular
tagging of traits of interest. Several types of bi-parental mapping populations such
as F,, Backcross (BC,F,), recombinant inbred lines (RILs), near isogenic lines
(NILs) and double haploid (DH) are being employed for genetic map construction
and trait mapping. Based on morphological and molecular diversity and targeting
the trait segregation a series of mapping populations were generated in pigeonpea
under phase I of pigeonpea genomic initiative (PGI). A total of 25 F, mapping popu-
lations were reported in pigeonpea segregating for several traits such as resistance
to sterility mosaic disease (SMD), Fusarium wilt (FW), water logging and fertility
restoration (Rf). Most of these populations have reached to the RILs and are being
deployed for multi-location trials. Details on these mapping populations have been
provided by Varshney et al. (2010a). Of these mapping populations, an inter-specific
F, mapping population (ICP 28 x ICPW 94) was chosen for constructing high density
reference genetic map for pigeonpea (Bohra et al. 2011; Saxena et al. 2012). Apart
from PGI, few more mapping populations were developed at various national agri-
cultural research centers (Kotresh et al. 2006; Dhanasekar et al. 2010; Ganapathy
et al. 2009; Kumawat et al. 2012) (Table 5.2).

Molecular Markers

A wide range of DNA markers have been employed in pigeonpea including RAPD
(Ratnaparkhe et al. 1995), RFLP (Sivaramakrishnan et al. 1997, 2002), AFLP
(Panguluri et al. 2005), SSR (Saxena et al. 2010a; Bohra et al. 2011), DArT (Yang
et al. 2006, 2011), SFP (Saxena et al. 2011) and SNP (Varshney et al. 2012; Saxena
et al. 2012) etc. All these marker systems have been used for a variety of applica-
tions e.g. estimation of genetic diversity, construction of genetic maps, etc. in
pigeonpea. Initially SSRs were preferred over other marker systems due to unavail-
ability of SNPs and several advantages like higher abundance, co-dominant and
multi-allelic nature and ease of scoring etc. In pigeonpea, SSRs were generated
through (1) enriched library (Burns et al. 2001; Saxena et al. 2010a) (2) in silico
expressed sequence tags (ESTs) mining (Dutta et al. 2011; Dubey et al. 2011) and
(3) surveying BAC-end sequences and whole genome sequence (Bohra et al. 2011;
Varshney et al. 2012). The first set of SSRs comprising ten SSRs in pigeonpea
was developed by Burns et al. (2001) using CA and CT repeat enriched libraries.
However, development of SSRs through enriched libraries remains to be time con-
suming and of low through put. In this context, sequencing of BAC ends and min-
ing for SSRs had provided potential alternative for large scale SSR discovery.
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In pigeonpea, extensive survey of BAC-end sequences (BESs) provided 3,072 BES-
SSRs and all these BES-SSRs were further used for linkage analysis and trait map-
ping (Bohra et al. 2011, 2012; Gnanesh et al. 2011). In addition, a detailed
microsatellite survey of whole genome sequence of pigeonpea has identified thou-
sands of SSRs (Singh et al. 2011; Varshney et al. 2012).

In addition to SSRs, DArT offers great potential because of its sequence-
independent nature and ensures whole genome profiling in a high throughput and
cost effective manner. In pigeonpea, development of 5,376 DArT features helped in
assessment of genetic diversity in a panel of 96 genotypes from 20 different Cajanus
species (Yang et al. 2006). However, in the post genomics era, owing to the amena-
bility to high throughput detection and precise genotyping, SNP has emerged as
preferred class of DNA markers over SSRs. Thousands of SNPs were identified in
pigeonpea to undertake genome wide association studies (GWAS) and genome
wide selection (GWS) (Varshney et al. 2012; Saxena et al. 2012). Recently cost
effective SNP genotyping assays such as competitive allele-specific polymerase
chain reaction (KASPar) assays were developed for a total of 1,616 SNPs and des-
ignated as PKAMs (pigeonpea KASPar assay markers). Further utility of all these
KASPar based SNPs were successfully demonstrated in genetic mapping and com-
parative analysis in pigeonpea (Saxena et al. 2012). In a similar instance 752 SNPs
were successfully used to genotype a panel of 110 accessions (wild as well as culti-
vated) using GoldenGate assay and provided valuable evidences about gene flow,
phylogeny and domestication bottlenecks occurred in pigeonpea (Kassa et al. 2012).

Furthermore, with an aim to leverage the DNA marker catalog, microarray-
based markers such as single feature polymorphism (SFP) were also discovered
for various parental combinations in pigeonpea. For example, the number of iden-
tified SFPs ranged from 780 to 854 between parents of several mapping popula-
tions. In total, a novel set of markers comprising 5,692 SFPs was reported (Saxena
et al. 2011).

BAC Libraries

BAC libraries harbor large inserts of DNA ranging from 100 to 350 kb with an average
insert size of 150 kb. The large size of DNA inserts ensures better coverage of the
genome. These offer several advantages like ease of handling, high stability, non-
chimeric nature and better transformation efficiency over other vectors such as yeast
artificial chromosomes (YACs) and cosmids (Farrar and Donnison 2007). BAC
libraries represent a potential genomic resource extensively used for (1) physical
map construction, (2) comparative genome analysis via searching for macrosyn-
tenic blocks across species, (3) map-based or positional cloning to isolate genes/
QTLs responsible for economically important traits, (4) large scale DNA marker
discovery through BAC-end sequencing, and (5) assembling of raw sequence reads
into genome assembly for an organism. In pulses, several BAC libraries have been
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reported and are being constructed for chickpea, lentil, pigeonpea, mungbean,
cowpea, field pea and common bean etc. (Yu 2012). In pigeonpea, two BAC librar-
ies were constructed by using HindlIIl and BamHI restriction enzymes. Each of the
libraries was composed of 34,560 clones. The average insert size of Hindlll library
was 120 kb while the BamHI library had an average insert size of 115 kb. These clones
collectively represented ~11x coverage of the pigeonpea genome. The sequences
adjacent to the insertion sites are generally known as BESs and potential resources for
identifying minimally overlapping clones (Kelley et al. 1999). With this perspective,
randomly selected 50,000 BAC clones were targeted for end sequencing which gener-
ated a set of 88,860 high quality BESs (Bohra et al. 2011).

Genetic Maps

Saturated genetic maps have been constructed for several legumes like chickpea
(Thudi et al. 2011; Hiremath et al. 2012), cowpea (Muchero et al. 2009; Lucas et al.
2011), common bean (Cordoba et al. 2010), soybean (Hwang et al. 2009) etc.
Till 2010, no genetic map was available for pigeonpea due to non-availability of
ample amount of genomic resources such as molecular markers and segregating
mapping populations and this situation exacerbated by low genetic variation in
Cajanus primary gene pool. Following the large scale development of BES-SSR
and DArT markers, the first generation genetic maps were constructed for an F,
population derived from an inter-specific cross ICP 28 (C. cajan) x ICPW 94
(C. scarabaeoides). SSR based genetic map covered a total map length of 930.9 cM
with 239 loci with an average inter-marker distance of 3.8 cM (Bohra et al. 2011).
In parallel, DArT based genotyping on this parental combination provided a set of
388 polymorphic markers. However, coupling and repulsion phase of polymorphic
markers resulted in development of paternal and maternal specific genetic maps
with 172 and 122 unique loci, respectively.

The above mentioned genetic maps were derived between C. cajan and C. scara-
baeoides, which does not reflect the level of DNA polymorphism existing in pri-
mary or cultivated gene pool of Cajanus. Therefore, greater emphasis was directed
towards construction of genetic maps for narrow crosses/intra-specific mapping
populations. Keeping this view in mind, a total of six SSRs based intra-specific
genetic maps with low to moderate marker density were constructed for six F, map-
ping populations (Gnanesh et al. 2011; Bohra et al. 2012). The number of mapped
loci were in the range of 59 (ICPB 2049 xICPL 99050) to 140 (ICPA 2043 x ICPR
3467) while covering map distances of 466.97 cM (TTB 7 xICP 7035) to 881.57 cM
(ICPA 2043 xICPR 3467). Furthermore, to make the available linkage information
more useful, all the six intra-specific genetic maps were joined together into a single
consensus genetic map providing map positions to a total of 339 SSR markers at
map coverage of 1,059 cM (Bohra et al. 2012). The bin wise polymorphism infor-
mation content (PIC) values provided for each mapped loci will help geneticists and
breeders to select the more informative and precise markers from the region of
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interest. Recently one more genetic map based on an intra-specific mapping population
(Pusa Dwarf x HDMO04-1) was reported for cultivated pigeonpea. This genetic map
comprising 296 loci (267 SNPs+29 SSRs) covered a map length of 1520.22 cM
organized into 11 LGs (Kumawat et al. 2012).

Inter-specific mapping population (ICP 28 xICPW 94) relatively bigger than
previously used (167 F,) mapping populations, used for SNP genotyping through
cost effective genotyping platform (KASPar assays) resulted in a much lower geno-
typing error rate than that obtained with markers like SSRs. A comprehensive genetic
map comprising of 875 SNP loci was constructed (Saxena et al. 2012). The total
length of this map was 967.03 cM with average marker distance of 1.11 cM. This link-
age map was a considerable improvement with the previous pigeonpea genetic
linkage maps using SSR and DArT markers. The marker density in this map has
almost three times higher than the previous maps. This higher marker density would
be useful in determining double recombinants affecting a single marker and in guiding
future mapping efforts in pigeonpea.

Trait Mapping

Trait mapping is one of the important pre-requisite for prediction of phenotype from
the genotype. As compared to some other legumes like chickpea and common bean
not much progress has been witnessed in the area of trait mapping in pigeonpea.
Earlier inadequate supply of DNA polymorphisms and lack of saturated genetic
maps have posed obstacles in undertaking QTL analysis in pigeonpea. Despite this,
some of the traits such as tolerance to SMD and FW and ideal plant type were
chosen for mapping using bulked segregants analysis (BSA). BSA was performed
using DNA from extremes phenotypes from segregating F, populations. The first
instance of QTL analysis was reported by Gnanesh et al. (2011) to tag SMD resis-
tance in pigeonpea. This study reported existence of major as well as minor effect
QTLs imparting resistance against SMD. The investigation included two F, mapping
populations which were subjected to linkage and QTL analysis. The results indi-
cated occurrence of six QTLs (designated as qSMD1-6) explaining phenotypic
variations in the range of 8.3-24.72 % (Gnanesh et al. 2011) (Table 5.2).

Another successful attempt for mapping a trait using QTL analysis was performed
for fertility restoration (Rf). Restoration of fertility in hybrids forms a vital part of
CMS based hybrid breeding. Keeping this in mind, QTL analysis was conducted
using genotyping and phenotyping data generated from three different F, mapping
populations showing segregation for fertility restoration. QTL analysis revealed a
total of four large effect Rf-QTLs playing important roles in fertility restoration in
pigeonpea (Table 5.2). The phenotypic variations governed by the identified QTLs
were observed up to 24 % (Bohra et al. 2012). The SSR markers tightly linked with
fertility restoration will help not only in search of a potential restorer but also in
discriminating between restorer and maintainer. Similarly based on an intra-specific
F, population and F,; families (Pusa DwarfxHDMO04-1) several QTLs were
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recovered for six different agronomics traits related to plant type and earliness and
the phenotypic variation was observed in the range of 3-50 % (Kumawat et al. 2012).
These genomic regions can further be chosen as candidates while practicing marker
assisted selection (MAS) for plant type and earliness in pigeonpea.

Functional and Comparative Genomics

Functional genomics has shown remarkable impacts on plant genetics and breeding.
In the context, collection of ESTs represents an excellent genomic resource to carry
out functional genomics studies. In pigeonpea, a total of 25,576 ESTs have been
deposited in NCBI database (http://www.ncbi.nlm.nih.gov/dbEST/dbEST_sum-
mary.html). In parallel, recent advancements made in the area of next generation
sequencing technologies have helped generation of massive transcriptome sequence
data. For instance, in the case of pigeonpea, a total of four transcriptome assemblies
have been constructed using Illumina GA IIx, FLX/454 and Sanger sequencing
(Raju et al. 2010; Dutta et al. 2011; Dubey et al. 2011; Kudapa et al. 2012). Among
these, the two most comprehensive assemblies were designated as Cajanus cajan
transcriptome assembly version 1 and 2 (CcTA v1: Dubey et al. 2011 and CcTA v2:
Kudapa et al. 2012) comprising 48,726 and 21,434 transcript assembly contigs
(TACs), respectively. The robust transcriptome assembly offers tremendous scope
for predicting gene content, function and large scale mining of genic or functional
molecular markers (GMM or FMM). For instance, different sets of EST-SSRs were
developed from these transcriptome assemblies and validated in a panel of diverse
pigeonpea genotypes (Raju et al. 2010; Dutta et al. 2011). Since the functional
markers remain highly conserved across genera during the course of evolution,
these form the basis for comparative genome analysis.

Comparative genomics remains a powerful approach to harness genomic infor-
mation form related genera. In pigeonpea, successful cloning of approximately 600
unique nucleotide-binding site (NBS) domain and leucine-rich repeat (LRR) domain
sequences was performed using degenerate primers targeting the NBS-LRR
sequences from model legume Medicago truncatula (Varshney et al. 2010a). NBS-
LRR represents the most abundant class of resistance genes in plants (Varshney
et al. 2009). Therefore, availability of cloned NBS-LRR fragments would shed light
into the fate of NBS-LRR resistance genes during divergence of Millettioid and
Galegoid clades within the subfamily Papilionoideae. Similarly, comparative analy-
sis of the CcTA v2 with genome sequence of soybean (Glycine max) provided a set
of 128 intron spanning region (ISR) markers. Mapped SNPs were also used to dis-
cover the synteny blocks in each of the 11 pigeonpea linkage groups to their coun-
terparts of four legumes chromosomes (soybean, cowpea, Medicago and Lotus),
implying certain co-linearity for the syntenic chromosome/linkage pairs. Conserved
sequences were identified among five legume species (pigeonpea, soybean, cow-
pea, Medicago and Lotus) (Saxena et al. 2012). The data from comparative genome
analysis should facilitate studies on genome evolution and analysis of structural
genome, but more significantly would be helpful in understanding and validation
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of functional inference of genes in pigeonpea. The identification of gene functions is
difficult in non-model species including pigeonpea, thus functional genome analysis
will have to rely heavily on the establishment of orthologies from model species by
using comparative genomics analysis.

Genome Sequencing

With the availability of draft genome sequence, pigeonpea has shown a quantum
jump in its status and joined the league of model/genomic resource rich crops.
Pigeonpea has become the first orphan and non-industrial grain legume to have a
draft genome sequence (Varshney et al. 2012). Next generation sequencing plat-
forms such as Illumina GA and HiSeq 2000 were used to sequence elite pigeonpea
cultivar Asha (ICPL 87119). Using a de novo genome assembly and with the help
of bacterial artificial chromosome (BAC)-end sequences and available genetic
maps, 605.78 Mb was assembled into scaffold with N50=516.06 kb. Based on esti-
mated genome size of 833 Mb using a K-mer analysis, 72.8 % of the genome was
assembled. Gene prediction analysis suggested presence of 48,680 genes with an
average transcript length of 2,348 bp and 3.59 exons per gene. A total of 46,750
genes (96.4 %) could be assigned based on functional ontology and 1,930 genes
(3.96 %) are of unknown function. In terms of non-coding RNAs (ncRNAs), 763
tRNA, 862 miRNA, 329 rRNA and 363 snRNA were encountered in <0.5 %
assembled genome. In another sequencing effort, 454 GS-FLX sequencing tech-
nology was used to assemble ~511 Mb sequence data for Asha variety (Singh
et al. 2011). In this study, 47,004 protein coding genes including 1,213 disease
resistance/defence related genes and 152 abiotic stress tolerance genes were
predicted.

Analysis of genome assembly (Varshney et al. 2012) for repetitive DNA showed
presence of transposable elements (TEs) in 49.61 % of assembled genome.
Comparison of pigeonpea genome with soybean, grape, Medicago truncatula and
Lotus japonicus genomes revealed 4,311 clusters of genes that were common to all
five eudicot genomes whereas 3,068 gene families were specific to the pigeonpea
genome. Pigeonpea genome contains higher number (111) of drought responsive
genes than soybean, Medicago truncatula and Lotus japonicus. These genes are
suitable candidates for allele mining in global germplasm collection of pigeonpea
so that superior alleles and haplotypes for drought tolerance can be implemented in
pigeonpea crop improvement (Varshney et al. 2012).

Genome sequence will be useful in utilizing gene sequences for molecular breed-
ing as well as genetic engineering approaches for crop improvement to minimize
yield gap in farmers’ field. It will not only facilitate comparative analysis with other
members of warm-season Millettioids and cool-season Galegoids but also in under-
standing the phylogeny and evolution within the legume family as a whole.
Furthermore, identified candidate drought responsive genes can be utilized for
improving other legume crops such as soybean and common bean, which are
adversely affected by drought stress.
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Genomics-Assisted Breeding

To enhance the crop productivity of pigeonpea, it is important to implement recently
developed biotechnological tools such as molecular markers and genetic maps in
the breeding programs. These are pre-requisites for genomics-assisted breeding
applications such as marker-assisted selection (MAS) (Varshney et al. 2009). With
the development and availability of molecular markers and dense molecular genetic
maps, MAS is in routine in breeding programs in several major crop species.
However, in pigeonpea full potential of molecular breeding still needs to be realized
to reap the benefits of colossal amount of molecular information generated through
whole genome sequencing. Though, traditional pigeonpea breeding has provided
enough genetic gains in the form of release of several elite cultivars, the pace of
improvement is not adequate. Wild relatives of pigeonpea representing the untapped
reservoir of tremendous genetic variation offer greater scope for broadening of
genetic base in pigeonpea. However the undesirable alleles associated with the
wild germplasm i.e. linkage drag hampers the speedy recovery of superior perfor-
mance. Some novel molecular breeding methods such as advanced backcross QTL
(AB-QTL) analysis permitting identification as well as transfer of wild type supe-
rior alleles into elite cultivars help greatly by generating broad based breeding
materials including introgression lines (ILs), near isogenic lines (NILs), chromo-
some segment substitution lines (CSSLs) etc. Some efforts have also been initi-
ated at ICRISAT using C. scarabaeoides as donor to discover superior alleles of
various economically important QTLs through AB-QTL approach (Varshney et al.
2013).

Apart from this, whole genome opens new avenues for re-sequencing and
genome wide SNP genotyping of landraces/core/reference sets/composite collection
(Upadhyaya et al. 2011) (Fig. 5.1). This will greatly assist in discovery of alleles
and unlocking the alleles/loci undergoing selection pressure during the process of
domestication. In addition, reference genome would facilitate precise identification
of recombination blocks using high throughput genotyping platforms and methods
such as genotyping by sequencing (GBS). GBS can be employed to tap the potential of
nested association mapping (NAM) ensuring benefits of both association mapping
(historical recombination) as well as linkage analysis (bi-parental recombination).
NAM would provide insights into the molecular basis underlying various QTLs
governing several complex traits. In crops like pigeonpea, some of the other schemes
relying on multi-parent crossing would be very effective in providing opportunities
for extensive recombination. For instance, creation of multi-parent advanced gen-
eration intercross (MAGIC) lines in pigeonpea will help not only in accumulation
of superior alleles from various genetic backgrounds but also in fine mapping of the
region of interest (Kover et al. 2009). Access to the genome wide SNP/SSR markers
together with availability of a training population with a robust historical phenotyp-
ing data would allow identification of a genotype with higher breeding value through
genomic selection (GS) bypassing extensive field testing/repeated phenotyping
(Varshney et al. 2013).
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Conclusion and Perspectives

With the availability of draft genome sequence, pigeonpea has marked its presence
among sequenced legumes such as Lotus, Medicago and soybean enabling more
focus on basic research and translational genomics for crop improvement. In the
context, high density genetic maps along with precise phenotyping platforms would
facilitate identification of genomic regions/QTLs associated with traits such as tol-
erance to abiotic and biotic stress and fertility restoration. Since exploitation of
hybrid vigor seems to a potential alternative to overcome the existing yield barriers,
elaborated understanding about the molecular basis of heterosis would allow easy
access to the genes imparting hybrid vigor. Furthermore, re-sequencing of several
genotypes including landraces, wild relatives and cultivars would ensure recovery
of novel haplotypes associated with domestication and other important phenome-
non. The deployment of these genomic tools into regular breeding programmes in
the form of MABC, MARS and GS would help greatly in bridging the yield gap in
pigeonpea through enhancement of productivity in the resource poor and risk prone
environment.
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Chapter 6
Advances in Lentil Genomics

Shiv Kumar, Aladdin Hamwieh, Alagu Manickavelu,
Jitendra Kumar, Tilak Raj Sharma, and Michael Baum

Abstract Lentil is a diploid (2n=2X=14) self-pollinating crop with a genome size
of 4 Gbp. The use of genomics tools in lentil breeding programs has been limited,
since available genomic resources are not adequate. Recent advances in high-
throughput genotyping and sequencing technologies have brought in new impetus
in the development of genetic and genomic resources and high resolution marker-
trait association in lentil. Their integration in marker-assisted breeding is expected
to improve the precision and efficiency in breeding programs with accelerated and
directed genetic gains in crops like lentil. Molecular markers are expected to facili-
tate indirect selection for difficult traits, introgression of novel genes into adapted
varieties, pyramiding genes from different sources, and combining multiple stress
resistance. The present review highlights recent advances in lentil genomics and
future outlook in the light of rapid advancement in the genomics tools.
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Introduction

Lentil (Lens culinaris ssp. culinaris Medicus) is an important grain legume species
cultivated throughout the West Asia, North Africa, the Indian subcontinent, North
America, and Australia, providing a vital source of dietary protein in human diets
and protein-rich straw for animal feed (Erskine et al. 2011). Lentil shares the ability
to fix atmospheric nitrogen with other legumes, making it a useful option for soil
fertility management in cereal based cropping systems. Lentil also provides rota-
tional benefits to cereal crops in management of weeds, diseases and insect pests,
and in many cases offers a profitable, high value crop option for farmers (Rahman
et al. 2009). Genetic enhancement programs have been undertaken using conven-
tional breeding approaches to improve yield and adaptability of the crop at national
and global levels. Recently, deployment of genomic resources has become an integral
part of breeding programs in many crops worldwide. However in comparison to
cereal and major food legume crops, there are limited efforts in the development and
deployment of molecular tools in lentil. Molecular tools have recently been used by
lentil breeders and biotechnologists to understand the genetic basis of a few traits
related to biotic (ascochyta blight, anthracnose, rust, fusarium wilt, stemphylium
blight) and abiotic (drought, frost, cold, boron, salinity) stresses (Muehlbauer et al.
2006). However, in the genomic era, there is a need to keep pace with the development
of new molecular tools and techniques such as transcriptomics and whole genome
sequencing. Whole genome sequencing projects have been undertaken for model
legumes like Medicago and Lotus, providing an opportunity to identify putative
orthologous gene sequence resources in other legume species, especially those located
within the Galegoid clade of the Fabaceae sub-family Papilionoideae. In addition, a
draft genome sequence has recently been completed for the warm-season food
legumes, soybean (Schmutz et al. 2010) and pigeon pea (Varshney et al. 2011),
which belong to the Phaseoloid clade providing further insights into comparative
genomics within the Fabaceae family.

In the present chapter, we reviewed lentil genomics, focusing on the present status
of genomic resources, molecular markers, genetic engineering and the future outlook
in the light of rapid advancement in the genomics tools.

Genome Size

Lentil is a diploid (2n=2X=14) self-pollinating crop with a genome size of 4 Gbp
(Arumuganathan and Earle 1991). Variable chromosome numbers have been
reported in inter-specific hybrids e.g., seven bivalents in the intra-specific hybrids
within the members of L. culinaris to five bivalents and one quadrivalent in the F,
hybrids derived from a cross between L. culinaris and L. orientalis. Several workers
have studied karyotypes in L. culinaris, and reported similar karyotypes. The length
of chromosomes ranged from 3.0 to 9.2 pm. Gupta and Singh (1981) reported two
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pairs each of metacentric and sub-metacentric and three pairs of acrocentric
chromosomes. The large size of nuclear genome in lentil poses a great challenge to
sequence it with the limited resources.

Genomic Resources

Genomic resources are very important for a crop improvement program. Molecular
approaches have made limited progress in improving the understanding of the lentil
genome. Lentil breeding programs do not yet use marker-assisted selection (MAS)
because the genetic maps developed in lentil with restriction fragment length poly-
morphism (RFLP), amplified fragment length polymorphism (AFLP), random
amplified polymorphic DNA (RAPD) and simple sequence repeat (SSR) markers
are not tightly linked to the genes of interest. Therefore, their use in identification of
close trait-marker association remains a major limitation in lentil. In the recent past,
however, efforts have been augmented towards the development of genomic
resources in lentil.

Microsatellite or SSR Markers

Recently, major efforts have been directed towards the development of microsatellite
and gene-specific markers in lentil. Microsatellite or SSR markers are generally
co-dominant, unilocus, multi-allelic and species specific. Produced from primers
designed to the flanking sequence of mainly di- and trinucleotide repeats, microsatel-
lites have emerged the markers of choice in many plant species to gain understanding
of genetic relationships, evolutionary insights and gene mapping. Development of
microsatellite markers requires a considerable amount of laboratory effort. Successful
isolation of microsatellite markers involves construction and screening of small
insert genomic library with SSR motifs, sequencing of the positive clones, designing
the primers that can amplify SSR loci, and determining polymorphic SSR primers.
The first Sau3Al genomic library was constructed from the cultivated accession,
ILL5588 and screened with (GT)10, (GA)10, (GC)10, (GAA)S8, (TA)10 and (TAA)
probes (Hamwieh et al. 2005). Dinucleotide repeats were observed more frequently
than trinucleotide repeats or other motifs (Table 6.1). The microsatellite motifs were
classified as perfect, imperfect, compound perfect or compound imperfect repeats
according to the modified classification of Weber (1990). The simple/perfect repeats
were predominant (56.8 %) followed by compound/perfect (16.1 %) whereas com-
pound/imperfect (12.7 %) occurred least often. Among the perfect repeats, (CA/
GT)n motifs were the most abundant, comprising 24.2 % of the isolated clones,
followed by (AT/TA)n repeats (8.9 %). This led to a set of 30 highly polymorphic
SSR markers in lentil. Hamwieh et al. (2009) further developed an additional set of
14 microsatellite markers and used them for genetic diversity analysis of the lentil
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Table 6.1 Microsatellite motifs observed in the lentil genomic library

Type Microsatellite motif Number % Occurrence
Simple Perfect CA/GT 57 242
CG/GC 2 0.8
CT/GA 7 3
CTT/GAA 3 1.3
AT/TA 21 8.9
ATT/TAA 7 3
Others types 37 15.7
Total 134 56.8
Imperfect CA/GT 21 8.9
CG/GC 0 0
CT/GA 1 0.4
CTT/GAA 0 0
AT/TA 3 1.3
ATT/TAA 1 0.4
Others types 8 34
Total 34 14.4
Compound Perfect 38 16.1
Imperfect 30 12.7
Total 68 28.8
Total 236 100

Based on data from Hamwieh A, Udupa SM, Sarker A, Jung C and Baum M.
Development of new microsatellite markers and their application in the analysis of
genetic diversity in lentils. Breed Sci 2009; 59:77-86

core set. Recently, 126 SSR markers were generated using a magnetic bead capture
method at the Washington State University (Weidong Chen and P.N. Rajesh, Personal
communication). More than 500 SSRs have been generated from enriched genomic
library in lentil (Sabhyata Bhatia, Personal Communication). Still, the lentil-specific
SSR markers are limited and not sufficient for the genome-wide coverage to establish
genetic relatedness among the closely related germplasm accessions.

Expressed Sequence Tags (ESTs)

ESTs are short DNA sequences of 150—400 bp from a cDNA clone that corresponds
to a particular mRNA. These are developed and publicly made available (Rudd
2003). Development of high-throughput functional genomics approaches like
Serial Analysis of Gene Expression (SAGE) has led to the generation of more ESTs.
The cDNA clones corresponding to the ESTs of interest can be used as RFLP or
CAPS based markers (Varshney et al. 2005). The EST sequence data also serve the
purpose of identifying SSRs and/or SNPs. Before the ESTs, development of SSR and
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SNP markers was expensive and required high resource laboratories, but presently
any user can download them from the database and use some special bioinformatic
programs like MISA for SSR detection (Thiel et al. 2003; Varshney et al. 2005) and
SNipPer for SNP discovery (Kota et al. 2003; Varshney et al. 2005). As on October
2012 there are about 10,163 ESTs available for lentil. Most of the available ESTs
(9,513) were published in November 2010 and another remaining 647 ESTs in
September 2012 by the University of Saskatchewan. The first EST library was made
from a mixture of eight cultivars with varying seed phenotypes. The second cDNA
library was prepared from the leaflets of a Canadian cultivar ‘Eston’ inoculated with
Colletotrichum truncatum. Kaur et al. (2011) carried out transcriptome sequencing
of lentil based on the second-generation technology which permits large-scale
unigene assembly and SSR marker discovery. They used tissue-specific cDNA sam-
ples from six genotypes (Northfield, ILL2024, Indianhead, Digger, ILL6788, and
ILL7537) using Roche 454 GS-FLX Titanium technology, and generated c. 1.38 x 106
ESTs. De novo assembly generated 15,354 contigs and 68,715 singletons. Out of
huge ESTs produced, 3,470 SNP and EST-SSRs have been identified. Development
of genomic resources has become possible and cost effective with the advent of next
generation sequencing of ESTs. Validation of a subset of 192 EST-SSR markers
across a panel of 12 cultivated genotypes showed 47.5 % polymorphism from a set
of 2,393 EST-SSR markers developed in lentil (Kaur et al. 2011).

Single Nucleotide Polymorphism (SNP)

SNP markers are considered ideal for genetic mapping and diversity assessment in
crop plants due to their abundance and relatively even distribution across the genome
(Chagne et al. 2007). In addition various technologies exist for evaluation of
SNP loci and many of these are amenable to automation for allele calling and data
collection. In fact, the availability of extensive sequence database made a new
beginning to exploit them as a high-throughput marker system for genome mapping
studies. The availability of abundant high-throughput sequence-based markers is
essential for detailed genome-wide trait analysis. A significant amount of efforts has
been invested in re-sequencing alleles to discover SNPs. There are techniques to
detect SNPs such as allele-specific PCR, single base extension and array hybridiza-
tion methods. Since SNP discovery and genotyping require expensive and sophisti-
cated platforms, the development and exploitation of SNP markers are still restricted
to major crop species such as rice (Nasu et al. 2002), wheat (Somers et al. 2003),
barley (Kota et al. 2001; Kanazin et al. 2002), maize (Tenaillon et al. 2001), and
soybean (Zhu et al. 2003). Recent advances in sequencing techniques have helped
in developing SNP assay in lentil. The Department of Primary Industries (Victoria,
Australia) and University of Saskatchewan are involved in developing lentil genomic
resource by developing SNP and COS marker assay.
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Marker Transferability

Comparative genome mapping has demonstrated different levels of genome conser-
vation among crop species during the course of evolution (Choi et al. 2004; Zhu
et al. 2005). The lentil genome has shown different degrees of synteny with other
legume crops (Weeden et al. 1992; Simon and Muehlbauer 1997; Phan et al. 2007,
Choudhary et al. 2008). Development of PCR-based markers has improved transfer-
ability of genetic information among species through comparative genomics, and
has facilitated the establishment of phylogenetic relationship in plants species.
Since the availability of microsatellite markers in lentil is limited, other legumes
offer great scope of marker transferability for genome-wide coverage. Pandian et al.
(2000) observed 5 % transferability of chickpea-specific STMS primers in lentil while
Reddy et al. (2009) observed successful amplification of 62 % Trifolium markers
followed by Medicago (36 %) and Pisum (25 %). Datta et al. (2011) reported transfer-
ability of 19 STMS markers from common bean, chickpea, pigeon pea, and soybean.
The lack of lentil-specific microsatellite sequences and gene-based markers propelled
the mining and transfer of expressed sequence tag-simple sequence repeat (EST-SSR)
sequences from the model genome Medicago truncatula to enrich an existing intra-
specific lentil genetic map (Gupta et al. 2012a). They published 21 clear and repro-
ducible markers showing polymorphism between parents, Northfield and Digger.
EST-based intron-targeted amplified polymorphic (ITAP) markers have recently
been developed from related crops and applied to lentil. ESTs were compared for
phylogenetic distant from M. truncatula, Lupinus albus, and G. max to produce 500
ITAP markers that could be applied to lentil (Phan et al. 2007). Also, 126 M. trun-
catula cross-species markers were used to generate comparative genetic maps of
lentil and white lupin and macrosyntenic relationships between lentil and field pea
was observed.

Functional Genomics

Differential gene transcript profiles were assessed among resistant (ILL7537) and
susceptible (ILL6002) lentil genotypes at 6, 24, 48, 72 and 96 h after inoculation
(hai) with Ascochyta lentis (AL4 isolate) (Ford et al. 2007). The non-redundant dif-
ferentially expressed genes for each accession and time point were hierarchically
clustered using Euclidean metrics. In total, 25 differentially expressed sequences
were up-regulated and 56 down-regulated in ILL7537 whereas 26 were up-regulated
and 44 down-regulated in ILL6002. Several candidate defense genes were charac-
terized from lentil including a b-1,3-glucanase, a pathogenesis-related protein from
the Bet v I family, a pea disease resistance response protein 230 (DRR230-a), a
disease resistance response protein (DRRG49-C), a PR4 type gene and a gene
encoding an antimicrobial SNAKIN2 protein, all of which have been fully
sequenced. Several transcription factors were also recovered at 6 hai and future
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aims will be to further biologically characterize these and earlier responses to gain
a comprehensive understanding of the key pathogen recognition and defense path-
ways to A. lentis in lentil. Also, the full-length gene sequences will be used in trans-
genic studies to further characterize function.

Mapping Populations

Mapping populations for important traits are essential genetic resources to establish
trait-marker association. Therefore, efforts have been made at ICARDA and national
programs to develop mapping populations for key traits in lentil (Table 6.2). RIL
(recombinant inbred lines) populations were developed from the crosses made
between contrasting parents for the traits of interest through single seed descent
method. Indian Institute of Pulses Research (ITPR) has recently developed RIL pop-
ulation from a cross between ILL6002 and ILL7663 in order to identify and map
early growth vigor genes in lentil. Identification of markers linked to the genes/
QTLs governing these traits will help in development of genotype having high bio-
mass at early stage. For tagging and mapping of genes of earliness, another mapping
population was developed from a cross between Precoz (Medium early) and L4603
(early). CSK Himachal Pradesh Agricultural University, Palampur, India has devel-
oped recombinant inbred populations involving both intra and intersubspecific
crosses that differ for rust reaction, drought tolerance, flowering time, plant vigour,
shattering tolerance, seed size and seed weight.

Molecular Maps

The earlier Lens genetic linkage maps were constructed by using morphological and
isozyme markers (Zamir and Ladizinsky 1984; Tadmor et al. 1987; Vaillancourt and
Slinkard 1993). Although genetic mapping (linkage analysis) began in lentil in
1984, the first map comprising DNA based markers was produced by Havey and

Table 6.2 Mapping populations developed for various traits in lentil at [CARDA

Trait Cross Population size
Drought ILL7946 xILL7979 174
Cold 1LL4605 xILL10657 153
Earliness ILL7115%ILL8009 150
Rust ILL5888 x ILL6002 152
Fusarium wilt ILL213 xILL5883, Precoz x Idleb 2 150
Zn content TILL5722 < IL1L9888 177
1LL9888 x ILL5480 149

Fe content 1ILL9932 xILL9951 193
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Table 6.3 Molecular maps developed in lentil

Population used for No. of Genetic map

mapping loci  Type of markers length (cM) References

RILs 177  RAPD, AFLP,RFLP 1,073 Eujayl et al. (1998a)
(ILL5588 xL692-16-1)

F2 (ILL5588 xILL7537) 114 RAPD, ISSR 784 Rubeena et al. (2003)

Lens culinaris ssp. 161 RAPD, ISSR, 2,172 Duran et al. (2004)
Culinaris x L. c. ssp. AFLP, SSR
orientalis

RILs 283 SSR, AFLP 751 Hamwieh et al. (2005)
(ILL5588 xL692-16-1)

F2 (L830xILWL77) 199  SSR,ISSR and RAPD 3843.4 Gupta et al. (2012a, b)

RIL (JLL5588xILL5722) 196  RAPD, ISSR, 1156.4 Gupta et al. (2012a, b)

EST-SSR, and SSR

Muehlbauer (1989). Subsequent maps were published by several workers
(Table 6.3). With the development of PCR based markers, the number of mapped
markers across the Lens genome increased dramatically (Kumar et al. 2011). The
first extensive map comprised 177 RAPD, AFLP, RFLP and morphological markers
was constructed using a RIL population from a cross between a cultivated L. culina-
ris ssp. culinaris cultivar and a L. culinaris ssp. orientalis accession (Eujayl et al.
1998a). Rubeena et al. (2003) published the first intraspecific lentil map comprising
114 RAPD, inter simple sequence repeat (ISSR) and resistance gene analogue
(RGA) markers. Rubeena et al. (2006) reported F, map comprising 72 markers (38
RAPD, 30 AFLP, 3 ISSR and one morphological) spanning 412.5 cM. The first
Lens map to include SSR markers was that of Durén et al. (2004). Hamwieh et al.
(2005) added 39 SSR and 50 AFLP markers to the map constructed by Eujayl et al.
(1998a) to produce a comprehensive Lens map comprising 283 genetic markers
covering 715 cM. Subsequently, the first lentil map that contained 18 SSR and 79
cross genera ITAP gene-based markers was constructed using a Fs RIL population
developed from a cross between ILL5722 and ILL5588 (Phan et al. 2007). The map
comprised seven linkage groups that varied from 80.2 to 274.6 cM in length and
spanned a total of 928.4 cM. Gupta et al. (2012a) used 196 markers including new
15 M. truncatula EST-SSR/SSR using a population of 94 RIL produced from a
cross between ILL5588 and ILL5722 and clustered into 11 linkage groups (LG)
covering 1156.4 cM. An intersubspecific F, Lens linkage map consisting of 199
PCR-based markers (28 SSRs, 9 ISSRs and 162 RAPDs) mapped on to 11 linkage
groups covering a distance of 3,847 cM has been constructed (Gupta et al. 2012b).

Quantitative Trait Loci (QTL) Mapping

Molecular markers linked to desirable genes/QTL have been reported for marker-
assisted selection in lentil (Table 6.4). Morphological markers viz., cotyledon (Yc),
anthocyanin in stem (Gs), pod indehiscence (Pi), seed coat pattern (Scp), flower
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Table 6.4 Molecular markers linked to desirable genes/QTL for marker-assisted selection in lentil

Traits QTL/genes Type of markers References
Ascochyta blight resistance QTL RAPD Ford et al. (1999)
Ral2 RAPD, SCAR Chowdhury et al. (2001),
Taran et al. (2003)
QTLs AFLP Rubeena et al. (20006)
Anthracnose resistance LCt-2 AFLP, RAPD Tullu et al. (2003),
Taran et al. (2003)
Fusarium wilt resistance ~ Fw RAPD, SSR Eujayl et al. (1998b),
Hamwieh et al. (2005)
Cold winter hardiness Frt RAPD, SSR Eujayl et al. (1999)
RAPD, SSR, AFLP Kahraman et al. (2004)s
Earliness and plant height QTL RAPD, SSR, AFLP Tullu et al. (2008)
Plant structure, growth QTL RAPDs, ISSRs, AFLPs, Fratini et al. (2007)
habit and yield SSRs
Stemphylium blight QTLs SSRs, SRAPs, RAPDs Saha et al. (2010a)
resistance
Rust resistance R STS, SSRs, RFPLs, Saha et al. (2010b)
RAPDs, CAPS, dCAPS
Ascochyta lentis resistance QTLs RAPD, ISSR, EST-SSR, SSR  Gupta et al. (2012a, b)

colour (W), radiation frost tolerance locus (Rf), early flowering (Sn) and ground
colour of the seed (Gc) were mapped as qualitative markers because they exhibited
monogenic dominant mode of inheritance (Eujayl et al. 1998a; Duran et al. 2004;
Hamwieh et al. 2005; Tullu et al. 2008). Further analysis for the association between
DNA markers and Fusarium wilt resistance (Fw) gene was confirmed (Eujayl et al.
1998b; Hamwieh et al. 2005). However, only SSR59-2B was closely linked with Fw
at 19.7 cM (Hamwieh et al. 2005). Anthracnose disease resistance (Lct-2) was
mapped by Tullu et al. (2003). To date, quantitatively inherited traits have been
mapped by Duran et al. (2004) who detected five QTLs each for the height of the
first ramification and flowering time, three for plant height, seven for pod dehis-
cence, and one each for shoot number and seed diameter. Five and four QTLs were
identified for winter survival and winter injury, using a RIL population of 106 lines
derived from WA8649090 x Precoz (Kahraman et al. 2004). In this study, the experi-
ments were conducted at multiple locations and only one of five QTLs was expressed
in all environments. Mapping of Ascochyta blight resistance using an F, population
derived from ILL7537 xILL6002 identified three QTLs accounting for 47 % (QTL-1
and QTL-2) and 10 % (QTL-3) of disease variation. Recently, QTLs conferring
resistance to Stemphylium blight and rust diseases using RIL populations were
identified in lentil (Saha et al. 2010a, b). Though the use of F, populations in iden-
tification of QTLs has been done widely in lentil, their use in marker-trait analysis
has led to identification of only major QTLs. Thus, several minor QTLs were over-
looked in such populations and identification of environmental responsive QTLs
was difficult. Because quantitative traits are influenced by both genetic and environ-
mental effects, RILs or near isogenic lines (NILs) are more suitable populations to
accurately dissect their components. For ascochyta blight, three QTLs each were
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detected for resistance at seedling and pod/maturity stages (Gupta et al. 2012a).
Together these accounted for 34 and 61 % of the total estimated phenotypic variation
and demonstrated that resistance at different growth stages is potentially condi-
tioned by different genomic regions. The flanking markers identified may be useful
for MAS and pyramiding of potentially different resistance genes into elite back-
grounds that are resistant throughout the cropping season.

Application of Genomic Resources

Genomic resources can be deployed in lentil improvement programs following
either molecular marker or transgenic approaches.

Determination of Molecular Diversity

Genetic diversity analysis has been studied among a set of cultivated and wild lentils
using various molecular marker system and genetic materials. Earlier studies have
used RFLP, AFLP and RAPD markers to assess genetic diversity and phylogenetic
analyses within and among Lens species (Havey and Muehlbauer 1989; Abo-el-Wafa
etal. 1995; Ahmad and McNeil 1996; Sharma et al. 1995, 1996; Ford et al. 1997) and
gene mapping (Eujayl et al. 1998b; Tullu et al. 2003; Duran et al. 2004; Kahraman
et al. 2004; Hamwieh et al. 2005). As a part of the CGIAR’s Generation Challenge
Program (GCP), International Center for Agricultural Research in the Dry Areas
(ICARDA) has identified a composite collection of lentil germplasm and character-
ized them by using microsatellite markers. ICARDA holds the largest global collec-
tion of lentil with >11,000 accessions. From this collection, a global composite
collection of 960 accessions (Table 6.5) representing landraces, wild relatives, elite
breeding lines and cultivars was established (Furman 2006). The results indicated
two major clusters separating south Asia (Nepal, India, Pakistan and Afghanistan)
from the Middle East and western countries (Fig. 6.1, Hamweigh et al. in progress).
The major output of this study was a reference set which represents around 15 %
(135 accessions) of the global composite collection representing all the geographical
regions. This set has been phenotyped for different biotic and abiotic stresses, and
emerged as a useful genetic resource to start with. Recently, a set of microsatellite
markers was used to study the genetic diversity of lentil mini core set. The mini core
collection comprised 109 accessions from 15 countries representing 57 cultigens
(including 18 breeding lines) from 8 countries and 52 wild accessions (L. culinaris
subsp. orientalis, L. culinaris subsp. tomentosus and L. culinaris subsp. odemensis)
from 11 countries. The total alleles detected across the microsatellite loci were 182,
with a mean of 13 alleles per locus. Wild accessions were rich in allelic variation
(151 alleles) compared to cultigens (114 alleles). The genetic diversity index for the
microsatellite loci in the wild accessions ranged from 0.16 (SSR28 in L. culinaris
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Table 6.5 Composition of core germplasm representing 10 % of the global lentil collection by

ICARDA
Country No. of acc. Country No. of acc. Country No. of acc.
Afghanistan 30 Germany 10 Romania 2
Albania 1 Greece 17 Russian 13
Algeria 11 Guatemala 1 Saudi Arabia 1
Argentina 6 Hungary 3 Scg 4
Armenia 3 India 192 Slovakia 1
Azerbaijan 4 Iran 103 Spain 17
Bangladesh 6 Iraq 11 Sudan 2
Belgium 1 Italy 6 Syria 70
Brazil 2 Jordan 46 Tajikistan 5
Breeding 35 Lebanon 9 Tunisia 8
Bulgaria 6 Libyan 1 Turkey 69
Canada 3 Macedonia 3 Turkmenistan 1
Chile 27 Mexico 8 Ukraine 5
China 1 Morocco 14 United States 10
Colombia 3 Nepal 28 Unknown 7
Croatia 1 Netherlands 1 Uruguay 1
Cyprus 9 Norway 1 Uzbekistan 2
Czech Republic 6 Pakistan 27 Yemen 12
Egypt 25 Pal 4 Yugoslavia 2
Ethiopia 49 Poland 4 Sum 960
France 5 Portugal 5
%, A
ts'J?/%’c:-
/-%o
%

South Asia (NPL, IND, PAK, AFG)

Fig. 6.1 Cluster analysis of wild and cultivated lentil accessions using 22 microsatellite markers.
The results indicated two major clusters separating south Asia (Nepal, India, Pakistan and
Afghanistan) from the Middle East and western countries
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subsp. odemensis) to 0.93 (SSR66 in L. culinaris subsp. orientalis) with a mean
of 0.66, while in the cultigens, genetic diversity varied between 0.03 (SSR28) and
0.87 (SSR207) with a mean of 0.65. Cluster analysis indicated two major clusters
(Fig. 6.2), mainly one with the cultigens and the other with the wild accessions
(Hamwieh et al. 2009).

Recently, comparative genomics approach has provided significant opportunities
for analysis of genetic diversity in lentil. The conserved primers (CPs) based on
M. truncatula EST sequences flanking one or more introns were used to sequence
amplicons in 175 wild and 133 domesticated accessions. This analysis of the
sequences confirmed that L. nigricans and L. ervoides are well-defined species at
the DNA sequence level. Lens culinaris subsp. orientalis is the progenitor of domes-
ticated lentil, L. culinaris subsp. culinaris, but a more specific area of origin can be
suggested in southern Turkey. The study detected the divergence, following domes-
tication, of the domesticated gene pool into overlapping large seeded (megasperma)
and small-seeded (microsperma) groups and observed that lentil domestication led
to a loss of genetic diversity of approximately 40 % (Alo et al. 2011).

Testing the Hybridity of F s

Making crosses between diverse parents is difficult in practice in lentil because of
very small flowers leading to increase the chances of selfing. In addition to this,
differentiating F, plants from selfed ones also becomes difficult due to low pheno-
typic diversity between the parents. Hence molecular markers have been found very
useful to detect the hybridity of F; plants in lentil. Solanki et al. (2010) used molec-
ular markers in lentil and detected only 21 % plants as true hybrids. These results
suggest that molecular markers can reduce the time and money required to grow a
population from selfed or admixed plants and increase the efficiency of plant breeders
in selection of recombinant plants.

Marker Assisted Selection

Ideally, the genes controlling a trait of interest are the perfect marker for MAS.
However, this is often made difficult because cloning of a gene is labor intensive
and time consuming. Alternatively, marker(s) that are tightly linked to and flanking
a gene locus that conditions a sizable genetic variation for the trait may be selected
for with the premise that the associated chromosomal region contains the functional
gene(s). Often, genetically linked markers to traits of interest are identified by
coarse mapping and these have limited use in MAS because of the distance and
hence chance of recombination between marker and actual gene locus. Therefore,
genomic regions where the trait is mapped should be fine mapped at high resolution
and be validated across genetic backgrounds in order to determine their utility in
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MAS. Also, physical characterization of genomic regions of interest will facilitate
cloning of the gene to develop direct markers (candidate genes) and/or physically
closer markers to the gene, increasing the reliability for MAS. The most useful
marker system for MAS should be locus specific, highly reproducible and easy to
discern. These include sequence tagged site (STS), sequence characterized amplified
region (SCAR) or allele specific amplified primer (ASAP), specific polymorphic
locus amplification test (SPLAT) and PCR-based RFLP markers. When locus
specific markers are not polymorphic among the parental lines used in the breeding
programs, sequence discriminative methods are required. These include SNP,
cleaved amplified polymorphic site (CAPS) and derived CAPS (dCAPS) markers.
Meanwhile, there are several markers available for different traits that have the
potential for use in MAS and gene pyramiding. Two QTLs governing Ascochyta
blight resistance were identified on LG I and II in lentil for which dominant and partial
dominant gene actions were observed (Nguyen et al. 2001). These QTLs may repre-
sent the effects of the two major dominant genes previously reported for resistance
in ILL7537. These include SCARW19 and SCARBI18 linked to and flanking the
AbR1 resistance loci (Nguyen et al. 2001; Taran et al. 2003). These enabled success-
ful pyramiding of AbR1 and ral2 resistance loci together with the LCt2 anthracnose
resistance loci (Taran et al. 2003).

Genetic Manipulation Through Transformation

Transgenic approach uses functional genes which are not available within the cross-
able gene pool. Thus cloned genes are important genomic resources for making
genetic manipulation through transformation. Commonly, the particle bombard-
ment and the Agrobacterium tumefaciens infection methods have been used to
introduce genes with novel functions. With the explosion of sequence information
available in the databases, transformation systems have also become useful tools to
study gene function via RNA interference ‘knockout’, T-DNA insertion or trans-
forming a genotype lacking a particular gene. Thus a robust, reproducible and effi-
cient transformation system combined with a protocol to regenerate complete fertile
plants from transformed cells is essential to fully study plant gene functions.
Following the initial report of shoot regeneration (Bajaj and Dhanju 1979) from
apical meristems, it has been achieved routinely with different explants such as api-
cal meristems (Bajaj and Dhanju 1979), stem nodes (Polanco et al. 1988; Singh and
Raghuvanshi 1989; Ahmad et al. 1997), cotyledonary node (Warkentin and
McHughen 1992; Sarker et al. 2003a), epicotyls (Williams and McHughen 1986),
decapitated embryo, embryo axis and immature seeds (Polanco and Ruiz 2001) and
cotyledonary petioles (Khawar and Ozcan 2002). The induction of functional
roots on in vitro-developed shoots has been the major challenge in lentil micro
propagation. The difficulty to induce roots is thought to be associated with the use
of cytokinin to obtain multiple shoots from the initial explants (Mohamed et al.
1992; Sarker et al. 2003b). Among the several studies conducted on root induction
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from shoots, Fratini and Ruiz (2003) reported 95 % rooting efficiency from nodal
segments cultured in an inverted orientation in media with 5 uM indole acetic
acid (IAA) and 1 pM kinetin (KN). Sarker et al. (2003b) reported 30 % rooting
efficiency on MS medium supplemented with 25 mg/l indole butyric acid (IBA).
More recently Newell et al. (2006) obtained 100 % rooting efficiency on nodal
micro-cuttings placed inverted in a mixture of sphagnum peat, coarse river sand and
perlite at a 0.5:2:2 ratio, and concluded that the improved rooting efficiency was due
to greater aeration.

To date, transformation of lentil has been reported through A. fumefaciens-
mediated gene transfer (Warkentin and McHughen 1992; Lurquin et al. 1998;
Sarker et al. 2003a) and biolistic transformation including electroporation (Chowrira
et al. 1996) and particle bombardment (Gulati et al. 2002; Mahmoudian et al. 2002).
Warkentin and Mc-Hughen (1992) reported the susceptibility of lentil to A. tumefa-
ciens and later evaluated a number of explant types including shoot apices, epicotyl,
root, cotyledons and cotyledonary nodes. All explants showed transient b-
glucuronidase (GUS) expression at the wound sites except cotyledonary nodes,
which were subsequently transformed by Sarker et al. (2003b). Oktem et al. (1999)
reported the first transient and stable chimeric transgene expression on cotyledonary
lentil nodes using particle bombardment. Gulati et al. (2002) reported regeneration
of the first fertile transgenic lentil plants on MS medium with 4.4 pM benzyladenine
(BA), 5.2 uM gibberellic acid (GA3) and chlorsulfuron (5 nM for 28 days and
2.5 nM for the rest of the culture period), followed by micrografting and transplan-
tation in soil. The first successful work was reported by Barton et al. (1997), using
pCGP1258 plasmid construct on four lentil genotypes. Khatib et al. (2007) have
developed herbicide-resistant lentil through A. tumefaciens mediated transforma-
tion. This was achieved with the same plasmid construct pCGP1258, harbouring the
bar gene conferring resistance to the herbicide glufosinate ammonium that was
transformed using A. tumefaciens strain AgL0. Three lentil lines, ILL5582, ILL.5883
and ILL5588, were used and a high selection pressure of 20 mg/1 of glufosinate was
applied to the explants for 18 weeks. Surviving shoots were subsequently grafted
onto non-transgenic rootstock and plantlets were transferred to soil and acclima-
tized. The presence of the transgene was confirmed by PCR and the gene function
was confirmed via herbicide application. Recently, Akcay et al. (2009) reported the
production of transgenic lentil plants via Agrobacterium-mediated transformation
and the stable transmission of the nptl and gusA genes in the subsequent genera-
tions. However, these studies were mostly confined to establish transformation tech-
niques rather than the introduction of genes into improved varieties. Khatib et al.
(2011) reported for the first time the introduction of the drebla gene into lentil for
enhancing drought and salinity tolerance. The PCR results confirmed the insertion
and stable inheritance of the gene of interest and bar marker gene in the plant
genome. The Southern blot analysis revealed integration of a single copy of the
transgene. The DREBIA gene driven by rd29A promoter transcribed in the trans-
genic plants by inducing salt stress in form of sodium chloride solution. The results
showed that mRNA was accumulated and thus the DREBIA gene was expressed in
the transgenic plants.
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Conclusion

Pace of development of genomic resources and enabling technologies is still slow in
lentil. Limited population size, low heritability, lack of candidate genes, low marker
density and the difficulty in identifying beneficial alleles are the main limiting fac-
tors in genomics enabled improvement. More concerted efforts are required for
developing more number of SSR and SNP markers in lentil because both are breeder
friendly, highly polymorphic, evenly distributed throughout the genome and highly
reproducible. The next generation sequencing technology has opened new opportu-
nity of fast development of sequence based markers. These sequencing methodol-
ogy are widely used in major legumes such as chickpea and soybean. Application of
markers to practical breeding programs worldwide is still limited, and thus, more
molecular maps, and genomics approaches including more gene sequences need to
be developed for broadening our understanding of the complex nature of lentil
genome. Genome sequencing in lentil is underway and it is expected to leverage vast
genetic information to be used by lentil breeders. Lentil breeders can play an impor-
tant role in development of trait specific mapping populations and precise phenotyp-
ing to establish the association of gene sequences/markers with desirable traits. Access
to high-throughput genotyping and sequencing technologies is expected to speed up
the genetic gain across the target environments in lentil. These developments ulti-
mately will increase the utilization of genomic resources in genetic improvement of
lentil and will lead fast track development of improved cultivars.
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Chapter 7
Advances in Cowpea Improvement
and Genomics

B.B. Singh, Michael P. Timko, and Francisco J.L. Aragao

Abstract Cowpea is a diploid (2n=2x=22) self pollinating legume species with a
genome size of 613 Mbp. Since the available genomic resources are not adequate,
the use of genomics tool in cowpea breeding programme has been very limited.
However, a modest beginning in developing genomic resources has led the basic
foundation of use of genomic resources in cowpea improvement. In order to per-
form genetic and genomic analysis various markers like RFLP, RAPD, AFLP, SSR
and SNP have been employed in several studies. QTLs for striga and aphid resis-
tance have been identified and validated. However, QTLs for other agronomic traits
and important diseases and pests are still to be explored. Eight linkage maps includ-
ing one consensus map published so far describes a good progress in development
of linkage maps. Further efforts are required to construct high-density genetic map
for analyzing inheritance of target gene and localization of specific genomic regions
for map based cloning. Efforts are also on sequencing of genome of this important
crop. With identification of micro RNAs, ESTs, BACs and transcriptomic data sets,
the cowpea genomics is gaining momentum. The need of integration of all these
efforts will promote the cowpea improvement. This paper presents an overview on
advances made in development of genomic resources, gene expression and regulation,
marker assisted breeding and progress towards sequencing cowpea genome.

Keywords Vigna unguiculata « Molecular mapping ® Marker assisted selection *
Sequencing * QTLs * Genomic resources ® ESTs ¢ SNPs ¢ Crop improvement

B.B. Singh, Ph.D. (b<)

Department of Soil and Crop Sciences, Texas A&M University, Olsen Avenue,
Heep Bldg. Rm. 428, College Station, TX 77843, USA

e-mail: drbbsingh@yahoo.com

M.P. Timko, Ph.D.
Department of Biology, University of Virginia, Charlottesville, VA, USA

F.J.L. Aragao, Ph.D.
Embrapa Recursos Genéticos e Biotecnologia, Norte Brasilia, DF, Brazil

S. Gupta et al. (eds.), Legumes in the Omic Era, DOI 10.1007/978-1-4614-8370-0_7, 131
© Springer Science+Business Media New York 2014



132 B.B. Singh et al.
Introduction

Cowpea [Vigna unguiculata (L.) Walp.] is a widely cultivated diploid legume species
with 2n=22 chromosomes. It is cultivated in over 65 countries covering Asia and
Oceania, the Middle East, Southern Europe, Africa, southern USA and Central and
South America (Singh 2005). With about 25-30 % protein in the grains and 15-18 %
protein in its haulms, cowpea is a major source of dietary protein and minerals to
humans as well as livestock. The average yield of cowpea is less than 500 kg/ha due
to several production constraints including spreading growth habit and late maturity
of traditional varieties, numerous diseases, parasitic weeds, insects and low soil
fertility as well as shading due to intercropping with cereals like maize, sorghum
and millet (Singh et al. 2003a, b).

Efforts have been made in the establishment of genomic resources and their
application for cowpea genetic improvement. The advances began with the develop-
ment and use of molecular marker technologies for diversity analysis of germplasm
and in molecular breeding activities, and now include genomic scale sequence charac-
terization, bacterial artificial chromosome (BAC) and other megabase fragment-based
genomic libraries, and protocols and platforms for genome-wide gene expression
profiling. This chapter briefly describes the progress made in cowpea breeding and
genomics.

Genetic Resources

The world largest collection of cowpea is maintained at IITA having over 15,700
accessions of cultivated ones drawn from over 100 countries including 560 acces-
sions of wild relatives. These have been characterized and evaluated for desirable
traits and being conserved and used in the breeding program at IITA and freely
made available to national breeding programs. Systematic screening of the germ-
plasm lines has revealed extreme variation in respect of many traits such as plant
pigmentation, plant type, plant height, leaf type, growth habit, photosensitivity
and maturity, nitrogen fixation, fodder quality, heat and drought tolerances, root
architecture, resistance to major bacterial, fungal and viral diseases, resistance to
root-knot nematodes, resistance to resistance to insect pests like cowpea aphid
(Aphis craccivora), leaf hoppers (Empoasca signata and E. dolichi), legume bud
thrips (Megalurothrips sjostedti), pod borers (Maruca vitrata), pod-sucking bugs
(Clavigralla sp.), and bruchid (Callosobruchus maculatus), as well as resistance to
parasitic weeds (i.e., S. gesnerioides and A. vogelii), pod traits, seed traits and grain
quality (Ng and Singh 1997). Based on their multiple resistances, the germplasm
lines TVu 201, TVu 408, TVu 410, TVu 1190, TVu 1977 and TVu 4577 have been
extensively used in the breeding program. These were also distributed to interna-
tional collaborators for broad based testing. The results from these trials indicated
four lines, TVu-201, TVu-1190, TVu-1977 and TVu-4577 to be resistant to many
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diseases and had very high yield potential. These were described as VITA-1, VITA-3,
VITA-4 and VITA-5 (Vigna IITA-1, 3, 4, and 5) respectively and subsequently
released in many countries. These VITA lines were also extensively used as parents
for the initial crossing programs and development of segregating populations.
The focus was primarily to develop multiple disease resistant breeding lines with
high yield potential. Based on the good performance across many countries, five
new lines were described as VITA numbers and released in many countries. These
were TVx 1193-7D as VITA-6, TVx 289-4G as VITA-7, TVx 66-2H as VITA-S8,
TVx 1948-01F as VITA-9, and TVx 1836-013J as VITA-10. The breeding objectives
were broadened from 1980 onwards to develop a diverse set of improved cowpea
varieties differing in plant type, growth habit, maturity and seed type to suit the
regional preferences and cropping systems.

Breeding Progress

The global mandate for cowpea breeding has been a challenging task to the scien-
tists at IITA because the biotic and abiotic constraints and variety requirements for
cowpea differ from region to region in respect of the seed color preference, use pat-
terns, maturity and growth habit. Thus, no single cowpea variety could be suitable
for all countries and regions. Therefore, efforts have been made to develop varieties
which can suit to specific circumstances.

Development of ‘60-Day’ Erect Type Cowpea Varieties

The traditional cowpea varieties as well as the improved varieties until 1980 were
medium to late maturing and semi-spreading type. Later on a need was felt for devel-
oping extra-early erect plant type cowpea varieties to be grown in areas with short
rainy seasons and as a niche crop in multiple cropping systems to expand the cowpea
cultivation in non-traditional areas with an yield potential between 1.5 and 2.5 t/ha
within 60—65 days maturity (Singh and Sharma 1996). These were collectively called
“60-day” cowpea varieties. Beginning from 1982, a large number of “60-day” cow-
pea varieties have been developed. Some of the prominent varieties of this group that
have been released and become popular in many countries. These are IT82E-9
(black), IT 82E-60 (white blackeye), IT82E-16 (red), IT82E-18 (tan), IT82E-32
(red), IT82D-752 (tan), IT82D-789 (light brown), IT82D-889 (red), IT83S-818
(white blackeye), IT85F-867-5, IT86D-1010 (white blackeye), IT93K-452-1(white
blackeye), IT97K-1042-3 (red), IT98K-1111-1(white blackeye) and IT98K-205-8
(white small eye). Of these, IT82D-889, IT83S-818, IT85F-867-5 and IT86D-1010
are resistant to over eight major viruses and IT 98K-205-8 is resistant to major
viruses as well as resistant to aphid, thrips, bruchid, Striga and Alectra.



134 B.B. Singh et al.
Development of Medium and Late Dual Purpose Varieties

In addition to the extra-early varieties, a number of medium maturing varieties
(75-80 days) with semi-erect plant type combining multiple pest resistance and
diverse seed types were also developed and distributed to national collaborators.
Some of the prominent varieties of this group that have been widely tested, released
and become popular in many countries are VITA-1, VITA-3, VITA-4, VITA-S,
IT84S-2163, 1T84S-2246-4, 1T84D-449, IT84D-666, 1T85F-2020, IT86D-368,
IT86D-719, IT87D-697, IT87D-1627, 1T88S-574-3, ITSOKD-374, IT90K-277-2,
IT90K-372-1-2, IT97K-368-18 and IT98K-506-1. The photosensitive late maturing
cowpea varieties are commonly grown and fit well as a relay intercrop in ‘millet-
sorghum-cowpea’, systems in many countries in West Africa and serve as dual
purpose varieties providing grain as well as fodder. However, these varieties are too
late and often suffer serious yield loss due to terminal drought. Therefore, selected
photosensitive varieties were used as parents and a new set of improved medium-
late photosensitive as well as photo-insensitive varieties which mature between 90
and 110 days were developed. Some of these combine resistance to major diseases,
aphid, bruchid as well as Striga and Alectra. The promising varieties in this group
that have been released many countries are IT§1D-985, IT81D-994, IT89KD-245,
IT89KD-288, IT89KD-391 and IT99K-216-38-1.

Vegetable Types with Bushy Growth Habit

Several countries grow the yard long cowpea varieties as a vegetable crop but these
cultivars need staking to keep pods from touching the ground and rotting which
involves extra cost and thus restricts the area under cultivation. Therefore, by cross-
ing the yard long varieties with early erect types, bush-type vegetable cultivars with
30-cm long succulent pods were developed which yield up to 18 t/ha green pods
with 4-6 pickings starting at 45 days after planting. Some of the promising ones are
IT81D-1225-10, IT81D-1228-14, IT81D-1225-15, and IT86D-880. These cultivars
have semi-erect growth habit with extra-long peduncles (40-50 cm long), protrud-
ing well over the canopy and holding the pods above the ground. Picking green pods
periodically reduces the weight on peduncles and they remain upright all the time.
Frequent picking also stimulates further flowering and podding on the same pedun-
cles, which ensures a continuous supply of green pods for a 67 week period after
the start of picking, provided soil moisture is not limiting.

Breeding for Disease Resistance

Using the resistant germplasm lines as parents in the breeding program and a com-
bination of field and laboratory screening methods, most of the improved cowpea
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varieties have been developed for combined resistance to major diseases like
Cercospora, smut, rust, Septoria, scab, Ascochyta blight and bacterial blight,
Macrophomina, anthracnose. Breeding for resistance to all the diseases has been
easy because of simple inheritance in all the cases (Abadassi et al. 1987). Some of
the best breeding lines with multiple resistances to major fungal and bacterial dis-
eases are TVx 3236, IT81D-1228-14, IT82D-716, IT90K-277-2, IT97K-556-4,
IT98K-476-8, IT97K-499-39, IT97K-1042-3, IT97K-1069-5 and IT98K-205-8. Of
these TVx 3236 is a major source of resistance to scab, [T81D-1228-14 is for resis-
tance to bacterial blight and IT97K-556-4 is for resistance to powdery mildew.
Several cowpea breeding lines have also been identified with combined resistance
to several major virus diseases including cowpea yellow mosaic, blackeye cowpea
mosaic, southern bean mosaic, severe mosaic and many strains of cowpea aphid
borne mosaic. Among these, IT82D-889, IT83S-818, IT86D-880, IT86D-1010,
T90K-277-2, and IT98K-205-8 are most promising and found to be virus resistant in
many countries (Van Boxtel et al. 2000) Good progress has also been made in breed-
ing for combined resistance to several nematodes. Some of the improved breeding
lines with nematode resistance are 1T84S-2049, 1T84S-2246-4, IT8OKD-288 and
IT97K-556-4 (Singh et al. 2002). Among these, IT89KD-288 is a high yielding
photosensitive variety with high level of resistance to nematodes in Nigeria as well as
resistant to four strains of Meloidogyne incognita in USA (Ehlers et al. 2000).

Breeding for Resistance to Striga and Alectra Resistance

Parasitic weeds cause considerable yield reduction in cowpea in Africa. Of these,
Striga gesnerioides is primarily prevalent in West Africa but Alectra vogelii is widely
distributed throughout the east, east and southern parts of Africa. Complicating the
identification of Striga-resistant germplasm is the variable nature of the parasite with
at least seven distinct races (pathotypes) of S. gesnerioides having now been identi-
fied. These are designated SG1 (Burkina Faso), SG2 (Mali), SG3 (Nigeria and Niger),
SG4 (Benin), SG4z (Zakpota region of Benin), SG5 (Cameroon), and SG6 (Senegal)
(Botanga and Timko 2006).

A local landrace, B 301 from Botswana, was found to be completely resistant to
Striga and Alectra in Burkina Faso, Mali, Cameroon, Niger and Nigeria but only
moderately resistant to SG4z from the Zakpota region of Benin Republic. A few
other lines such as IT81D-994, IT89KD-288, 58-57 and Gorom local were found to
confer complete resistance to races SG1 and SG4z from Burkina Faso and Zakpota,
Benin Republic and but highly susceptible to race SG3 from Nigeria and Niger.
Race-specific resistance to both parasitic weeds is inherited monogenically (Singh
and Emechebe 1990; Atokple et al. 1993, 1995) and by using the complementary
resistant parents in crosses, a number of new varieties have been developed with
combined resistance to Alectra as well as all of the known races of Striga (Singh
2005). The most promising new cowpea varieties are IT90K-59, IT90K-76,
IT90K-82-2, IT93K-693-2, T97K-499-35, and IT97K-819-118, IT98K-205-8.
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Some of these lines are also resistant to bacterial blight, aphid, bruchid, thrips, and
viruses with much higher yield potential than the local varieties (Singh 2005; Carsky
et al. 2003). These lines also serve as a false host for S. hermonthica reducing its
seed bank in the soil when grown as intercrop or in rotation with cereals.

Breeding for Insect Resistance

Using the available sources of resistance from germplasm lines at IITA, several
improved cowpea varieties have been developed with combined resistance to aphid,
thrips and bruchid (Adjadi et al. 1985; Bata et al. 1987; Singh et al. 2002). Aphid
resistance is controlled by a single dominant gene which confers very high level of
resistance causing death and highly reduced fecundity of aphids. Bruchid resistance
is controlled by two recessive genes characterized by slow and reduced emergence
of bruchids from infested seeds (Adjadi et al. 1985). This greatly minimizes seed
damage due to bruchids during storage. Resistance to thrips is moderate and con-
trolled by two recessive genes. Among several resistant breeding lines developed,
IT90K-76, IT90K-59, IT 89KD-288, IT90K 277-2 and IT98K-205-8 are already
popular varieties in several countries. The resistance to aphid and thrips is due to
specific antibiosis and the resistance to bruchid is considered to be due to a 7s-storage
protein, “vicillin” in the resistant cowpea seeds (Yunes et al. 1998). These factors
are highly specific to insects only and therefore, no harmful effect to humans.

Only low level of resistance has been bred for Maruca pod borer and pod bugs.
This is because none of the cultivated cowpea germplasm lines and cross-compatible
wild cowpeas are resistant to Maruca pod borer. A distant wild relative of cowpea
Vigna vexillata has shown high level of resistance to Maruca pod borer and bruchid
but all the efforts made at IITA to transfer Maruca resistance genes from Vigna
vexillata to cowpea has not been successful (Fatokun 1997). Developed through
conventional breeding approaches, the new field resistant lines require only 1 or 2
sprays of insecticide for normal yield of 1.5-2.5 t compared to 5-6 sprays needed
for the susceptible varieties.

Breeding for Tolerance to Drought, Heat and Cold

Since cowpea is grown in varied environments it encounters stresses such as drought,
heat and cold temperatures. Also, cowpea suffers due to high temperatures in the
Sahelian region. Using simple screening methods for heat and drought tolerance and
root architecture, major varietal differences for all the three traits have been identified
and incorporated into improved lines (Singh and Matsui 2002). Good progress has
also been made at University of California, Riverside on water use efficiency, heat
tolerance and chilling tolerance (Hall et al. 1997; Ismail and Hall 1998). The best
drought tolerant varieties are IT89KD-374-57, IT88DM-867-11, IT98D-1399,
IT98K-131-1, IT97K-568-19, ITO8K-452-1, IT98K-241-2 and the best heat tolerant
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lines are IT93K-452-1, IT98K-1111-1, IT93K-693-2, IT97K-472-12, IT97K-472-25,
IT97K-819-43, IT and IT97K-499-38.

Breeding for Enhanced N-Fixation and Efficient
Acquisition of Phosphorus

Most of the cowpeas in West Africa are grown in sandy soils which have low organic
matter and low-phosphorus. Therefore, efforts are being made to screen and identify
cowpea lines with enhanced nodulation and nitrogen fixation as well as efficient
acquisition and utilization of phosphorus from low-P soils and rock phosphates
(Sanginga et al. 2000). Recent work at IITA have shown major varietal differences
in cowpea for growth, nodulation and performance under low phosphorus. Some of
the promising lines under low-P condition were IT90K-372-1-2, TN5-78,
IT98D-1399, TN27-80, IT99K-1060, IT89KD-374-57, TN 256-80, IT97K-1069-6
and IT98K-476-8. Screening cowpea varieties for tolerance to aluminum has also
indicated major varietal differences and cowpea varieties IT91K-93-10,
IT93K-2046-1 and IT90K-277-2 appear to be tolerant to aluminum and they gave
higher response to phosphorus fertilization when grown in soils with aluminum
toxicity problems (Kolawole et al. 2002). It is expected that the ongoing research
may lead to the development of new cowpea varieties which would perform well in
marginal lands where soil fertility is low.

Breeding for Improved Nutritional Traits

Following the development of a diverse set of improved cowpea varieties with high
yield potential and multiple pests resistance, a systematic improvement program for
nutritional and health traits was initiated in 2003. To begin with all the existing high
yielding varieties and advanced breeding lines were analyzed for physical properties
and protein, minerals, antioxidants and cooking properties and a great deal of vari-
ability was observed (Nielsen et al. 1993; Singh 2001). The mean values ranged from
21 to 31 % for protein, 4679 ppm for iron, 545-1,330 ppm for calcium, 23-48 ppm
for zinc, and 12,750-16,250 ppm for potassium. The best varieties in respect of high
protein and high iron, zinc, calcium and potassium were IT97K-1042-3 and IT98K-
205-8. The IT97K-1042-3 was also best for antioxidant activity.

Genome and Genome Size

The size of the cowpea genome was initially estimated at 613 Mbp (Arumuganathan
and Earle 1991) and more recently at 620 Mb (Varshney et al. 2009) making it one
of the smallest among the legumes and at the lower end of plant genomes in general.
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Initially, efforts aimed at developing genomic resources were hampered owing
greatly to the fact that cowpea was an orphan crop with little socioeconomic impor-
tance in the developed world. Gradually this has changed with the recognition of the
broader importance of the crop. Among the first attempts at characterizing the gene
content and complexity of the cowpea genome was the work of Timko et al. (2008)
who applied a reduced representational approach known as methylation filtration
(MF) to overcome the presence of ubiquitous repetitive DNA and capture only the
hypomethylated, gene-rich coding sequences in the genome of the African cowpea
cultivar IT97K-499-35. Using MF these investigators were able to achieve a 4.1-fold
enrichment for the gene-rich space of cowpea and generated 263,425 gene-space
sequence reads (GSRs) that could be assembled into 41,260 unigenes representing
19,786 unique GenBank accession numbers (Chen et al. 2007). Additional informa-
tion on the cowpea genespace can be found on the Cowpea Genomics Knowledge
Base (CGKB) website (http://cowpeagenomics.med.virginia.edu/CGKB/index.pl).
The CGKB website provides an annotated, well-organized, and rigorously analyzed
dataset of sequences as a resource for cowpea researchers and pan-legume crop
specialists including a list of over 1,000 predicted and confirmed simple sequence
repeat (SSR) primer combinations that can and in some cases have already been
used for diversity analysis and molecular mapping. Additional SSR primer combi-
nations based on expressed sequence tags (EST) (Gupta and Gopalakrishna 2010)
and GSR sequences (Xu et al. 2010) can also be found in the literature.

Genomic Resources

Molecular Markers

The recent marker repertoire has enhanced our understanding of cowpea’s genome
structure and organization. Several markers like RAPD, SSR, AFLP and ISSR have
been used to reveal the genetic diversity in cowpea. RAPD technology was proved
to be a useful tool in the characterization of the genetic diversity among cowpea
cultivars by Zannou et al. (2008) Malviya et al. 2012; Nkongolo 2003 and Chen
et al. 2008. SSR is the most frequently used marker in the genetic diversity analysis
of cowpea.

The earliest cowpea SSR research was conducted by Li et al. (2001) by develop-
ing 27 SSR primers. After that, SSR research on cowpea for assessing genetic diver-
sity from different areas, mainly Africa and Asia, has been carried out. Africa is the
diversity center of wild cowpea, which was proved by Ogunkanmi et al. (2008) with
SSR analysis. Asare et al. (2010) utilized SSR molecular marker to evaluate genetic
diversity and phylogenetic relationships among 141 cowpea accessions collected
throughout the nine geographical regions of Ghana. Badiane et al. (2012) assessed
the genetic diversity and phylogenetic relationships among 22 local cowpea varieties
and inbred lines collected throughout Senegal by SSR markers and developed a set
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of 44 polymorphic primer combinations from cowpea genomic or expressed
sequence tags. Sawadogo et al. (2010) evaluated the genetic diversity and phyloge-
netic relationships among cowpea genotypes used in breeding for resistance to Striga
gesnerioides in Burkina Faso using simple SSR molecular markers. Very few primer
combinations showed polymorphic bands capable of discriminating Striga-resistant
from susceptible cultivars, which revealed a high efficiency of SSR markers. Lee et al.
(2009) estimated the genetic diversity of 492 Korean cowpea landrace accessions
using six SSR markers. Xu et al. (2010) assessed the genetic diversity of asparagus
bean cultivars from different geographical origins in China by EST-derived and
GSS-derived SSR markers.

AFLP is recognized as one of the most efficient molecular markers. Coulibaly
et al. (2002) employed AFLP to evaluate genetic relationships within a total of 117
cowpea accessions to assess the organization of their genetic diversity. Fang et al.
(2007) examined genetic relationships among 60 advanced breeding lines from six
breeding programs in West Africa and USA and 27 landrace accessions from Africa,
Asia and South America. AFLP markers with six near infrared fluorescence labeled
EcoRI+3/1bases/Msel +3/1bases primers sets were used in the study. Tantasawat
et al. (2010) estimated genetic diversity and relatedness of 23 yardlong bean (Vigna
unguiculata spp. sesquipedalis) accessions and seven accessions of a hybrid between
cowpea (V. unguiculata spp. unguiculata) and dwarf yardlong bean in Thailand by
morphological characters, SSR and ISSR markers

Genetic Maps

The first attempts at linkage mapping used a variety of tools aimed at detecting
molecular polymorphisms such as restriction fragment length polymorphism
(RFLP) analysis, randomly amplified polymorphic DNA (RAPD) detection, etc.,
and were successful in providing a baseline for more detailed genomic analyses.
Since the first cowpea genetic mapping attempts (Fatokun et al. 1993; Menéndez
et al. 1997), there has been a progression of increasingly informative maps with a
greater number of traits analyzed and greater depth of marker coverage (Table 7.1).

Ouédraogo et al. (2002) offered the most comprehensive coverage, integrating
amplified fragment length polymorphism (AFLP), RFLP, and RAPDs markers with
numerous phenotypic characteristics and biochemical traits, into 11 linkage groups
(LGs) spanning a total of 2,670 cM, with an average distance of 6.43 cM between
markers. The use of this genetic map and its derivatives allowed the development of
effective molecular markers for use in marker assisted breeding and selection strate-
gies aimed at incorporating resistance to various biotic constraints into local germ-
plasm (Timko et al. 2007). A genetic linkage map based on segregation of simple
sequence repeat (SSR) markers has recently been developed using a recombinant
inbred (RI) population of 159 individuals derived from a cross between the breeding
line 524B, a California Blackeye type, and 219-01, a perennial wild cowpea
from Kenya (Andargie et al. 2011). This genetic map contains approximately 202
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markers placed in 11 LGs spanning 677 cM, with an average distance between
markers of 3 cM. Since the cross involved both a domesticated and wild forms of
cowpea, the investigators were able to map agronomic traits related to domestica-
tion such as seed weight and pod shattering, as well as floral characteristics.

The advent of new and improved technologies brought rapid and significant
refinements in the cowpea genetic map. Among these technologies was the develop-
ment of platforms for high throughput DNA and ¢cDNA sequencing and single
nucleotide polymorphism (SNP) detection. Using SNP assays, Muchero et al.
(2009a) were able to map 928 expressed sequence tag (EST)-derived SNPs using an
Illumina 1536 GoldenGate platform. This map represented a substantial improve-
ment over previously available genetic maps (Menéndez et al. 1997; Ouédraogo
et al. 2002) because it was not population specific and surveyed polymorphism at
1,536 identical loci in six recombinant inbred line (RIL) populations. Building upon
this work, a new consensus map containing 1,107 EST-derived SNP markers
(856 bins) has been recently reported by Lucas et al. (2011). This new map was
developed by integrating 13 population-specific maps and contains 1,107 markers.
It is noteworthy that not only these investigators were able to add 179 new markers,
an almost 20 % increase in marker density compared to the earlier consensus map
created by Muchero et al. (2009a), but the number of informative positions increased
on an average by 19 bins per linkage group and the average distance between infor-
mative positions was reduced from 1.05 to 0.79 cM. The consensus genetic linkage
map for cowpea is given in Fig. 7.1. The SNP-based maps have an additional value
as the polymorphic loci mapped are associated with expressed genes (see Lucas
et al. 2011). As a consequence of being associated with a known coding region
rather that a random or repetitive sequence, it is possible to examine synteny of
these gene positions among closely and more distally related legume species. The
use of SNPs in syntenic comparisons both with closely related species and subspe-
cies (such as V. unguiculata subsp. sesquipedalis) and more distally related genera
such as Glycine, Medicago, and Phaseolus has been described by Varshney et al.
(2009), Lucas et al. (2011).

OTLs

Mapping more QTLs of quantitative trait by analyzing the linkage between molecular
marker and those traits are significant. Kongjaimum et al. (2012) identified one
major and six minor QTLs for pod length. Andargie et al. (2011) identified the
QTLs for agronomic traits related to domestication (seed weight, pod shattering)
by SSR markers. Six QTL for seed size were revealed with the phenotypic variation
ranging from 8.9 to 19.1 g/100 seeds. Four QTLs for pod shattering were identified
with the phenotypic variation ranging from 6.4 to 17.2 %. The QTL for seed
size and pod shattering mainly clustered in two areas of LGs 1 and 10. Fatokun
et al. (1992) identified major QTLs for seed weight. Muchero et al. (2009b)
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Fig. 7.1 Consensus genetic map of cowpea and parameters depicting map characteristics.
(a) Average distance between bins (0.25 cM). (b) Average number of markers per bin (0.5 units).
(¢) Number of bins (25 units). (d) Number of markers (25 units). (e) Bin locations. (¢) and (d)
begin at the same radial position [Reprinted from Lucas MR, Diop NN, Wanamaker S, Ehlers JD,
Roberts PA and Close TJ (2011) Cowpea—soybean synteny clarified through an improved genetic
map. Plant Genome 4: 218-225. With permission from ACSESS-Alliance of Crop, Soil, and
Environmental Science Societies. Copyright 2011 © Crop Science Society of America]

reported the mapping of 12 QTL associated with seedling drought tolerance and
maturity. Regions harboring drought-related QTL were observed on linkage groups 1,
2,3,4,6,7,9 and 10 accounting for between 4.7 and 24.2 % of the phenotypic vari-
ance. Further, two QTLs for maturity were mapped on linkage groups 7 and 8 sepa-
rately from drought-related QTL.

A few QTLs of resistance to disease and insects have also been identified. For
cowpea bacterial blight, Agbicodo et al. (2010) identified three QTLs, CoBB-1,
CoBB-2 and CoBB-3 on linkage group LG3, LG5 and LG9, respectively.
Besides, Muchero et al. (2011) identified the QTL for Macrophomina phaseo-
lina resistance and maturity. Muchero et al. (2010) also identified three QTL for
resistance to Thrips tabaci and Frankliniella schultzei based on an AFLP genetic
linkage map.
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ESTs

Among the areas where remarkable progress has been made in recent years is the
significant expansion in the number a genomic and transcriptomic sequences
(i.e., cDNA, expressed sequence tags, etc.) of cowpea origin available in public
databases. Multiple cDNA libraries and approximately 190,000 cDNA sequences
and 189,779 ESTs are publicly available from GenBank at NCBI. These represent
various cowpea genotypes with the greatest proportion coming from sequence proj-
ects carried out by researchers at the University of California, and Department of
Energy Joint Genome Institute, USA. For researchers, the cowpea EST assemblies are
available through the HarvEST: Cowpea website (http://harvest.ucr.edu, HarvEST:
Cowpea 1.27)

BAC Libraries

At least three different bacterial artificial chromosome (BAC) libraries have been pro-
duced for cowpea in recent years. The first was created from the IITA advanced breed-
ing line IT97K-499-35 at the University of Virginia (now available through Amplicon
Express, http://ampliconexpress.com/aexPremadeLib.php) and representing approxi-
mately 6x coverage of the cowpea genome. A 10x library has been constructed by
George Bruening and Doug Cook (University of California, Davis; Varshney et al.
2009) from cowpea cultivar Blackeye 5 and used to generate approximately
36.7 Mbp of BAC end sequence (BES). Lastly, a second library from IT97K-499-
35, consisting of approximately 60,000 BAC clones (yielding 17x genome cover-
age) was produced by Tim Close, Jeff Ehlers and Phil Roberts (University of
California, Riverside). This library was subjected to automated, high-throughput,
high-information-content fingerprinting (Luo et al. 2003) allowing Mingcheng Luo
(University of California, Davis) and his colleagues to assemble a physical map of
the cowpea genome. The current physical map is an assembly of 43,717 BACs with
a depth of 11x genome coverage.

Small RNAs

Among the more recent developments impacting our understanding of the factors
that control gene expression was the discovery of small non-coding RNAs in plants
(sRNAS). There are two main types of SRNAs based on their biogenesis: microRNAs
(miRNAs) and small interfering RNAs (siRNAs). miRNAs are 20-24 nucleotides
long and generated by one of the Dicer-like (DCL) proteins from RNA precursors
that fold into stem-loop structures MiRNAs regulate gene expression by directing
mRNA cleavage or translational repression and have now been shown to be involved
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in a variety of developmental processes and responses to various abiotic and biotic
stresses (Jones-Rhoades et al. 2006; Sunkar et al. 2007; Brodersen et al. 2008).
Several reports have appeared in the literature that examine miRNAs in cowpea. Lu
and Yang (2010) used an in silico approach to identify 47 potential miRNAs in
cowpea belonging to 13 miRNA families previously identified in other plant spe-
cies. Among these, there were about 30 miRNAs predicted to target genes encoding
transcription factors or enzymes participating in the regulation of development,
growth, metabolism, and other physiological processes. In another study, 18 con-
served miRNAs belonging to 16 families were identified. Paul et al. (2011) similarly
used a comparative genomic approach and were able to identify 18 conserved V.
unguiculata miRNAs belonging to 16 distinct miRNA families. Fifteen of the
potential miRNAs were predicted to target transcription factors, and the investiga-
tors were able to experimentally validate seven of them as being present and up-
regulated in roots during salt stress. In a related study, Barrera-Figueroa et al. (2011)
used a combination of NextGen sequencing of sSRNA and comparative bioinformat-
ics to identify miRNAs in cowpea specifically associated with drought tolerance.
These investigators were able to identify 157 miRNA genes that belong to 89 fami-
lies including 44 which they were able to predict as drought-associated miRNAs.
In addition, about 30 were up-regulated in drought condition and 14 were down-
regulated. Many of the targets identified for these miRNAs were transcription fac-
tors associated with drought and other stress responses in cowpea.

Transcriptomic Data-Sets

A few transcriptomic datasets have been developed in cowpea indicating that many
genes are expressed during drought, extreme temperature, nitrogen deficient condi-
tions as well as during symbiosis and iron accumulation. Several transcripts known
as CPRD (cowpea clones responsive to dehydration), CPRD 8, CPRD 14, CPRD 22
and VuNCEDI encode a 9-cisepoxycaratenoid dioxygenase responsible for abscisic
acid (ABA) biosynthesis during drought, high salinity and heat stresses that are
highly expressed (Iuchi et al. 1996, 2000). Recently, uncharacterized genes which
are down-regulated in drought conditions were reported by Coetzer et al. (2010) by
using suppression subtractive hybridization. Membrane stability and membrane
lipids play greater role in tolerance against drought. Cystatin and aspartic protease
are two important proteins related to membrane stability. The transcripts coding
these proteins VuC1 and VuAP1 were isolated in drought tolerant cowpea cultivars
subjected to water deficit and their expression localized in different organs (de
Carvalho et al. 2001; Diop et al. 2004). The investigators reported that, the expres-
sion of the gene encoding phospholipase D1 (VuPLDI) was moderately increased in
the drought tolerant cowpea cultivars (Maarouf et al. 1999), in that phospholipase D
is a major lipid degrading enzyme in plants sensitive to drought. In heat stress con-
ditions, analysis of transcripts expression showed 600 bands, among which 55 and
9 were up-regulated and repressed, respectively (Simoes-Araujo et al. 2002).
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In other conditions such as in nitrogen deficiency, a decrease of pur5 transcript
level which codes aminoimidazole ribonucleotide synthetase involved in purine
synthesis. In symbiotic association with Rhizobium, the gene encoding for leghae-
moglobin (/bl]), a gene similar to the soybean leghaemoglobin [bll was found abun-
dantly expressed in cowpea. These transcripts are useful resources for cowpea
improvements.

Gene Expression Patterns and Their Regulation

To date only limited information is available on global transcription changes in
cowpea plants during developmental and under normal physiological and aphysio-
logical conditions such as biotic and abiotic stress conditions. Using the ~43,253
annotated unigenes obtained from sequencing of the MF gene space from cowpea a
385,000 feature long oligonucleotide-microarray (Roche—NimbleGen) was
designed that represents each predicted gene coding sequence with 3—6 long oligos
(60-mers) (Huang K, Mellor KE, and Timko, MP, unpublished data). This microar-
ray was then used to examine global changes in gene expression in the roots of the
cowpea cultivar B301 during compatible (susceptible) and incompatible (resistant)
interactions with S. gesnerioides races SG4z and SG3 at 6 days and 13 days post-
inoculation (dpi), early and late stages of the resistance response, respectively
(Huang K, Mellor KE, and Timko, MP, unpublished data). A total of 111 genes
were differentially expressed in B301 roots at 6 dpi, with this number increasing to
2,102 genes at 13 dpi. At 13 dpi during compatible (susceptible) interactions of
B301 with SG4z a total of 1,944 genes were differentially expressed. Genes and
pathways involved in signal transduction, programmed cell death and apoptosis,
and defense response to biotic and abiotic stress were differentially expressed in the
early resistance response, whereas at the latter time point enrichment was primarily
for defense related gene expression, and genes encoding components of lignifica-
tions and secondary wall formation. In compatible interactions (B301-SG4z),
multiple defense pathways were repressed including those involved in lignin bio-
synthesis, secondary cell wall modifications, while cellular transport process for
nitrogen and sulfur were increased. These studies show that distinct changes in
global gene expression profiles occur in host roots following successful and unsuc-
cessful parasitism attempted by Striga. Induction of specific defense related genes
and pathways define components of a unique resistance mechanism. Some genes
and pathways up-regulated in the host resistance response to SG3 are repressed in
the susceptible interactions suggesting that the parasite is targeting specific compo-
nents of host defense.

Prior to the availability of a cowpea microarray platform, Das et al. (2008) were
able to demonstrate that the Affymetrix soybean genome array is a satisfactory
system for identification of single feature polymorphisms (SFPs) useful in the
development of molecular markers for genetic mapping. Subsequently, the use of
this heterologous platform was also shown to be useful in global gene expression
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analysis. In order to elucidate cowpea response to root-knot nematodes, Das et al.
(2010) examined the transcriptional changes in roots of resistant genotype CB46
and a susceptible near-isogenic lines (null-Rk) following infection with Meloidogyne
incognita using a soybean Affymetrix GeneChip expression array. These investiga-
tors found that at 3 days post-inoculation (dpi) 746 genes were differentially
expressed in incompatible interactions (infected resistant tissue compared with non-
infected resistant tissue) and 623 genes were differentially expressed in compatible
interactions (infected susceptible tissue compared with non-infected susceptible tis-
sue). At later stages of nematode infection (i.e., 9 dpi) 552 genes were differentially
expressed in incompatible interactions and 1,060 genes were differentially expressed
in compatible interactions.

Using a different approach for monitoring global changes in gene expression,
Coetzer et al. (2010) recently examined differential gene expression in drought
stressed and unstressed cowpea plants by comparing the effects of water deprivation
on drought tolerant (IT96D-602) and drought susceptible (Tvu7778) breeding lines
developed at the International Institute of Tropical Agriculture (IITA). These inves-
tigators used suppression subtractive hybridization (SSH) to create forward and
reverse cDNA libraries enriched for cowpea drought response genes. They then
selected clones for sequence characterization and quantitative reverse transcription
PCR based on the calculation of enrichment ratios using a statistical software pipe-
line they developed for the analysis (SSH screen 2.0.1; available from http://micro-
array.up.ac.za/SSHscreen). From the analysis they were able to identify a set of
clones representing drought-induced cowpea genes as well as a group of genes sig-
nificantly down-regulated by the drought stress genes. Among up-regulated cate-
gory, genes were encoding a late embryogenesis abundant Lea5 protein, a glutathione
S-transferase, a thaumatin, a universal stress protein, and a wound induced protein.
Among the down-regulated category a lipid transfer protein and several components
of photosynthesis were identified.

Marker Assisted Breeding

Marker assisted breeding was successfully employed in developing cowpea culti-
vars resistant to a parasitic weed, Striga gesnerioides. The SCAR and other PCR
amplifiable markers were found capable of tracking most of the major race specific
resistant genes to S. gesnerioides in West Africa (Boukar et al. 2004; Timko et al.
2007; Li et al. 2009) and the subsequent exploitation of one of these marker SSR 1
facilitated the positional cloning and characterization of the nuclear genes confer-
ring resistance to the noxious pest (Li and Timko 2009). Besides Striga gesnerioi-
des, markers were also found to be associated with the rust caused by Uromyces
vignae An AFLP marker (E-AAG/M-CTG) was converted to a SCAR marker,
named ABRSAAG/CTG 98, and the genetic distance between the marker and
Rrl gene was estimated to be 5.4 cM (Li et al. 2007). Myers et al. (1996) found
one RFLP marker, bg4DO9b, to be tightly linked to the aphid resistance gene (Rac 1).
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The close association of racl and RFLP bg4D9b presented real potential for cloning
this insect resistant gene. Inspite of such progress made, more concerted efforts are
required to accelerate in marker assisted breeding to develop high yielding and
disease resistant cultivars in cowpea.

Sequencing of Cowpea Genome

The first attempted full genome sequence was recently reported by Close et al.
(2011). In this study genomic DNA from IT97K-499-35 (an improved breeding line
combining genes for resistance to many diseases, insects and Striga) was shotgun
sequenced using an Illumina GAII sequencer with TrueSeq chemistry in a paired-end
format. The Illumina sequences (296,868 contigs with total length of ~186 MB,
available at http://www.harvest-blast.org) were then assembled using SOAP denovo
together with a combination of 260,642 cowpea gene-space random shotgun
sequences (Timko et al. 2008) and 30,527 BAC end sequences (obtained from M.-C.
Luo, UC Davis, http://phymap.ucdavis.edu:8080/cowpea), 54,123 cowpea Genome
Survey Sequences (GSS) from dbGSS of GenBank http://and cowpea EST assembly
to yield a draft cowpea genome assembly.

Genetic Transformations

The transformation systems developed have been used to introduce genes related to
important agronomic traits into cowpea. The first report on the regeneration and
stable transformation of cowpea expressing a gene of agronomic importance
appeared in 2008 when a transgenic line that expressed some degree of insect resis-
tance was generated (Solleti et al. 2008a, b). The establishment of an Agrobacterium
tumefaciens-mediated transformation protocol using geneticin and supplementation
of post-selection media with BA (Solleti et al. 2008b). The strategy was based on
the use of the gene for alpha-amylase inhibiting protein (aAl-1) from common bean
(Phaseolus vulgaris) as a means of conferring resistance against different insects.
The efficiency of transformation in this case was enhanced by using multiple copies
of the gene vir, co-culture of explants in the presence of thiol compounds and by
sequential selection using geneticin (Solleti et al. 2008a). The work reported up to
82.3 % decrease in insect susceptibility in transgenic plants when exposed to pulse
beetle (Callosobruchus chinensis) (Solleti et al. 2008a). This successful demonstra-
tion of cowpea resistance using aAl-1 gene was followed by the report of another
considerable resistance against Maruca vitrata by T; progenies after transformation
of nodal cuttings with a plasmid harboring CrylAb, the now popular gene for
protein toxin from Bacillus thurigiensis, using nptll as a selectable marker under
the control of 35S of CaMV (Adesoye et al. 2008, 2010). These transgenic lines
were generated by the T. J. Higgins’s group at CSIRO (Australia).
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A number of field trials have been going on in the last couple of years. Cowpea
plants with high degree of resistance against Maruca vitrata and Callosobruchus
maculatus have been subjected to field trials to test agronomic performance and
insect resistance in Puerto Rico and Nigeria with promising results (T. J. Higgins,
CSIRO personal communication/http://www.csiro.au/people/TJ. Higgins.html).

We have explored the interfering RNA (RNAi) mechanism to generate trans-
genic lines that are simultaneously resistant to the Cowpea severe mosaic virus
(CPSMV) and Cowpea aphid-borne mosaic virus (CABMYV) (data not published).
In addition, plants are also extremely tolerant (more than three times the recom-
mended commercial dose) to herbicides from imidazoline class. Another important
candidate gene of great potential in improving cowpea is cystatin, a cysteine protein-
ase inhibitor with potential as a pest resistance conferring agent. We are currently
trying to develop transgenic cowpea expressing chicken cystatin with a view to
expressing insecticidal activity against bruchids.

Although cowpea is an important source of nutrients, including several amino
acids, it is deficient in sulfur-containing amino acids, a trait common in most
legumes. Several strategies have been devised to address this using transgenic tech-
nology in a number of legumes. Our group is using a transgenic approach to intro-
duce methionine-rich protein in cowpea using the gene for 8-zein from maize.

In the last few years, significant progress has been made to establish different
protocols and their application in the development of transgenic cowpea. There have
been important findings that started with obtaining transgenic callus; from that came
transgenic plants that exhibited mendelian segregation, culminating in recent find-
ings that have led to the production of transgenic cowpea with agronomic traits.
Currently, various research groups in countries including Australia, Brazil, India and
Nigeria possess transformation systems that can be used to obtain useful genetically
modified lines. Nevertheless, in our experience, only one out of 20 independent
transgenic lines obtained has the potential to be introduced into a breeding program
to generate a commercial variety. Consequently, despite of having suitable cowpea
transformation systems, these technologies should be improved to accelerate the
development of cowpea varieties with improved agricultural characteristics.

Conclusion and Perspectives

With the modest beginning, cowpea genomics is now progressing at a rapid pace.
Molecular markers are essential resources for accelerating the breeding efforts for
cowpea improvement. However, studies of molecular markers on cowpea are meager
in comparison to other legumes like soybean and common bean. Therefore, it is
necessary to make more serious research efforts in identification of molecular mark-
ers for cowpea breeding. Further a very few molecular markers have been found
which were linked to resistance gene. There are a lot of diseases like rust, powdery
mildew, fusarium wilt, and insect pests like bean weevil and pod borer for which
there is need to identify more molecular markers linked to these disease and insect
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resistance genes. QTL studies of quantitative traits in the crop are few, which need
to be accelerated further for many important agronomic and economic characters
such as yield, protein content, and maturity. The QTLs so identified would be useful
for research on marker assisted breeding, mechanism of heterosis, genetic diversity,
isolation and cloning of gene (s) associated with quantitative trait. The progress
towards cowpea genome sequencing (Timko et al. 2008) in combination with the
availability of genomic resources from other model legumes would help identify
candidate genes that govern the agronomically important traits. After finalization of
sequencing and the annotation of genome more efforts need to be done to under-
stand the interactions between the small non coding RNA (small interfering RNA,
micro RNA, trans-acting RNA, etc.) (Borsani et al. 2005). There is need for more
studies to be done on cowpea proteome, metabolome, lipidome and ionome analy-
ses. All these efforts are needed to complement to improve cowpea for higher pro-
duction, resistance against key pests and diseases and quality.
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Chapter 8
Advances in Greengram and Blackgram
Genomics

J. Souframanien and P. Dhanasekar

Abstract Greengram [Vigna radiata (L.) Wilczek] and blackgram [V. mungo (L.)
Hepper] (both 2n=2x=22) are important legume crops in Asia, where it is a major
source of dietary protein for its predominantly vegetarian population. Various
genomic resources have been developed to accelerate the marker assisted selection
in these crops. Different types of markers such as RFLPs, RAPDs, AFLPs, SSRs
and ISSRs have been used in discerning genetic diversity and developing linkage
maps in these crops. In greengram, eight genetic linkage maps have been developed
so far but no map contained enough markers to resolve all the 11 linkage groups,
while the two linkage maps constructed in blackgram resolved all 11 linkage groups.
Markers have been used for tagging and mapping of genes and QTLs for resistance
against mungbean yellow mosaic virus, powdery mildew and Cercospora leaf spot
diseases, bruchids and for seed traits. Comparative genome mapping between
greengram and several other legumes including azuki bean, common bean, cowpea,
soybean and lablab revealed various levels of macrosynteny depending on species,
with the greatest upon common bean. Comparison between blackgram and azuki
bean maps revealed high degree of genome colinearity. Efforts have been made in
developing BAC libraries in greengram to facilitate map based cloning of genes and
QTLs. High throughput sequencing technologies have led to the partial nuclear
genome sequencing (100 Mb) and complete sequencing of chloroplast and mitochon-
drial genomes of greengram. Annotation of transcriptome sequences for functional
genes has been carried out in greengram. The ESTs and genomic data base from
closely related legumes will be helpful in developing high throughput markers such
as SSRs and SNPs. These resources have the potential to accelerate gene discovery,
mapping and assist molecular breeding in these crops.
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Introduction

Greengram (Vigna radiata (L.) Wilczek) and blackgram (V. mungo (L.) Hepper) are
important legume crops widely cultivated in Asia and in particular India, wherein they
complement cereal-based diets with a large proportion of digestible protein through
use as a pulse. The annual world area under greengram production is about 5 Million ha
of which about 90 % is in Asia (Malik 1996). India is the biggest producer of green-
gram and blackgram where about 3.55 mha and 3.26 mha respectively were cultivated
with a production of 1.8 mt and 1.74 mt respectively during 2010-2011 (Gupta 2012).
While substantial yield improvements have been made in these crops, their yields are
still low that has restricted their wider use as an alternative pulse crop in Asian farming
systems. In this chapter, we provide an up to date review of genomic studies conducted
on these two crops.

Genome Size

Greengram and blackgram, the diploid legumes with 2n=2x=22 are constituted under
the subfamily Papilionoideae, clade Millettioid, genus Vigna Savi, subgenus
Ceratotropis, section Ceratotropis. These crops like most of the other Vigna species
have modest genome sizes estimated to be 0.60 pg/IC (579 Mbp) and 0.59 pg/IC
(574 Mbp) respectively (Arumuganathan and Earle 1991). The species from different
clades show genetic proximity owing to genome conservation depending on their phy-
logenetic relationships and such conserved or orthologus regions play a pivotal role in
exploiting the genomic resources in under studied or orphan crops related by descent.

Genomic Resources

A broad range of genomic resources is available and can be used to accelerate legume
improvement. These include marker reportier, expression sequence tag (EST) data-
base, genome sequences (whole or partial), physical maps, molecular maps, DNA
chips and bacterial artificial chromosome (BAC) or similar genomic libraries.

Molecular Markers

The lack of sequence information in greengram and blackgram has limited the advance
of topical and robust molecular markers such as SSR, ESTs and SNPs in these
crops. In this section, the availability of different molecular markers in greengram
and blackgram have been comprehensively discussed.
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In greengram, RFLP markers have been used to map (Young et al. 1993) or iden-
tify a new source of resistance (Chaitieng et al. 2002) to powdery mildew disease.
Humphry et al. (2003) identified RFLP markers linked to major powdery mildew
resistance locus while, Fatokun et al. (1992) studied orthologous seed weight genes
using RFLP. Besides, requiring large quantity of DNA for analysis, the time and labor
intensive RFLP requires radioactive labeled probes that limit their wide application in
spite of their high polymorphism. RFLP markers of both cDNA and random genomic
clones of greengram were reported by Young et al. (1992). These RFLPs together
with those from common bean, cowpea and soybean have been extensively used in
greengram and or blackgram genome mapping. Souframanien et al. (2003) studied
intra and inter-specific variations in the rDNA internal transcribed spacer (ITS)
region using RFLP and found no variation within cultivated V. mungo species while
inter-specific variation was detected among wild Vigna species.

RAPD markers have been used for the identification of greengram cultivars and
for assessing the genetic diversity (Santalla et al. 1998; Lakhanpaul et al. 2000).
Assessment of genetic diversity using RAPD analysis shows close similarity among
greengram cultivars (Lakhanpaul et al. 2000). The study revealed narrow genetic
base of Indian cultivars probably due to repeated use of limited ancestors in their
pedigrees. This observation has further been confirmed using RAPD (Afzal et al.
2004; Betal et al. 2004). Significant polymorphism among gamma ray induced
mutants has been observed using RAPD (25.8 %) and ISSR (33.3 %) markers in
blackgram (Souframanien et al. 2002).

Yu et al. (1999) reported the abundance and variation of microsatellite DNA
sequences in Phaseolus and Vigna. The cross amplification of soybean SSRs in
Vigna species was studied by Peakall et al. (1998) and they found that there was
3-13 % cross amplification. Only recently microsatellite or SSR markers have been
developed from greengram (Kumar et al. 2002a, b; Miyagi et al. 2004; Gwag et al.
2006). However, SSRs from azuki bean, common bean and cowpea can be used in
both greengram and blackgram. As high as 72.7 % and 78.2 % of the azuki bean SSRs
amplify greengram and blackgram genomic DNA, respectively, while 60.6 % of com-
mon bean SSRs amplify greengram genomic DNA (Souframanien and Gopalakrishna
2009). Gupta and Gopalakrishna (2009) demonstrated that the azuki bean microsatel-
lite markers are highly polymorphic and informative and could be successfully used for
genome analysis in blackgram. Gupta and Gopalakrishna (2010) reported the transfer-
ability of functional unigene-derived SSR markers in cowpea (Vigna unguiculata) to
other Vigna species including greengram and blackgram.

ISSR markers have been successfully utilized for analysis of repeat motifs in
greengram (Singh et al. 2000), genetic relationships in the genus Vigna (Ajibade
et al. 2000), varietal identification in blackgram (Ranade and Gopalakrishna 2001).
Singh (2003) revealed narrow genetic base of Indian cultivars using ISSR. ISSR
markers were comparatively more efficient than RAPD in assessing genetic diver-
sity among blackgram cultivars (Souframanien and Gopalakrishna 2004). AFLP
marker study also reiterated the low genetic diversity in greengram (Bhat et al. 2005).
High polymorphism was obtained with +3 than with +2 primers. Saini et al. (2004)
reported that long primers (18-22 bases) in comparison to the 10-mer primers could
efficiently dissect the genetic diversity and relationships in greengram germplasm.
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Sivaprakash et al. (2004) were of the view that AFLP markers were successful in
discerning high level of genetic diversity among blackgram landraces. Gupta et al.
(2008) utilized AFLP markers along with others in developing a genetic linkage
map in blackgram. AFLP markers were also highly efficient in unraveling the
genetic diversity in blackgram as is evident from the study of Gupta and
Gopalakrishna (2009) wherein an average of 29.4 polymorphic bands per primer
combination were obtained. In their study, each AFLP primer pair was able to
distinguish on average 19 of the 20 genotypes and there were seven AFLP primer
pairs that were able to discriminate all 20 genotypes.

In recent years, a large number of genes conferring disease resistance to a diverse
spectrum of pathogens have been isolated from wide range of plant species. Most of
these genes have conserved amino acid motifs. The most notable being the presence
of nucleotide binding site (NBS) and leucine rich repeat (LRR). The candidate
resistance genes have been used successfully to develop RGA markers. Basak et al.
(2004) showed RGA linked to yellow mosaic virus tolerance in blackgram. RGA
primers of cowpea have also been used to divulge the genetic diversity across differ-
ent YMV resistant and susceptible genotypes of greengram and blackgram
(Narasimhan et al. 2010).

Mapping Populations

The eight genetic linkage maps in greengram and two in blackgram published till date
are based on populations derived from F, or RILs from inter-subspecific crosses
(Table 8.1) and BC F, or RILs from inter-subspecific crosses (Chaitieng et al. 2006;
Gupta et al. 2008) respectively. Of the three intersubspecific greengram crosses
(‘“VC3890A’ x “TC1966’, ‘Berken’ x ‘ACC41’ and ‘TC1966’° x ‘Pagasa 7’) involved in
the development of linkage maps, ‘VC3890A’, ‘Berken’ and ‘Pagasa 7 are cultivated
greengram types from V. radiata ssp. radiata whereas; ‘TC1966° and ‘ACC41’ are
accessions of the wild progenitor V. radiata ssp. sublobata. In blackgram also the
intersubspecific crosses involved a cultivated cultivar ‘JP219132° (Chaitieng et al.
2006) or “TU 94-2’ (Gupta et al. 2008) of V. mungo var. mungo and a wild genotype
of V. mungo var. silvestris. The size of the mapping populations involved in develop-
ing the linkage maps varied from 104 to 180 in blackgram as against 58 to 202 in case
of greengram.

QTLs

Quantitative traits are under the control of specific regions of chromosomes referred to
as the quantitative trait loci (QTLs). In greengram and blackgram QTLs associated
with quantitative traits related to insect pest and disease resistance and seed related
characters have been mapped with molecular markers.
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Table 8.2 DNA markers and their nucleotide sequence linked with MYMYV resistance gene in
blackgram and greengram

Primer code ~ Sequence 5'-3’ Marker size (bp) References
RGA-1-F-CG AGTTTATAATTCGATTGCT 445 Basak et al. (2004)
RGA1-R ACTACGATTCAAGACGTCCT

RGASF1 GGNAAGACGACACTCGCNTTA 456 Maiti et al. (2011)
RGASRI1 GACGTCCTNGTAACNTTGATCA

RGA22F2 GGGTGGNTTGGGTAAGACCAC 1,236 Maiti et al. (2011)
RGA24R2 NTCGCGGTGNGTGAAAAGNCT

ISSR811 GAGAGAGAGAGAGAGAC 1,357 Souframanien and
YMVIF GAGAGAGAGAGAGAGACAAAG 1,357 Gopalakrishna (2006)
YMVIR GAGAGAGAGAGAGAGACAGGA

OPS-07 TCCGATGCTG Selvi et al. (2006)

(a) Mungbean yellow mosaic virus resistance: Mungbean Yellow Mosaic Virus

(MYMYV), a whitefly (Bemisia tabaci) transmitted gemini virus belonging to the
begomovirus having monopartite (one ~2.9 kb DNA) or bipartite genome (two
~2.6 kb DNAs referred to as “DNA-A” and “DNA-B”’) causes disease in a num-
ber of leguminous crops in India and South East Asia especially greengram,
blackgram and soybean. Basak et al. (2004) used six YMV tolerant blackgram
lines (‘VM1’-°VM6’) developed from a highly susceptible genotype ‘T-9° and
F, population to identify DNA markers linked to YMV tolerance. A RGA primer
pair RGA-1-F-CG/RGA1-R amplified a 445 bp fragment only in homozygous
tolerant and the heterozygous lines differentiating the YMV tolerant and suscep-
tible parents and was found to be linked to YMV tolerance. The 445 bp marker
was sequenced and named ‘VMYRI’. The predicted amino acid sequence
showed highly significant homology with the NB-ARC domain present in
several gene products involved in plant disease resistance, nematode cell death
and human apoptotic signaling. On further evaluation of more RGA primer pairs
Maiti et al. (2011) identified two markers amplified using RGA primer pairs
(RGASF1/RGASR1 and RGA22F2/RGA24R2) referred as YR4 and CYRI1
linked to MYMYV resistance (Table 8.2). Both these resistance linked markers are
part of the open reading frames (ORFs) and possess conserved motifs of the
NB-ARC domain having sequence homology with other virus resistance genes.
Both the markers were validated using greengram and blackgram genotypes by
multiplex PCR and showed YR4 to be partially linked and CYRI1 to be com-
pletely linked. Souframanien and Gopalakrishna (2006) identified a tightly
linked ISSR marker (ISSR811,357) using a RIL. mapping population (F) that was
6.8 cM away from the MYMYV resistance gene loci. Sequence characterized
amplified region (SCAR) primers designed (YMV1-F and YMV1-R) from this
ISSR marker distinguished the MYMYV resistant and susceptible plants in RIL
population, agreeing well with the phenotypic data. The ISSR811 55, marker was
also validated using diverse blackgram genotypes differing in their MYMV
reaction. In greengram, F, population derived from a cross between ‘ML267°
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(b)

©

and ‘CO-4’ was screened with RAPD primers and identified one marker OPS7g,
to be associated with YMYV resistance (Selvi et al. 2006).
Powdery mildew resistance: One of the main foliar diseases that affect the pro-
duction of greengram and blackgram is powdery mildew; caused by fungus
Erysiphe polygoni D.C. Severe infection by powdery mildew occurs in cool,
dry months when it can reduce the yield of greengram by 20—40 % (Reddy et al.
1994). Molecular marker studies of powdery mildew in greengram have indi-
cated both qualitative and quantitative inheritance. Young et al. (1993) used
RFLPs to map genes in greengram that confer partial resistance to the powdery
mildew fungus. F; lines derived from a cross involving cross between a moder-
ately powdery mildew resistant (‘“VC3980A’) and a susceptible (‘TC1966’)
greengram parent were assayed in the field for powdery mildew response and
the results were compared to the RFLP genotype data, thereby identifying pow-
dery mildew response associated loci. A total of three genomic regions were
found to have an effect on powdery mildew response, together explaining 58 %
of the total variation. One marker showing a strong association with powdery
mildew response was sgK472, located on LG 3 of greengram. The study of
Humphry et al. (2003) identified a major locus conferring powdery mildew
resistance in line ‘ATF 3640’. 147 F, and F;g RILs derived from a cross between
‘Berken’ (highly susceptible) and ‘ATF 3640’ (highly resistant) were screened
for powdery mildew under glasshouse condition. RFLP linkage map con-
structed with 52 loci generated by 51 probes were used to identify a single
major locus flanked by markers LpCS82 and VrCS73 on linkage group K. This
locus peaked approximately 1.3 ¢cM from marker VrCS65, explained 86 % of
the total variation in the resistance response to the pathogen. However, location
of this QTL did not coincide with any QTLs reported by Young et al. (1993).
Kasettranan et al. (2010) identified two QTLs controlling the disease resistance
in a RIL population of 190 F; lines. The population was developed from the
cross between a susceptible cultivar, ‘Kamphaeng Saen 1’ and a resistant line,
‘VC6468-11-1A’. Reaction to the disease was evaluated for resistance in field
and greenhouse conditions. Analysis of variance revealed that 15 SSR loci on
three linkage groups were associated with the resistance. Composite inter-
val mapping consistently identified two QTLs on two LGs, gPMR-1 and gPMR-2,
conferring the resistance. gPMR-1 and gPMR-2 accounted for 20.10 % and
57.81 % of the total variation for plant response to the disease, respectively.
Comparison based on common markers used in previous studies suggested that
qPMR-2 is possibly the same as the major QTL reported earlier using another
resistant source. The SSR markers closely linked to gPMR-1 (CEDG282 and
CEDG191) and gPMR-2 (MB-SSR238 and CEDG166) are useful in MAS for
greengram powdery mildew resistance (Table 8.3).
Cercospora leaf spot disease resistance: One of the most important diseases
affecting greengram production in Asia is the Cercospora leaf spot (CLS), a
foliar disease caused by the biotrophic fungus Cercospora canescens llis &
Martin (Chupp 1953). The fungus initially causes spotting on greengram leaves;
the spots increase in number and size during flowering, but the increment is



162

J. Souframanien and P. Dhanasekar

Table 8.3 PCR markers and their nucleotide sequence linked with powdery mildew
resistance gene in greengram

Primer/probe code

Sequence 5'-3’

Reference

VrCS SSRI1F GCGAAGTGATCTTATCTGCT Zhang et al. (2008)
VrCS SSRIR GTCAAATCTGAACCATAAA

VrCS SSR2F GTTGAAAACTACAATACACT

VrCS SSR2R ACCAACAGTTCCATATCATG

VrCS SSR3F GCAGACACAACCATAAATCC

VrCS SSR3R GGTCTTTGACGGCAATCTC

VrCS STSIF ATTACTTGAGGTGGGGATAAT

VrCS STSIR AATAGACCACTTTTTCCGT

VrCS STS 2F ATTTGATGACGATGTATTTAA

VrCS STS2R TAAAGATAATGCTGAGGG

CEDG282F CAGCAACAAGACATGGAGTG Kasettranan et al. (2010)
CEDG282R GGTGACCACTTAGACAGAC

CEDG166F GGTACAACATTCTTCTATTTG

CEDG166R GGCTTATGAGTTTATCTTATC

MB-SSR238F AGCTATTGGTGCATAGGTTC

MB-SSR238R GATATGATGAGTATGGTGTAG

CEDGI191F CAATAAGCAATCTGTGGAGAG

CEDG191R CTGCAGGAAACTTGGAATTGC

most rapid at the pod-filling stage. In susceptible varieties, infection expands
rapidly resulting in premature defoliation and reduction in size of pods and
seeds , and thus cause yield losses of up to 50 % if devoid of protection (AVRDC
1984). The progress in selecting CLS-resistant genotypes in large breeding pro-
grams is still limited. This is mainly due to the fact that CLS occurs only in the
rainy season, which is the primary growing season for greengram. Moreover,
field evaluation for resistance can be done in only one season per year, albeit
greengram is considered among the shortest season crop in the world and can
be grown 3—4 times a year. Molecular markers linked to the gene controlling
resistance can aid selection and advance the generation year-round (Collard and
Mackill 2008). Chankaew et al. (2011) identified QTL for Cercospora resis-
tance using F, (‘KPS1’x‘V4718’) and BC,F; [(‘KPS1’x‘V4718’)x ‘KPS1’]
populations developed from crosses between the CLS-resistant greengram
‘V4718’ and CLS-susceptible cultivar ‘Kamphaeng Saen 1’ (KPS1). CLS resis-
tance in F, and BCF, populations was evaluated under field conditions during
the wet seasons. Sixty nine polymorphic SSR markers were analyzed in the F,
and BC,F, populations. Segregation analysis indicated that resistance to CLS is
controlled by a single dominant gene. Single regression analysis in the F, and
BC|F, identified seven SSR markers, namely CEDC031, CEDG044, CEDG084,
CEDG117, CEDG305, VR108 and VR393, associated with CLS resistance
(P<0.01). All of them were located on LG 3, except CEDG044 which was
located on LG 11. The R? of the markers ranged from 6.11 % (CEDG044) to
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80.81 % (CEDG117). While composite interval mapping consistently identified
one major QTL (¢CLS) for CLS resistance on LG 3 in both F, and BC,F, popu-
lations, gCLS was located between markers CEDG117 and VR393 on LG 3 at
26.91 and 24.91 cM. It accounted for 65.5-80.53 % of the disease score varia-
tion depending on seasons and populations. An allele from ‘V4718’ increased
the resistance. The SSR markers flanking gCLS will facilitate transfer of the
CLS resistance allele from V4718’ into elite greengram cultivars.

Bruchids resistance: Bruchids or seed weevils belonging to the genus
Callosobruchus are the most important storage pest of pulses. Seeds of the
leguminous crops are severely affected by bruchid species. The most serious of
these species in Asia are azuki bean weevil (C. chinensis L.), cowpea weevil
(C. maculatus F.) and graham bean weevil (C. analis F.). These three bruchid
pest have different distribution ranges. C. chinensis occurs in Asia, where it is a
pest on azuki bean, chickpea, cowpea, greengram, peanut, soybean and other
grain legumes (Applebaum et al. 1969). C. analis occurs in Africa and Asia.
C. maculatus is the most widely distributed of the bruchid species, occurring in
Africa, Asia, and Australia. The genes responsible for bruchid resistance in two
wild greengram strains, ‘TC1966’ and ‘ACC41° have been mapped. The Br
gene conferring resistance to C. chinensis in TC1966 that was initially mapped
on LG 8 flanked by RFLP markers sgA882 and mgM151 at a distance of 3.6 cM
and 6.5 cM respectively, was subsequently mapped to LG 9 at a distance of
0.2 cM with the marker Bng143 and 0.9 cM with the marker Bng110. Two point
linkage analysis of RFLP marker data from F, DNA showed significant associa-
tion of six RFLPs (pA352, pR26, pA882, pM151a, pA315, pA257). Bruchid
resistance was located to a single locus on LG 8 between marker pA882 and
pA315 at a distance of 3.6 cM and 27 cM away from the former and latter
respectively. QTL mapping of bruchid resistance identified the only region on
LG 8 to be significantly associated with a LOD value of 15.3, attributing 87.5 %
of the total phenotypic variation (Young et al. 1992). Menancio-Hautea et al.
(1993) constructed a RFLP linkage map of greengram and located bruchid
resistance gene to a 13 cM interval flanked by RFLP markers. Bruchid resis-
tance from “TC1966’, incorporated into cultivated greengram ‘Osaka-ryokuto’
conferred simultaneous inhibitory activity against the bean bug, Riptortus
clavatus Thunberg and was characterized by the presence of a group of novel
cyclopeptide alkaloids, called vignatic acids. Kaga and Ishimoto (1998) con-
structed a linkage map for Br and the vignatic acid gene (Va) using RAPD and
RFLP probes developed from linked RAPD markers. Va cosegregated with
bruchid resistance and mapped to single locus at the same position as the cluster
of markers and 0.2 cM away from Br. Their finding suggests that a dominant
gene or a cluster of genes controls the production of vignatic acids analogs.
However, the study also showed vignatic acids producing lines with susceptible
reaction suggesting that vignatic acids are not the principal factors involved in
conferring resistance (Kaga and Ishimoto 1998). Kaga and Ishimoto (1998)
showed eight RAPD markers were significantly associated and three RAPD
(BEXAO08, BEXA99 and BEXC49) to be tightly linked to resistance gene
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Table 8.4 DNA markers and their nucleotide sequence linked with bruchid resistance gene in
greengram

Primer/probe code Sequence 5'-3’ Reference

pA882 RFLP probe Young et al. (1992)
pMl51a RFLP probe

pA315 RFLP probe

BEXAOS8 TTCGGACGAATA Kaga and Ishimoto (1998)
BEXA99 GCGGTCAGCACA

BEXC49 AGGGTGCGTATA

pBEXAO8 RFLP probe

pBEXA99 RFLP probe

pBEXc49 RFLP probe

pBEXB32a RFLP probe

pBEXD02a RFLP probe

Bngl43 RFLP probe

SSRbr1F ATGGGTAGCGTGATGCTG Miyagi et al. (2004)
SSRbrIR TGTCAAAATGTGGTTGGCG

STSbrl1F CAGAAAACAAATCACAAGGC

STSbr1R GTAAGCATTGAAAAAGGGTG

STSbr2F CCACCCTATTCAATGCTTAC

STSbr2R ACACTTCAATGGCGGACG

STSbr3F CAAAAGTCCAACGCTGTTCCCTG

STSbr3R CCATCTGTGTAGAATCTCTCGGTG

STSbr4F GGTAAGGGTAGGGGTTTCCATTAG

STSbr4R GAGACAAAAAGAGGACCAAAGCC

STSbr5F TCAGTCTTCCGTTTACG

STSbr5R TTGAGTGCTCAGGGGA

OPC-06 GAACGGACTC Lei et al. (2008)
OPWO02 ACCCCGCCAA Chen et al. (2007)
OPWO02aF CCAAAGGAGTCGAGTGAAACT

OPW02aR GTTGTTGGGAAGGAGATA

OPU11 AGACCCAGAG

OPV02 AGTCACTCCC

UBC223 GATCCATTGC

(Table 8.4). The RFLP probes for these RAPD markers were used in RFLP
mapping of bruchid resistance gene and RFLP markers 0.7 cM apart on either
side of the Br gene was identified. Six markers pBEXAOS, pBEXA99,
pBEXc49, pBEXB32a, pBEXDO02a and Bngl43, were closest to the bruchid
resistance gene, approximately 0.2 cM away.

Miyagi et al. (2004) successfully used BAC clones in greengram for the develop-
ment of two PCR-based markers closely linked with a major locus conditioning bru-
chid (C. chinensis) resistance. These PCR based markers were validated in Indian
sublobata accession (‘Sub2’) and twelve other greengram cultivars. Of the two
STS primer pair used in their study, STSbrl amplified 225 bp fragment in all the
homozygous resistance plants tested (Sarkar et al. 2011). This tightly linked marker
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Table 8.5 QTL analysis for C. maculatus resistance in a RIL population derived from V. mungo
(cv. Tu 94-2) and V. mungo var. silvestris by composite interval mapping

Linkage Position LOD PVE®
Trait* QTL name group (cM) score Flanking markers (%) a(H)1°©
CMRAEIL.l Cmrael.l LG3 6.6 33 EACT/MCTC-8, EACT/ 10.8 9.43
MCAT-5

CMRAEL.2 Cmrael2 LG4 324 5.1 CEDGO086, CEDG154 163  11.84

CMRDP1.1 Cmrdpl.1 LG 1 3.9 34  CEDGI133, CEDG149 9.8 4.87

CMRDP1.2 Cmrdpl2 LG 1 63.3 4.0 EACG/MCTA-15, 12.1  -5.65
EAGG/MCTA-1

CMRDP1.3 Cmrdpl.3 LG2 39.0 2.7 OPL14-1300, OPI20-600 9.8 5.56

CMRDP1.4 Cmrdpl4 LG2 45.5 4.9  OPRI1-1380, EACA/ 164 6.51
MCAT-12

CMRDP1.5 Cmrdpl.5 LG2 54.3 29  EAAG/MCTA-I, 103 5.09
UBC827-1800

CMRDP1.6 Cmrdpl.6 LG10 80.5 2.8  EACG/MCTA-14, 8.4 —4.66

EAAG/MCAA-4

Reprinted from Souframanien J, Gupta SK and Gopalakrishna T. Identification of quantitative trait
loci for bruchid (Callosobruchus maculatus) resistance in black gram [Vigna mungo (L.) Hepper].
Euphytica 2010; 176:349-356. With permission from Springer Science + Business Media
*CMRAE C. maculatus adult emergence, CMRDP C. maculatus developmental period
Percentage of phenotypic variance explained by QTL

cAdditive effect

may be useful in generating superior genotypes with ‘Sub2’ bruchid resistance locus
by marker assisted selection. Chen et al. (2007) developed 200 RILs (F,,) involving
bruchid resistance accession ‘TC1966’ and MYMYV resistant variety ‘NM92’. Ten
RAPD markers (UBC66, UBC 168, UBC 223, UBC 313, UBC 353, OPMO04,
OPUI11, OPVO02, OPWO02 and OPW13) were found associated with the bruchid
resistance through BSA. Four (OPW02, UBC223, OPU11 and OPV02) of these that
were closely linked (Table 8.4) were cloned and transformed into SCAR and
cleaved amplified polymorphism (CAP) markers. Seven codominant CAPs devel-
oped from the identified RAPD markers showed tighter linkage with the Br gene than
the original RAPD.

In blackgram, an inter-subspecific mapping population (RIL) was generated by
crossing V. mungo var. mungo (cv. TU 94-2, bruchid susceptible) and V. mungo var.
silvestris (bruchid resistant). About 37.8 % of bruchids completed their lifecycle on
seeds of V. mungo var. silvestris compared with 100 % on the susceptible variety TU
94-2. The total developmental period of C. maculatus on Vigna mungo var. silvestris
was considerably extended (88 days as compared with 34 days on TU 94-2). A genetic
linkage map constructed using RILs in Fy generation with 428 markers [86 RAPD, 47
SSR, 41 ISSR, 254 AFLP] was used for QTL detection using one hundred four indi-
viduals. Two QTLs, Cmrael.l and Cmrael.2, were identified for percentage adult
emergence, on linkage group (LG) 3 and 4, respectively (Table 8.5). For developmen-
tal period, six QTLs were identified, with two QTLs (Cmrdp1.1 and Cmrdp1.2) on LG
1, three QTLs (Cmrdp1.3, Cmrdp1.4, and Cmrdp1.5) on LG 2 and one QTL (Cmrdp1.6)
on LG 10 (Souframanien et al. 2010).
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Seed weight: The preference for large seed types by consumers has resulted in
a sixfold increase in the seed weight/seed size of modern greengram varieties
compared to the wild progenitor ssp. sublobata (Fatokun et al. 1992; Lambrides
and Imrie 2000). Large seed size has therefore become an important trait in
greengram breeding programs. Independent QTLs (4—11) associated with seed
weight have been identified in mapping studies (Fatokun et al. 1992; Humphry
et al. 2005). Fatokun et al. (1992) identified seed weight QTLs on LGs 1, 2, 3
and 4 accounting for 49 % of the phenotypic variation using 58 F; families.
Orthologous genes for seed weight with a QTL of large effect were also identi-
fied on homologous genomic regions of LG 2 in both greengram and cowpea,
which was later shown to be associated with seed weight in pea, Pisum sativum
L. (Timmerman-Vaughan et al. 1996). Humphry et al. (2005) mapped 11 QTLs
conditioning seed weight using 227 RILs accounting 80 % of the phenotypic
variation, both under field and glasshouse trials with seven loci being common
in both the datasets. Of the seven common QTLs, one was located on each of
LGs 1, 5,9, 10, 11 and two QTLs were located on LG 2. None of the loci
appeared to co-localise with any of the QTLs identified by Fatokun et al. (1992)
although several QTLs did map to equivalent linkage groups that could be
attributed to the use of different genetic material and/or small population size
(58 individuals) in the study of Fatokun et al. (1992).

Hard-seededness: Hard-seededness plays an important role in contributing to
the development of weather-tolerant varieties (Imrie et al. 1991; Williams 1989).
Four QTLs for hard-seededness from field data and a single QTL from glass-
house data were mapped using 227 RILs by Humphry et al. (2005). The single
QTL from the glasshouse data (hsA) co-localised with one of the QTLs from the
field data on LG 1 (=LG K) explaining up to 23 % of the variation in the field
trial and 11 % of the variation in the glasshouse trial. Lambrides (1996) also
mapped a hard-seededness locus near hsA on LG 1 in an F, population of
‘Berken’ x ‘ACC41°. These results support the previous observations that very
few genes appear to control hard-seededness in greengram (Lambrides 1996;
Lawn et al. 1988; Williams 1989). The inheritance pattern of hard-seededness in
this population is similar to that observed in soybean, where one major QTL was
identified which explained 30 % of the variation with other minor QTLs contrib-
uting to the quantitative distribution of phenotypes (Keim et al. 1990).

Seed appearance traits: Seed quality is determined by several traits other than
seed weight and hard-seededness in greengram. Appearance of the seed is
determined by the presence or absence of the texture layer, the pigmentation of
the texture layer and the color of the testa. These traits have been mapped in the
‘Berken’ x ‘ACC41’ population using 67 F, and 67 RIL individuals (Lambrides
1996; Lambrides et al. 2000). A continuous range of phenotypes was observed
when individuals of the population ‘Berken’ (shiny seed) x ‘ACC41° (dull seed)
were scored for the amount of texture layer using a scoring system of O (shiny
seed, no texture layer) to 5 (deep texture layer) (Lambrides 1996). QTL analysis
detected three regions on LGs 1-3, 2 and 8-9, collectively accounting for 71.5 %
of the phenotypic variation for the texture layer score. The QTL near pO9b
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(LGs 8 and 9) was detected at LOD=5.94, where the allele from ‘ACC41’
showed dominant gene action for deep texture layer. Unexpectedly, the gene
action at a QTL detected near marker pM78 (LGs 1-3) was suggestive of over-
dominance that could explain the unexpected appearance of dull seeded segre-
gants from hybrids between shiny seed coat parents.

The green speckled black testa color of ‘ACC41° dominant over green testa color
was controlled by a single locus that mapped to LG 2 (Lambrides et al. 2000). RFLP
marker pA235 was linked to the testa color locus at 2.4 cM (LOD=15.0), and this
region of the greengram genome was shown to segregate with distortion (Lambrides
et al. 2004). LG 2 also contained a single locus controlling the pigmentation of the
texture layer in ‘ACC41’ that was dominant over no pigmentation and was unlinked
to the testa color locus. RFLP marker pA204 was linked to the pigmentation locus
at 6.4 cM (LOD=8.0) (Lambrides et al. 2004).

Linkage Maps

The availability of molecular maps facilitates marker-assisted selection, mapbased
cloning, and mapping of QTLs of agronomic importance in many crop plants.
Genetic linkage maps have been constructed in blackgram (Chaitieng et al. 2006;
Gupta et al. 2008) and greengram (Humphry et al. 2002; Lambrides et al. 2000).
Eight molecular linkage maps for greengram have been published (Table 8.1).
These maps were constructed from the data of F, or RIL populations from inter-
subspecific crosses of “VC3980° (cultivated) x ‘TC1966° (wild from Madagascar)
or ‘Berken’ (cultivated) x ‘ACC41’ (wild from Australia) using mainly RFLP and/or
RAPD markers or ‘TC1966° x ‘Pagasa 7° (cultivated) using AFLP makers. The pop-
ulation size ranged from 58 to 202 plants. The maps differ in length (655.5—
1,831.8 cM), number of markers (102-255 markers), number of linkage groups
(LG) (09-14), and level (12-30.8 %) and regions of marker distortion. The most
comprehensive map consists of 255 loci with an average 3 cM distance between the
adjacent markers. However, none of the maps resolved to 11 LGs, which is the hap-
loid chromosome number of greengram, for which many more markers are required
to saturate the map and also the genome coverage of the markers need to be
determined.

Genome research in blackgram has received far less attention than mungbean.
Only two genetic linkage maps have been developed in this crop. But unlike green-
gram, both the maps resolved to 11 linkage groups owing to higher degree of satura-
tion of markers. Chaitieng et al. (2006) reported the first genetic linkage map of
blackgram with 148 marker loci assigned to the 11 linkage groups, which corre-
spond to the haploid chromosome number. Subsequently, another linkage map was
constructed with 428 molecular markers which spanned a total distance of 865.1 cM
with an average marker density of 2 cM (Gupta et al. 2008).
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Comparative Genomics

Comparative linkage maps facilitate mapping of orthologous sequences among
closely related plant species or genera and aid in better understanding of the organiza-
tion and evolution of plant genomes. The use of heterologous RFLP probes has facili-
tated a number of comparative genome studies with various species of the genus
Vigna (Boutin et al. 1995; Humphry et al. 2002; Kaga et al. 1996, 2000; Menancio-
Hautea et al. 1993). In some instances, there is greater homology between greengram
and species in different genera compared to greengram and related species from the
subgenus Ceratotropis. Chromosomal rearrangements could explain many of the dif-
ferences between the greengram and cowpea genomes (Menancio-Hautea et al. 1993)
and the greengram and azuki bean genomes (Kaga et al. 2000). These studies
show that conserved blocks of genes appear on several LGs, although no entire
LG was conserved between greengram and cowpea and greengram and azuki bean.
The genetic complement of greengram and cowpea was similar at the nucleotide level,
although copy number changed and the linear arrangement of conserved linkage
blocks also changed (Menancio-Hautea et al. 1993). Interestingly, this study showed
that there were greater differences between the greengram and cowpea genomes com-
pared to sorghum and maize, which are in different genera. Prior to the taxonomic
reorganisation of Phaseolus and Vigna, greengram had been placed in the genus
Phaseolus. Not surprisingly, with respect to marker order and conserved LGs, green-
gram shows greater homology to common bean than to cowpea (Boutin et al. 1995)
and azuki bean (Kaga et al. 1996, 2000). All greengram LGs consisted of one, two or
three LGs of common bean with the average conserved linkage block of 36. 2 ¢cM and
the longest conserved linkage block of 103.5 cM occurring on LG 8 of greengram and
LG K of common bean. A balanced translocation between greengram (LGs 2 and 6)
and common bean (LGs F and H) was also detected. Greengram LGs 8§, 9, 10
(Menancio-Hautea et al. 1993) were all composed of markers from L, G, K of com-
mon bean, suggesting that these greengram LGs may represent segments of one LG.
The studies of Kaga et al. (2000) and Lambrides et al. (2000) also provided evidence
that greengram LGs 8 and 9 are segments of one LG. Although Menancio-Hautea
et al. (1993) found that 88 % (125/142) of soybean genomic probes hybridized to
greengram, there was substantial genome rearrangement between these two genomes
(Boutin et al. 1995). Only short and scattered linkage blocks were conserved between
greengram and soybean. For example, markers from up to 16 different LGs of soy-
bean were found on LG 1 of greengram. The average conserved linkage block between
the greengram and soybean genomes was about a third the size of conserved linkage
blocks between greengram and common bean. There is surprising homology between
greengram and a more distantly related member of Fabaceae lab lab (Lablab purpu-
reus) (Humphry et al. 2002). Large conserved linkage blocks were observed between
the two genomes, and linkage order was retained in the majority of cases, although
evidence was presented to suggest the genomes to differ by at least one inversion
and other complicated chromosomal rearrangements. Different copy numbers
detected in each of the genomes suggested that they had also accumulated a large
number of deletions/duplications after they diverged.
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Gupta et al. (2008) compared the blackgram linkage map developed by them
with that of the azuki bean map (Han et al. 2005) based on common SSR markers.
The SSR markers were present on all 11 linkage groups with number per linkage
group varying from 2 to 9. High level of colinearity was observed between the two
maps. Forty-one SSR makers were shared between the two maps, the orders of
which were highly conserved excepting five marker pairs. The markers were tightly
linked but in opposite direction, suggesting few internal inversions that could have
occurred during the evolutionary divergence of blackgram and azuki bean.

Most of the markers utilized in the development of blackgarm genome maps,
especially SSRs and RFLPs, were previously mapped on azuki bean (Lee et al.
2001). Comparison of 80 common marker loci between the two maps revealed high
degree (88 %) of genome colinearity. However, inversions, insertions, deletions,
duplications and a translocation were also detected. For example, marker order on
parts of LG 1, 2 and 5 is reversed between the two species. Significant macro- and
microsynteny were observed among G. max, P. vulgaris and Vigna radiata (Lee
et al. 2001). Large-scale macrosyntenic blocks were also observed among P. vul-
garis, M. truncatula, and L. japonicus (McConnell et al. 2010). Because extensive
genomic information is available for soybean (http://soybase.org/), Medicago
(http://gbrowse.jcvi.org/cgi-bin/gbrowse/medicago/#search), and Lotus (http:/
www.plantgdb.org/LjGDB/), the genetic synteny between pulse and the model
legume species will help pulse researchers to speed up the understanding of pulse
genomes by comparative genomics (http://www.comparative-legumes.org/).

Genome Sequencing

Complete nuclear genome sequence information in greengram and blackgram is not
available as on date and the use of genomic resources in these crops largely depend
on the sequence information available in the closely related taxa. Progress towards
the complete genome sequencing in these crops are at various stages and as a pre-
lude Tangphatsornruang et al. (2009) has sequenced about 100 Mb of the greengram
genome following shotgun sequencing. However, complete sequences of chloro-
plast (Tangphatsornruang et al. 2010) and mitochondrial genomes (Alverson et al.
2011) in greengram have been published. Among these two crops, more efforts have
gone into greengram in comparison to blackgram as is evident from the number of
ESTs established and the number of linkage maps available. With the advent of next
generation sequencing, the task of whole genome sequencing of these crops can be
efficiently completed.

Whole Genome Sequencing of Greengram

Tangphatsornruang et al. (2009) have generated and characterized a total of 470,024
genome shotgun sequences covering 100.5 Mb of the greengram genome using
454 sequencing technology. A total of 470,024 quality filtered sequence reads
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was generated with the average read length of 216 bases covering 100.5 Mb. All reads
can be retrieved from NCBI Short Read Archive (ID=SRA003681). The contig
length ranges from 89 bases to 44,462 bases. The average GC content of greengram
genomic DNA generated in this study is 34.69 % which is consistent with the reports
on GC contents in other plant genomes such as Arapbidopsis (36 %). From the
shotgun sequencing data, a total of 1,493 microsatellite regions were isolated. There
were 889 dinucleotide repeats (DNPs), 282 trinucleotide repeats (TNPs), 123 tetra-
nucleotide repeats (TTNPs), 124 pentanucleotide repeats (PNPs) and 75 SSRs with
hexanucleotide repeats or more. The distribution of the number of motif repeat
ranged from 4 to 30 repeats. The most common motif type of DNPs was TA/AT
(89.3 % of DNPs) followed by TC/AG (7.1 % of DNPs) and AC/TG (3.6 % of
DNPs). The GC/CG motif was not found in the data set. TNPs were found at 282
SSR loci (18.9 %), which was three times lower than that of DNPs. The TAA repeat
was the most common motif type found at 184 loci (65.24 % of TNPs). The least
frequent TNP motif was GC-rich (GCG/CGC) found at only two loci. The frequency
of identified SSR in greengram was one SSR in every 67 kb (1,493 SSRs in 100.5 Mb)
which is significantly lower than the SSR frequency in soybean (1/7.4 kb) (Cardle
et al. 2000). Among plant species, the SSR frequencies range from 1/1.5 kb in coffee
to 1/20 kb in cotton (Aggarwal et al. 2007; Cardle et al. 2000). The observed
low SSR frequency was probably due to a large proportion of reads from the low
coverage sequencing (0.2x) of the greengram genome were biased toward highly
repetitive parts of the genome.

For sequence annotation and gene ontology, the contigs were analyzed to predict
44,112 Open Reading Frame (ORF) using Medicago trunculata as a model organ-
ism and default parameter conditions. For functional annotation, the potential cod-
ing regions were analyzed by BLAST2GO (Conesa et al. 2005) leading to consistent
gene annotations, assigning gene names, gene products, EC numbers and Gene
Ontology (GO) numbers. Gene Ontology provides a system to categorize descrip-
tion of gene products according to three ontologies: molecular function, biological
process and cellular component. Sequence homology search revealed that there
were 1,542 ORFs matches with non-redundant protein database with an E-value
cut-off at E-6. Nine hundred and fifty sequences were mapped to one or more ontolo-
gies with multiple assignments possible for a given protein within a single ontology.
There were 647 assignments made to the molecular function ontology, with a large
proportion of these in catalytic (42.72 %) and binding activities (44.17 %) categories
(Fig. 8.1a). Under the biological process ontology, 555 assignments were made with
a large proportion of assignments falling into metabolic and cellular process (such as
secretory pathway, transcription and translation) categories (Fig. 8.1b). Studies on
similarity of greengram predicted ORFs with other plant ESTs showed that the
greengram dataset and the Glycine max gene index gave the highest number of
matched sequences (7,940 sequences). V. radiata and G. max are grouped together
exhibiting extensive genome conservation based on previous comparative genetic
mapping (Boutin et al. 1995; Choi et al. 2004). M. truncatula, which is a cold season
legume, also shares a large number of homologous sequences (5,759 sequences) with
the greengram dataset.
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Fig. 8.1 Gene Ontology classification of the predicted mungbean ORFs according to molecular
function (a) and biological process (b) using BLAST2GO with E-6 cutoff [Reprinted from
Tangphatsornruang S, Somta P, Uthaipaisanwong P, Chanprasert J, Sangsrakru D, Seehalak W,
Sommanas W, Tragoonrung S and Srinives P. Characterization of microsatellites and gene contents
from genome shotgun sequences of mungbean (Vigna radiata (L.) Wilczek). BMC Plant Biol
2009; 9:137. With permission from BioMed Central, Inc.]
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Greengram Chloroplast (cp) Genome

The complete cp genome sequence of greengram was described by Tangphatsornruang
et al. (2010). This cp genome is 151,271 bp in length which includes a pair of
inverted repeats (IRs) of 26,474 bp separated by a small single-copy region of
17,427 bp and a large single-copy region of 80,896 bp (Fig. 8.2). The genome con-
tains 108 unique genes and 19 of these genes are duplicated in the IR. Of these, 75
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Fig. 8.2 Map of the Vigna radiata chloroplast genome [Reprinted from Tangphatsornruang S,
Sangsrakru D, Chanprasert J, Uthaipaisanwong P, Yoocha T, Jomchai N and Tragoonrung S. The
Chloroplast genome sequence of mungbean (Vigna radiata) determined by high-throughput pyro-
sequencing: structural organization and phylogenetic relationships. DNA Res 2010; 17:11-22.
With permission from Oxford University Press]
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are predicted protein-coding genes, 4 ribosomal RNA genes and 29 tRNA genes.
The complete cp genome sequence was reported in the DDBJ/EMBL/GenBank
nucleotide sequence database (GQ893027). Analysis of the repeat sequences in the
greengram cp genome identified 22 direct repeats and 28 IRs of 30 bp or longer with
a sequence identity of 90 %. Thirty repeats are 30-40 bp long, 11 repeats are
41-50 bp long, 4 repeats are 51-80 bp long and 5 repeats are longer than 80 bp. The
longest direct repeat in greengram cp DNA is a 287-bp duplication of an internal
fragment of ycf2 (yycf2) in the IRs which shared a very high sequence homology
with those of G. max and P. vulgaris. Most of the direct repeats are distributed
within the intergenic spacer regions, the intron sequences, and in the #rnS, and ycf2
genes. Sequence length polymorphism of 16 homopolymers among V. radiata, V.
unguiculata (VU210 and TVNU294), V. mungo and V. umbellata were tested and no
polymorphism was detected between varieties of V. radiata, although, the study
observed polymorphism at the intra-specific level in V. unguiculata. This demon-
strated that cp microsatellites reported could provide an assay for detecting poly-
morphism at the population-level and for comparison of more distant phylogenetic
relationships at the genus level or above. These cp microsatellites can also be use-
ful in ecological and evolutionary studies because they are non-recombinant, hap-
loid and uniparentally inherited. The information from cp genomes be useful for
studies of phylogenetic relationships, and will also facilitate cp transformation in
greengram.

Greengram Mitochondrial Genome

The annotated mitochondrial genome sequence of greengram is available from
GenBank (accession HM367685) (Alverson et al. 2011). This genome assembled
into a single, circular-mapping molecule of length 401,262 nt and 45.1 % GC con-
tent, both of which are near the median values of fully sequenced seed plant mito-
chondrial genomes. The genome contains 31 protein, 3 rRNA, and 16 tRNA genes
(Fig. 8.3). Two identical copies of the afp9 gene are present in the genome. This is
the most protein-gene-poor mitochondrial genomes so far sequenced in plants. This
first completely sequenced legume mitochondrial genome also confirms the absence
of the cox2 gene supporting the best-studied case of recent functional transfer of an
organellar gene to the nuclear genome, with the transfer restricted to a subset of
papilionoid legumes. Although most other respiratory genes have never been found
to have been lost during angiosperm evolution, 17 genes (15 ribosomal protein and
2 respiratory) are known to have been lost frequently. Nine of these 17 genes are
either absent from the Vigna mitochondrial genome (#pi2, rpl10, rps2, rpsi1, rpsi3,
sdh3) or are present as pseudogenes in various stages of attrition (rps7, rps19, sdh4).
The sdh4 gene is the most intact of these, with just a single 10-nt insertion located
roughly 30 amino acids upstream of the conserved stop codon. The Vigna
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Fig. 8.3 Map of the Vigna radiata mitochondrial genome [Reprinted from Alverson AJ, Zhuo S,
Rice DW, Sloan DB and Palmer JD (2011) The Mitochondrial Genome of the Legume Vigna
radiata and the Analysis of Recombination across Short Mitochondrial Repeats. PLoS One 2011;
6:¢16404. doi:10.1371/journal.pone.0016404. With permission from PLoS One]

mitochondrial genome contains a conserved set of 17 cis-spliced and five trans-
spliced group II introns (Fig. 8.3). Seed plant mitochondrial genomes typically
require trans-splicing of the intron separating exons 3 and 4 of the nad5 gene to
create a full-length nad5 transcript. In Vigna, exon 3 is identically oriented and less
than 3 kb apart from exon 4 (Fig. 8.3), raising the possibility of a recent reversion to
cis-splicing of this intron. When the greengram mitochondrial sequence was analyzed
for the repetitive DNA, fewer repeats contributed to overall size of the greengram
genome (just 2.7 % coverage compared to 862 % coverage in other genomes).
Most greengram mitochondrial repeats are less than 100 nt in length, and most of
these are less than 40 nt in length. The largest repeat in the greengram mitochondrial
genome contains a duplicate copy of the afp9 gene, and at just 297 nt in length, is
substantially shorter than the largest repeat in all other fully sequenced seed plant
mitochondrial genomes.


http://dx.doi.org/10.1371/journal.pone.0016404

8 Advances in Greengram and Blackgram Genomics 175

Data Mining

EST-SSRs

The EST databases available for many crop species provide a valuable resource for
the identification and development of SSR markers. The sequences available in
these databases can be mined for SSR repeats, thereby reducing the time and cost in
developing microsatellite-enriched libraries. EST-SSRs, being part of the genes, are
more useful as genetic markers because they represent variation in the expressed
portion of the genome. EST-SSRs have been developed in a large number of plant
species including chickpea (Choudhary et al. 2009), soybean (Hisano et al. 2007),
common bean (Hanai et al. 2007) and Medicago spp. (Eujayl et al. 2004). Like
genomic SSR markers, EST-SSR markers could be used for a variety of applications
such as molecular mapping, gene tagging, and genetic diversity analysis (Varshney
et al. 2005). In addition, EST-SSR markers show a high rate of transferability to
related species or genera owing to the higher conservation of expressed sequences
across species (Varshney et al. 2005). Hence, SSR markers developed in one species
can be used in related species for which sufficient sequence information is not avail-
able for marker development. However, owing to large redundancy in the public
EST databases, multiple sets of markers can be developed for the same locus. This
problem can be circumvented by clustering the ESTs into a non-redundant set of
gene-oriented clusters called unigenes. Primer pairs successfully developed from
cowpea unigene SSRs were demonstrated to show cross species amplification and
polymorphism in greengram, blackgram and other Vigna species (Gupta and
Gopalakrishna 2010). The unigene SSR markers developed in this study showed a
high rate of transferability (88 %) to other Vigna species, indicating the conserva-
tion of microsatellite sequences in the genus Vigna during evolution. These SSR
markers would be helpful in the development of a saturated genetic linkage map and
tagging genes in greengram and blackgram.

Intron Length Polymorphism (ILP)

Like other molecular markers, ILP markers can be used for a variety of applications
like molecular mapping, gene tagging, genetic diversity analysis and comparative
studies. In addition, ILP markers show a high rate of transferability to related species
owing to a higher conservation of EST sequences across species. ILP markers were
developed from cowpea EST. One hundred and ten PCR primers targeting one or
more introns were developed from randomly chosen cowpea EST sequences and
showed cross species amplification and polymorphism in greengram, blackgram and
other related Vigna species (Gupta et al. 2012). Based on the sequence information
from cross species amplified ILP marker, it was also observed that the exonic regions
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were highly conserved among the Vigna species and large differences, including
length variation and point mutations, were observed in the intronic regions. Therefore,
ILP markers developed in one species can be used in a related species for which
sufficient genomic resources for marker development are not available.

Bacterial Artificial Chromosome (BAC)

BAC libraries have been widely used in different aspects of genome research.
However, there are only few reports of BAC library in Vigna species. Miyagi et al.
(2004) constructed two greengram BAC libraries that together gave a 3.5 x coverage
of the 587 Mb genome. The libraries were constructed from both radiata ssp. (green
gram) using genotypes ‘ACC41° and ‘ATT3640° and its wild progenitor sublobata
ssp. (golden gram) by cloning the DNA in pBeloBacll vector with an average insert
size of 107 and 113 kb size. Two PCR-based markers were developed closely linked
to a major locus conditioning bruchid resistance, by screening these libraries using
RFLP probes, including Mgm213 that is very closely linked (1.3 cM). This informa-
tion should aid in the introgression of this resistance locus into agriculturally elite
cultivars. These libraries could also facilitate development of other PCR-based markers
linked to other desirable traits. In near future, the BACs of pulse crops should have
potential applications in pulse comparative genomics and functional genomics as
well owing to the macro- and microsynteny widespread within legumes.

Transcriptome Analysis of Greengram

Transcriptome analysis provided a powerful tool for differential gene expression,
mutant splicing, SSR or SNP analysis, and functional genetics studies. The discovery
of SSR and single nucleotide polymorphism (SNPs) markers based on transcribed
regions has become a common application in plants because of the larger number of
ESTs available in database. Moe et al. (2011) identified SSR and SNPs from green-
gram transcriptome sequencing. Two greengram genotypes (‘Sunhwa’ and ‘Jangan’)
transcriptome sequencing yielded 61.71 Mb and 60.68 Mb with 411 and 424 per
read by 150,159 and 142,993 reads for ‘Sunhwa’ and ‘Jangan’, respectively. A total
of 5,254 and 6,374 large contigs (>500 bp), with an average length of 833 and 853
were detected for ‘Sunhwa’ and ‘Jangan’, respectively. Approximately 41 % (8,6006)
of ‘Sunhwa’ ESTs and 41.74 % (10,758) of ‘Jangan’ ESTs were matched to known
functional sequences. A cluster analysis revealed correlations among the transcrip-
tome profiles. Functional categories such as structural or catalytic proteins with
binding function or cofactor requirements, subcellular localization, metabolism,
protein fate, regulation of metabolism and protein function, and cellular transport
were dominantly represented in the young-leaf greengram transcriptome, whereas
genes corresponding to energy, cell cycle and DNA processing, transcription,
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protein synthesis, cellular communication/signal transduction mechanisms, cell res-
cue, defense and virulence, environmental interaction, systemic interaction with the
environment, cell fate, systemic development, cellular component biogenesis, and
organ differentiation represented a lower percentage.

On analyzing the greengram transcriptome for SSR and SNPs, it was reported that
tri-nucleotide 743 (55.7 %) and 915 (56.1 %) type SSR motifs were most abundant,
followed by di-nucleotides 448 (33.9 %), 552 (33.9 %), and others 143 (10.7 %), and
163 (10.0 %) in both ‘Sunhwa’ and ‘Jangan’. Of the tri-nucleotide types, the GAA/
AAG/AGA class dominated (226 and 284), whereas the GA/AG class dominated
(255 and 377) in the di-nucleotide types in both ‘Sunhwa’ and ‘Jangan’. The differ-
ent features of the repeat motif types present in the transcriptome sequences indi-
cated that some differences exist between these two greengram varieties. On the
other hand, greengram genomic DNA sequence was reported to have more of dinu-
cleotide (TA/AT) repeats (Tangphatsornruang et al. 2009). Other than the differences
in the SSR repeat motifs, variations in the SNPs in these two varieties were also
observed. Assembly using GS Reference Mapper software revealed 8,249 SNP vari-
ations, which was supported by the 69,915 read count. Among all variations, the
maximum value was an indel (1-94 nucleotide) (22.2 %), with 141 (>6 nucleotide
indel) included in it. It was then followed by C/T (11.53 %), T/C (11.25 %), G/A
(10.49 %), A/G (10.45 %), others (5.9 %), A/T (4.49 %), T/A (4.16 %), A/C (3.36 %),
C/A (3.33 %), G/C (3.33 %), G/T (3.31 %), C/G (3.12 %), T/G (2.86), and N/K
(0.23 %). Next-generation transcriptome sequencing will serve as a superior
resource for developing polymorphic DNA markers, not only because of the enor-
mous quantities of sequence data in which markers can be discovered, but also
because the discovered markers are gene-based. Such markers are advantageous
because they facilitate the detection of functional variation and selection in genomic
scans or genetic association studies.

EcoTILLING of Greengram

EcoTILLING has been demonstrated as a powerful tool to uncover SNPs and their
approximate location without having to sequence all individuals in the population.
This technique is especially useful when working with plants that have a narrow
genetic base and looking for variation in highly conserved genes in mungbean
(Barkley et al. 2008). DNA from a single reference plant V. radiata var. sublobata
was mixed with that of each member of the greengram population to mine for poly-
morphic sites. Amplifying DNA from the fragment of interest in a twofold pooled
format, form a heteroduplex from the PCR products by heating (denaturing) and
cooling (annealing), applying the endonuclease enzyme CEL I to digest mismatches
such as SNPs and INDELS in the heteroduplex, and detect any digested fragments
by separation on a LI-COR 4300 DNA analysis system. A total of 45 haplotypes
ranging from simple to complex were observed from ten primer sets (Table 8.6).
The mean number of SNPs and INDELS detected per marker was 13.1 and 2.6,
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respectively. Overall, 157 DNA polymorphisms were detected when comparing
V. radiata var. sublobata and V. radiata var. radiata with a mean of 15.7 polymor-
phisms per marker. A total of 52 SNPs were identified and no INDELS were observed
among the V. radiata var. radiata pooled accessions.

Cross Species Transferability of Greengram
Microsatellite Markers

Cross-species amplification of the 127 microsatellite markers was assessed in 24 taxa
of legumes in the tribe Phaseoleae including genus Vigna (African and Asian Vigna),
Phaseolus and Glycine. One hundred and twenty five primer pairs successfully ampli-
fied DNA from more than one legume. Five primer pairs were able to amplify DNA
of all legume taxa tested; while VR339 amplified only one legume species, V. aconiti-
folia (Tangphatsornruang et al. 2009). In most cases, greengram microsatellite prim-
ers were able to amplify DNA of other Vigna species. The transferability rates of
greengram primers were between 45.80 % (V. subterranean) and 91.60 % (V. angula-
ris). However, the amplification rate was reduced in Phaseolus vulgaris and Glycine
max to 22.90 % and 24.43 %, respectively. Transferability rate of greengram genomic
microsatellite markers to other Vigna species appeared to be more or less similar in
various studies. Somta et al. (2009) reported that amplification of genic microsatellite
markers in 19 taxa of Vigna species was between 80 % (V. aconitifolia) and 95.3 % (V.
reflex-pilosa). Whereas, Chaitieng et al. (2006) reported that the amplification of
azuki bean (V. angularis) microsatellite markers in V. mungo, V. radiata, V. aconitifo-
lia and V. umbellata was between 68.8 and 90.2 %. The high amplification rates of
both greengram and azuki bean microsatellite markers in Vigna species indicate high
genome homology among species in this genus and are useful for genetics and genom-
ics studies, especially genome mapping and comparative genomics.

Conclusion

The production and productivity of greengram and blackgram is limited by a com-
bination of biotic and abiotic constraints. With many genomic tools and resources
for legumes becoming increasingly available, a more detailed and in-depth genome
mapping of greengram and blackgram is crucial for their genetic improvement.
The current genetic linkage maps of greengram and blackgram display an inade-
quate level of marker density. To improve the utility of such maps, it will be required
to further saturate the map with additional markers. High degree of colinearity and
conservation in genome organization among legume species can be exploited for
cross species utilization of identified marker/genes/DNA sequence from other
legume species. For example, SSRs from azuki bean, common bean and cowpea
will be useful in development of greengram linkage map with 11 LGs resolved, as
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in the case of blackgram. Moreover, the information obtained from sequencing of
soybean genome, common bean ESTs, and genespace of cowpea, can create high-
throughput genetic markers for greengram and blackgram. In addition, a database of
thousands of cowpea genespace sequences containing SSRs is now publicly avail-
able. In-silico development of cowpea SSRs and application of those markers in
greengram and blackgram is also interesting. The partial genomic and EST sequence
information available for greengram can be used for developing new markers to satu-
rate linkage maps in greengram and blackgram. Along with the refining of linkage
map, the development of physical maps linking genetically defined markers with
DNA fragments is essential for the future map based cloning of genes. The BAC
library of greengram has already been constructed which provides 3.5x coverage of
the genome (Miyagi et al. 2004). This library has been successfully used to develop
PCR based markers linked closely with a major locus conditioning bruchid resis-
tance. Similar efforts on developing BAC library need to be attempted in blackgram.
Although some progress in genome sequencing has been made in greengram, it is
still far behind the other major legume crops such as soybean, cowpea, and common
bean, or even their relative but less important, azuki bean. Next generation sequenc-
ing platforms have already made their strides in greengram sequencing and complete
sequences of chloroplast, mitochondria, partial genome sequence and transcriptomic
resources are now available in public domain. This coupled with complete genome
sequencing in greengram and blackgram can generate large scale SNPs, SSRs and
intron length polymorphic markers, which can help to saturate the linkage maps.
They are expected to enhance molecular breeding such as marker assisted backcross-
ing and marker-assisted recurrent selection. This will also be helpful in develop-
ment of climate resilient cultivars in the present context of climate change, resistant
to serious insects, diseases and with tolerance to adverse environmental conditions.
This will lead to enhanced crop productivity in these crops and ensure progress
towards attaining nutritional security.
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Chapter 9
Common Bean Genomics and Its Applications
in Breeding Programs

Juan M. Osorno and Phillip E. McClean

Abstract Because of its nutritional value, easiness of cultivation, and cultural
preference in many cases, common bean (Phaseolus vulgaris L.) is the most impor-
tant grain legume in the human diet worldwide. Recent genomic evidence suggest
that common bean originated in Central America and confirms the two centers of
domestication previously characterized (Mesoamerican and Andean), with well-
defined races within each gene pool. Total world production of dry bean from the 10
year period 1961-1970 increased 65 % to 169 million MT in the period 2001-2010.
The main challenge now is how to apply these genomic tools into breeding programs
for increased efficiency. Applications go from marker-assisted breeding to tracking of
F, crosses, and even DNA fingerprinting, among others. More recently, the develop-
ment of thousands of single nucleotide polymorphisms (SNP) markers and the com-
pletion of the bean genome sequence have opened numerous opportunities for fine
mapping and gene characterization. The exploitation of linkage disequilibrium
through association mapping allows for rapid identification of important genomic
regions associated with traits of economic importance without the need of creating
bi-parental populations for this goal. The following sections will describe specific
examples of applications of these genomic tools into breeding programs and illustrate
some of the possible future directions some of these technologies may follow.
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Introduction

Common bean (Phaseolus vulgaris L.) is the most important grain legume in the
human diet and has been described as a nutritional powerhouse (Broughton et al.
2003; Miklas and Singh 2007; Camara et al. 2013). Common beans are used in a
range of ways, but dry beans are the most frequently found because of their simple
storage and shell life. However, beans can be also consumed as tender pods (snap
or green beans) and fresh (threshed manually at physiological maturity). Recent
genomic evidences suggest that common bean originated in Central America (Papa
etal. 2007; Bitocchi et al. 2012) and has two centers of domestication (Mesoamerican
and Andean) with well-defined races within each gene pool (Singh et al. 1991).
Common beans were widely cultivated in Mexico and the U.S. during pre-Columbian
times. New World settlers cultivated dry beans from European introductions in the
eastern U.S. and from landraces of small red, pink, pinto and great northern beans in
the western U.S. that were cultivated by Native Americans.

The Phaseolus genus has five species that have been domesticated namely, P. vul-
garis or common bean; P. polyanthus or year-long bean; P. coccineus or scarlet runner
bean; P. acutifolius or tepary bean; and P. lunatus or lima bean (Freytag and Debouck
2002). Genetic diversity is wide across market classes but narrow within each class
because of intensive crosses mostly among elite lines (Acosta-Gallegos et al. 2007).
Total world production of dry bean from the 10 year period 1961-1970 increased
65 % to 169 million MT in the period 2001-2010 (USDA-ERS 2013). During this
same period, U.S., dry bean production increased 71.0 % to 11.5 million MT and
accounted for 5.8 % of world production. Statistics from the Food and Agriculture
Organization (http://faostat3.fao.org’/home/index.html) list India, Myanmar, Brazil,
China, and United States as the top five producers. Unfortunately, this database pools
together both Phaseolus beans and species now belonging to the Vigna genera (e.g.
golden, green, and black gram, mung beans, adzuki beans, among others). Therefore,
it is difficult to obtain reliable estimates of production of Phaseolus beans from some
of these countries (Beebe 2012). Nonetheless, it is well known that most dry bean
production in India, Myanmar, and China is focused mainly on mung beans and
adzuki beans because of a cultural preference. Contrastingly, Phaseolus beans are
the preferred in countries such as Brazil and United States. As a matter of fact,
Phaseolus beans are the most important edible legume in all the American continent,
Africa, and Europe.

Genomic research has greatly expanded the resources available for plant breed-
ers. Principal among these are the vast array of molecular markers that breeders can
use for many aspects of their breeding program. At the earliest stages, the simplest
application is confirming that a cross between two parents was successful by screen-
ing the F, progenies. This requires just a single marker that is polymorphic between
two parents. Later in a program, a breeder may simple wish to follow a few traits
that are essential for the target region. Most often, this will be a marker for essential
disease resistance genes or other simply inherited traits (Miklas et al. 2006). At the
end of the breeding process, a line near commercial release might be fingerprinted
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with a suite of marker loci for identity preservation purposes or any possible challenges
regarding the ownership of the germplasm. These marker assays are generally
straight forward, and in most cases, they are affordable for most small to medium-
sized breeding programs. Breeders are now being asked to not only monitor their
programs, but also using their programs for marker/trait association studies. Given
that many of the simple traits have abundant markers available, the traits of interest
now are complex or quantitative in nature with heritability estimates that range from
low to high. To dissect the genetic effects controlling these traits, a much larger col-
lection of markers is necessary. Today, most crop species have developed single nucle-
otide polymorphism (SNP) marker systems. Since the nucleotide is most basic element
of the DNA code, this marker system provides the greatest level of granularity when
look for causative or associated markers. SNP markers are one of the major outcomes
from the development of genomic resources for a crop, and they that are facilitating
new directions in plant breeding and genetics.

Common bean breeders have been probably one of the earliest adopters of
molecular markers among the crops of economic importance (Beaver and Osorno
2009). Isozymes and seed storage proteins (SDS-PAGE) were initially used to char-
acterize the genetic diversity of the Phaseolus species complex. However, the big
advances were made when DNA-based markers became available. Marker systems
such as RFLPs allowed obtaining a lot of specific information about each genotype,
but the process was cumbersome and somehow dangerous. Nonetheless, the first
linkage maps for common bean were obtained and allowed a better understanding
of the genomic structure of common bean (Gepts et al. 2008).

It was not until the development of the polymerase chain reaction (PCR) during
the early 1990s that DNA-based markers became a reality in many laboratories and
more importantly, within breeding programs. In the specific case of common beans,
RAPD markers were intensively used not only for to characterize genetic diversity,
but to improve the linkage maps initially assembled. Up today, many of these RAPD
markers that were positively associated with traits of interest have been transformed
into SCARs in order to make them more stable, reliable, and easier to score (Miklas
et al. 2006). This allowed a routine use of these SCAR markers within bean breed-
ing programs as another selection tool, especially for major genes associated with
disease resistance (http://bic.css.msu.edu/_pdf/SCAR_Markers_2010.pdf).

Microsatellite markers (SSR) have been intensively used in gene mapping and
genetic diversity studies since the mid 1990s (Blair et al. 2003). When many of these
marker systems were used together to assemble genetic maps and saturate specific
regions of the genome, it allowed to narrow down genomic regions, tag specific genes,
obtain their sequences (EST sequencing), and finally, identify and clone candidate
genes (Blair et al. 2011). Genomic and cDNA clones have been useful for marker
development and gene mining, and they form the basis for some of the recent sequenc-
ing projects. These include an expressed sequence tag (EST) effort consisting of
22,000 sequences derived from four cDNA libraries made from the Mesoamerican
genotype Negro Jamapa, and one cDNA library made from the Andean genotype,
G19833 (Ramirez et al. 2005).
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More recently, the development of thousands of Single Nucleotide Polymorphisms
(SNP) and the completion of the bean genome have opened numerous opportunities
for fine mapping and gene characterization (Hyten et al. 2010). The exploitation of
linkage disequilibrium through association mapping allows for rapid identification
of important genomic regions associated with traits of economic importance with-
out the need of creating bi-parental populations for this goal. The idea of simultane-
ous breeding and gene mapping is now possible thanks to genomic selection and
genotyping by sequencing methods. The following sections will illustrate specific
examples of applications of these genomic tools into common bean breeding
programs and illustrate some of the future directions some of these technologies
may follow.

Marker Assisted Selection

Cultivar development is complex because breeders work with multiple traits simul-
taneously and attempt to bring them together into the same genotype. This is even
more challenging when the genetic nature of each trait and the interaction with the
environment are taken into consideration. In spite of these challenges, it is hard to
deny the progress accomplished especially during the last century. Some crops have
seen larger yield increases than others and in many cases they are reaching a yield
plateau, even in crops in which scientific resources are abundant (Duvick and
Cassman 1999; Evans and Fisher 1999; Ray et al. 2012). For some of those crops,
genomic tools have been in part responsible for some of those yield increases espe-
cially during the last 20 years, but more is needed. In the specific case of common
bean, yield gains have not been as steep as in other crops (Vandemark et al. 2013).
Nonetheless, the development of several markers linked to disease resistance genes
have allowed to follow these genomic regions across the breeding/selection process
(Miklas et al. 2006). Similar to other crops, successful stories are more frequently
found with major genes while marker-assisted selection for quantitative traits have
been more challenging.

The idea of selecting a suite of desirable traits from a given genomic landscape
is today a more real possibility for many crops including common beans. This will
allow for more efficient phenotyping efforts by reducing population sizes at early
generations and increasing the probabilities of finding the optimum recombinant
genotype. However, the success of these methodologies will be affected by several
other factors such as the number of traits under selection, their genetic control and
their interaction with other traits and the environment.

Co-evolution of host and pathogen has led to isolates and races of Andean origin
which attack beans primarily from the Andean gene pool. Conversely, isolates of
Middle American origin attack beans primarily in the Middle American gene pool
but possess a wider range of virulence also infecting beans of Andean origin.
Examples of this can be found in angular leaf spot (Guzman et al. 1995), anthrac-
nose (Balardin and Kelly 1998), common bacterial blight (Mkandawire et al. 2004)
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and rust (Sandlin et al. 1999). Co-evolution of pathogen virulence within gene pools
plays a key role when designing breeding strategies. Resistance genes of Middle
American origin are very effective when transferred to beans of Andean background
and deployed in regions where Andean isolates prevail (East Africa and South
America). Similarly, genes of Andean origin are very effective when transferred to
beans of Middle American background and deployed in regions where isolates of
Middle American origin prevail (Central America, Mexico, USA). In addition,
similar issues are found when a marker works efficiently in one gene pool but not in
the other, and vice versa.

Since 2000, over 90 % of the disease-resistant germplasm and few cultivars
released in the US were developed using molecular markers. This is a good first start
but is limited by the fact that many of these markers are at several cM from the actual
gene controlling the trait. Nonetheless, the best marker for a particular trait is the
gene that controls the phenotype. Second best, would be a marker that essentially
co-segregates with the functional gene by mapping very close to it. The best approach
in either case is to genetically map a trait to a genomic interval and use a candidate
gene approach that combines gene model data with best estimates regarding the type
of gene that would control that trait. Some of the best information regarding function
is from the field of plant pathology where consensus regarding the major structure of
disease resistance genes has evolved.

As mentioned previously, there are interesting and early applications of genomic
tools in common bean breeding programs, ranging from using seed storage proteins
such as Phaseolin, to selection for agronomic and seed nutritional components by
using SNP platforms. In the case of major genes, the most successful examples can
be found in genes related to disease resistance. Successful examples can be found
with bean common mosaic virus (BCMV), bean golden yellow mosaic virus
(BGYMYV), anthracnose, common bacterial blight [Xanthomonas campestris pv.
phaseoli (Smith) Dye [Syn. X. axonopodis pv. phaseoli (Smith), Vauretin et al.], and
white mold (Sclerotinia sclerotiorum (Lib.) de Bary). Moderate success has been
also observed in angular leaf spot, bean curly top virus (BCTV), bean rust (Uromyces
appendiculatus Pers:Unger), Halo blight (Pseudomonas syringae pv. phaseolicola
(Burkholder)) (Miklas et al. 2006; Beaver and Osorno 2009; Beebe 2012).

Virtually all common bean breeding programs make sure that when releasing a
cultivar, it contains the I gene for resistance to BCMV since it is present in all bean
producing regions worldwide (Beaver and Osorno 2009). The SW13 SCAR marker
has proven to be a very reliable marker and is routinely used in many bean breeding
programs given its accuracy, cost, and easiness of use (Miklas et al. 2006). In the
case of BGYMY, the SR2 SCAR has been very useful in tropical breeding programs
where this viral disease is very important.

Breeding efforts for resistance to BGYMV were possible at the International
Center for Tropical Agriculture (CIAT) in Colombia by using the SR2 marker
despite the fact that this virus is not present in this country. Therefore, breeding lines
were initially screened with the marker and then selected lines only were sent to
all different countries for further field screening (Blair et al. 2007; Beebe 2012).
Even more, the first genetically modified bean has been approved for release in
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Brazil and it has been engineered to avoid BGMV replication by using RNA inter-
ference (Bonfim et al. 2009). In addition, genes from common bean have been used
in transformation experiments in other crops (Barbosa et al. 2010). Eapen (2008)
provides a current review on the status of genetic transformation on legumes.

In the case of anthracnose, among the numerous SCAR markers available, the
SB114 marker linked to Co-4? gene has shown the highest levels of reliability (Miklas
et al. 2006). Today, the Co-4? gene is recognized as the most broad-based resistance
gene and the amplification of this marker indicates a wide range of resistance genes
in the germplasm accessions (Kelly and Vallejo 2004). For common bacterial blight,
the BC420 and SU91 SCAR markers and respective linked QTL derive from tepary
bean via breeding line XAN 159 (Miklas et al. 2000; Yu et al. 2000). Advanced
cranberry, pinto, Great northern, and snap bean germplasm with combined resistance to
common blight has been developed in the USA using these markers in the selection
process. However, SU91 is the marker most frequently used in breeding programs
(Miklas et al. 2006).

In the case of white mold, efforts are focused on two major QTLs (WM2.2 and
WMB8.3). SCAR markers were assayed by Soule et al. 2011 across a wide array of
germplasm representing different origins and different reactions to white mold dis-
ease with reliable results. Overall, the SCARs appear less useful for marker-assisted
breeding in the Andean gene pool because most lines surveyed possessed the cou-
pling and lacked the repulsion markers regardless of disease reaction. In fact, four of
them, WM2.2, WM7.1, WM7.2 and WMS.3, have already shown potential utility for
marker assisted breeding (Miklas and Singh 2007; Ender et al. 2008). It is important
to note that breeding strategies that combine MAS with intermittent phenotypic
selection have been the most effective in developing lines with improved disease
resistance. Phenotypic selection is needed to retain minor effect QTL and select for
epistatic interactions that contribute to improved resistance.

Current efforts focus not only on disease resistance, but also on abiotic stresses such
as drought tolerance, water use efficiency, and soil constraints. In addition, specific efforts
on mapping and characterizing the genes related to seed mineral content and other nutri-
tional traits will allow doing a more efficient improvement to increase the levels of nutri-
tionally important elements and molecules as well as reducing the one with negative
impact in nutrient availability and uptake. The existence of a genome sequence will also
allow to physically map these regions more accurately, design more reliable markers, and
advance towards candidate-gene approaches faster.

Common Bean Genome Sequence and Database Development

The genesis of the United States common bean sequence project was a white paper
shared with multiple funding agencies (McClean et al. 2008). This document outlined
a strategy to use next-generation sequence technology, that was at the time replacing
the then standard Sanger sequencing approach, for the bulk of the sequencing, while
Sanger sequencing was limited to a bacterial artificial chromosome (BAC)-end
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sequence survey. In early 2009, the United States Department of Agriculture
(USDA) requested projects for sequencing of the genome, and funding was obtained
for the project in September of that year. The investigators on the project were Scott
Jackson (PI, Univ. of Georgia), Phillip McClean (North Dakota State Univ.), Jeremy
Schmutz (HudsonAlpha Institute for Biotechnology), Daniel Rokhsar [Department
of Energy, Joint Genome Institute, (DOE/JGI)], and Perry Cregan (USDA/ARS). In
addition, funds were secured by the DOE/JGI to also support the project.

Because of the availability of a public BAC library (Schlueter et al. 2008;
Cérdoba et al. 2010), the Andean genotype G19833 was chosen as the reference
genome for the project. The bulk of the sequence data was collected using the Roche
454 technology in the form of ~400 bp reads. This data was augmented with BAC-end
and fosmid Sanger sequence. Following the development of an initial set of contigs
and scaffolds, pseudochromosomes were assembled by alignment of the contigs and
scaffolds to a new SNP map consisting of ~7,000 SNP loci ordered using an F, popu-
lation from the cross of the pinto cultivar Stampede and the dark red kidney cultivar
Redhawk. The SNPs were primarily developed the USDA funded Common Bean
Coordinated Agricultural Project (BeanCAP: http://www.beancap.org). To assist with
gene modeling and annotation, RNA-seq data was collected from an array of tissues
(root, stem, flower, and pod) using Illumina technology.

The common bean genome sequence was recently released (August 2012). The
assembled genome size is 521 Mb and consists of 41 % repetitive DNA. Much of
the repetitive DNA is relatively new in origin, and many of the genes exist in repeat
islands. 27,197 gene models were defined, and 4,441 alternative splice variants
were discovered for a total of 31,638 protein-coding transcripts. The genome
sequence is fully accessible (in pre-publication stage), at the DOE/JGI Phytozome
website (http://www.phytozome.net/search.php?method=Org_Pvulgaris). Here all
the gene models and associated sequences and Pfam domain data can be found. The
sequence is also available in the Legume Information System (LIS: http://phavu.
comparative-legumes.org/gb2/gbrowse/Pv1.0/). This database is dedicated to a
comparative analysis of legumes. Given the ancestral relatedness between common
bean, soybean, and pigeon pea (Cajanus cajan L. Millsp.), the synteny blocks tracks
offered by this site will be useful in future research as breeders like to mine pheno-
typic syntenies between species to discover shared causative genes for important
agronomic crops (Zhu et al. 2005). This shared phenotypic synteny has already been
shown for the determinacy loci in common bean (fin: Repinski et al. 2012) and soy-
bean (dt/: Tian et al. 2010) that map to common bean chromosome PvO1 and soy-
bean chromosome Gm19. These two regions were shown to be syntenic (McClean
et al. 2010).

Two additional genome sequence projects are underway at Mexico (through a
multi-national effort including Brazil, Argentina, and Spain) (http://www.genoma-
cyted.org/) and Canada (http://www.beangenomics.ca/research/projects/view/draft-
genome-sequence-for-common-bean-i-p-vulgaris-i), working with BAT93 black
bean and OAC-Rex navy bean, respectively. These projects will complement very
well with the one described above because it will allow to have sequences from both
gene pools (G18933 is Andean while the other two genotypes are Mesoamerican).
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In addition, a new, breeder-friendly database, PhaseolusGenes (http://phaseolus-
genes.bioinformatics.ucdavis.edu/), developed by P. Gepts (UC Davis) has col-
lected all available and emerging marker data. Comparative genetic maps are
available for more detailed marker discovery. This database is a rich resource for all
of the mapped marker data for single gene and quantitative traits. It also will develop
the capability to move between common bean and soybean as researchers use marker
data to take advantage of phenotypic synteny (Yang et al. 2010). The utility of this
database was shown as it was the key link for the recent development of markers for
anthracnose (Colletotrichum lindemuthianum (Sacc. & Magnus) Lams.-Scrib.) and
for angular leaf spot (Phaeoisariopsis griseola (Sacc.) Ferraris) (Gongalves-Vidigal
etal. 2011).

Markers and the Genome Sequence

As mentioned before, bean breeders are major adopters of molecular marker tech-
nology. The current marker suite used by breeders is the outcome of concerted
global efforts to develop PCR-based markers associated with important disease
resistance loci. These markers are publicly available and address diseases important
to bean production throughout the world. The essential data for SCAR markers
developed to track many important diseases is freely available (http://bic.css.msu.
edu/_pdf/SCAR_Markers_2010.pdf).

The BeanCAP project has significantly increased the number of molecular markers
available to over 10,000 single nucleotide polymorphism (SNPs) that are functional
across many different populations. From these, a 6,000 SNP marker assay was
designed for genotyping using the [llumina Infinium system. Additionally, paired-
end sequence data was collected from 16 genotypes. The reads were assembled in
contigs and they were searched for indels. These were then converted into a collec-
tion of 2,687 indel markers that have utility both between and within market classes
and can be easily multiplexed (Moghaddam et al. 2013).

BeanCAP researchers are using the SNP platform for the discovery of markers
for a number of important agronomic and seed nutritional traits. Where appropriate,
that platform will also serve this project as an ideal set of markers for the bi-parental
mapping experiments that are being proposed here. While a 6,000 SNP chip is use-
ful for biparental mapping of populations with limited recombination, genotype-by-
sequencing (GBS: Elshire et al. 2011) data was collected on the same BeanCAP
association mapping panel. This provides a deeper assessment of the variation
within a population. This amount of data also allows for a finer scale mapping and
makes association mapping experiments, such as those recently performed on sor-
ghum, more robust (Morris et al. 2013). The richer dataset is especially important
given the recent results (Moghaddam et al. 2013) that shows that linkage disequilib-
rium in a population representing the breadth of modern bean germplasm decays to
~100 kb at R*=0.1. While this level of LD will allow us to develop markers that
reside near the gene of interest, it will require greater marker density than that
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provided by 6,000 SNPs. From that perspective, the GBS data is critical. Nonetheless,
the 6,000 SNP platform is already speeding up the process of gene mapping and
marker identification for traits of economic importance such as the slow-darkening
trait (Felicetti et al. 2012).

Alternative Mapping Approaches

During the last 35 years, the conventional bi-parental mapping approach has been
very useful to tag, map and characterize numerous loci (Collard et al. 2008; Mackay
and Powell 2007). However, progress has been very moderate when it comes to
using those tagged regions in a routine way in breeding programs. Several reasons
explain why it is difficult to apply them in a MAS scheme, but the main problem is
the lack of repeatability among different genetic backgrounds, so in most cases
MAS is useful when the original source of the QTL is used in the cross. The second
most important limitation is the time and resources that are needed to develop a
bi-parental population (e.g. F,, RILs, NILs, etc.). In addition, many of the QTL
effects initially mapped were overestimated because of small population sizes and/
or few locations tested in many of the studies. Nonetheless, the more recent studies
are more aware of this and are attempting to use more lines in the populations.
With the rapid development of new genomic tools, a newer wave of alternative
mapping approaches has been also established. Many of these methods have been
initially used in humans and animals and then adapted to plants, sometimes with
different goals. In humans for example, researchers need to be more creative because
of the impossibility of creating mapping populations in the same way is done in
animals, insects, or plants. This is the case of genome-wide association mapping
(GWAYS) in which a large and diverse panel of genotypes is used to find statistical
associations between traits and markers across the entire genome taking advantage
of linkage disequilibrium (Rafalski 2010; Chen 2013). One of the main advantages
of this mapping approach is that no crossing and population development is needed.
Instead, a large set of genotypes (e.g. cultivars, germplasm, breeding lines, etc.) is
assembled, accounted for population structure, and used for phenotyping and geno-
typing. Then several statistical methods are used to detect significant associations
between markers and traits. First, the genotypes that make up the population of the
study should be selected from a natural population or germplasm collection in a way
that includes a wide range of phenotypic variations. In the second step, the popula-
tion should be genotyped using the preferred molecular marker system and pheno-
typed in different environments with replicates. The genotypic information from
molecular markers will be used in estimating the LD decay, population structure
and coefficient of relatedness (kinship). The final step involves statistical approaches
to identify the association between a phenotype and a marker locus in its proximity
(Balding 2006). Genetic diversity and population structure are very important
factors that can be improved by population size. In most cases, an SNP platform is
used as the genotyping method and the population can be screened/evaluated for
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multiple traits and environments in order to obtain reliable phenotypic information.
GWAS is its initial steps in bean but it has been widely used and proven in other
crops of economic importance such as maize, soybean, wheat, and rice, among others.
Current efforts on beans focus on the mapping of genomic regions associated with
agronomic traits, disease resistance, and nutritional traits. GWAS is very useful
detecting robust QTL regions with large effects but it has not been very successful
detecting QTL regions with small effects. In addition, confirmation within bi-parental
populations is needed in many cases to validate results found with GWAS.
Nonetheless, this is a rapid method to narrow down genomic regions of interest that
can be then saturated and studies in more detail. Although most of the association
studies are conducted in Arabidopsis, there are successful examples of GWAS in
maize (Buckler et al. 2009; Tian et al. 2010; Yang et al. 2011), barley (Hordeum
vulgare subsp. vulgare) (Caldwell et al. 2006), rice (Oryza sativa L.) (Zhao et al.
2011), sorghum (Sorghum bicolor L.) (Hamblin et al. 2005), soybean (Hyten et al.
2007; Mamidi et al. 2011) and common bean (Blair et al. 2009; Shi et al. 2011),
among others.

Another type of population more recently used for gene mapping is the Multi-
parent Advanced Generation Inter-Cross population or MAGIC populations
(Cavanagh et al. 2008; Kover et al. 2009). It can be considered an extension of the
advanced intercross in which an intercrossed mapping population is created from
multiple founder genotypes, typically six to eight parents (Mackay and Powell
2007). Contrary to crossing two lines as in any bi-parental population, a MAGIC
population is established by crossing together multiple founder lines or genotypes.
Such populations are more genetically diverse that those established from just two
parents, giving more bangs per buck: more associations can be found. In addition
rather than searching for associations immediately after crossing, the population is
first cycled through several additional generations of crossing. Each extra genera-
tion mills the genetic contribution from the founder lines finer and finer. As a result,
associations are located with greater accuracy and are therefore of more use.

The large number of parental accessions increases the allelic and phenotypic
diversity over traditional RILs, potentially increasing the number of QTL that seg-
regate in the cross. In addition, the larger number of accumulated recombination
events increase the mapping accuracy of the detected QTL compared to an F, cross.
Thus, MAGIC populations could be considered an intermediate stage between natu-
rally occurring accessions and existing synthetic populations. They represent a sig-
nificant improvement over standard RILs descended from just two founders in that
they capture more of the genetic and phenotypic variation present. Furthermore, they
have a higher density of recombinants, which improves mapping resolution. However,
it is important to maximize the genetic diversity in order to improve results (Huang
et al. 2013).

MAGIC populations may take time to develop, but results have shown that map-
ping accuracy and detection is much improved in the MAGIC populations when
compared to traditional bi-parental F, and RIL mapping populations. Moreover, the
combination of MAGIC and association mapping may be beneficial. While associa-
tion mapping may be able to identify QTLs with better accuracy, the population
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structure observed among natural accessions requires much care to distinguish
between true QTL and false positives. In comparison, the structure of the MAGIC
populations is relatively simple. If there are common variants in MAGIC populations
and natural accessions, the former group may provide an ideal material to verify QTL
identified with association mapping. Current efforts are focused on either producing
or already using these MAGIC populations in a number of crops including wheat
(NIAB, CSIRO, Univ. of Bologna), oats (IBERS), rice (IRRI), barley (SAC), and
sorghum (ICRISAT). Several preliminary results are being published already.

Beebe (2012) suggests that alternative population types would also be of interest
for the analysis of drought resistance. In this sense, the advanced backcross strat-
egy holds promise for the determination of QTLs that function without the con-
founding effect of epistasis with alleles from non-commercial sources, since
advanced backcross breeding fixes valuable alleles in the genetic background of a
commercial parent.

Double haploid populations have been used in mapping exercises in several other
crops such as wheat, barley, maize, and rice. However, production of double haploid
progenies in beans and legumes in general has been challenging. Therefore, this
approach cannot be used until an efficient and reliable method for generation and
development of double haploid in beans is accomplished.

Early and Future Applications of Common Bean Genomic
Sequence Data

Compared to many crop species such as soybean, corn, and wheat, the common
bean genome is moderate in size (~550 MBp/haploid; Bennett and Leitch. 2005).
Importantly, all of the early molecular mapping experiments pointed to one impor-
tant observation: common bean is a “true” diploid since nearly all marker loci map to
a single location (Vallejos et al. 1992; Freyre et al. 1998; McClean et al. 2002; Gepts
et al. 2005). This was recently highlighted by research findings of McClean et al.
(2010) who used all available EST (expressed sequence tag) sequences to develop
contig sequences that are representative of the gene space in the genome. Comparative
analysis showed that while most of these were single copy in common bean, many of
these genes were duplicated in soybean (Glycine max L.), an indication of the diploid
history of common bean relative to the polyploidy history of soybean. This discovery
was consistent with previous observations that the traditionally large gene families,
such as resistance gene analogs (Rivkin et al. 1999) and protein kinases (Vallad et al.
2001), have fewer members in common bean than other crops.

In the early days of genomic research, EST sequences were valuable resources,
primarily because they gave our first glimpse at the genes within a genome.
The earliest EST project in common bean was published by Ramirez et al. (2005).
This new sequence-based resource was used by McConnell et al. (2010) to begin a
characterization of SNP and indel density in the genome. Sequence data was
collected from 550 gene fragments from BAT93 and Jalo EEP558, the parents of a
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community-wide genetic map. A diversity analysis revealed 1,580 SNPs and 130
indels, found an excess of synonymous compared to non-synonymous sites, and
determined there was a slight excess of transitions than transversions.

The parents of four other popular mapping populations were also characterized.
Although this analysis only compared five pairs of mapping parents, this repre-
sented the first measure of the genome-wide diversity in common bean. This data
was subsequently mined to develop a suite of 300 gene-based markers distributed
across the common bean genome that in turn were used to developed the first gene-
based map of common bean. Such maps are now common for other plant species.
These markers, termed “g markers” (for genomic markers), have now been used
for mapping projects, where for example new markers for angular leaf spot
(Gongalves-Vidigal et al. 2011), common bacterial blight (Shi et al. 2011), and
popping ability (Yuste-Lisbona et al. 2012), have been developed.

Other sequence-based markers systems have also been developed, including
simple sequence repeats and legume-based anchor markers (Hougaard et al. 2008).
These have now been electronically merged into a consensus map (Galeano et al.
2011). Although useful from a global perspective, caution is needed when using this
consensus map because it is based on visual alignments of maps rather than true
genetic recombination events.

Applications of Genomic Sequence Data for a Modern
Breeding Program

Plant breeding programs will change with the infusion of sequence data that is now
available to them. This data will allow for new approaches not utilized before for
common bean improvement. Three examples are highlighted here and it describes a
possible research agenda that will improve the pace of common bean improvement.
The first, and probably the most obvious, is the utility of a sequenced genome to
discover the actual causative gene, and then the causative mutation, either a SNP or
insertion or deletion, that manifests itself as a unique phenotype of agronomic
importance. Examples for common bean to follow are available from two important
world-wild food crops: rice (Oryza sativa L.) and soybean. Rice, the first crop spe-
cies with a complete reference genome (IRGSP 2005), has benefited from the
sequence. For example, the gene associated with sticky rice, an essential culinary
trait, was cloned using the genome sequence as a reference resource (Yamanaka
et al. 2004). Yield is the major production trait for all crops, and rice researchers
have discovered genes that affect seed size (Fan et al. 2006), seed width (Song et al.
2007), and seed number (Ashikari et al. 2005). With these genes in hand, molecular
markers have been designed to track these important phenotypes in a breeding
program (Wang et al. 2011). Soybean, the first economically important legume for
which a draft genome was developed (Schmutz et al. 2010), has also benefited from
that important modern genomic resource. Soybean expresses two growth habits,
indeterminate and determinate. In some countries such as the United States, the
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crop is grown across a wide latitudinal band. The northern region is seeded to inde-
terminate varieties while in the southern region determinate varieties predominate.
One of the major genes that controls this phenotype, dt/, was recently cloned (Tian
et al. 2010) utilizing the genomic resource to identify the soybean homology to a
previously cloned Arabidopsis determinacy gene (Shannon and Meeks 1991). Using
the gene sequence, it is now possible develop functional markers for this phenotype,
which is tricky to score. These markers will assist breeders in maintaining the
desired growth habit as they introgress important alleles for other agronomic traits
from a wider germplasm basis. This will be especially important as they try to intro-
duce resistance using sequence data from the recently cloned gene critical for soy-
bean cyst nematode resistance (Cook et al. 2012). These are a few examples of the
type of improvement approaches that are now available to common bean breeders
and geneticists with the release of the genome sequence.

Association mapping trials are a second example that will greatly benefit from
the genome sequence. This mapping method utilizes a large population of geno-
types representing the variation found within the particular subset of the species
relevant to an agronomic trait of interest (Morrell et al. 2011). For example, the
BeanCAP association panel was developed to represent modern cultivars from the
Middle American gene pool adapted to United States production environments.
Trials such as these will become more frequent because of the ease of generating
the mapping population relative to a bi-parental population. Data from these mul-
tiple trials can then analyzed using approaches currently used in human trials to
discover genomic regions, and possibly the causative alleles, for traits of world-
wide importance.

A human example that focused on Alzheimer’s disease serves to highlight the
methodology (Naj et al. 2011). A consortium was formed and phenotypic data from
17,675 patients was collected from the 29 Alzheimer Disease Centers involved in
the project. All of the individuals were genotyped with one of three high-density
SNP arrays, and missing data was imputed across all chips to generate a SNP data
of 2,325,889 loci across all individuals. Marker/trait associations were developed,
and these were further refined using two other populations. Genotyping data from a
total of 66,429 individuals were used to discover four highly significant loci affect-
ing this debilitating disease. Using this same approach, worldwide consortiums of
bean geneticists could be formed. Many of the same traits are of relevance through-
out the world, so the phenotypic data can be shared by the different projects. Since the
SNP data can be collated using imputation analysis, it is not required that the same
genotyping platform be used. GBS data can be collected from all of the trials, and
large genotypic datasets can be generated. Obviously, a single crop such as beans does
not have the resources to work with a population of the same size as described above.
But the fact that the extent of linkage disequilibrium is much longer in bean than
humans, it may not be necessary to have such large populations. From such large trials
significant marker/trait associations can be generated that will have relevance to many
of the bean improvement programs throughout the world.

The third example is from the newly emerging field of population genomics.
The goal of these experiments is to utilize resequencing data to discover causative
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loci and use that data to develop new markers for breeding. Again, researchers in
rice and maize (Zea mays L.) are providing the earliest examples. The first step of a
population genomics experiment is to identify a population well suited to the
discovery of selected loci of interest. Huang et al. (2012) and Xu et al. (2012) were
each searching for loci associated with the domestication of rice. Their populations
consisted of both wild, landrace, and cultivated varieties. Within the wild, they evalu-
ated both annual and perennial types, whereas the landrace and cultivars represented
the Japonica, Indica, and Aus types. Hufford et al. (2012) were searching for loci
associated with corn domestication and breeding improvement and their population
consisted of wild, landrace, and improved genotypes. Jiao et al. (2012) limited their
analyses to the effects of selection in modern maize, and their population contained a
range of inbreds representing breeding efforts from the past several decades.

Capturing genotype data for members of the population is the next step. SNP
variation collected from genome sequence data is the preferred genotyping approach.
There are two strategies to collecting the data. For well-funded projects, each mem-
ber of the population is sequenced. Alternatively, DNA pools can be sequenced.
These pools are created by mixing DNA samples from individuals within a popula-
tion. An early example is from chicken, where researchers were looking for signa-
tures of selection associated with the breeding of broilers and layers. Broiler and
layer DNA pools were created, and the pools sequenced individually (Rubin et al.
2010). This approach was also recently used to discover loci associated with dog
(Axelsson et al. 2013) and pig domestication (Rubin et al. 2012).

The third step in population genomics analysis is to search for regions or loci that
are outliers. Often sliding windows are used as the test unit to discover the outliers.
The test statistic for outliers varies depending upon the analysis; there is no one
accepted standard. There are several test statistics that have been used and each
looks for a reduction in diversity or increased differentiation relative to a presumed
ancestral population. For the rice studies mentioned above (Huang et al. 2012; Xu
et al. 2012), &, a measure of within population nucleotide diversity, was calculated
for each window in the wild and landrace populations. Then the ratio T ¢/Tiandrace
was calculated. If a landrace genomic window underwent selection relative to the
wild population, this ratio would be large. Fsr, a measure of population differentia-
tion introduced by Wright (1951), is another test statistic. A large Fsr value indicates
great differentiation at that window, with the possibility that a gene that underwent
selection is located in the interval.

The final and most challenging step of population genomics is to confirm that the
region defined as under selection has a function. To date, this has only been accom-
plished by comparing the population genomic results with the results of cloned
domestication genes. In both the rice (Huang et al. 2012; Xu et al. 2012) and maize
(Hufford et al. 2012) studies, previously cloned domestication genes were observed
to fall into regions determined to be under selection. These observations validated
the approach. Beyond that, these studies tabulated the genes found in selected
regions and considered them as candidates for either domestication, and in the case
of maize, improvement (Hufford et al. 2012). The number of candidate genes for
Indica and Japonica rice was 750 and 439, respectively (@=0.025) (Xu et al. 2012),
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while Hufford et al. (2012) defined 468 domestication and 571 improvement genes
in corn (a=0.10).

So how these approaches could be used in the improvement of common bean?
The major market classes of beans have distinct features. The signatures of these
features are buried in the genome sequences, and a comparison of the sequences
of representatives of different market classes will identify those differences.
These studies can be compared with the mapping data from the large trials described
above to correlate the variable regions identified from the population genomics
studies with association mapping marker results. If they are correlated, it is highly
likely that genome involved in the trait of interest is located in that region. And as
always, the genomic sequence data can be used to develop new functional markers
for breeding programs.

Phenotyping

In the same way that reliable genotyping is important, good and dependable pheno-
typing is needed as well in order to have accuracy and consequently, good quality
results. Great improvements can be shown in terms of genotyping, especially in
terms of efficiency (less cost and time, more samples). In contrast, the way many
phenotypic traits are measured continues to be the same in most cases. Consequently,
it is faster today to obtain genotypic data points, but cumbersome to obtain pheno-
typic data at the same pace. The need for high throughput phenotyping is crucial to
augment the advancement and successful applications of genomic tools into breed-
ing programs. This is especially important for traits that are difficult to measure such
as seed yield, drought tolerance and/or water use efficiency, plant and root architec-
ture, and many other traits measured throughout the phenologic cycle (von Mogel
2013). Screening for disease resistance can be done in the greenhouse for numerous
genotypes and then correlate to smaller field evaluations as a way to obtain reliable
data. The problem with this approach is that in many cases, the reactions observed
in the greenhouse differ from the ones observed in the field because different mecha-
nisms may take place (Myers et al. 1999; Kim et al. 2000).

In the case of abiotic stresses such as drought or soil constraints, the problem is
even more complex because of the genetic nature of the target traits, which makes
difficult to find direct ways to measure them (Ishitani et al. 2004). In those cases,
scientists need to use indirect traits as informative proxies of the traits of interest.
In the case of drought, Beebe (2012) provides an extensive review about efforts,
methodologies and target traits to phenotype. The authors suggest a 2-way strategy
to measure both target shoot traits and target root traits. Some of these traits can be
measured in greenhouse experiments while others need to be in the field in order
to obtain realistic data that can be exploited in breeding programs. While initial
QTL studies have been promising, these have mostly been in a limited number of
RIL populations, all so far created from crosses within the Mesoamerican gene pool
(Beebe 2012; Schneider et al. 1997). Further studies with populations developed
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from crosses between gene pools or from crosses within the Andean gene pool are
needed to explore additional diversity for drought resistance QTL alleles, and to
analyze the effect of genetic backgrounds on the QTL alleles that have already been
identified. In the same way, there is a need for a larger number of polymorphic
markers to analyze populations derived within a gene pool. To do this effectively,
larger populations are needed for genetic analysis, since most RIL populations in
common beans have only been developed with around 100 lines. However, develop-
ment and maintenance of RILs with large population sizes (e.g. around 300 lines) is
more difficult in beans that in other crops such as maize and cereals. If MAS for
drought tolerance is to be successful, then understanding the interaction of QTL
alleles with multiple genetic backgrounds is important, since breeding programs
usually deal with a range of commercial classes and seed colors representing different
genetic backgrounds, gene pools, and races.

An additional challenge to the genetic understanding of economically important
QTLs is their underlying genetic and mechanistic factors and the interactions among
them. These can be regulatory genes such as those governing transcription factors,
or structural genes such as those involved in hormone pathways, carbon or nitrogen
metabolism, secondary metabolite production, among others. Several non-invasive
phenotyping sensors and protocols can be adapted to bean populations and breeding
material. Quantifying root growth in relation to resource availability may help to
understand how beans exploit below-ground nutrients and interact with their neigh-
bours. Imaging spectroscopy will further our understanding of how leaves and shoots
are affected by environmental constraints and of spatial and temporal stress responses
of plants and canopies. Non-invasive and spatially resolved measurements of trans-
port processes and resource allocation may be used to better understand and poten-
tially guide transport between plant organs and pods. Finally, single high-throughput
phenotyping pipelines are useful, but only the combination of several phenotyping
protocols measuring traits at different scales (from semi-controlled environments to
field) will significantly contribute to a deeper understanding of the dynamic pro-
cesses in both individual plants and canopies and eventually, seed yield.

Conclusion

Common bean has a rich history of developments and discoveries in the genomics
area and numerous examples of real-life applications of these tools to breeding pro-
grams worldwide. Bean breeders and geneticists have been proactive in trying to
implement many of these tools into the breeding pipeline with the goal of gaining
efficiency during the selection process. Several examples have been exposed in this
chapter that illustrates a gain in resources (time, space, and/or costs). The genomic
architecture of common bean allows for straightforward studies and interesting
applications will come in the near future now that the genome sequence is available.
In addition, the new high-throughput genotyping systems now available for com-
mon beans will allow the evaluation of thousands of genotypes with high resolution
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and accuracy if good phenotypic data is available. We hope that these new tools will
help breeders and geneticist to elucidate and have a better understanding of complex
traits controlled by multiple genes and how they can be efficiently incorporated into
the breeding pipeline.
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Chapter 10

Pulses Biofortification in Genomic Era:
Multidisciplinary Opportunities

and Challenges
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Abstract Agricultural production systems driven by green revolutionary efforts
have resulted in the displacement of traditional food crops that provided greater
levels of protein and essential micronutrients. This has led to half of the world’s
population being deficient in essential micronutrients, with millions lacking in daily
protein and micronutrient intakes. Biofortification of many commonly eaten staple
foods is viewed as a sustainable solution to combat global micronutrient malnutrition.
However, biofortification efforts with pulse crops [mainly lentils (Lens culinaris
L.), field pea (Pisum sativum L.), and chickpea (Cicer arietinum L.)] have been
limited to certain regions in North America and no global pulse biofortification
initiative exists. The majority of the world’s population lives in Asia and Africa,
where there is an urgent need to produce micronutrient and protein rich pulses to
prevent micronutrient malnutrition deficiencies. This chapter reviews the last 10
years of literature on pulse genetic biofortification, discusses current pulse bioforti-
fication research efforts in the USA and other countries, and suggests urgent pulse
biofortification efforts involving modern genomic tools and techniques along with
the sound phenotyping targeted at finding sustainable solutions for regions with the
greatest micronutrient deficiencies.

Keywords Biofortification ® Micronutrient malnutrition ¢ Pulse crops * Food systems ®
Iron * Zinc ¢ Selenium ¢ Beta-carotene ® Molecular mapping

D. Thavarajah, Ph.D. (0<) ¢ P. Thavarajah, Ph.D.

School of Food Systems, North Dakota State University, Dept. 7640,
NDSU 1250 Bolley Drive, 208 Harris Hall, Fargo, ND 58108, USA
e-mail: dilrukhshi.thavarajah @ndsu.edu

D.S. Gupta, M.Sc. (Ag.)
Cereal Science Graduate Program, Department of Plant Sciences,
North Dakota State University, Fargo, ND, USA

S. Gupta et al. (eds.), Legumes in the Omic Era, DOI 10.1007/978-1-4614-8370-0_10, 207
© Springer Science+Business Media New York 2014



208 D. Thavarajah et al.

Introduction

World agriculture aims to provide sufficient food energy and nutrients for the
general well-being and health of human populations. Over time, agricultural devel-
opment has been one of the greatest achievements of mankind. One key example,
the green revolution, was a science-driven agricultural endeavor that aimed to pro-
vide adequate food energy for the world’s populations, including more calories per
person. Many countries around the world greatly benefited from this agricultural
revolution that expanded global production of staple food crops, especially cereals.
The green revolution efforts that began in the early 1960s achieved adequate world
food production or calories/protein per person in less than two decades. However,
the achievements with fast growing, high yielding cereals displaced traditional food
crops that provided greater levels of essential micronutrients. In addition, this trend
to replace traditional food crops failed to link agricultural production to human
nutrition and health, and has led to the development of food systems that do not
meet human nutritional needs or are simply unhealthy. As a result, in recent decades
the global prevalence of iron (Fe) deficiency anemia has increased to 40 % among
women and children. In India, the prevalence of Fe deficiency anemia increased to
70 % during the green revolution period (Welch and Graham 1999).

Micronutrient malnutrition, also known as “hidden hunger”, affects more than
two billion people worldwide. Particularly vulnerable are women and preschool
children in South Asia. Estimates indicate that over 60 % of the world’s seven
billion people are Fe deficient, over 30 % are zinc (Zn) deficient, 30 % are iodine
(I) deficient, and more than 15 % are selenium (Se) deficient. Beta-carotene and
folate deficiencies are also increasing; approximately three million children around
the world develop vitamin A deficiency and every year more than half a million
children lose their eyesight. The concept of biofortification (micronutrient enrich-
ment through conventional plant breeding and modern biotechnology) emerged in
the late 1990s and is currently considered one of the most sustainable agricultural
approaches to combat global micronutrient malnutrition (Welch 2002).

The development of micronutrient-enriched staple food crops may be an effec-
tive and sustainable means to increase micronutrient intake to support general
human health. Therefore, biofortification of traditional pulses including lentils
(Lens culinaris L.), field pea (Pisum sativum L.), and chickpea (Cicer arietinum L.)
with highly bioavailable Fe, Zn, Se, I, beta-carotene, and folic acid is urgently
needed to address chronic diseases linked to micronutrient malnutrition around the
world. Recently, the genetic potential for biofortification of bioavailable Fe, Zn, and
provitamin A has been reported for the edible portions of several staple food crops,
including rice (Oryza sativa L.), wheat (Triticum sp.), maize (Zea mays L.), common
bean (Phaseolus vulgaris L.), sweet potato (Ipomoea batatas L.), and cassava
(Manihot esculenta C.) (Welch 2002). This book chapter outlines current North
American pulse crop research efforts and future pulse crop “biofortification” needs in
the major pulse producing regions in the world in light of recent available phenotyping
tools and techniques.
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The poor health of billions of people and more than two-thirds of the deaths of
young children around the world today are associated with micronutrient
malnutrition-related metabolic disorders. Reduced intakes of essential micronutrients
below the recommended daily allowance have contributed to increased rates of mor-
bidity and mortality, increased rates of learning disorders, shorter life spans, poorer
growth and cognitive development, greater impact of infectious diseases, and the
increased prevalence of other physical disabilities in developing nations. In devel-
oped countries, micronutrient malnutrition contributes to cardiovascular diseases,
cancer, stroke, diabetes, Fe deficiency anemia, low birth weight, and mental retarda-
tion. Failure to link agricultural production with human nutrition and health has led
to the development of unhealthy food systems that result in micronutrient malnutri-
tion. This is currently leading to both basic malnutrition challenges and chronic
diseases linked to high caloric intake; the effects are global but are most evident in
South Asia, Africa, and Latin America. Poor diets and nutrition not only cause
death around the world but also create huge economic burdens in healthcare with
negative consequences on child development and long-term direct impacts on sus-
tainable development. The function of sustainable agriculture systems is to pro-
vide food energy and nutrients for humans, thus supporting their health and general
well-being and ultimately advancing sustainable development. Resolution of these
multi-layered challenges will require the development of a new agriculture para-
digm aimed at achieving sustainable food solutions to combat global micronutrient
malnutrition through improving food nutritional quality and meet increasing global
food demands (Welch and Graham 2004).

Biofortification, or the development of micronutrient-enriched staple food crops
through traditional plant breeding methods in conjunction with modern molecular
biological techniques, is a powerful and sustainable intervention method to combat
global micronutrient deficiencies (Welch 2002). Natural enrichment of traditional
food crops with highly bioavailable Fe, Zn, Se, I, beta-carotene, and folic acid is
urgently needed to address micronutrient malnutrition and obesity-linked chronic
diseases in both developed countries and the developing world. Past attempts to
address micronutrient malnutrition have included dietary supplements, food forti-
fication, diet diversification, and supplementation. Unlike supplementation and
fortification, which add ongoing costs to consumers, biofortification offers the
opportunity to change crop nutritional value within the production system and in
ways that have little or no impact on consumer cost. In addition to human nutritional
benefits, biofortification can also increase crop production in terms of grain yield and
biomass. Most cultivated land areas in the developing world are poor in plant bioavail-
able essential micronutrients. Studies indicate biofortified crop seeds generally per-
form well in poorly fertilized soils in developing nations compared to non-biofortified
or regular seeds (Welch and Graham 1999; Welch 2002). This is further evidence that
biofortified seeds and biofortification efforts may be a sustainable solution to global
micronutrient malnutrition.
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The micronutrient density of staple food crops can be increased in many ways.
Both agronomic and genetic biofortification is effective for enriching micronutrients
depending on the target element; however, genetic biofortification is more economi-
cal and sustainable in the long term, especially for resource poor countries.
Agronomic biofortification is simply a low dosage application of micronutrients to
increase the mineral concentration in the edible portion of food crops. Successful case
studies have been reported for Se in Finland, New Zealand, Turkey, and South-east
Asia (Wang et al. 1995). Agronomic biofortification can be achieved by application
of the appropriate mineral forms through foliar or soil application at planting.
Agronomic biofortification with Fe, either by addition of soluble ferrous fertilizer to
the soil or by foliar application, is not effective for enrichment of Fe due to rapid
oxidation and low mobility of Fe in phloem. In such situations, genetic biofortifica-
tion is an effective solution. However, such efforts will require a better understand-
ing of the global situation, food systems, the complexities of a balanced human diet,
and the government policies that support global biofortification activities. Current
global biofortification efforts are limited to a few selected staple crops. The biofor-
tification of nitrogen fixing pulses grown as staple crops in Asian countries has not
yet been studied, despite the fact that such efforts could address both malnutrition
and obesity-linked chronic disease challenges at the same time.

The Physiology of Mineral Uptake in Plants

The physiological role of micronutrient uptake and the efficiency of this process in
staple food crops are not yet clearly understood. Generally, mineral (e.g., Fe, Zn)
uptake in plants is governed by homoeostatic mechanisms that regulate metal
absorption, translocation, and redistribution to provide adequate amounts for com-
pletion of the life cycle but prevent accumulation to toxic levels. Several naturally
occurring barriers are found in plants to facilitate homoeostatic mechanisms: (a) the
root-soil interface (i.e., rhizosphere); (b) transporters and ion channels present in the
root-cell plasma membrane; (c) efficient translocation and accumulation in edible
plant organs; and (d) bioavailability of minerals. To increase the accumulation of
bioavailable forms of micronutrients in seeds, all four of these physiological pro-
cesses should be clearly understood for each element (Welch and Graham 2004).
Iron uptake in plants is highly regulated in order to supply sufficient amounts for
optimal growth and development. Insufficient Fe uptake leads to Fe-deficiency
symptoms, including interveinal chlorosis, necrosis in leaves, and finally reduction
of biomass and grain yield. Plants regulate Fe uptake to prevent excess accumula-
tion of hydroxyl radicals in the cells. These hydroxyl radicals are formed during the
reduction of molecular oxygen and can damage cellular components, such as DNA,
proteins, lipids, and sugars. Generally, plants require at least 10°—~10~* mol/l Fe to
achieve optimal growth and development; however, maintaining this concentration
in plants is very challenging due to the low solubility of Fe in soil solution (Romheld
and Schaaf 2004). Plants acquire Fe via two strategies: strategy I (via the Fe** che-
late reductase) for dicots and chelation-based strategy II (via exchange chelation
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with phytosiderophores) for monocots such as corn, wheat, and rice. Genes involved
in both of these mechanisms have been identified from plants, including rice, maize,
and Arabidopsis (White and Broadley 2009).

Zinc is another element essential to many plant proteins but also toxic in excess.
Plants acquire Zn primarily as a divalent cation from the soil solution but it can also
be complexed with organic acids present in the rhizosphere. Plants typically use
both symplastic and apoplastic fluxes processes to transport Zn from root to shoot
(Broadley et al. 2007).

Selenium (Se) is an essential element for mammals but has not been considered
an essential element for higher plants. The biochemistry of Se in plants has been
reviewed (Ellis and Salt 2003; Combs 2001). Plants uptake Se from the soil primarily
as inorganic Se (selenate or selenite) and translocate it to the chloroplast via the
sulfur assimilation pathway. In the chloroplast, adenosine-5-phosphoselenate is
formed by the activation of ATP sulfurylase. This selenate is then reduced to selenide,
which reacts with serine to form selenocysteines (SeCys) and is further metabolized
to other organic Se forms. Selenomethionine (SeMet) and SeCys, a homologue of
dimeric cysteine in which two Se atoms replaces the disulfide bond, are the major
organic forms of Se found in legumes and cereals (Wu et al. 1997).

Micronutrients and Human Health

Every human requires the following nutrients for normal physiological functions
and general health: elements boron, chromium, copper, fluorine, iron, manganese,
molybdenum, nickel, selenium, silicon, and zinc (Table 10.1); water soluble vitamins

Tab!e 19-1 Recommended Nutrient Assessment Female Male
nutrient intake for males and Calcium (mg/day) RDA 1.000 1.000
females of 19-50 years .
Chromium (pg/day) Als 25 35
Copper (pg/day) RDA 900 900
Fluoride (mg/day) Ais 3 4
Iodine (pg/day) RDA 150 150
Iron (mg/day) RDA 18 8
Magnesium (mg/day) RDA 310-320 400-420
Manganese (mg/day)  Ais 1.8 2.3
Molybdenum (mg/day) RDA 45 45
Phosphorus (mg/day) RDA 700 700
Selenium (pg/day) RDA 55 55
Zinc (mg/day) RDA 8 11
Potassium (g/day) Ais 4.7 4.7
Sodium (g/day) Ais 1.5 1.5
Chloride (g/day) Ais 2.3 2.3
Based on data from Welch and Graham 2004; Dietary
Reference Intakes 2012

RDA recommended dietary allowance, Ais adequate intakes



212 D. Thavarajah et al.

Table 10.2 Food matrix factors present in pulse crops that promote or inhibit micronutrient
bioavailability

Food matrix factor Nutrient ~ Major dietary source

Promoters

1. Prebiotics: inulin and fructans Fe, Zn, Ca Lentils, chicory, garlic

2. Beta-carotene Fe, Zn Lentil, pea, chickpea, green and orange vegetables
3. Selenium 1 Lentil, pea, chickpea, sea food

4. Organic acids: ascorbic acid ~ Fe, Zn Lentils, fresh fruits and vegetables

5. Amino acids Fe, Zn Animal meat

Inhibitors

1. Phytic acid Fe, Zn, Ca All legumes, cereals

2. Fiber Fe, Zn All legumes, cereals

3. Haemagglutinins Fe, Zn Most legumes, wheat

4. Phenolics Fe, Zn All legumes

5. Heavy metals Zn Contaminated legumes and leafy vegetables

(Based on data from Welch and Graham 2004; Thavarajah and Thavarajah 2012a, b)

(ascorbic acid, biotin, cobalamin, folic acid, niacin, pantothenic acid, pyroxidine,
riboflavin, thiamin); and fat-soluble vitamins (retinoic acid, calciferol, tocopherol,
phylloquinone, and menoquinone (Graham and Welch 2000). Plant foods are able
to supply adequate amounts of these, with the exception of cobalamin that comes
from animal-based diets. The nutritional value of plant-based diets depends on both
individual nutrient concentration and bioavailability, the latter of which determines
how much is truly absorbed by the human body for its metabolic and physiological
functions. Bioavailability of a micronutrient is governed by many factors: host, diges-
tive environments, and the presence of mineral absorption promoters and inhibitors in
a food. Absorption promoters, such as ascorbic acid, carotenoids, fructooligosaccha-
rides, certain fibers, sulfur amino acids, and meat factors, increase Fe absorption in
the human digestive system; phytic acid and polyphenols in plant-based food are the
major inhibitory factors of Fe and Zn bioavailability (Table 10.2).

Recently, the genetic potential of increased concentration and bioavailability of
Fe, Zn, and provitamin A (carotenoids) has been studied in rice, wheat, common
bean, maize, sweet potato, and cassava (HarvestPlus 2012). Before the establish-
ment of the HarvestPlus research program, Welch and Graham (2004) indicated
critical factors that must be considered before releasing new lines of micronutrient
enriched staple food crops: (1) the grain yield must be increased or maintained; (2)
the potential improvements to human health from due to the enriched crops should
be significant; (3) the micronutrient enrichment traits should be stable across differ-
ent environments or growing locations; (4) the bioavailability of the micronutrients
present in the enriched crop lines must be demonstrated using a human model under
the normal conditions; and (5) the influence of consumer preference must be
addressed to ensure the maximum impact on human health is achieved. In 2012,
after several years of research and development, HarvestPlus released several
micronutrient enriched lines of rice, wheat, common bean, maize, and sweet potato.
However, limited biofortification research efforts have been carried out on pulse
crops, including lentil, field pea, and chickpea.
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Past and Current Genetic Biofortification Efforts on Pulses

Pulses are a part of the daily diet of many vegetarians as well as people in develop-
ing countries. Pulses are rich in protein (20-30 %) and an excellent source of dietary
fiber, low molecular weight carbohydrates, essential amino acids, polyunsaturated
fatty acids, minerals, and vitamins (Bhatty 1988). Lentil is a traditional pulse crop
grown mostly in low-rainfall, dryland cropping systems in rotation with cereals.
Currently, lentil is grown in more than 50 countries, with annual world production
of approximately 4 M tons. More than 85 % of world lentil production occurs in five
specific regions: India, Nepal, and Bangladesh (32 %); western Canada (29 %);
Turkey and northern Syria (18 %); Australia (4 %); and the Midwestern region of
the USA including North Dakota, South Dakota, and eastern Montana (3 %)
(FAOSTAT 2010). Field pea is another important traditional pulse crop mostly
grown in cool temperate climates with moist black soils. Annual world pea produc-
tion is approximately 10—12 M tons, more than 10 % of which is produced in the
USA. Chickpea is a third important pulse crop. India produces more than 90 % of
the world’s chickpeas; only 5 % is grown in the USA and Canada.

Among these three pulse crops, lentil production has seen marked increases of
6.8 % annually, mainly as a result of expanded production in Canada and the USA
(FAOSTAT 2010). The Province of Saskatchewan in Canada produces the majority
of the world’s red lentils. The Midwest region of the USA, including North Dakota,
South Dakota, and eastern Montana, is emerging as a major lentil producing region,
primarily due to superior yields and an excellent fit in existing crop rotations. Over
the last two decades, lentil and pea crops have been significantly increasing in the
northern plains region of the US, including North Dakota, South Dakota, and east-
ern Montana. During this time, the pulse production area has increased from less
than 10,000 acres to nearly 900,000 acres (FAOSTAT 2010). Currently, research
emphasis on pulse crops grown in North America mainly focuses on improving
grain yield, disease tolerance, and nutritional quality, and in depth biofortification
research on pulse crops is limited. As of August 2012, approximately 437 research
papers were published with the key word “biofortification” in the Science Direct
database. Among them, only 32 reported on lentils, 37 on chickpea, and 53 on field
pea. This limited literature is evidence that more research is required on pulse bio-
fortification towards finding solutions towards global micronutrient malnutrition.

Within the biofortification framework, lentil breeding programs around the world
are working together to increase Fe and Zn concentration and bioavailability to
combat global micronutrient malnutrition. As mentioned above, biofortification
can improve crop nutritional value with minimal impact on consumer cost. The
International Center for Agricultural Research in the Dry Areas (ICARDA) has
created a composite collection of more than 1,000 lentil lines to understand the
genetic diversity with respect to different nutritional traits, including Fe and Zn
accumulation. Sarker et al. (2007) evaluated more than 1,600 lentil genotypes
including land races, wild types, and breeding lines of red and green lentils for Fe
and Zn biofortification, and reported that lentil lines contained 43-132 mg/kg Fe
and 22-78 mg/kg Zn. A later study by Baum et al. (2008) indicates mineral
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concentrations in lentil lines ranging from 41-109 mg/kg for Fe and 22-78 mg/kg
for Zn. Numerous high Fe and/or Zn lentil genotypes have been released: ILL 5883
(73 mg/kg Fe) and ILL 6994 (72 mg/kg Fe) in Syria; ILL 7711 (74 mg/kg Fe) in
Portugal; Alemaya (82 mg/kg Fe, 66 mg/kg Zn) in Ethiopia; Meyveci-2001 (53 mg/kg
of Zn) in Turkey; and Sisir (98 mg/kg Fe, 64 mg/kg Zn), Khajurah-2 (94 mg/kg Fe,
54 mg/kg Zn), Barimasur-5 (86 mg/kg Fe, 59 mg/kg Zn), and Barimasur-6 (86 mg/kg
Fe, 63 mg/kg Zn) in Nepal.

Research in Canada has highlighted the Fe, Zn, and Se values of pulse crops.
More than 900 lentil samples including modern high yielding genotypes grown in
Saskatchewan, Canada were evaluated for possible genetic potential for Fe, Zn, and
Se biofortification towards improved human health. Considerable genetic variation
exists for these minerals, with higher broad sense heritability for Fe and Zn. These
lentils contained 73-90 mg/kg of Fe and 44-54 mg/kg of Zn. These results also
indicated that Fe and Zn concentrations in lentils are governed by growing location,
genotype, year by location, and genotype by location effects. High Fe genotypes
CDC Rosetown (90 mg/kg of Fe), CDC Blaze (83 mg/kg of Fe), and CDC Impact
(85 mg/kg of Fe) would be potential candidates for future Fe biofortification genetic
research aimed at developing suitable Fe enriched lentil lines (Thavarajah et al.
2008, 2009).

Total Se levels in the Canadian lentil samples ranged 425-673 pg/kg, but some
genotypes had 40-50 % more Se than others. CDC Robin (extra small red lentil,;
672 pg/kg), CDC Sedley (large green; 612 pg/kg), and CDC Grandora (large green;
612 pg/kg) showed higher Se concentrations than the small green lentil genotype
Eston (425 pg/kg). Further screening of Se uptake of lentil germplasm by the
Canadian lentil program indicated that lentil lines PI330937 and ILL 7537 had
higher Se uptake compared to Eston (Thavarajah et al. 2011). Comprehensive data
collected by the Canadian lentil breeding program clearly indicates that uptake of
Se in lentil seeds is clearly affected by soil and environmental conditions, but that
increased lentil Se uptake would be possible through selective breeding.

Limited data are available on the Fe, Zn, and Se content of field pea. Concentrations
of 45-49 mg kg! Fe and 32-35 mg kg™' Zn have been reported for western
Canadian-grown field peas (Gawalko et al. 2009). Amarakoon et al. (2012) reported
that field peas grown in seven locations in North Dakota, USA, were naturally rich
in Fe (46-54 mg kg™!) and Zn (39-63 mg kg!). Similar results have been reported
on field pea grown in Saskatchewan, Canada (Thavarajah et al. 2011). Data from
most of these studies were limited to one growing season or a few genotypes.
Therefore, future field studies are required to understand the true genetic and
genetic X environment interaction effects over several growing seasons, genotypes,
and locations. However, these few studies do provide baseline information for
biofortification research efforts directed at field pea grown in North America.

Similar to other pulse crops, biofortification research efforts on chickpea have
been limited. Ten Canadian grown chickpea cultivars contained 77-112 mg/kg
Fe and 29-50 mg/kg Zn (Bueckert et al. 2011). Chickpea grown in Spain had com-
parably lower values (66 mg/kg of Fe, 35 mg/kg of Zn) (Viadel et al. 2006).
However, chickpea grown in the US regional variety trials was found to be a rich
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source of Fe (46—67 mg/kg) and particularly Zn (37-74 mg/kg). These results are
generally higher than values for samples collected from 2011 US National Pulse
Quality Survey (38-47 mg/kg Fe, 20-26 mg/kg Zn) (Thavarajah and Thavarajah
2012a). Overall, the considerably variability underscores the need for more data on
chickpea to inform biofortification research.

Food Matrix Factors: Antinutrients

Plant-based foods contain various antinutrients that can reduce the bioavailability of
dietary non-heme Fe, Zn, and other nutrients to humans and animals. Some dietary
organic acids, amino acids, long chain fatty acids, beta-carotene, and fructooligo-
saccharides promote the bioavailability of Fe and Zn in the presence of antinutri-
ents, including phytic acid (PA) and polyphenols. The concentration of these
promoter and inhibitor compounds in any food crop is influenced by both genetic
and environmental factors. Modern plant breeding and molecular biology tools now
make it possible to reduce antinutrients, such as phytic acid, or increase the concen-
trations of promoter substances, such as beta-carotene and ascorbic acid, in plant
foods (Table 10.2). Although phytic acid is viewed as an antinutrient, it also has
useful roles in plant metabolism and human health, having been associated with
reductions in the incidence of chronic heart diseases and cancers. Therefore, efforts
to reduce PA concentrations (i.e., low PA mutant development) must be undertaken
with caution and in consideration of the optimum balance between seed micronutrient
retention and bioavailability.

The bioavailability of minerals present in plant-based diets is greatly affected by
the overall composition of the diet. Food processing and preparation techniques can
also determine the amount of bioavailable minerals in plant-based diets. Enrichment
with prebiotics, beta-carotene, and ascorbic acid has been shown to enhance the
bioavailability of non-haem Fe in human plant-based diets (Welch 2002). Prebiotics
enhance Fe bioavailability as a result of biological fermentation of short chain poly-
mers (e.g., inulin and fructooligosaccharides) by natural microflora present in the
colon. Fermentation may decrease the pH of the luminal content to favor reduction
of Fe(III) to Fe(II), stimulate proliferation of epithelial cells, and potentially stimu-
late expression of mineral-transport protein in human epithelial cells (Yeung et al.
2005). Addition of vitamin A or beta-carotene can improve Fe bioavailability from
plant-based foods (e.g., rice, wheat, corn). For example, beta-carotene can over-
come the inhibitory effect of phytic acid polyphenols present in a plant-based diet
(Garcia-Casal et al. 2000).

Analysis of lentil food matrix components, along with cell culture and prelimi-
nary human nutrition studies, reveals clear mineral absorption promoter and inhibi-
tor roles in modulating the levels of mineral bioavailability. Lentils contain high
levels of Fe absorption promoters, such as prebiotics and beta-carotene, and are low
in antinutrients, such as phytic acid and polyphenols (Thavarajah and Thavarajah
2012b). Molar ratios of PA:Fe above 10 lead to reduced human Fe bioavailability
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(Ariza-Nieto et al. 2007). Pulses are naturally low in PA (5.1-7.3 mg/g), and lower
than “low phytic acid mutants” developed to date for any other crops (Thavarajah
et al. 2009; Thavarajah and Thavarajah 2012b; Amarakoon et al. 2012).

Limitations and Future Scope of Biofortification Using
Modern Tools of Genomics

To address micronutrient malnutrition, biofortification of staple foods with highly bio-
available micronutrients is urgently needed. This can be achieved by increasing micro-
nutrient concentrations in edible portions and exploiting bioactive compounds to
promote gastrointestinal health toward increased mineral absorption. Our experience
with pulses shows that development of nutritionally-superior varieties is a feasible goal.
However, the limited amount of pulse biofortification research in major pulse producing
and consuming countries may prevent the full micronutrient enrichment potential of
pulse crops to be reached. Development of biofortified pulse crops is not only essential
for developing whole food-based solutions to micronutrient malnutrition but also neces-
sary for improving agricultural productivities and sustainable development. Nutritionally
superior pulses could receive greater consumer acceptance and possibly demand pre-
mium pricing in health- and environmentally-conscious global pulse markets.
Biofortification will have a greater impact if the biofortified nutrients are highly bio-
available. The limited pulse biofortification research that has been conducted during the
last decade indicates that breeding for micronutrient-rich pulses with high bioavailabil-
ity may be possible which was predicted by Frossard et al. in 2000. Research efforts
aimed at understanding pulse food matrix factors and selection of improved micronutri-
ent bioavailable genetic material could provide the means for developing
highly bioavailable and biofortified pulse crops. Highly bioavailable micronutrient
pulses may facilitate the delivery of daily nutrient requirements in smaller portion
sizes. Highly populated countries with limited pulse production may still achieve
micronutrient delivery through improved bioavailability of biofortified pulse crops.
Ghandilyan et al. 2006 suggested forecast of the future of biofortification research
efforts as within few recent years the new subject of nutrigenomics came into exis-
tence using the potential of genomic tools and techniques for genetic biofortifica-
tion in crop plants. The use of molecular marker-assisted selection in pulse crop
biofortification research efforts has been initiated in parts of the USA, Canada, and
CGIAR’s around the world. These research initiatives have been presented at inter-
national pulse conferences to highlight the promise of this technology. For develop-
ment of molecular markers linked with the high concentration of micronutrient loci
initial large scale evaluation of available germplasm sets of different food legumes
is essential as this in turn a prerequisite to develop suitable mapping population
(Talukder et al. 2010; Beebe et al. 2000) and for this, state of the art phenotyping
facility for micronutrient analysis is required. Presently, Pulse Quality and Nutrition
Laboratory at NDSU, Fargo, USA is carrying out such large scale micronutrient
analysis including their bioavailability for various pulses including lentils, field
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Fig. 10.1 Ideal foodomics platform to study the health benefits from the food constituents on any
cell, tissue, organ or organism (Modified from Ibafiez C, Valdés A, Garcia-Caiias V, et al. Global
Foodomics strategy to investigate the health benefits of dietary constituents. J. Chromatogr., A
2012; 1248: 139-153. With permission from Elsevier)

peas and chickpeas. In case of few studies so far conducted to map and tag the
gene(s)/QTL(s) controlling micronutrient status in legumes and model plants mostly
found to be having quantitative mode of inheritance and resulting in identification
of gene(s)/QTL(s) capable of explaining moderate amount of phenotypic variation
for micronutrient concentration [Sompong et al. 2012 (for phytic acid in mung-
bean), Blair et al. 2005; Gelin et al. 2007; Cichy et al. 2009; Blair et al. 2010a, b;
(for Fe and Zn in commonbean), Sankaran et al. 2009 (for several mineral elements
in Medicago truncatula), Waters and Grusak 2008 (for several seed mineral con-
tents in Arabidopsis thaliana), Walker et al. 2006 (for phytic acid in soybean)].
Above mentioned efforts should be more pronounced in immediate future and may
extend to other many food legumes like lentil, chickpea which are consumed glob-
ally and pigeonpea, blackgram, lathyrus which are having millions of consumers in
South-east Asia, particularly Indian subcontinent. The CGIAR centres and NARS
of the major food legume growing countries would certainly invest more in legume
biofortification programs to harvest immediate gain in securing nutritional food
security in vulnerable Asia and African regions in days to come.

Nutrigenomics has a future potential role in detailing out the human nutrition
from a different point of view, particularly using the modern genomics tools the
entire metabolic interactions of a particular nutrient can be traced out (Fig. 10.1)
in vivo as well as in vitro.
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Although the potential of this technology as a research tool is promising, the cost
to implement these technologies might be a barrier for resource poor countries and
regions. Development of low cost research tools, including chemical phenotyping
tools, may be necessary to realize global pulse biofortification/bioavailability goals.

Pulses are medium energy and high protein crops that contain a range of micro-
nutrients. Pulse crop development may provide a whole food solution to developing
country micronutrient deficiencies as well as a means to reduce the prevalence of
diseases of higher-income populations related to high caloric intake. Pulses such as
lentil cook quickly (10 min) and thus reduce energy demands for food preparation.
In addition, pulses are part of the legume family that fixes atmospheric nitrogen and
reduces nitrogen fertilizer demands. Therefore, pulse crop development aimed at
nutrient biofortification could provide additional benefits with regards to sustain-
able development. However, these benefits can only be achieved through research,
increasing the acreage of biofortified pulses, and educating consumers regarding the
nutritional value of pulse crops. To this end, targeted pulse crop development in
major pulse producing and consuming countries is essential. Pulse crops show
promise, but delivering upon this promise requires research and resources at greater
levels than what is currently being allocated to these crops.
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Chapter 11
Towards Enriching Genomic Resources
in Legumes

Aditya Pratap, Rakhi Tomar, Neha Rajan, Jitendra Kumar,
Pooja Bhatnagar Mathur, Nupur Malviya, and Tuba K. Anjum

Abstract Food legumes, mainly comprising dry beans, dry peas, soybean, chickpea,
pigeonpea, groundnut, greengram, blackgram, cowpea, lentil and lathyrus, have
considerable area under cultivation globally and these are important constituents of
cereal-based vegetarian diets. Keeping in view their tremendous importance for
diversification and intensification of contemporary agriculture, systematic efforts
towards their genetic improvement have been undertaken with classical breeding
tools, lately complemented by the use of genomic tools. These genomic tools provide
comprehensive information on genes involved in biochemical pathways leading
upto nutritional compounds and can be used to understand the genetics of traits of
interest and consequently, helping in marker assisted breeding. During the last two
decades powerful genetic and genomic tools such as establishment of genetic and
physical maps, expressed sequence tags, bioinformatic tools, genome-wide
sequence data, genomic and metabolomic platforms, etc. have been developed for
many legume species. These efforts have led to development of large scale molecu-
lar markers, identification of various marker trait associations, construction of
genetic and linkage maps, expressed sequence tags database, partial or whole
genome sequences, physical and molecular maps, DNA chips and bacterial artificial
chromosome (BAC) libraries. After the genome sequencing of three model species,
Medicago, Lotus and Glycine, draft genome sequences have recently been made
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available in agronomically important food legumes, pigeonpea and chickpea while
similar efforts are underway in groundnut and greengram. The new generation
sequencing (NGS) and genotyping platforms such as 454/FLX sequencing and
Illumina GoldenGate/Solexa have revolutionized plant genomic research as these
generate millions of ESTs per run. With the increased amount of genomic resources,
there are now tremendous opportunities to integrate these with the genetic resources
for their widespread use in routine legume improvement programmes by integrating
them with conventional breeding tools. As a result, the genomics assisted breeding
(GAB) can now be successfully used in legume improvement and development of
improved genotypes having improved agronomic and quality traits and resistance to
biotic and abiotic stresses. This chapter discusses the developments made in devel-
opment of legume genomics and their role in overall improvement of food legumes.

Keywords Genomic resources ® Molecular markers * Genomic library ¢« Whole
genome sequencing ® Comparative genomics ® Genomics assisted breeding

Introduction

Legumes are important source of food, feed and fodder in many agricultural
systems and are grown on a large scale in semi-arid tropics of the world. Grain
legumes alone contribute 33 % of human protein nutrition (Vance et al. 2000) and
have a unique ability to fix the atmospheric nitrogen in symbiotic association with
Rhizobium bacteria, which not only enables them to meet their own nitrogen require-
ment but also benefit the succeeding crops. Improvement in agronomic and pheno-
logical traits of the legumes is crucial in order to improve their use as human food
and sustainability of production system. Therefore, yielding ability, seed and quality
characteristics, resistance to biotic and abiotic stresses, storability, etc. are receiving
greater attention for the genetic improvement of legumes. There is also an increasing
interest in improving nutritional characteristics of legumes with enhanced content of
[B-carotene, leutin, isoflavones and other nutraceuticals.

The way to development of better food and forage legumes requires a detailed
knowledge of the different genes involved in biochemical pathways leading upto
nutritional compounds, including the expression patterns and level of these genes
and their interactions (Gepts et al. 2005). Genomic resources are important to
understand the genetics of traits of interest and consequently, marker assisted back-
cross breeding (MABC), marker assisted recurrent selection (MARS) and advanced
backcross (AB) breeding may be used effectively in legume improvement. A great
success in this will be possible by combining genomic tools with rational selection
of germplasm and precise phenotyping for traits of interest, termed as “genomics-
assisted breeding” (Varshney et al. 2005). During the last two decades powerful
genetic and genomic tools such as establishment of genetic and physical maps,
expressed sequence tags (ESTs), bioinformatic tools, genome-wide sequence data,
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genomic and metabolomic platforms have been developed for many legume spe-
cies. This chapter gives a comprehensive view of development and utilization of
genomic resources in major food legume crops.

Genomic Resources in Legumes

Over the past many years, there has been an increased focus on application of pow-
erful genomic approaches to major legume species with an aim of generating
genomic resources that will not only be of use in these species but also facilitate
crop improvement in other species also. Apart from two model legumes, Medicago
truncatula and Lotus japonicus, efforts have been made in developing genomic
resources in common bean (Phaseolus vulgaris), cowpea (Vigna unguiculata), soy-
bean (Glycine max), pigeonpea (Cajanus cajan), alfa alfa (Medicago sativa), chick-
pea (Cicer arietinum), faba bean (Vicia faba), lentil (Lens culinaris), pea (Pisum
sativum) and peanut (Arachis hypogaea L.). However, these legumes differ greatly
in their genome size, base chromosome number, ploidy level, and compatibility
status (Table 11.1). The efforts have led to development of large scale molecular
markers, identification of various marker trait associations, construction of genetic
and linkage maps, expressed sequence tags (EST) database, partial or whole genome
sequences, physical and molecular maps, DNA chips and bacterial artificial chro-
mosome (BAC) libraries in all these crops (Table 11.2 and 11.3). Among the agro-
nomically important food legumes, draft genome sequence has recently been made
available in pigeonpea (Singh et al. 2012; Varshney et al. 2012) and chickpea
(Varshney et al. 2013a) and similar efforts are underway in groundnut.

Table 11.1 Variation in basic chromosome number and genome size among legume species

Species Basic chromosome number (X) Genome size (Mb)
Peanut (Arachis spp.) 10-20 1,260-2,890
Lupin 5-13 468-1,177
Common bean (Phaseolus vulgaris) 11 637

Cowpea (Vigna unguiculata) 11 620
Pigeonpea (Cajanus cajan) 11 858
Soybean (Glycine max) 20 1,115

Lotus japonicus 6 472

Pea (P. sativum) 7 4,400

Lentil (L. culinaris) 7 4,063
Chickpea (C. arietinum) 8 740

Alfalfa (M. sativa) 8 800-900
Vicia faba 7 -

Medicago truncatula 8 500-550
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Table 11.3 Important genomic resources in major food legumes developed in last 5 years

Genomic resources Crop References
BAC libraries and BAC end Chickpea Thudi et al. (2011)
sequences Common bean Cérdoba et al. (2010)
Pigeonpea Bohra et al. (2011)
Cowpea Yu (2012); http://www.comparative-
legumes.org/pages/resources
Large scale SSR/SNP Chickpea Thudi et al. (2011); Hiremath et al. (2012);

markers

Common bean

Gaur et al. (2012)
Hyten et al. (2010)

Pigeonpea Raju et al. (2010); Bohra et al. (2011);
Dubey et al. (2011); Kassa et al. (2012)
Cowpea Muchero et al. (2009); Lucas et al. (2011)

High throughput genotyping platforms

DATrT arrays Chickpea Varshney et al. (2010)
Common bean Brifiez et al. (2011)
Pigeonpea Yang et al. (2011)
GoldenGate/KASPar assays ~ Chickpea Hiremath et al. (2012); Gaur et al. (2012)
Common bean Cortés et al. (2011); Hyten et al. (2010)
Pigeonpea Kassa et al. (2012)
Cowpea Muchero et al. (2009); Lucas et al. (2011)
First genetic maps Mungbean Isemura et al. (2012)
Pigeonpea Yang et al. (2011); Bohra et al. (2011, 2012)
High density genetic maps Chickpea Thudi et al. (2011), Hiremath et al. (2012),

Common bean

Gaur et al. (2012)
Galeano et al. (2011)

Cowpea Muchero et al. (2009); Lucas et al. (2011)
Physical maps Chickpea Zhang et al. (2010)
Common bean http://cmap.comparative-legumes.org
Cowpea http://phymap.ucdavis.edu/cowpea/
Draft genome sequences Pigeonpea Singh et al. (2012); Varshney et al. (2012)

Genome Sequences

The three model species, Medicago, Lotus and Glycine are the first legume crops
to have their genomes sequenced. Among these, M. trancatula and L. japonicus
were chosen for genome sequencing largely because of their small diploid
genomes (ca. 500 and 471 Mb in size), shorter life cycle and availability of sup-
portive resources (Young et al. 2005). The information generated by genome
sequencing of these two species has provided greater insight into their gene struc-
ture as well as their physical and genetic maps. Though, the sequencing of both
these species was initiated at almost the same time, the approaches used for
sequencing differed slightly in these. While for sequencing of Lotus genome, a
modified BAC-by-BAC approach followed by draft sequencing of the selected
regions of the genome was followed, in Medicago genome sequencing project,
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a traditional BAC-by-BAC approach was followed, though it was focused on the
euchromatic part of the genome. In Medicago, 0.6-0.7 of the estimated euchro-
matic genomic region has been sequenced, capturing about 0.60 of the genes
(Kumar et al. 2011). The sequencing is expected to be completed soon; having an
assembly of c. 300 Mb and capturing about 0.90 % of the genes. In case of Lotus
genome also, considerable progress has been made with sequencing of about 0.67,
covering 0.91 % of the gene space (Sato et al. 2008). In both cases, however, the
traditional type of sequencing method was used.

For sequencing of soybean, a Phaseoloid legume, another genome sequencing
method- whole genome shotgun (WGS)- was used. Soybean is an excellent repre-
sentative of polyploid species and it was chosen as a model legume for sequencing
(Gepts et al. 2005) due to its moderate genome size (ca. 1,115 Mb), available infra-
structure (Jackson et al. 2006) and also due to its economic importance (Nunberg
etal. 2006). Soybean WGS comprises 950 Mb of assembled and anchored sequences
representing about 0.85 of the predicted genome size. It has been predicted that the
soybean genome has 46,430 protein coded genes and about 0.75 of these genes are
there in multiple copies (Schmutz et al. 2010). Though this approach is powerful
and fast, but it is largely suitable to smaller and less complex genomes. Another
Phaseoloid legume, common bean, a diploid species, has medium sized genome
(588-637 Mb) (Bennett and Leitch 2012). Besides the small size, it was chosen for
genome sequencing due to availability of good amount of genomic resources such
as availability of 9X physical map, BAC libraries, 25 linkage, 83,530 ESTs and
knowledge of the genic (0.29) and repetitive (0.49) portions of the genome (see
Kumar et al. 2011). Its extensive macrosyntentic relationships with soybean has
also favoured its candidature for best model species for soybean and other legume
species in order to develop new SSR and SNP markers and also for identification of
candidate genes.

Most recently, the draft genome sequence has been made available in chickpea,
the second most important grain legume after soybean. In kabuli chickpea variety,
CDC Frontier, ~738 Mb long draft WGS sequence has been reported which con-
tains 28,299 genes (Varshney et al. 2013a). Re-sequencing of 90 more chickpea
genotypes was also done which provided an access to millions of genetic markers
and low diversity genome regions that may be useful in the development of superior
varieties with enhanced drought tolerance and disease resistance. The genome map
will also help tremendously in harnessing genetic diversity by broadening the
genetic base of cultivated chickpea genepool. In pigeonpea, draft genome sequence
has been made available by two independent groups almost at the same time (Singh
et al. 2012; Varshney et al. 2012). For generating the genome sequence in this crop,
the ICRISAT led team used [llumina next-generation sequencing platform to gener-
ate 237.2 Gb of sequence, which along with Sanger-based bacterial artificial chro-
mosome end sequences and a genetic map, was assembled into scaffolds representing
72.7 % (605.78 Mb) of the 833.07 Mb pigeonpea genome. Genome analysis pre-
dicted 48,680 genes for pigeonpea and also showed the potential role that certain
gene families have played throughout the domestication of pigeonpea and the
evolution of its ancestors. In another independent approach by Singh et al. (2012),
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the whole genome of pigeonpea was assembled using long sequence reads of 454
GS-FLX sequencing with mean read lengths of >550 bp and >10X genome coverage,
resulting in 510,809,477 bp of high quality sequence. Total 47,004 protein coding
genes and 12,511 transposable elements related genes have been predicted in this
study. Further, 1,213 disease resistance/defense response genes and 152 abiotic
stress tolerance genes were also identified. This genome sequence was also used to
identify large number of hypervariable pigenpea simple sequence repeat (HASSR)
markers, 437 of which have been experimentally validated for PCR amplification
and high rate of polymorphism among pigeonpea varieties. These markers will be
immensely useful for fingerprinting and diversity analysis of pigeonpea germplasm
and molecular breeding applications. Efforts are already underway to make the draft
genome sequence available in peanut very soon. However, in most of the other food
legumes, with the exception of pea (P. sativum), alfalfa (M. sativa), peanut (Arachis
hypogaea) and cowpea where some progress has been made recently, lesser genomic
information is available. In cowpea, genome filtering method has been used for
sequencing and analyzing the gene-rich regions (hypomethylated portion of the cow-
pea genome). This has led to development of >250,000 gene-space sequence reads
(GSRs) with an average length of 610 bp yielding ~160 Mb of sequence information
(Timko et al. 2008). Among the GSR dataset, 29 % of the sequences annotated using
the Arabidopsis gene ontology (GO) was involved to encode the majority of cellular
enzymes and components of amino acid, carbohydrate and lipid metabolism. Besides,
a total of 5,888 GSRs had homology to genes encoding transcription factors (TFs)
and about 5 % of the total annotated sequences in the dataset have represented tran-
scription associated factors (TAFs). This information can be utilized in mapping
and tagging the genes for agronomically important traits in legumes.

BAC/BIBAC Resources

The bacterial artificial chromosome (BAC) and binary bacterial artificial chromosome
(BIBAC) libraries are good genomic resources that allow genome sequencing,
development of new molecular markers and physical map, and map based cloning
of genes (Tao et al. 2001). In several legume species, these libraries have been
developed with varying clone sizes from 100 to 150 kb. In chickpea, a BIBAC
library of 23,780 clones, with an average insert size of 100 kb and a coverage of 3.8
genome equivalents, was prepared for facilitating the development of not only
genomic SSRs but also gene specific SSRs (Rajesh et al. 2004).

In soybean, a genome-wide physical map has been constructed from more than
78,000 BAC clones, representing 9.6X genome. It consisted of approximately 2,905
contigs which were estimated to span 1,408 Mb in physical length (Wu et al. 2004).
More than half of the length of the physical map was anchored to the genetic map
using 388 DNA markers. Earlier, using molecular markers, physical map from BAC
clones could also be related to the genetic map by locating existing genetic markers
on the contigs (Lewers et al. 2002). These contigs work as a starting point for
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positional cloning of specific genes which has accelerated the discovery of genes
underlying phenotypes of agronomic interest (Liu et al. 2001; Xu et al. 2001). BAC
libraries have also been used to generate SSR markers leading to identification of
two genomic regions involved in resistance to the soybean cyst nematode (Cregan
et al. 1996, 1999). Moreover, these also helped in fine mapping of genes leading to
identification of tightly linked markers for marker-assisted selection. In cowpea,
60,000 BAC clones were assembled into a 10X physical map and efforts are already
underway to anchor the cowpea physical map to the emerging SNP-based genetic
linkage map. In common bean, sequencing of 89,000 BAC ends has yielded a 9X
draft physical map which represents 62 Mb of genome sequence or 9.5 % of the
common bean genome (Schlueter et al. 2008). In this map, 540 markers derived
from RFLPs, genes, ESTs and other sequences have been anchored, of which 84
are genetically mapped and provide linkage between the physical and genetic maps
(see at http://phaseolus.genomics.purdue.edu/).

In pea (Pisum sativum L.), two BAC libraries, which are useful resources for the
isolation of genes underlying disease resistance and other economically important
traits have been constructed. These libraries separately contained 55,680 and 65,280
clones, of which ~1 % clones were from chloroplast origin (Coyne et al. 2007).
In peanut also, the BAC libraries from the AA genome (Arachis duranensis) with
84,096 clones and from the BB genome (A. ipaénsis) with 75,648 clones having
average insert size of 110 and 100 kb, have been constructed. An estimate based on
the library average insert size and A. duranensis haploid genome equivalent to
1,260 Mb showed that the coverage of the AA genome BAC library is equivalent to
7.4X genome. However, for A. ipaénsis, the DNA-content determination is controver-
sial and hence the BB genome BAC library for A. ipaénsis could represent from 2.7 to
5.3 the haploid genome equivalents of the species considering the earlier discrepan-
cies in estimation of haploid genome size (Varshney et al. 2009b). The BAC-based
resources developed in different species will have greater utility for subsequent
genome analyses, because they provide the basis for a physical interpretation of other
genetic and genomic resources within each species, and they will facilitate more
detailed analysis of high value regions of the genomes of legumes.

Molecular Markers

In most of the legume species, several DNA-based marker systems such as single
nucleotide polymorphism (SNP), random amplified polymorphic DNA (RAPD),
simple sequence repeats (SSRs) or microsatellites, amplified fragment length poly-
morphisms (AFLPs) and hybridization based marker systems such as restriction
fragment length polymorphisms (RFLPs) and diversity arrays technology markers
(DATrT) are now available. However, PCR (Polymerase Chain Reaction) based SSR
and SNP markers are preferred by breeders because of their high reproducibility,
high level of polymorphism and user friendliness. SSR markers have the advantage
of being multi-allelic and co-dominant (Gupta and Varshney 2000). Further, these
can easily be employed in genotyping of large segregating populations in a
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cost-effective manner and with minimum infrastructure facilities. While in many
crops, these have been extensively utilized, in pulses their use is still limited to only
a few crops like chickpea and pigeonpea (Varshney et al. 2009a; Saxena and
Nadarajan 2010). Among the different marker systems used in pulses and other crop
plants, SNP markers are high throughput and cost effective (Varshney et al. 2012).
Similarly, diversity array technology (DArT) marker system is used for diversity
studies, saturating linkage maps and identifying alien introgressions. The following
section describes the most popular molecular marker systems in legumes.

SSRs

Since the SSR markers are the markers of choice in legume improvement, their
availability has great significance in legume species for practical purposes. Over the
years, a large number of SSR makers have been developed for many legume species
by using following approaches individually or in combination (Varshney et al.
2012): (a) construction and sequencing of SSR enriched genomic DNA libraries, (b)
sequencing and mining the BAC (bacterial artificial chromosome)-end sequences
(BES) for SSRs, and (c) mining the transcript sequences generated by either Sanger
sequencing or next generation sequencing (NGS) approaches such as 454/FLX
sequencing (for details see Kumar et al. 2011). Most recently, 487 novel markers
including 125 EST-SSRs, 102 SNPs, 151 intron targeted primers, 109 EST poly-
morphisms have been developed in chickpea (Choudhary et al. 2012). Similarly,
about 2,000 new SSRs have also been developed earlier using genomic DNA librar-
ies (Nayak et al. 2010; Gaur et al. 2011), ESTs (Varshney et al. 2009b), BAC end
sequences (Thudi et al. 2011) and 454/FLX transcript reads (Garg et al. 2011a, b).
These markers are also in use in other legume species including cowpea (768 BAC
end sequence-BES-SSRs), lentil (100 genomic SSRs) and common bean (ca. 500
SSRs) (see Kumar et al. 2011). In peanut, ca. 6,000 markers are now available for use
(Pandey et al. 2012). Most recently, 3,072 BES-were developed in pigeonpea (Bohra
etal. 2011). Besides 3,583 SSRs from ESTs (Raju et al. 2010) and 454/FLX sequences
(Dubey et al. 2011 and Dutta et al. 2011) are also available for molecular marker
assisted breeding programmes.

DArT

DArT marker system has tremendous use for diversity studies and identification of
alien introgressions, especially from wild species into the cultivated ones. Recently,
by using 1225 DArT markers in the cross between C. platycarpus and C. cajan,
2-5 % C. platycarpus genome-carrying genes for disease and insect resistance were
observed (Mallikarjuna et al. 2011). Yang et al. (2011) developed first generation
array comprising 6,144 clones in pigeonpea. Similarly, ICRISAT has developed
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Table 11.4 EST database of food legumes (as on 28 Nov 2012 at NCBI)

Common name Botanical name EST submitted in NCBI
Soybean Glycine max 1468424
Burclover Medicago truncatula 286175
Cowpea Vigna unguiculata 189593
Chickpea Cicer arietinum 46064
Pigeonpea Cajanus cajan 25577
Mungbean Vigna radiata 1604
Blackgram Vigna mungo 311
Field pea Pisum sativum 21837
Common bean Phaseolus vulgaris 149769

DATT assays comprising 15,360 clones in chickpea, pigeonpea and groundnut and
diversity study using these showed a narrow genetic diversity in the elite gene pool
in comparison to the landraces and wild species (Varshney et al. 2012). Recently,
DATT arrays have also become available in common bean (Brifiez et al. 2011).

EST Databases

Extensive efforts have been made in sequencing expressed genomic regions obtained
from tissues in different conditions and developmental stages, leading to deposition
of large number of EST sequences in the public database (Kumar et al. 2011;
Table 11.4). The EST databases provide an effective tool for gene discovery and
generate raw material for the production of cDNA arrays for transcriptome analysis
(Coram and Pang 2005a). As a result, these easily accessible EST sequences have
emerged as cost-effective valuable source for in silico generation of markers and
broaden the field of comparative mapping in species where limited or no sequence
information is available. EST database provides the first insight into the genes that
may be associated with root development and abiotic stress tolerance, particularly in
crops like chickpea (Jayashree et al. 2005). EST libraries have been generated and
analysed in chickpea for isolation of candidate genes controlling defence mechanism
in Ascochyta blight (Coram and Pang 2005b). The identified ESTs have putative rela-
tionships with proteins involved in drought tolerance and hence provided a useful
resource for identification of candidate gene or mining the alleles responsible for
drought avoidance and tolerance in cool season legumes (Buhariwalla et al. 2005).

Microarrays or DNA Chips and Transcriptome Analysis

Microarrays or DNA Chips are important tools of functional genomics for identifying
the network of genes underlying the expression of agronomically important traits
(Meyers et al. 2004). These can be developed from hundreds of thousands
ESTs or cDNA libraries available in model and other legume species (Table 11.5).
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In M.truncatula, microarrays developed using EST and other oligo sequences were
used to study the expression of genes involved in nodule formation during symbiotic
association, and in development of flower, pod and seed. A commercial affymetrix
chip with a 51 k GeneChip including cDNA-microarrays and 70-mer oligonucle-
otide microarrays of different tissues developed in this species are useful genomic
resource for comparative analysis of gene expression in related grain and forage
legumes. The use of these DNA microarrays/chips has led to identification of thou-
sands of genes that are induced or repressed during the development of nodules and
symbiotic nitrogen fixation (Kuester et al. 2004; Baier et al. 2007; Benedito et al.
2008; Jones et al. 2008). Several other studies have also investigated the transcrip-
tional basis of seed development, differentiation, desiccation, plant responses to
aluminium toxicity, and changes in nitrogen nutrition using microarray chips
(Buitink et al. 2006; Verdier et al. 2008; Narasimhamoorthy et al. 2007; Chandran
et al. 2008). Long-oligo arrays of M. truncatula have also been used effectively
to identify the transcripts upregulated in alfalfa trichomes secreting the molecules
during insect defense (Aziz et al. 2005).

In Pea (Pisum sativum), a microarray (Ps6kOLI1) consisting of 70-mer oligo
probes targeting ~5,200 EST clusters assembled predominantly from cotyledon
under GLIP has been developed primarily for identifying genes relevant to seed
formation. Similarly in soybean, high-density expression arrays containing 18,000
cDNAs arrayed on a filter have been developed (Shoemaker et al. 2003) and three
microarrays comprising low redundancy unigene sets of 27,513 clones (each micro-
array with 9,728 unigenes) have been constructed from a variety of cDNA libraries
made from a wide range of organs at different developmental stages, disease-
challenged tissues, and various stress conditions. These microarrays have been used
to examine tissue specific gene expression and global expression in mutant isolines
which led to identification of set of candidate genes potentially encoded or modu-
lated by the mutant phenotype (Vodkin et al. 2004). The microarray tools developed
in soybean have been used successfully to identify genetic markers closely linked to
soybean aphid resistance gene Ragl (Kaczorowski et al. 2008), and genes involved
in the soybean iron deficiency chlorosis response under iron deficient conditions
(O’Rourke et al. 2007).

In chickpea, 768-feature microarray was developed that comprised 559 chickpea
cDNAs, 156 grass pea cDNAs, 41 lentil resistance gene analogs (RGAs) and 12
controls. Using this microarray, the transcriptional change in genes responsible for
different abiotic stresses was observed leading to identification of 2, 15 and 30 genes
differentially expressing between tolerant and susceptible genotypes for drought,
cold and high-salinity, respectively. These genes code for various functional and
regulatory proteins. Significant differences in stress responses were observed within
and between tolerant and susceptible genotypes highlighting multiple gene control
and complexity of abiotic stress response mechanism in chickpea (Mantri et al. 2007,
2010). In case of lentil also, a cDNA microarray approach has deciphered the
Ascochyta blight resistance (Mustafa et al. 2009).
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New Generation Tools for Legume Genomics

High Throughput Sequencing/Genotyping Platform

New generation sequencing (NGS) and genotyping platforms such as 454/FLX
sequencing and Illumina GoldenGate/Solexa have revolutionized plant genomic
research by generating millions of ESTs per run. The advantage with these sequenc-
ing methods is that these are not limited by prior knowledge of transcribed sequences
or predicted genes. Approximately 75 million ESTs have been generated in M. trun-
catula using an Illumina/Solexa resulting in quantitative expression data comple-
ment and extend Affymetrix Gene Chip data (Benedito et al. 2008; Young and
Udvardi 2009). Next-generation sequencing may also become an attractive option
for transcriptomics of non model species where DNA arrays are unavailable, espe-
cially if sequence lengths can be increased to facilitate alignment and contig assembly.
Using 454/FLX sequencing at ICRISAT in collaboration with JCVI and NCGR,
435,184 and 496,705 sequence reads providing 44,852 and 48,519 contigs were
obtained from chickpea and pigeonpea, respectively. These sequence data provide
access to a significant fraction of the total transcriptomes of these crops, and are
expected to aid in the analysis of drought tolerance, including candidate gene discov-
ery and the development of molecular markers for breeding applications (Varshney
et al. 2005). In another study, 2,496 ESTs were generated and utilized in chickpea
for the development of 487 novel EST-derived functional markers including 121
EST-SSRs, 151 intron targeted primers, 109 EST polymorphisms (ESTP) and 102
SNPs (Choudhary et al. 2012). While EST-SSRs, ITPs and ESTPs were developed
by in silico analysis of the developed EST sequences, SNPs were identified by allele
resequencing and their genotyping was done using Illumina GoldenGate Assay.
In groundnut, Sanger sequencing, which is slightly more extensive, has been con-
ducted which resulted in 54,000 ESTs for cultivated groundnut (A. hypogaea) and
6,000 in the diploid A. stenosperma.

The NGS platforms are also important tools for discovery of SNPs, especially in
legumes having a narrow genetic base. Development of large-scale SNP markers
may help accelerate linkage mapping and whole genome association (WGA) stud-
ies. In this connection, efforts have been made by several institutions for developing
the SNP markers in cowpea, pigeonpea, chickpea and groundnut (reviewed by
Varshney et al. 2009a, b). Recently, 26,082 SNPs have been identified in chickpea
based on alignment of approximately 37 million Illumina/Solexa tags generated
from ICC4958 and ICC1882 genotypes (Hiremath et al. 2011). In pigeonpea, 12,141
SNPs have been identified in ten parental genotypes based upon the alignment of 160
million reads against a transcriptome assembly (CcTAversin 1.0) (Dubey et al.
2011). Further, comparison of transcript reads from 12 different pigeonpea geno-
types has led to identification of 28,104 novel SNPs (Varshney et al. 2012). Kudapa
et al. (2012) developed a comprehensive transcriptome assembly for pigeonpea by



234 A. Pratap et al.

analysing 128.9 million short Illumina GA IIx reads, 2.19 million single FLX/454
reads and 18,353 Sanger expressed sequenced tags from more than 16 genotypes.
Based upon the knowledge of intron junctions, 10,009 primer pairs were designed
from 5,033 TACs for amplifying intron spanning regions (ISRs). These ISR markers
will be immensely beneficial to accelerate breeding and genetic research in pigeonpea.
Similarly, KASPar assays from another next generation SNP genotyping technology,
have also been developed for 2,005 SNPs in chickpea (Hiremath et al. 2012) and
1,616 in pigeonpea.

Serial Analysis of Gene Expression

Serial analysis of gene expression (SAGE) is an approach that allows rapid and detailed
analysis of thousands of transcripts. In case of chickpea, 80,238 26-bp tags representing
17,493 unique transcripts (UniTags) from drought-stressed and non-stressed control
roots have been generated using SuperSAGE technology for the analysis of gene expres-
sion in chickpea roots in response to drought (Molina et al. 2008). Sanger sequencing
has been used to a limited extent to access the chickpea and pigeonpea transcriptomes
(27,000 and 13,000 ESTs, respectively).

RNAi and TILLING

Forward genetics which aims at identifying the responsible genes for a trait, can be
performed through map based cloning and T-DNA and transpose insertional or inser-
tion mutagenesis. This has been used widely for identification and cloning of genes
for a known phenotype (Kumar et al. 2011). For example, in L. japonicus, two new
Sym genes (LjSyml and LjSym2) have been isolated through map-based cloning
approach. LjSym?2 is required for symbiosis involving both arbuscular mycorrhizal
(AM) fungi and rhizobia in root nodules (RNs) while, the LjSym2 gene encodes a
receptor-like kinase (Endre et al. 2002). Another important approach is reverse genet-
ics approach for which mutant population can be a valuable resource. Such mutant
populations can be generated through T-DNA and retrotransposon insertions where
gene sequences or a protein with unknown function are associated with responsible
phenotype. Following this approach, a population in M. truncatula mutagenized by
a tobacco retrotransposon, Tntl has become an important resource for reverse
genetics (D’Erfurth et al. 2003). Screening this population by sequencing of tagged
sites led to the isolation of M. truncatula“Pim”gene (Benlloch et al. 2006).

More recently, RNAIi technology or virus induced gene silencing, have become
important resources for knowing the function of genes (Allen et al. 2004). In
legumes, virus-induced gene silencing has been used in pea (Constantin et al. 2004).
In soybean, RNAi induced gene silencing has been successful using transformation
methods, either through biolistics or Agrobacterium tumefaciens (Reddy et al. 2003;
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Subramanian et al. 2005; Nunes et al. 2006), hairy root transformation (Jackson
et al. 2006), transposon mutagenesis (Jackson et al. 2006) and virus-induced gene
silencing. Targeting induced local lesions in genomes (TILLING) or deletion-
TILLING (de-TILLING) is a reverse genetics approach which uses knowledge
of gene sequence having unknown function to know their function or phenotype.
A large number of TILLING resources have been developed in several legume spe-
cies (Table 11.6). Using this approach, approximately 2,000 individual germlines
have been generated in Medicago truncatula (Vanden Bosch and Stacey 2003).
Similarly, in Lotus japonicusa population of >40,000 mutants was developed
through induced mutation by using 1 % v/v EMS comprising mutants defective for
morphological, metabolic and nodule formation characters (Perry et al. 2003) and
also the mutants having variant alleles of SYMRK and sucrose synthesis genes
using TILLING procedure (Stracke et al. 2002; Horst et al. 2007). The TILLING
resources developed in different legumes have provided notable functional genomic
resources to the legume researchers towards knowing the function of genes.

Use of Genomic Resources in Legume Improvement

With the development of large scale genomic resources in major food legumes,
there are now tremendous opportunities to integrate them with genetic resources for
their widespread use in routine breeding practices and their integration with conven-
tional breeding tools. As a result, the genomics assisted breeding (GAB) can now be
successfully used in legume improvement for development of improved genotypes
having resistance to biotic and abiotic stresses and improved agronomic traits. The
available genomic resources have successfully been used in legumes for hybridity
confirmation, diversity analysis studies, marker assisted breeding, genome wide
selection and advanced back cross QTL analysis.

Hybridity Confirmation

In most of the legumes species, making crosses is difficult as compared to cereals
owing to small size of the flower and a weak peduncle supporting the bud. Legumes
being self pollinated crops, have increased chances of selfing. Furthermore, differ-
entiating between the selfed and F; plants is also difficult due to low phenological
diversity between the selfed and crossed plants. Marker assisted identification of
true F, hybrids is a robust and full-proof approach for identification of true hybrids
and therefore increasing the efficiency of selection of desired recombinants. This
approach is now being routinely used in identification of true F, plants in chickpea
in the crosses between Pusa 256 x Vijay and Pusa 256 x WR315 at IIPR, Kanpur;
C104xWR315 and C 214xILC 3279 at ICRISAT; JG 74xWR 315 at INKVYV,
Jabalpur; Phule G12x WR 315 at MPKYV, Rahuri and Annigeri-1 x WR 315 at ARS
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Gulberga in a molecular breeding network project funded by Department of
Biotechnology, Government of India. In lentil also this approach has been success-
fully applied with 21% F, plants identified at true F;s and the others as selfed or
admixtures (Solanki et al. 2010).

Diversity Analysis Studies

Moleculer markers greatly help in studying the availability and level of genetic
diversity among the different gene-pools (Zong et al. 2009; Taunk et al. 2012).
Diversity analysis studies in food legumes which have a comparatively narrow
genetic base may also help in identifying contrast parents for development of ideal
mapping population for a variety of uses. Comprehensive assessment of genetic
diversity help identify and rescue the genetic resources at the verge of extinction
(Polegri and Negri 2010). The genetic diversity estimates using molecular markers
in different crops including pea demonstrated that no gain or reduction of genetic
diversity has occurred in last five decades (van de Wouw et al. 2010).

Marker Assisted Breeding

Marker assisted recurrent selection (MARS) and marker-assisted backcrossing
(MABC) are the two approaches of marker assisted breeding in legumes as well as
other crops. MABC involves introgression of specific trait(s) from a donor parent
into the genetic background of a recurrent parent using molecular markers (Hospital
2005). This approach can also be used to generate near-isogenic lines (NILs) or
chromosome segment substitution lines (CSSLs) for genomics research, which are
populations that are often used for genetic analysis of genes/QTLs and alien gene
introgressions (Varshney et al. 2013b).Use of MAS is especially advantageous for
traits with low heritability where traditional selection in difficult, expansive, or
lacks accuracy or precision (Varshney et al. 2010).

MARS is used to estimate the marker effects from genotyping F, or F; population
and phenotyping F, derived F, or Fs progenies, followed by two or three recombinant
cycles based on presence of marker alleles for small effect QTLs (Eathington et al.
2007). For MARS, identification of QTL in the population (generally goodx good
cross) is followed by crossing the lines carrying superior alleles for maximum QTLs
to pyramid superior alleles in a single genetic background. The resultant recombinant
lines are screened finally in the field to identify the best lines for their multi-locational
evaluation and their possible release as a cultivar. The genetic gain achieved in MARS
is higher because it captures several genomic regions at a time, and more number of
major and minor QTLs (Bernardo and Charcosset 2006).

Knowledge of marker-trait association provides greater insight to the breeders
in executing MAS in a better way for development of improved cultivars. The
manipulation of the genomic regions having positive additive effects on traits of
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interest can lead to maximum potential genetic gain through MAS, particularly for
traits having low heritabilities and difficulties in scoring (Kumar et al. 2011). Soybean
is the best example where use of markers in breeding programmes has been most
successfully demonstrated (Pratap et al. 2012). In past several years, many improved
varieties/lines for resistance to different SCN races (Arelli and Young 2009), phy-
tophthora root rot and brown stem rot, insect resistance (Warrington et al. 2008); low
linolenic acid content, yield (Concibido et al. 2003), mosaic virus resistance (Shi
et al. 2009) have been developed. MAS has also been used successfully in common-
bean to develop several lines which are resistant to rust (Stavely 2000; Faleiro et al.
2001), anthracnose (Alzate-Marin et al. 1999) and bean golden yellow mosaic virus
(Miklas 2002). In peanut, markers linked with root knot nematode resistance were
introgressed into cultivated background via amphidiploids pathway (Simpson et al.
2001). DNA fragment carrying nematode resistance gene was also introgressed
selecting a recessive AhFAD2B allele using the linked markers for foreground selec-
tion (Chu et al. 2011). This led to development and release of the improved variety
“Tiftguard High O/L”. Currently, MABC is also being practiced for introgression
and pyramiding Fusarium wilt and Ascochyta blight resistance gene into chickpea in
India (Chamarthi et al. 2011; Varshney et al. 2012) by ICRISAT, ITPR and other col-
laborators in state agricultural universities. In one such project funded by Department
of Biotechnology, Government of India, resistance to two races (foc2 and foc 4)
independently and pyramiding of resistance to two races (foc! and foc3) of fusarium
wilt and two QTLs for resistance to Acsochyta blight is being undertaken using
MABC and MARS and currently, various generations (BC,F, to BC;F;,) are avail-
able for the different crosses. Similarly, for drought tolerance, nine different chick-
pea varieties have been targeted (see Varshney et al. 2012). Efforts have also been
initiated to use MARS in chickpea at ICRISAT, TARI and IIPR.

Gene pyramiding is also a useful approach to achieve multiple and durable
resistance (Shi et al. 2009). It has been successfully demonstrated in soybean
where genes controlling resistance to CSN have been pyramided (Concibido et al.
2004). Similarly, QTLs/genes controlling tolerance to Phytophthora root rot and
resistance to soybean mosaic virus have also been stacked in this crop (Shi et al. 2009;
Li et al. 2010).

MAS for two QTLs available on separate linkage groups has been shown to be
effective in imparting white mould resistance in common bean (Ender et al. 2008).
Similarly, MAS for a major QTL associated with root-rot resistance was found to be
effective and it imparted realized gain in plant biomass and vigour traits associated
with root-rot complex in snap bean (Navarro et al. 2009). Utilization of MAS has
also resulted in development of several improved cultivars in common bean and
soybean, mostly in USA (Chamarthi et al. 2011; Pratap et al. 2012). In common
bean three genotypes, USPT-ANT-1, ABCP-8 and ABC-Weihing have been released
between 2004 and 2006 (Miklas et al. 2003; Mutlu et al. 2008). Similarly, a number
of varieties (JTN5503, JTN5303, JTN5109, DS880) have been released in soybean
also for resistance to diseases and soybean cyst nematode (Arelli et al. 2006, 2007,
Arelli and Young 2009; Smith 2010).
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Genome-Wide Selection

Genome-wide selection (GWS) or “genomic selection (GS)” is useful for complex
traits that are controlled by many genes/ QTL, each with small effect (Chamarthi
et al. 2011). This method predicts genomic estimated breeding values (GEBVs) of
progenies, which are calculated for progenies, based on both phenotyping and geno-
typing data. These GEBVs are then used to select the superior progeny lines for
advancement in the breeding cycle (Heffner et al. 2009; Jannink et al. 2010).
Doubled haploid (DH) populations are very useful in GWS compared to F, popula-
tions, when many QTL control a trait (Mayor and Bernardo 2009). GWS can help
breeders in reducing the frequency of extensive phenotyping as well as bypass the
need of QTL mapping besides reducing the selection cycle, thereby having consid-
erable savings of time. However, there is not much information available on use of
GWS in legumes, although recent developments in plant genomics make it feasible
to generate genome-wide marker data (using SNPs) to start GWS in breeding pro-
grammes. In the coming few years, GWS is expected to be used at least in soybean
among the legumes.

Advanced Backcross QTL Analysis and Harnessing
Variability from Secondary Gene Pool

Many a times the genes for traits of interest may not be available in cultivated/
primary gene pool of a species and it is necessary to explore the wild species/relative
for them. However, owing to linkage drag, their use in conventional breeding
programmes still remains restricted. It is now possible to recover the favourable
alleles in elite germplasm avoiding associated linkage drag using molecular maps
and integrative analysis. In the advanced backcross QTL (AB-QTL) approach, par-
allel discovery and transfer of desired QTL from an unadapted germplasm into
selected breeding lines takes place (Tanksley and Nelson 1996). In AB-QTL,
repeated backcrossing is done with the elite parent in wild X cultivated species cross
and selection is imposed in advanced backcrossed (BC,F, or BC,F;) populations.
This approach reduces linkage drag as well generates phenotyping and genotyp-
ing data. The advanced backcross populations are simultaneously used to identify
desirable genes/QTL through QTL analysis. Once favourable QTL alleles are
identified, marker assisted selection in a few generations (3—4) can lead to devel-
opment of near isogenic lines (NILs) which can be used for development of a
variety. This approach has been successfully used in soybean and commonbean
(Blair et al. 2003; Chaky et al. 2003). Foncéka et al. (2009) reported a successful
effort for genome wide segment introgressions from a synthetic amphidiploids
(A. duranensis x A. ipaensis) to a cultivated variety (Fluer 11) using molecular markers.
The backcross (BC,F, and BC,F)) lines carrying the wild genome segments with
maximum recurrent parent genomic regions provided optimal distribution of the
synthetic genome introgressions.
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In another approach, introgression libraries are constructed which are made up of
several introgression lines (ILs). The ILs are developed by repeated backcrossing of
F,s between wild X cultivated lines. This leads to distribution of donor (wild spe-
cies) genome into the entire genome of ILs and consequently their expression in
the phenotype. Such libraries have been reported to be developed in soybean using
wild soybean species (G. soja) (Concibido et al. 2003) and groundnut from syn-
thetic tetraploids (Foncéka et al. 2009).

Conclusions and Perspectives

In the past decade, proactive and coordinated efforts of the international legume
community have ensured a significant progress in the development of genomic
resources of food legumes which have led to a better understanding of their genome
structure. These have also offered new possibilities for genetic improvement of not
only grain legumes but also several other species, especially those where their
development is costly. While the cost effective, polymorphic and reproducible
markers such as SSRs, SNPs, etc. can be used by breeders in development of
improved cultivars through marker assisted breeding employing MAS, MARS and
MABGC, high throughput sequencing can accelerate the development of new molecu-
lar markers. The marker-trait association will enable biotechnologists to more rap-
idly and precisely manipulate target genes underlying key agronomic traits, especially
a series of abiotic and biotic stresses limiting crop productivity. This will be espe-
cially useful in developing such genotypes which suit the marginal environments of
food legume growing areas of the world. Increased focus is required on development
of organized genome resources including physical maps and functional genomic
tools, TILLING populations, and microarray chips, which will facilitate the isola-
tion of genes for resistance/tolerance to biotic and abiotic stresses. Ultimately, the
availability of high-throughput and cost-effective genotyping platforms, combined
with automation in phenotyping methodologies, will increase the uptake of genomic
tools into breeding programs, and thus usher an era of genomics-enabled molecular
breeding in legumes.
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Chapter 12
Bioinformatics for Legume Genomics
Research

Vinay Kumar Singh, A.K. Singh, Arvind M. Kayastha, and B.D. Singh

Abstract Enormous legume genome sequence data are becoming available at a
rapid rate through the Next-Gen Sequencing platforms. One of the biggest problems
relates to management and analysis of the huge data derived from whole genome
sequencing projects. To resolve this problem, researchers index their data in major
biological depository systems and availability of algorithms, tools, softwares and
databases and provide opportunities for analysis, annotation, and visualization of
sequence data at the computational level. Different types of tools and softwares are
available for the interpretation of genomes, proteomes and genes. Now researchers
are using various in-silico techniques in Bio-omics (genomics, proteomics, metabo-
lomics and transcriptomics) era for management, planning and prediction of data in
cost effective and less time consuming manner. Bio-omics plays an important role
in comparative, structural and functional biology at computational level and will
play major role in different biological investigations. Identification of signal trans-
duction pathway-associated members and gene family members will help in func-
tional elucidation and relationship among them. In this context identification of
potential candidate genes will provide an opportunity to researchers for improvement
and nutritional quality enhancement of crop genomes. Based on genome blue-prints
(plants, animals, fungus, microbes) one can develop potential applications to under-
stand systems biology of legumes in fullness.
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Introduction

The complete genome has been sequenced in three legume species namely,
Medicago truncatula, Lotus japonicus and soybean (Glycine max) (Bertioli et al.
2009; Cannon et al. 2009; Sato et al. 2008; Zhu et al. 2005; Schmutz et al. 2010).
Among these, M. truncatula is considered as model species, and is taxonomically
more related to cool-season legumes such as pea, lentil, faba bean, and chickpea
(Bordat et al. 2011). Integrating the genomic and biological knowledge from model
legumes to other economically important cool-season pulse crops, e.g., pea, lentil,
and chickpea, warm-season food legumes, e.g., peanut and common bean, and
forage legumes, e.g. alfalfa and clover, will provide a major opportunity for advanc-
ing their genomic resources (Young et al. 2005; Young and Udvardi 2009; Varshney
and May 2012). For example it can foster gene identification in such species, which
are less noticeable due to their large genomes (Gepts et al. 2005). Sequencing of
other legumes, including common bean (Ramirez et al. 2005; David et al. 2008) is
progressing rapidly and draft genome sequences of some of them like pigeonpea
(Varshney et al. 2009, 2011; Singh et al. 2012) and chickpea (Garg et al. 2011;
Varshney et al. 2013) are already available.

Various genome sequencing projects have produced a wealth of sequence data,
which need to be properly analysed to enable prediction of the potential functional
elements, genes and transcription factors. Rapid progress has been made to develop
bioinformatics tools and databases for such analyses as well as for understanding of
the various features of the sequenced genome (Kushwaha et al. 2008; Dutt et al.
2010; Kumari et al. 2010). Similarly, in-silico comparative genomics provides a
great opportunity in unravelling the behaviour of genes and genomes (Udvardi
2002; Kushwaha et al. 2012). Comparative genomics uses information about signa-
ture parts at the gene level and syntenic relation at the genome level to understand the
structure and function of a newly sequenced genomes, as well as to deduce its evolu-
tionary relationships (Goffard and Weiller 2006). Gene hunting is another important
application of comparative genomics to investigate coding and non-coding func-
tional elements of the genome (Yadav et al. 2007; Kushwaha et al. 2011). It attempts
to discover both similarities and differences in the genes, proteins, RNA, and regula-
tory regions of different organisms to infer structural and functional relationships.
Comparative genomics is now focusing on discovery of regulatory regions and
siRNA molecules in the genome. The available biological datasets in web reposi-
tory databases allow for comparative analysis and real data validation with the exist-
ing datasets. Different databases maintained by a data model like NCBI are
integrated with each other to enable their effective utilization. The experimental
datasets thus give us opportunities to understand the functional and biological roles
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Table 12.1 Important biological databases related to legumes

Database name URL
NCBI http://www.ncbi.nlm.nih.gov/
DNA Data Bank of Japan DDBJ www.ddbj.nig.ac.jp/
EMBL www.ebi.ac.uk/em
United States Dry Bean Council (USDBC) http://www.usdrybeans.com/
International Legume Database and http://www.ildis.org/
Information Service (ILDIS)
Legumes information System http://www.comparative-legumes.org/
Legume “Phylo-informatics” dbase http://www.public.asu.edu
Food Legume genome database http://www.gabcsfl.org/
SoyBase http://soybase.org
Medicago truncatula http://www.medicago.org/
Illustrated Legume Genetic Resources www.gene.affrc.go.jp
Database
SSR Database of legumes http://intranet.icrisat.org/gt1/ssr/ssrdatabase.html
Bioinformatics resources for legume http://www.legumes.org/
researchers
Chinese Legume Database and http://cldis.ibcas.ac.cn/
Information Service (CLDIS)
LegumeTFDB http://legumetfdb.psc.riken.jp/
Lotus japonicus http://www.kazusa.or.jp/lotus/
Phytozome v7.0 http://www.phytozome.net/
Chickpea Transcriptome Database http://59.163.192.90:8080/ctdb/
Chickpea Root EST Database http://www.icrisat.org/what-we-do/biotechnology/
Cpest/home.asp
Gramene http://www.gramene.org/
GmGDB http://www.plantgdb.org/GmGDB/
Lotus japonicus genome DB http://www.kazusa.or.jp/lotus/
Legume Information System http://www.comparative-legumes.org/
Common Bean Database http://jeft.ifxworks.com/Legume/common_bean.html

of unknown genes/proteins from different legumes. The availability of different bio-
logical databases related to legumes provides valuable information resource for
research and analysis (Table 12.1). However, the main aim of bioinformatics
is the identification of regulatory mechanisms and function of genomes and their
evolution (Marla and Singh 2012).

Bioinformatics for Legume Genome Annotation

Sequencing determines the primary structure of an unbranched biopolymer.
The elements with the associated function can be predicted by using DNA/protein
sequences. Sequencing of a genome is a complicated and typical task that uses DNA
sequencing to determine the order of nucleotides in small DNA fragments that
together make up the genome. The first generation DNA sequencing was performed
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Cajanus cajan (pigeon pea)
Pigeon pea

Lineage: Eukaryota[1301]; Viridiplantae [353]; Streptophyta[333]; Embryophyta[334]; Tracheophyta[327]; Spermatophyta[320]; Magnaliophyta[297];
eudicotyedons[232]; core eudicotyl edons[222); rosids[134); fabid=[32]; Fabales[28]; F [28]; Fapilianold [2€]; Prasecless|d]; Cajanus[1];
Cajanus oajan(1)

Cajanus cajan, pigeon pea, is a grain legume that was domesticated at 3000 years ago, most likely Asia. Cultivation occurs in the
tropical and semi-tropical regions of the Old and New World. The greatest amount of production occurs in the Indian subcontinent,
Eastemn African and Central America. It is grown either as a sole crop or intermixed More

Organism Overview See also: Genome list

Chromosomes Assembly and Annotation
Default assembly
Related BioProjects :
‘Assembly Name Cajanus cajan Asha verl O
Type Count  Last sequence update H
r Highest level of assembly conligs only
Genorme sequencing “© Size (total bases) 510,809 477
T ip or Jene expressi 3 Number of genes .
Number of proteins

Fig. 12.1 An Example of pigeonpea (C. cajan) genome sequence deposited in NCBI by a group
of Indian scientists [Reprinted from Singh N. K., Gupta D. K., Jayaswal P. K., Mahato A K., Dutta
S., Singh S., Bhutani S., et al. (2012) The first draft of the pigeonpea genome sequence. J. Plant
Biochem Biotechnol 21: 98—112 with permission from Springer Science + Business Media]

by using the chain termination method developed by Frederick Sanger and co-workers
(Sanger and Coulson 1975; Sanger et al. 1977). This technique uses sequence-spe-
cific termination of a DNA synthesis reaction using modified nucleotide substrates.
However, new sequencing technologies such as pyrosequencing are gaining an
increasing share of the sequencing work and the next generation DNA sequencers that
achieve sequencing by synthesis are based on this approach. These sequencer do not
require in vivo library construction, are faster and much cheaper to use; they are
being used for rapid genome sequencing. An example of nearly completed C. cajan
genome sequenced by a group of Indian scientists using the second generation DNA
sequencers is depicted in Fig. 12.1.

After completion of the full genome sequence, it is necessary to assemble and
annotate new sequences. In fact, genome assembly is a very difficult computational
task owing to large numbers of identical sequences (repeats) found in genomes.
These repeats can be of thousands of nucleotides in length, and some of them may
occur in a number of different locations. In a shotgun sequencing project, the entire
DNA from a source (usually a single organism, ranging from a bacterium to a mammal)
is first fragmented into millions of small pieces. These pieces are then “read” by
automated sequencers, and each read can be up to 1,000 nucleotides long. A
genome assembly algorithm works by taking all the reads and aligning them with
one another, to detect all the places where two of the reads are overlapping. These
overlapping reads can be merged together to form a contig and then linking infor-
mation of contigs is used to create scaffolds. Subsequent to this, scaffolds are posi-
tioned along the physical map of the chromosomes.

Most of the assembler tools and packages were developed by different research
groups, e.g., short oligonucleotide analysis package and de novo assembly tools
were developed by Beijing Genomics Institute (BGI).
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Table 12.2 Bioinformatics softwares available for genome annotation and de novo assembly

Application Auvailable tools
Genome annotation TRF, Repeat Masker, Genescan, BGF, InterproScan etc.
De-novo assembly SOAP de-novo, AbySS, Velvet etc.

Genome resequencing ~ SOAPsnp\SOAPsv\SOAPInDel, SAMtools, BreakDancer, VarScan etc.
analysis

In genome annotation one can elucidate the biological information based on
assembled genome sequences. In this process, called “gene prediction”, one can
identify functional elements in the genome and generate biological information
about these elements. The genome annotation is done by the methods prescribed by
Kawaji and Hayashizaki (2008). The basic level of genome annotation can be done
using Basic Local Alignment Search Tool BLAST to find out similarities and differ-
ences. However, nowadays more and more additional information is added to the
annotation platform. The complete annotated genome data are deposited in different
biological databases, i.e., NCBI, DDBI, Phytozome, Ensembl and EMBL. These
databases use genome context information, experimental datasets, and integrations
of tools and resources to provide gene and genome annotations through their sub-
systems approach. Sequence Assembly AMOS tool can be used for manipulation
with sequence files. AMOS tool is currently maintained by University of Maryland.
CABOG is a tool that assembles large genomic DNA sequences produced by whole-
genome shotgun sequencing. Some important annotation tools like Apollo, BLAST,
Parser, MATLAB, Bioconductor package in R, Artemis and AAT tool are available.
Manatee is a web-based gene evaluation and genome annotation tool for visualiza-
tion, modification and storage for genomes. PASA can be used as eukaryotic genome
annotation tool that exploits spliced alignments of expressed transcript sequences to
gene model. Several bioinformatics tools are available for annotation, genome
sequence alignment, de novo assembly, sequence alignments, evolution and RNA
sequence analysis; some of these tools are listed in Table 12.2.

Hiremath et al. (2011) carried out a large-scale transcriptome analysis in
chickpea (C. arietinum L.) using next generation sequencing technologies such as,
Roche 454 and Illumina/Solexa. They determined a total of 103,215 tentative unique
sequences (TUSs) and assigned functions for 49,437 (47.8 %) of the TUSs.
Comparison of the chickpea TUSs with the M. truncatula genome assembly (Mt
3.5.1 build) resulted in 42,141 aligned TUSs with putative gene structures (includ-
ing 39,281 predicted intron/splice junctions). These TUSs were also used to identify
728 SSR, 495 SNP, 387 conserved orthologous sequence (COS) markers, and 2,088
intron-spanning region (ISR) markers. Similarly, transcriptome assembly has been
done in pigeonpea by Kudapa et al. (2012) referred to as CcTA v2, comprised
21,434 transcript assembly contigs (TACs) and 77.5 % TACs (16,622 TACs) of the
total could be mapped on to the soybean genome. Based on knowledge of intron
junctions, so far 10,009 primer pairs were designed from 5,033 TACs for amplifying
intron spanning regions (ISRs). By using in silico mapping of BAC-end-derived
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SSR loci of pigeonpea on the soybean genome as a reference, putative mapping
positions at the chromosome level were predicted for 6,284 ISR markers, covering all
the 11 pigeonpea linkage groups. The transcript assembly and markers developed
will provide a useful resource for basic and applied research for genome analysis
and crop improvement in chickpea and pigeonpea.

OREFs and their localization, gene structure optimization, coding region identifi-
cation and location of regulatory motifs explain the complete organization of gene
family with their associated functions. Identification of gene family is a better
approach to investigate the various types of members related to each other and the
manner in which they have evolved (Thornton and DeSalle 2000). Availability of
EST datasets for a genome gives a better understanding of transcripts with tissue-
specific expression. Based on bioinformatics tools and databases any one can com-
pare biological experiment datasets with any query sequence. In-silico based
approaches utilize information from expressed sequence tags and proteins, often
derived from mass spectrometry, to improve genomic annotations. A variety of soft-
ware tools have been developed to help scientists in their quest for gene and genome
annotations. Identification of gene locations and the sites of other genetic control
elements are often described as the biological “parts list” for the assembly of an
organism. Scientists are still at an early stage of delineating this “parts list” and in
understanding how all the parts fit together and work together. Gene and genetic
control elements investigation can be done using publicly available biological data-
bases and tools accessible via the web and other electronic means. Some statistical
tools are available for the analysis of deep sequencing like ANDES Tools and DAG
chainer that computes chains of syntenic genes within complete genome sequences.
DNA sequence analysis tools include k-mer tool, ESTmapper, Snapper mapping
reads and ATAC are available for aligning genomes. For rapid aligning of the entire
genomes, a software MUMmer, can be used.

Bioinformatics for Sequence Analysis

In bioinformatics, sequence analysis refers to the process of subjecting a DNA, RNA
or protein sequence using analytical methods and algorithms to understand its fea-
tures, function, structure, or evolution. Methodologies used are biological database
mining, comparative analysis and sequence alignment. With the development of sta-
tistical algorithm, matrices based tools for prediction of gene and protein sequences,
the rate of addition of new sequences to the databases has increased exponentially.
Such a collection of sequences does not, by itself, increase the scientist’s understand-
ing of the biology of organisms. However, comparing these new sequences to those
with known functions is a key way of understanding the biology of an organism from
which the new sequence comes. Thus, sequence analysis can be used to assign func-
tions to genes and proteins by a study of the similarities between the compared
sequences. Nowadays, there are many tools and techniques are available that
provide the sequence comparisons (sequence alignment) and analyze the alignment
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Fig. 12.2 A page showing basic local alignment search tool (BLAST; http://blast.ncbi.nlm.nih.gov/)

of a product to understand its biology. Sequence analysis in molecular biology
includes a wide range of applications, some of which are listed below.

1. Comparison of different sequences in order to detect similarities among them
and, often, to infer if the sequences are related (homologous).

2. Identification of intrinsic features of the different sequences, such as active sites,
post-translational modification sites, gene structures, reading frames, distributions
of introns and exons and the regulatory elements.

3. Identification of sequence differences and variations such as point mutations and
single nucleotide polymorphisms (SNPs) in order to develop the genetic markers.

4. Unraveling the evolutionary process and assessment of genetic diversity of the
sequences and the organisms.

5. Identification of molecular structure from sequence data alone.

Sequence analysis is based on sequence alignment, i.e., comparison between
query and subject sequences, in which two or more sequence sets can participate.
Alignment between two sequences is called pairwise alignment, and alignment
between more than two sequences is called multiple sequence alignment. Two
methods are used for searching for a series of identical or similar characters in the
sequences to find out similarities and dissimilarities within sets of sequences; these
are called global and local alignments. Global alignment finds the best alignment
across the whole length of two sequences and forces alignment in such regions that
show differences. Local alignment finds regions of high similarity in parts of the
participating sequences, and concentrates on regions of high similarity. Basic local
alignment search tool (BLAST) is an example of local alignment (Fig. 12.2). Mainly
five flavors of Basic BLAST are available for comparison of the query with the
subject for sequence. In case of protein query sequence, one can use BLASTp and
tBLASTn. In case of nucleotide query sequence, any one of the BLASTn, BLASTx
and tBLASTx can be used. Other specialized blasts are also available for conserved
domain detection, SNP detection, global sequence alignment, etc.
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Gene Identification and Characterization Using Comparative
Genomics/Proteomics

In computational biology gene hunting or gene prediction refers to the process of
identifying the regions of genomic DNA that function as genes, i.e., encode proteins
or various types of RNA molecules, or as other functional elements like regulatory
regions. Gene finding is one of the first and most important steps in understanding
the genome of a species once it has been sequenced. Earlier “gene finding” was
based on cumbersome experiments on living cells and organisms. But the availability
of comprehensive genome sequences and powerful computational resources have
greatly facilitated gene finding, and some of the tools and database servers dedi-

cated to gene prediction are listed in Table 12.3.
Genome sequence of “Asha” variety of pigeonpea was obtained using GS-FLX
Phase D chemistry and the GS-FLX Titanium chemistry and reads were assembled

Table 12.3 A list of some important gene prediction servers

Name Description/function

ATGpr Identifies translational initiation sites in cDNA sequences

AUGUSTUS Predicts genes in eukaryotic genomic sequences

BGF Hidden Markov model based ab initio gene prediction program

EUGENE Gene hunting for Arabidopsis thaliana

FRAMED Finds genes and frameshift in G+ C rich prokaryotic sequences

GENIUS For linking predicted genes in complete genomes to known protein 3D
structures

GENEID Signal, exon and gene prediction server

GENEPARSER  Detect intron and exon regions in DNA sequence

GeneMark Family of gene prediction programs

GeneMark.hmm A gene prediction program for prokaryotes and eukaryotes

GeneTack Prediction of genes with frameshifts in prokaryotic genomes

NIX Web tool gene prediction based on combining results from different programs

GLIMMER For finding genes in microbial DNA

VEIL Hidden Markov model for finding genes in vertebrate DNA Server

Splice Predictor  Identifies potential splice sites in (plant) pre-mRNA using Bayesian methods

GENESCAN For finding genes using Fourier transform

FGENESH The fastest and most accurate ab initio gene prediction program

NNPP Promoter prediction by neural network

NNSPLICE Splice site prediction using neural network method

GENOMESCAN Predicts locations and exon-intron boundary in genomic sequences

ORF FINDER A graphical analysis tool for open reading frame prediction

GrailEXP Predicts exons, genes, promoters, poly-As, CpG islands and repetitive
elements within DNA sequences

EuGene Gene finder for eukaryotic system exploits probabilistic models for discriminat-

ing coding from non-coding sequences to discriminate effective splice sites
from false splice sites
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using “Newbler GS De Novo assembler version 2.5.3” that compares all sequence
reads pairwise and reads with overlaps are joined into contigs (Singh et al. 2011).
An average of all aligned reads at a specific nucleotide position is used to determine
the consensus sequences for a contig, and overlapping contigs are finally merged to
make scaffolds. The finished sequence was passed through fgenesh tool of Molquest
software using Arabidopsis thaliana gene models as a reference. Predicted genes
with size of >500 bp were BLAST-searched against the NCBI database, and the
search output was processed using BLAST Parser software and gene annotations
were manually curated and categorized based on function. Singh et al. (2012) were
able to predict a total of 59,515 genes with the largest size of 11,523 bp and the small-
est gene size of 501 bp of these 47,004 were protein coding genes of which 1,213
were related with plant defense and 152 were involved in abiotic stress tolerance.

Comparative phylogenetic studies within the legume family revealed high
syntenic relationships between sequenced legumes and other important legumes
(Wojciechowski et al. 2004), e.g. between Medicago truncatula and pea (Kald et al.
2004), and common bean and soybean (Lee et al. 2001), but limited synteny is also
reported to be present among other legumes, e.g., between cool-season and warm-
season legumes (Zhu et al. 2005). Whole genome sequencing of some important
legumes is likely to be completed in the near future, and this will facilitate a
comprehensive assessment of synteny. Comparative genomics for synteny studies
can accelerate exploitation of genomic resources, and facilitate more rapid progress
in research efforts in an efficient and cost-effective manner. A detailed study of the
syntenic relationships is a critical issue to be addressed for better allocation of
genomic information from sequences of model legumes to other legumes and to
other crop species. Based on conservation of synteny between pigeonpea and
soybean genomes, Singh et al. (2012) found that chromosomes 1, 3, 4 and 9 of
pigeonpea showed the maximum conservation with chromosomes 2, 5, 7, 8, 12, 13,
15 and 17 of soybean. Chromosome 1 of pigeonpea showed the highest number of
matches with chromosomes 8 and 5 of soybean. Similarly, chromosome 2 of pigeon-
pea showed the maximum number of hits with chromosomes 19 and 10 of soybean.
Pigeonpea chromosome 3 showed the maximum number of hits with chromosomes
13 and 15 of soybean, pigeonpea chromosome 4 showed the maximum number of
hits with chromosomes 12 and 13 of soybean, chromosome 5 showed the highest
number of matches with chromosomes 13, 12 and 17 of soybean, chromosome 6
showed the maximum number of matches with chromosomes 9 and 3 of soybean,
chromosome 9 showed maximum number of matches with chromosomes 2, 12, 3,
11 and 16 of soybean, chromosome 10 showed the maximum number of hits with
chromosomes 18, 17 and 2 of soybean, chromosome 11 showed the maximum num-
bers of hits with chromosomes 14 and 18 of soybean, and chromosome 7 showed
maximum number of hits with chromosomes 10 and 20 of soybean, while chromo-
some 8 of pigeonpea showed minor synteny with chromosomes 13 and 14 of soy-
bean. However, Singh et al. (2012) concluded that the overall synteny between the
genomes of pigeonpea and soybean was only to a limited extent.
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Bioinformatics for Computational Evolutionary Biology

The phylogenetic tree (phylogeny) is textual and visual representation that describes
evolutionary relationships among various groups of organisms or among a family
of related nucleotide or protein sequences and other entities based upon similarities
and differences in their physical and genetic characteristics. In such a study, one can
use morphological features (e.g., shape, size, length, etc.) and molecular data
(e.g., DNA and protein sequences). The taxa/entities joined together in the tree are
implied to have descended from a common ancestor. Phylogenetic trees are useful
in fields of bioinformatics, systematics and comparative biology. There are rooted
and unrooted types of tree inferences and main approaches for phylogeny recon-
struction, i.e., distance based methods, topology search methods and Bayesian
methods. Some phylogenetic tree terminologies are shown in Fig. 12.3.

A rooted phylogenetic tree defines common ancestor of all the entities at the
leaves of the tree, i.e., the operational taxonomic units (OTUs). One example show-
ing root based phylogenetic classification of Toll interleukin 1 receptor (TIR)
domain among different organisms depicts the way this family might have been
derived during evolution (Fig. 12.3). Phylogenetic relationships among genes can
help to predict the genes that might have similar function e.g. ortholog detection.

TIR domain is mainly involved in plant immune responses against various patho-
gens. An example of Toll/interleukin-1 receptor classification is provided here
TIR domain for C. cajan was used for find out similar homologues in different
organisms using basic local alignment search tool (BLAST). Selected homologues
from different species were used for multiple sequence alignment and phylogenetic

+—— monophyletic group
(clade)

/// External branches

F
" —G
internal — o
branches : Neighbors
(splits) ‘El } Neighbors
J
_-"'"“

internal nodes

Ry

External nodes

/ (leaves)

i

Fig. 12.3 Figure showing phylogenetic tree terminologies
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Fig. 12.4 Example of rooted tree of TIR domain homologues from C. cajan with six other plant
species (Singh et al., unpublished data)

classification. ClustalW tool was used for multiple sequence alignment and for tree
classification, MEGA tool was used to find out the best tree topology. Figure 12.4
shows the rooted inferences of selected sequences of TIR domains from seven
different plant species (Populus, Vitis, Solanum, Arachis, Medicago, Glycine,
Cajanus and Oryza). Interestingly, it was found that TIR, Oryza spp. forms an outer
group, while the remaining six TIR domains are much more closely related this may
be expected because Oryza is a monocot.

The identified TIR domain from C. cajan was further used to determine the num-
ber of TIR loci present in the Cajanus genome, and a total of 148 TIR domains have
been successfully identified based on the available datasets of C. cajan genome
sequence (Taxid: 3821). Figure 12.5 shows an unrooted tree depicting the various
TIR domains derived from Cajanus genome itself. Unrooted trees specify relation-
ships but they do not depict the evolutionary path. For phylogenetic study, different
online and offline softwares are available (Table 12.4). Legume diversity and evolution
in a phylogenetic context has been reviewed earlier by Doyle and Luckow (2003).

In-Silico Analysis for Gene Expression Data

An expressed sequence tag (EST) is a short, ordinarily, terminal sequence of a
cDNA sequence. Thus an EST results from one-shot sequencing of a cloned
mRNA, i.e., several hundred base pairs of sequence starting from an end of a cDNA
sequence. The cDNAs used for EST generation are typically individual clones from
a cDNA library. ESTs may be used to identify gene transcripts; they are instrumen-
tal in gene discovery and gene sequence determination. The identification of ESTs
has proceeded rapidly, and ~73 million ESTs are now available in the public data-
base GenBank. The dbEST is a division of Genbank established in 1992, and the
data in dbEST is directly submitted by laboratories worldwide. Based on EST
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Fig. 12.5 Example of unrooted tree of identified TIR domains from C. cajan

Table 12.4 Tools and servers for multiple sequence alignment and phylogenetic analysis

Tools and server URL

ClustalW?2 http://www.ebi.ac.uk/Tools/msa/clustalw2/
CLUSTALW http://www.genome.jp/tools/clustalw/

MEGA http://www.megasoftware.net/

T-Coffee http://www.ebi.ac.uk/Tools/msa/tcoftee/

PHYLIP http://evolution.genetics.washington.edu/phylip.html

The PhylOgenetic Web Repeater  http://power.nhri.org.tw/power/home.htm
(POWER)

BlastO http://oxytricha.princeton.edu/BlastO/

BIONJ http://mobyle.pasteur.fr/cgi-bin/portal.py 2#forms::bionj

DendroUPGMA http://genomes.urv.cat/UPGMA/

PhyML http://www.atgc-montpellier.fr/phyml/binaries.php

Evolutionary Trace Server http://mordred.bioc.cam.ac.uk/~jiye/evoltrace/evoltrace.html
(TraceSuite II)

Phylogeny.fr http://www.phylogeny.fr/

Mesquite http://mesquiteproject.org/mesquite/mesquite.html

Winboot http://archive.irri.org/science/software/winboot.asp
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Fig. 12.6 Short nucleotide variation BLAST page

datasets any one can determine the gene function based on expression datasets.
ESTs contain enough information to permit the design of precise probes for DNA
microarrays that can be used to determine the gene expression. For expression
microarray data analysis normalization and management, one can use Ginkgo
(Comparative Genomic Hybridization package). TM4 and Magnolia packages are
also designed for microarray data management for researchers who use PFGRC
microarrays. The programme SNP Filter Scripts can be used to identify and detect
false positive SNP calls that are present in raw data from affymetrix gene chip rese-
quencing arrays. There are several other tools freely available, including MAGIC,
CLUSFAVOUR, etc. for microarray data analysis. Short nucleotide variation analy-
sis server is also available for this type of study (Fig. 12.6).

Bioinformatics in Legume Nutritional Genomics

By manipulating the promoter region of seed-specific protein encoding genes one
can improve the nutritional quality of any crop species. Bioinformatics tools can
play a major role in the study of the promoter region of genes and for identifica-
tion of cis-acting elements or cis-regulatory elements. A cis-acting element is a
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Fig. 12.7 Plant cis-acting elements prediction server (PLACE; http://www.dna.affrc.go.jp/PLACE/)

region of DNA or RNA that regulates the expression of genes located in the same
chromosome. This term is derived from the Latin word cis, which means “on the
same side as”. The cis-regulatory elements are often binding sites for one or more
trans-acting factors. These cis-elements may be located upstream of the coding
sequences of the concerned genes, i.e., in the promoter region or even further
upstream, in an intron, or downstream of the gene’s coding sequence. In molecular
biology and genetics, a transcription factor (sometimes called a sequence-specific
DNA-binding factor) is a protein that binds to specific DNA sequences, thereby
controlling the flow of genetic information (or transcription) from DNA to mRNA.
Transcription factors perform this function alone or with other proteins in a com-
plex, by promoting (as an activator)/or blocking (as a repressor) the recruitment of
RNA polymerase to transcribe specific genes. Therefore, identification of potential
cis-acting elements can help in improving the nutritional quality of seeds of plant
species, and/or other traits of economic/agronomic value.

Databases of plant cis-acting regulatory elements like PlantCare and PLACE can
be used as a portal for in-silico analysis of promoter sequences of plant genes
(Fig. 12.7). Yadav et al. (2007) successfully identified the seed storage protein pro-
moter specific cis-acting elements in cloned and sequenced promoter regions of
seed storage protein genes from different cultivars of wheat, rice and oat. A data-
base containing collection of proximal promoter sequences for RNA polymerase 11
with experimentally determined transcription start-sites from various plant species
is available on server PlantProm DB. For retrieval and investigation of transcription
factor associated genes PInTFDB (plntfdb.bio.uni-potsdam.de/) and PlantTFDB
(http://planttfdb.cbi.pku.edu.cn/) are important databases. In addition, species tran-
scription factor databases are also available online (Fig. 12.8).
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Fig. 12.8 Plant transcription factor database PlantTFDB (http://planttfdb.cbi.edu.cn/)

Prediction for Function of Protein Sequences

In the prediction of the function of a protein sequence of interest, structural visual-
ization, 3D prediction, classification and structural alignment play important
roles. In this connection homology modeling, threading and ab-initio prediction
methods can be used for protein structure prediction. Homology modeling (com-
parative modeling) is a process for constructing an atomic-resolution model of the
“target” protein using an experimental three-dimensional structure of a related
homologous protein (the “template”) derived by NMR, X-ray techniques. Homology
modeling relies on the identification of one or more known protein structures likely
to resemble the structure of the query sequence, and on the production of an align-
ment that maps residues in the query sequence to residues in the template
sequence. It has been shown that protein structures are more conserved than the
amino acid sequences amongst homologues, but sequences falling below 20 %
sequence identity can have very different structures. For homology modeling,
threading and ab-initio prediction several servers are available in public domain
(Table 12.5). Some commercial software like MOE, Schrodinger and Discovery
Studio can also be used for protein modeling and simulation. For Ab-initio or de-
novo protein modeling one can use I-TASSER and ROBETTA, which are freely
available. Based on different protein modeling servers, one can predict the three
dimensional structure of the target protein.
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Fig. 12.9 Structure of TIR
domain (PM0078097) from
C. cajan developed using TIR
domain structure from
Arabidopsis thaliana (3JRN)
based on homology
modelling [Courtesy of Vinay
Kumar Singh]

Qualitative and Quantitative Study of Predicted Models

Finally, predicted 3D models can be subjected to a series of tests for assessing
their internal consistency and reliability. The Quality of the model can be checked
with verify3D [http://nihserver.mbi.ucla.edu/Verify_3D/], Errat [http://nihserver.
mbi.ucla.edu/ERRATV2/] etc. The stereochemical properties based on backbone
conformation can be evaluated by inspection of Psi/Phi/Chi/Omega angle using
Ramachandran plot of PDBSum database [http://www.ebi.ac.uk/pdbsum/],
RAMPAGE [http://mordred.bioc.cam.ac.uk/~rapper/rampage.php] etc. Quantitative
analysis can be done using accessible surface area prediction using Volume Area
Dihedral Angle Reporter [VADAR; http://vadar.wishartlab.com/]. Standard bond
lengths and bond angles of the model can be determined using WHAT IF [http://
swift.cmbi.ru.nl/whatif/]. ResProx (Resolution-by-proxy; http://www.resprox.ca/)
can be used for quality and quantity measurements at resolution level. For example,
we have successfully predicted 3D model of toll-like interleukin receptor (TIR)
domain of R genes from C. cajan using comparative homology modeling and the
best evaluated model has been deposited to Protein Model DataBase (PMDB; http://
mi.caspur.it/PMDBY/) (Fig. 12.9).

Integrated Bioinformatics Tools

Some integrated tools like MEME and MAST are useful servers for motif elucida-
tion (Fig. 12.10). For protein functional elucidation and characterization, one can use
INTERPROSCAN, PROSITE, PFAM and PRODOM etc. (Fig. 12.11). SWISSPROT,
DBSNP and SNP flanks tools and databases can be used for SNP/variant detection.
An example of signature part of toll-like interleukin receptor domain from C. cajan
is given in Fig. 12.12.
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Fig. 12.11 Server for protein functional elucidation based on domain and signature motifs

Molecular Docking

In bioinformatics, molecular docking is a method that predicts the possible orienta-
tion of one molecule in relation to a second when the two are bound to each other to
form a stable complex. The knowledge of the possible orientations in turn, can be
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Fig. 12.12 Toll-like interleukin receptor domain form C. cajan

used to predict the binding affinity between the two molecules using energy scoring
functions. Using molecular docking approach, one can predict the binding orienta-
tion with energy total and energy shape of a ligand (small molecule) to its protein
target (receptor) to predict the affinity and activity of the small molecule. The inter-
action between ligand and receptor protein can result in activation or inhibition of
the protein enzyme. Two main approaches are the most popular of the different
molecular docking strategies. The first strategy uses a matching technique that
explains protein and ligand as complementary surfaces. The second approach, how-
ever, simulates the actual docking process, in which the ligand—protein interaction
energies are calculated. Molecular docking plays an important role in the rational
drug designing. For a study of interaction of ligand (inhibitor and cofactor) and
protein target one can use HEX, BIOSOLVEIT, DOCKING SERVER and other
servers listed in Table 12.6.

Plant-Pathogen Interactions

Many microbes establish wide range of interactions with host plants. Some of these
are pathogenic and some are symbiotic in nature. Such interactions involve complex
recognition events between the plant and the microbe, leading to a cascade of sig-
nalling events and regulation of a number of genes is required for, or associated
with, the interaction. The combined components of the transcriptomes of both plant
and microorganism that are expressed during the interaction give rise to the term
“interaction transcriptome”. High-throughput methods to study differential gene
transcription, or proteomics coupled with bioinformatics will accelerate our under-
standing of the molecular bases of plant—microbe interactions (Birch and Kamoun
2000; Samac and Graham 2007). For example, Soria-Guerra et al. (2010) conducted
a transcriptome profiling study for soybean rust (Phakopsora pachyrhizi) to identify
soybean rust resistance genes in Glycine tomentella. Among 38,400 genes
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Table 12.6 List of servers related to inhibitor, cofactor and protein docking

Server Description/function URL

SwissDock Predicts the molecular interactions between a  http://swissdock.vital-it.ch/
target protein and a small molecule

DockingServer Molecular docking from ligand and protein http://www.dockingserver.
set-up com/web

Blaster Docking program developed by Pharmaceutical http://blaster.docking.og/
Chemistry Department at the California
University

Docking At Structure-based virtual screening with http://docking.utmb.edu/

UTMB AutoDock Vina

Pardock Fully automated, all-atom energy based ligand  http://www.sctbio-iitd.res.in/
docking dock/pardock.jsp

PPDock Portal Patch Dock is a web server that can be http://140.112.135.49/
used to dock drugs to the target proteins ppdock/

iScreen Docking and screening the small molecular http://iscreen.cmu.edu.tw/

database on traditional Chinese medicine
(TCM) using the LEA3D genetic algorithm
TarFisDock It docks small molecules into the protein targets http://www.dddc.ac.cn/
in Potential Drug Target Database, and tarfisdock/
ranks them by the energy score, including
their binding conformations
PLATINUM Calculates match or mismatch in receptor— http://model.nmr.ru/platinum/
ligand complexes and hydrophobic
properties of molecules

monitored using a soybean microarray, 1,342 genes exhibited significant differential
expression between uninfected and P. pachyrhizi-infected leaves at 12, 24, 48, and
72 h post-inoculation (hpi) in both rust-susceptible and rust-resistant genotypes.
Differentially expressed genes were grouped into 12 functional categories, and a large
numbers of these genes relate to the basic plant metabolism. These findings provided
a better insight into the mechanisms underlying resistance and general activation of
plant defense mechanisms in response to rust infection in soybean.

Further, sequencing of EST libraries from pathogen-inoculated or elicitor-treated
plants and microarray transcript analyses have enabled the elucidation of genome-
wide gene expression changes associated with defence (Ameline-Torregrosa et al.
2006). Samac et al. (2011) used microarray analysis to identify the genes associated
with disease defence responses in M. truncatula. They compared the genes expressed
in response to three pathogens (Colletotrichum trifolii, Erysiphe pisi and
Phytophthora medicaginis) and identified genes unique to an interaction.

Fusarium wilt, the most serious disease of pigeonpea, is a common vascular wilt
fungal disease caused by Fusarium sp. A release draft genome assembly of six
strains of different Fusarium sp. (Rep and Kistler 2010) gives opportunities to
understand the host—pathogen interaction at computational level. In this context,
bioinformatics approaches help in understanding the host—pathogen interaction at
protein level, in which protein—protein interactions are used to investigate the bio-
logical process. Protein—protein interactions are interactions between two or more
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Fig. 12.13 An automated protein—protein interaction server

proteins that bind together to carry out their biological function. Protein-protein
docking will help understand protein—protein interactions at computational level.
HEX, Z-DOCK and other tools are commonly used for protein—protein interaction
studies (Fig. 12.13).

Bioinformatics in Molecular Marker Development

For trait analysis using association mapping approaches, and for various other stud-
ies on populations including pattern of evolution, population structure, genetic
diversity a number of software are available in public domain (Table 12.7).
Bioinformatics plays very important role in molecular marker developments, for
which several bioinformatics tools and servers are available (Table 12.8). Best opti-
mized primers are essential for good specificity and efficiency. Anyone can design
the primer pairs using genomics, mRNA, cDNA, SNP-based sequences. One can
design degenerate, expression and universal primers using bioinformatics tools
based on servers listed in Table 12.8. For example, Jayashree et al. (2006) have
developed a database for EST based simple sequence repeats from cereals and
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Table 12.7 Statistical analysis tool and software details with uniform resource locator

Tools/software’s name

Description/function

URL (uniform resource locator)

TASSEL

STRUCTURE

SPAGeDi
(Spatial Pattern
Analysis of Genetic
Diversity)

EIGENSTRAT

MTDFREML

ASERML

LDMAP

SAS
SPSS
NTSys

SigmaPlot

Trait Analysis by Association, Evolution and
Linkage; implements general linear model
and mixed linear model approaches for
association mapping; takes into account
population and family structures

A software package uses multi-locus genotype
data to investigate population structure to
infer the presence of distinct populations;
assigns individuals to populations, detects
hybrid zones, identifies migrants and
admixed individuals

A computer package primarily designed to
characterize the spatial genetic structure
of mapped individuals and/or mapped
populations using genotype data of any
ploidy level

Uses principal components analysis to
explicitly model ancestry differences
between cases and controls along
continuous axes of variation; the resulting
correction is specific to a candidate
marker’s variation in frequency across
ancestral populations; minimizes
spurious associations and maximizes
power to detect true associations

Multiple Trait Diversity Analysis and
analysis of variance components

A statistical software package for fitting linear
mixed models using restricted maximum
likelihood, which is commonly used in
plant and animal breeding, and quantita-
tive genetics, and other fields; fits very
large and complex data sets efficiently,
due to its use of the average information
algorithm and sparse matrix methods

A free software environment for statistical
computing and graphics; provides a wide
variety of statistical (linear and nonlinear
modelling, classical statistical tests,
time-series analysis, classification,
clustering etc.) and graphical techniques,
and is highly extendible

A program for constructing linkage
disequilibrium (LD) maps

Standard statistical package for traditional
statistical analysis
Data mining, statistical analysis
and data management softwares
Discovers patterns and structures
in multivariate data
Scientific data and graphing software

http://www.maizegenetics.net/

http://pritch.bsd.uchicago.edu/
structure.html

http://ebe.ulb.ac.be/ebe/
Software.html

http://genepath.med.harvard.
edu/~reich/Software.htm

http://aipl.arsusda.gov/curtvt/
mtdfreml.html

http://www.vsni.co.uk/
software/asreml

http://www.r-project.org/

http://cedar.genetics.soton.
ac.uk/pub/PROGRAMS/
LDMAP

http://www.sas.com/software/
sas9/

http://www.spss.co.in

http://www.exetersoftware.
com

http://www.sigmaplot.com
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Table 12.8 List of servers used in molecular marker development
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Tool/servers name Description/function Designated website
Primer3 Widely used program http://frodo.wi.mit.edu/
for designing PCR primers
Gene Fisher Primer designing based http://bibiserv.techfak.
on multiple sequence alignment uni-bielefeld.de/genefisher/
Web Primer PCR primer design http://www.yeastgenome.org/
cgi-bin/web-primer
CODEHOP COnsensus-DEgenerate Hybrid http://blocks.there.org/codehop.
Oligonucleotide Primer html
PCR Designer PCR Designer for Restriction http://cedar.genetics.soton.ac.uk/
Analysis of Sequence Mutations public_html/primer.html
Primo Multiplex 3.4 Multiplex PCR Primer Design http://www.changbioscience.

Primer Quest
Primo Pro 3.4

Primo Degenerate 3.4

PCR Primers with Probe
PCR Primer Design

Degenerate PCR Primer Design

com/primo/primoml.html
http://eu.idtdna.com/scitools/
applications/primerquest/
http://www.changbioscience.
com/primo/primo.html
http://www.changbioscience.
com/primo/primod.html

MethPrimer Design Primers for Methylation PCRs http://www.urogene.org/
methprimer/index 1.html
Primaclade Identifies a set of PCR primers that http://www.umsl.edu/services/
will bind across the alignment kellogg/primaclade.html
Primer3Plus Pick primers from a DNA sequence http://www.bioinformatics.nl/
cgi-bin/primer3plus/
primer3plus.cgi
PrimerBLAST Finding primers specific http://www.ncbi.nlm.nih.gov/
to PCR template tools/primer-blast/index.cgi
SNP Primers Creating primers around SNPs http://pcrsuite.cse.ucsc.edu/
in genomic DNA SNP_Primers.html
SSRLocator Simple Sequence Repeat based http://www.ufpel.tche.br/faem/
primer designing fitotecnia/fitomelhoramento/
faleconosco.html
MISA MlcroSAtellite identification http://pgrc.ipk-gatersleben.de/

based primer designing

misa/

legumes. Based on the available resources any one can design EST SSR-based
markers for wet-lab experimentation. Large-scale transcriptome assembly using
next generation sequencing technologies such as, Roche/454 and Illumina/Solexa,
are now used for development of molecular markers, which will serve as a useful
resource to accelerate genetic research and breeding applications in legumes. For
example, Hiremath et al. (2011) developed 728 SSR, 495 SNP, 387 conserved
orthologous sequence (COS) markers, and 2,088 intron-spanning region (ISR)
markers in chickpea. Kudapa et al. (2012) predicted for 6,284 intron spanning
regions (ISR) covering all the 11 pigeonpea linkage groups.

Mishra et al. (2012) retrieved a total of 18,552 EST sequences (equivalent to
11.3 MB) from the EST database available in the NCBI public domain and analysed
for repeat patterns using the tandem repeat finder program at http://c3.biomath.
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mssm.edu/trf.html, followed by their assembly using the CAP3 software program
(Huang and Madan 1999). After pre-processing, they identified SSR-containing
sequences by a perl script-based program, MISA software (MICROSATELLITE
identification tool, http://pgrc.ipk-gatersleben.de/misa/). They detected 10,800
unigenes from 18,522 pea EST sequences and screening of 10,800 unigenes by
MISA revealed 2,612 (14.1 %) eSSRs in 2,395 (12.9 %) SSR-containing ESTs,
from which 577 (24.1 %) primer pairs were designed. Out of these, 68 randomly
selected primer pairs showed high rate (48—85 %) of transferability in leguminous
species with high level of polymorphism, reproducibility and presence of 3.8 alleles/
locus. Similarly, De Caire et al. (2012) retrieved a total of 6,327 mRNA sequences
and screened them through a JAVA based programme to design gene-based SSR
markers. They successfully identified 45 new polymorphic eSSR markers. e-SSRs
identified in these two studies will be used in linkage mapping analyses and provide
a good scaffold for comparative mapping in pea and other sequenced legumes.

The molecular markers can be used for linkage mapping using mapping popula-
tions developed from biparental crosses. Software like MAPMAKER, QTL-ALL,
QTLNETWORK, QUANTO, QU-GENE, QUTIE etc. are used for mapping of mark-
ers and oligogenes, while QTL cartographer, QGENE, QTL CAFE, QTL EXPRESS
etc. are available for mapping of quantitative trait loci (QTLs). The genes/QTLs
detected for target traits need to be confirmed in other replicate studies. Further the
marker found linked to the genes/QTLs have to be validated in unrelated germpasm/
materials before they can be used for markers-assisted selection (MAS) in plant breed-
ing programmes. Alternatively, marker trait associations can be detected by linkage
disequilibrium (LD) based association mapping that uses germplasm collections/
breeding lines in the place of biparental mapping populations.

Conclusion and Perspectives

Omics era in the twenty-first century provides us opportunities to understand the
legume genome at sequence-structural-functional levels. While legume omics is still
in its infancy, it holds great promise, and is expected to yield insights into many
aspects of evolution and regulatory mechanisms of legume species. The rapid devel-
opment of various molecular tools and techniques including large scale analysis of
genome organization, gene expression, protein—protein interaction and protein—
ligand interaction etc. are generating enormous amount of data, which need to be
analyzed and interpreted to develop a biologically meaningful concepts. The need
for handling such large amounts of data as forced rapid development of bioinformat-
ics techniques to create, manage and utilize databases of biological information and
development of tools and software packages to make efficient and meaningful use of
these tools and databases. A variety of software packages are now available to serve
various needs of the researchers. However, there is need to develop user friendly
bioinformatics tools to decipher functional features of legume genome sequences.


http://c3.biomath.mssm.edu/trf.html
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Chapter 13
Genetics and Genomics of Resistance to Rust
and Stemphylium Blight in Lentil

Gopesh C. Saha and Fred J. Muehlbauer

Abstract Lentil (Lens culinaris Medikus) is an important pulse crop species which
grows primarily in South-east Asia, Canada, North America, Middle Eastern coun-
tries, and Australia. Lentil crop, like any other food legumes affected by various
biotic stresses. In many lentil growing regions, predominance of rust and stemphy-
lium blight are reported causing high yield losses. Rust caused by Uromyces vicia-
fabae Pers., an obligately biotroph and stemphylium blight caused by Stemphylium
botryosum Wallr., a saprophyte. In this review, basic information regarding these
two diseases along with inheritance of resistance genes and ongoing molecular
breeding efforts to breed resistant lentil genotypes are briefly discussed.

Keywords Lentil rust ® Stemphylium blight « Uromyces vicia-fabae * Stemphylium
botryosum * Inheritance * Disease resistance breeding ¢ Linked molecular markers

Introduction

Lentil (Lens culinaris Medikus subsp. culinaris) is a diploid (2n=2x= 14 chromo-
somes) self-pollinating annual species with a haploid genome size of an estimated
4,063 Mbp (Arumuganathan and Earle 1991). It is an important legume crop and an
important source of dietary protein in human diets and animal feed throughout West
Asia and North Africa, the Indian subcontinent, North America, South America and
Australia (Webb and Hawtin 1981; Erskine 1997). World production of lentil is
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estimated at 4.4 million metric tons from an estimated 4.2 million hectares with an
average yield of 1,058 kg/ha (FAOSTAT 2011). It is an important component of
crop diversification in predominantly cereal based cropping systems in South Asia
and also an important legume rotational crop in the US Pacific Northwest. The lentil
crop can improve soil nutrient status through symbiotic nitrogen fixation, conserv-
ing soil moisture and limiting soil erosion (Muehlbauer et al. 1992). Lentil stubbles
that were left standing overwinter and trap snow and reduce the rate of evaporation
of soil moisture in spring and prevent erosion (Anonymous 2008). Moisture conser-
vation is important to soil conservation because the additional moisture improves
crop growth in the following year. Numerous factors limit yield and seed quality of
lentil, including limited moisture availability, salinity, weeds, insect pests and vari-
ous diseases. Diseases are major factors that limit yields and cause yield instability.
Rust caused by Uromyces vicia-fabae Pers., an obligately biotroph and stemphy-
lium blight caused by Stemphylium botryosum Wallr., a common saprophyte, are the
two major diseases of lentil in South Asia and North and East Africa, where lentil is
considered nutritional security crop. These two diseases cause variable degrees of
damage depending upon the time of its onset and environmental conditions.

Rust Disease

Lentil rust infects a narrow range of living plant hosts and causes substantial yield
losses annually in Bangladesh, India, Ethiopia, Morocco and Pakistan. High humid-
ity, cloudy or drizzly weather with temperatures 20-22 °C favors disease develop-
ment. The disease appears during the flowering and early podding stages in areas
with dense crop canopies. Lentil seed contaminated with pieces of rust infected
debris with teliospores are the sources of primary infection (Khare 1981; Agarwal
et al. 1993). In severe infections the leaves are shed and plants dry prematurely
without producing seed or by having shriveled seed. Early infection accompanied
by favorable environmental conditions can result in complete crop failure and huge
economic losses. Yield losses of 30-70 % have been reported in some years in
research plots and 100 % yield loss reported by Negussie et al. (1998). Lentil rust
disease was first reported in Bangladesh in year 1974 and caused serious damage.

Taxonomy and Morphology of Uromyces vicia-fabae

“The causative pathogen of lentil rust is Uromyces vicia-fabae (Pers.) Schroet and is
a member of the Pucciniaceae and order Uredinales. It is an autoecious fungus that
completes its life cycle on lentil. Spermagonia are sub-epidermal and globoid. Aecia
are sub-epidermal in origin, erumpent later. Aeciospores are elliptical, yellowish
brown, measuring 14-22 pm in diameter and with a finely warty wall. Uredia are first
sub-epidermal, then erumpent. Urediospores are borne singly on pedicels, mostly
echinuate, with three to four germination pores and measure 22-28 pm x 19-22 pm.
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Telia are sub-epidermal with origin, then erumpent on leaves but remain covered by
the epidermis on stems for an extended period. Teliospores are borne singly on pedi-
cels, are globose to sub-globose, very rarely ellipsoid or ovoid, one celled, measuring
25-40 pmx 18-26 pm, with a single germination pore; the wall is obviously pig-
mented” (Bayaa and Erskine 1998; Viennot-Bourgin 1949).

Pathogenic Race of Rust Fungus

Singh and Sokhi (1980) identified six pathotypes of rust on the basis of their dif-
ferential reactions on different cultivars of lentil, pea and sweet pea. Singh et al.
(1995) have reported five races, and Conner and Bernier (1982) detected 11 races of
U. viciae-fabae. Conner and Bernier (1982) speculated that Vicia, Lathyrus and
Pisum could be another important source of inoculum and perhaps pathogenic vari-
ants due to race specific resistance and selection pressure on the pathogen.

Germplasm Sources for Rust Resistance

ICARDA developed 90 lentil lines resistant to rust, and some of them have com-
bined resistance against a range of biotic and abiotic stresses (Sarker et al. 2002).
For breaking the “bottleneck” of narrow genetic base of lentil in South Asia and
combating two major diseases of lentil, rust and stemphylium, ICARDA scientists
are working with Bangladesh counterparts to introgress desirable genes to improve
Bangladeshi land races. These Bangladeshi land races belong to the glex pilosae as
described by Barulina (1930) as one of the microsperma types. This approach will
help to improve resistance to pulse diseases in Bangladesh (ICARDA 2004).
Negussie et al. (2005) reported four cultivars “Gudo”, R-186, FLIP-87-66L and
FLIP-89-60L with different levels of rust resistance. Based on final rust severity,
area under disease progress curve (AUDPC), area under the pustule density curve
(APDC) and apparent infection rate (rG) values, Gudo and R-186 were grouped as
having a high level of resistance, FLIP-89-60L as moderately susceptible and FLIP-
87-66L as intermediate between susceptible and moderately susceptible lines

Disease Rating and Assessment for Rust

Khare et al. (1993) developed a 9-point disease severity scale. The scale was then
categorized according to Singh and Sandhu (1988) as: 1 =resistant (no infection),
3=moderately resistant (10 % leaf area infected), 5=moderately susceptible (10.1—
25 % leaf area infected), 7=susceptible (25.1-50 % leaf area with stems also
infected), 9=highly susceptible (>50 % leaf area with stem and pods heavily
infected). Chen (2007) modified the Khare et al. (1993) scale of disease severity
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based on field conditions, where 1 =0-10 % leaf area infected, 3=11-30 % leaf area
infected, 5=31-50 % leaf area infected, 7=51-70 % leaf area infected, 9 =More
than 70 % leaf area infected.

Genetics and Genomics of Rust Resistance

The rust pathogen requires the induction of a subset of fungal genes essential for infec-
tion. The infection mechanisms are sophisticated, and include the ability to detect sto-
mata, the entry portal for many rust fungi, and to suppress host resistance responses.
During the first hour of infection, the fis1 protein is localized exclusively in leaf meso-
phyll cells closely surrounding the rust infection site. As a result, a hypersensitive
response is expressed by the resistant host after the first hour (Ayliffe et al. 2002).

Most studies on genetics of rust resistance in lentil have revealed that resistance
is monogenic and dominant (Sinha and Yadav 1989; Singh and Singh 1992). Kumar
et al. (1997) reported that resistance to Uromyces fabae in five lentil genotypes
(L 2991, L 2981, L 1534, L 178 and HPLC 8868) was governed by single dominant
genes; whereas in one genotype, Precoz, it was conditioned by two dominant genes.
Chahota et al. (2002) reported that resistance to rust is controlled by duplicate, non-
allelic and non-linked dominant genes. Negussie et al. (2005) has not ruled out the
likelihood of monogenic resistance based on their research result. Rust resistance in
lentil is controlled by three genes and two of the genes (UrfI and Urf2) were domi-
nant in nature (Basandrai et al. 2007). Saha et al. (2010a) identified one sequence
related amplified polymorphic marker (SRAP), F7XEM4a, closely linked to rust
resistance in lentil. This marker is located 7.9 cM from the resistance gene on our
linkage group 3 and suggested that F7XEM4a marker could be used for marker-
assisted selection for resistance after validation. Gupta et al. (2012) used interspe-
cific F, population to map rust resistance but felt the need of more markers to
saturate the linkage map and made an attempt to use cross genera SSR markers due
to lack of polymorphisms in lentil genome.

Continuous cultivation of varieties with race specific resistance in large areas
increases selection pressure on the pathogen that may lead to the formation of new
races capable of infecting the previously resistant varieties. There are several strate-
gies for developing varieties with durable resistance. These include multilines
(Marshall 1977), partial resistance/slow rusting (Wilcoxson et al. 1975) and gene
pyramiding (Green 1975; Pederson and Leath 1988).

Stemphylium Blight Disease

Stemphylium blight is a serious threat to lentil (Lens culinaris Medik.) cultivation in
some parts of the world, especially in South Asia including Bangladesh, Northeast
India and Nepal. This disease has also been reported in lentil fields in Egypt, Syria
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and North America (Erskine and Sarker 1997; Bayaa and Erskine 1998; ICARDA
2004; Banniza 2005). Stemphylium blight disease starts as pinhead-sized light brown
or colored spots on leaflets of plants in dense populations. The spots enlarge rapidly
and within 2-3 days they cover the entire leaflet resulting in defoliation and death of
young plants. In severe cases the crop may exhibit a blighted appearance causing
large-scale defoliation; however, the pods may remain green. In South Asia, tempera-
tures of 18-20 °C and relative humidity of over 85 % have been reported to favor the
development of disease (Erskine and Sarker 1997). It has also been reported in
Canada that S. botryosum prefers temperatures above 25 °C, 85 % relative humidity
and a minimum of 8 h leaf wetness (Northover and Dokken 2009). The disease
results in yield losses that exceed 60 % in severely infected fields. Disease intensity
as high as 83 % was observed on an unsprayed local susceptible lentil cultivar in
Bihar state of India, causing more than 90 % yield loss (Sinha and Singh 1993). The
diverse host range of Stemphylium botryosum, which includes leguminous and non-
leguminous species in different parts of the world, demonstrates its adaptability to
different genotypes and environments (du Toit and Derie 2001). Stemphylium blight
was identified in farmer and research fields by Sen and Das (1964), Nene et al. (1984)
in India, Kaiser (1972) in Iran and Bakr and Zahid (1986) in Bangladesh, and Simay
(1990) in Hungary. Relatively severe and widespread distribution of disease was
reported in 2007 at Sasketchewan, Canada. With the increase of lentil production and
deployment of resistance to ascochyta blight and anthracnose in new cultivars, stem-
phylium blight has become a more serious problem (Vandenberg and Morrall 2002).

Taxonomy and Morphology of Stemphylium botryosum

The asexual stage of the causal organism of stemphylium blight is Stemphylium
botryosum Wallr.; whereas, Pleospora herbarum is the sexual stage. The fungus is
commonly referred as anamorph. Stemphylium blight is a ubiquitous, dematiaceous
filamentous fungus that belongs to the kingdom Fungi, phylum Ascomycota, class
Ascomycetes, order Pleosporales, family Pleosporacea (Inderbitzin et al. 2009). In
medical science, the fungus is considered an allergen (Larone 2002).
Morphological and developmental characters such as size and shape of the
conidia, conidiophores, ascospores and the size and time of maturation of pseudo-
thecia were useful for diagnosing species (Camara et al. 2002). “Conidiophores are
short, arise singly or in groups and are aseptate and swollen at the apex. After a
conidium is produced, the end of the conidiophore grows out and produces a new
cell and a new conidium. The conidiophore may grow to a considerable length and
have a nodulose appearance. Conidia are olive brown, muriform and echinulate
measuring 24—40 pmx 14-25 pm. Conidia are oblong with three to four septae and
often constricted at the center by medium cross walls. Perithecia are globose, mem-
branous andblack, and sometimes have aslenderneck. Asci(183-267 pum x27-37 um)
are oblong to clavate with outer and inner walls. Ascospores (32—48 pm x 12-21 pm)
are elongate to ovate, characteristically with seven cross walls and three to five
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longitudinal septa, and yellowish to brown in color and muriform when mature”
(Bayaa and Erskine 1998). Estimates of the numbers of described Stemphylium spe-
cies vary from around 20 to 30 (Camara et al. 2002; Kirk et al. 2001) to up to 150
(Wang and Zhang 2006). The phylogenetic relationships of 43 isolates representing
16 species of Stemphylium were inferred from ITS and glyceraldehyde-3-phosphate
dehydrogenase (gpd) gene sequence data (Marcos et al. 2002).

Resistant Germplasm Sources

It has been reported that Barimasur-4 (developed from a local cultivar of Bangladesh,
Utfala) shows significant resistance against rust and stemphylium blight (Erskine
and Sarker 1997). Preliminary screening at the Crop Development Center (CDC) of
University of Saskatchewan showed that “Crimson”, “Eston” and ILL 4605-2 and
ILL-8008 have good resistance against stemphylium blight. Podder et al. (2013)
reported the highest frequency of resistance to stemphylium blight in L. lamottei
followed by L. ervoides and identified as potential sources for developing new com-
mercial cultivars with multiple or single disease resistance.

Disease Ratings and Assessments and Lab Culture of Inoculum

Horsfall-Barrat’s logarithmic scale had unequal intervals in disease scores and is
difficult to use for quantitatively inherited traits. To overcome this problem Hashemi
et al. (2005) modified this scale to a 0—10 linear semi-quantitative scale. This scale
considered disease development pattern consisting of the appearance of chlorotic
spots followed by gradual defoliation of plants (0=free of disease, 1 =a few tiny tan
spots, 2=few small to large chlorotic spots, 3 =expanding lesions on leaves to defo-
liation started, 4=20 % nodes on main stem showing necrotic symptoms and defo-
liation, 5=40 % nodes on main stem showing necrotic symptoms and defoliation,
6=60 % nodes on main stem showing necrotic symptoms and defoliation, 7=80 %
nodes on main stem showing necrotic symptoms and defoliation, 8=100 % leaves
defoliate but small green tip recovering, 9=100 % leaves defoliate but stem still
green, 10=Completely dead). Kumar (2007) used this scale (0—10) for stemphy-
lium blight screening. A disease rating scale from 1 to 5 was used for scoring leaf
spots in alfalfa caused by S. botryosum (Salter and Leath 1991). Koike et al. (2001)
used a sign scale (—=no disease; +=small leaf spot <5 mm; ++=medium leaf spot)

for scoring spinach leaf spot disease caused by S. botryosum.

Stemphylium botryosum colonies grow rapidly on a variety of media and mature
with in 5 days at 25 °C on potato dextrose agar (Hashemi et al. 2005). On most
media, it produces velvety to cottony gray, brown or brownish-black or black colo-
nies (Larone 2002). The production of conidia in abundance under laboratory con-
ditions is difficult, even when it is grown on PDA and or V8 juice agar under
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alternate cycle of 12 h light and 12 h darkness (Chowdhury et al. 1996; Mehta
1998). The use of mycelial suspensions in disease screening has been found to be as
efficient as spore suspensions (Hashemi et al. 2005).

Genetics of the Stemphylium Blight

There has been limited study on genetics of stemphylium blight in lentils. However,
resistant varieties were found to have a thicker cuticle, thicker epidermal cell layer,
thicker cortical layers, fewer stomata and a large number of epidermal hairs com-
pared to the susceptible lines (Chowdhury et al. 1997). There has been limited study
on genetics of stemphylium blight resistance. Saha et al. (2010b) studied the inheri-
tance of disease resistance and found the presence of dominant genes. They identi-
fied significant additive and epistatic gene actions affected the QTLs of resistance.
One significant QTL was detected based on disease scores from 1-year data, while
three significant QTLs were detected from another year data. The QTL QLG4g g,
was common in both years and accounted for 25.2 and 46.0 % of the variation
respectively in their respective years. Two SRAP markers, ME5SXR10 and
ME4XR16c, and one RAPD marker, UBC34, located on linkage group 4, were
significantly associated with the QLG4y_g; in both crop years. After validation, the
more tightly linked ME4XR16¢ marker may be used for marker-assisted selection
for stemphylium blight resistance. The frequency distribution within a lentil RIL
population developed from the cross Barimasur-4 x CDC Milestone in both field
and controlled environments revealed quantitative inheritance (Kumar 2007).
Mihov and Stoyanova (1998) described that lentil cultivars in Bulgaria (Naslada and
Stella) also possess complex resistance to stemphylium blight.

Conclusion

For many years, institutes in Bangladesh, Nepal, India, Pakistan, and Ethiopia have
put forth considerable effort toward combating rust and stemphylium blight dis-
eases of lentil with minimal progress. After the establishment of International
Center for Agricultural Research in the Dry Areas (ICARDA) in 1977, lentil
research experienced significant momentum in the developing world. ICARDA
played an essential role in collecting and characterizing germplasm from all over
the world for resistance to diseases including stemphylium blight and rust. The
center now has a collection of 10,000 accessions and 500 related wild species.
These materials have been evaluated in collaboration with national institutions for
disease resistance and lines with good resistance have been identified. Some of the
lines have been released as resistant varieties in their nationalized program or used
as a source of resistance in their respective breeding programs. Some material has
been released with rust and stemphylium blight resistance. Barimasur-2 was the first



284 G.C. Saha and E.J. Muehlbauer

rust resistant variety released in Bangladeh; Bakria (ILL 4605), Bichette (ILL 5562)
and Hamira (ILL 6238) released in Morocco; Adaa and Alemaya released in
Ethiopia; NIAB Masoor 2006 released in Pakistan have a high level of resistance.
Barimasur 3, 4, 5 and 6 are resistant to both rust and stemphylium blight and
Bulgarian varieties, Naslada and Stella, have shown significant resistance to stem-
phylium blight. Understanding the genetics and identification of markers linked to
the genes for resistance to rust and stemphylium blight will assist breeding pro-
grams toward improving resistance against these two major diseases of lentil.
Different marker systems are available for lentil and several breeding programs
worldwide are utilizing those markers for gene pyramiding to combat diseases. The
emerging field of proteomics and metabolomics of lentil will help to understand the
functional components of genomics and plant—pathogen relationships. With the
advance knowledge of functional genomics and expression analysis, scientists will
better understand the disease resistance mechanisms and will successfully able to
clone the potential genes of interest.
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Chapter 14
Genomics in Studying the Legume
Genome Evolution

Jitendra Kumar, Ekta Srivastava, Mritunjay Singh, and Aditya Pratap

Abstract Molecular markers, genetic and physical maps, ESTs, BAC clones and
other genomic resources have been developed in legumes since past few years. Next
generation sequencing provided the whole genome sequences of Medicago trun-
catula, Lotus japonicus, and Glycine max. Further next generation sequencing tech-
niques have rapidly moved the genome scale analysis in less characterized legume
species such as chickpea (Cicer arietinum), pigeon pea (Cajanus cajan), common
bean (Phaseolus vulgaris) and cowpea (Vigna unguiculata); now the launch of
third-generation sequencing technologies would further enhance super-scaffolding
of genome assemblies into large pseudo molecule. These genomic analysis develop-
ments helped to characterize legume family and established macro- and micro-
syntenic relationships among different taxa of legumes. Analysis of genome
sequences of different legumes and use of molecular markers indicated that whole
genome duplication has played an important role in evolution of legume genome.
These whole genome duplication events have led to evolution of individual genes
and gene families in legume species. During the course of evolution of legume
genomes, genomic regions responsible for modifying traits from wild to cultivated
species (usually known as domestication syndrome) differed variably in terms
of rate and the order. In such a situation, genomics encourages to find out the ways of
modification in characters, which have been occurring in due course of crop domes-
tication. Thus development in genomic research has revolutionized the knowledge
of legume genome evolution.
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Introduction

Legumes belong to family Fabaceae which is the third-largest family of flowering
plants. These are vitally important to agriculture and the environment. Legumes
provide a substantial fraction of all nutritional protein and reduce the need for agri-
cultural chemicals due to their capacity for symbiotic nitrogen fixation. This old and
diverse plant family comprises of ~20,000 species (Doyle and Luckow 2003; Gepts
et al. 2005). Taxonomically legume family was classified in different subfamily,
clades, genera and species on the basis of initial fossil records and morphological
features. However, during past three decades, tremendous progress has been made
in genomics, which was used to understand the genome organization and evolution
of legume family (reviewed in references Young et al. 2003; Zhu et al. 2005).
Genomics tools such as whole genome sequences, gene sequences, EST sequences
and molecular markers have been exploited to resolve the level of similarity and
dissimilarity among various taxa of legumes. Further next generation sequencing
has opened up the possibilities of generation of vast amount of genome sequences
of non-model legume species at such as pigeonpea and chickpea. Based on available
genome sequences of Lotus, Medicago, soybean, pigeonpea and chickpea in public
domain (Cannon et al. 2009; Schmutz et al. 2010; Varshney et al. 2012, 2013; Sato
et al. 2008; Young et al. 2011) have demonstrated broad-scale conservation of genes
and gene order (Boutin et al. 1995; Choi et al. 2004b), as well as microsynteny
(Cannon et al. 2003; Gualtieri et al. 2002; Mudge et al. 2005; Yan et al. 2004)
among different legume taxa. Gene based markers were also used to create an inte-
grated map and to infer genome wide synteny among legume species (Boutin et al.
1995; Choi et al. 2004a; Lee et al. 1999; Menancio-Hautea et al. 1997; Simon and
Muehlbauer 1997). Previous studies based on available plant genome sequences in
non-legume demonstrated that polyploidy and whole (large-scale)-genome duplica-
tion (WGD) play an important role in shaping legume genomes during the course of
evolution (Arabidopsis Genome Initiative 2000; Yu et al. 2005). Hence these events
are important source of understanding evolution of legume genome and domestica-
tion of present cultivated species of food legumes. This chapter has thus focused the
evolution of legumes genome in the light of genomics developments.

Development of Legume Genomics and Genome Sequencing

During the past years, molecular markers, genetic, physical maps, ESTs, and BAC
clones etc. have been developed in legumes (see Kumar et al. 2011 for details).
These genomic resources along with next generation sequencing have helped to
provide the draft genome sequences of Medicago truncatula and Lotus japonicus
belonging to galegoid clade and soyabean, chickpea and pigeonpea belonging to
millettioid clade. These two clades of sub family Pipilionoidae were diverged
~54 million year ago (Mya) from each other. These species of first clade had a com-
mon ancestor ~40 Mya and small genome size. Moreover time of divergences of
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these species is also estimated near the time of evolution of most agriculturally
important tribes belonging to Papilionoideae. Subsequently the complete, high-
quality draft genome sequence of the soybean genome and more recently of pigeon-
pea have been published (Sato et al. 2008; Varshney et al. 2012, 2013). The next
generation sequencing has rapidly moved the genome scale analysis in less charac-
terized legume species such chickpea, common bean and cowpea. Taking the more
complete of the genome sequences as a point of reference, we can consider ways in
which other legume genomes may be similar or different. In chickpea (C. arieti-
num), next generation led to development of trancriptome, EST and hundreds of
different (SNP) and conserved genetic marker sequences used in mapping. Analysis
of BAC clone sequences in common bean has led to development of SSR markers,
which have provided a basis of integrating the physical and genetic maps of
Phaseolus. Moreover, high throughput physical mapping by whole genome profil-
ing together with the third-generation sequencing technologies such as of Apacific
Biosances will further enhance super-scaffolding of genome assemblies into large
pseudo molecules (Young and Bharti 2012).

Genomics in Taxonomic Classification

Characterization of Legume Family

Fossils and phylogenetic records (Schrire et al. 2005a, b) suggest that members of
legume family originally evolved in arid and/or semi-arid regions along the Tethys
seaway during the early Tertiary period (Herendeen 1992). The West Gondwanan
hypothesis also supported a “moist equatorial megathermal” origin of legumes dur-
ing the mid to late Cretaceous (Raven and Axelrod 1974; Polhill and Raven 1981).
Tertiary legume diversification immediately followed the origin of the family.
Because legumes are highly diverse in tropical to subtropical Africa and South
America, these regions also indicate possible candidates for origin of this family
(Pan et al. 2010). Studies suggest a minimum age of 84 million years ago (Mya) for
an internal calibration point of the split of Fagales from Cucurbitales, while origin
of Fabaceae has been estimated 74-79 Mya (Soltis et al. 2000). The fossil record of
the Fabaceae is abundant and diverse, particularly in the Tertiary. Lavin et al. (2005)
used the tertiary macrofossils of the Leguminosae as time constraints and molecular
data and viewed that the first definitive legumes appeared during the Late Paleocene
(~56 Mya) (Herendeen and Wing 2001; Wing et al. 2004). Three oldest clades
namely caesalpinioid, mimosoid, and papilionoid were evolved in approximately
the same age range of 39-59 Mya. These traditionally recognized subfamilies of
legumes and other taxonomically large clades within these subfamilies (genistoids)
are recorded from the fossil record soon afterward, beginning around 50-55 Mya
(Herendeen 1992). The majority of legume species (approx. 13,800 species) are in
the Papilionoideae subfamily and ~3,270 species are in the Mimosoideae subfamily
(Lewis et al. 2005). Remaining species are placed in the Caesalpinoideae.
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Based on molecular systematics, some caesalpinoid clades are basically placed
in the papilionoid subfamily, some along a grade leading to the mimosoid subfam-
ily, and some in separate lineages. Papilionoid subfamily involved most domesti-
cated legume species include the various beans in the millettioid clade; and the peas,
vetches (such as faba bean), and clovers in the “hologalegina” clade (also called
“galegoid” or “cool-season legume” clade). Based on inverted repeat loss in the
chloroplast genome of most angiosperms, galegoid clade have been grouped into
“inverted repeat loss clade” (IRLC), and the robinioid clade. The IRLC clade con-
tains Medicago, Cicer (chickpea and grass pea), Trifolium (clovers), Vicia (vetches
and faba bean), Pisum (several pea species), Glycyrrhiza (liquorice), and Lens (len-
til). The robinioid clade includes Lotus japonicus, Lotus tetragonolobus (asparagus
pea), Sesbania (a forage and green manure used in flooded rice fields), and Robinia
(containing the black locust tree, used ornamentally and for durable timber).
Nevertheless, a large number of other economically important species are found in
the Mimosoideae and early-diverging clades, including a vast number of little-
studied species (many of them tropical). Papilionoidae also includes two minor
clades.: dalbergioid clade [Arachis (peanut) and more than a thousand other species]
and genistoid clade [lupin, Lupinus sp.] (Lewis et al. 2005; Young and Bharti 2012).
A simplified phylogenetic relationship established among different taxa of legume
family and their period of evolution has been presented earlier (Cannon et al. 2011).

Syntenic Relationships Among Different Taxa of Legumes

Based on genetic mapping of sequenced based markers and large scale similarity,
searches between sequenced genomes were utilized to understand the syntenic rela-
tionship among different taxa of legumes (Ahn and Tanksley 1993; Devos and Gale
2000; Gale and Devos 1998). However, a hybrid approach involving comparison of
sequenced genetic markers of one species with a species characterized less on the
basis of genome sequence using has also been used to study extensive synteny
within taxonomical groups as well as among species of within a clade (Bertioli et al.
2009; Muchero et al. 2009; Nayak et al. 2010.). Medicago and Glycine, which
diverged ~55 Mya belonging to two different clades had extensive synteny, which
often extends up to whole chromosome arms (Lavin et al. 2005). Though pigeonpea
and soybean separated to each other a long period back (~20-30 Mya), these two
species of same clade showed high level of synteny (Varshney et al 2012). For study
macrosynteny, genetic mapping of common markers or in silico mapping of homol-
ogous sequences was used while in identification of microsynteny a short, physi-
cally defined DNA contig is used.

Macrosynteny

Choi et al. (20044a, b) used genome sequence of M. truncatula as a central point of
comparison, level of macrosynteny across papilllionoids. For this purpose,
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Fig. 14.1 A simplified consensus map for eight legume species [Reprinted from Choi HK, Mun
JH, Kim DJ, Zhu H, Baek JM, Mudge J, Roe B, Ellis N, Doyle J, Kiss GB, Young ND, and Cook
DR (2004) Estimating genome conservation between crop and model legume species. Proc Natl
Acad Sci USA 101:15289-15294. With permission from National Academy of Sciences. © (2004)
National Academy of Sciences, USA]

molecular markers were developed from Mt and Arabidopsis sequences and ~50
such putatively orthologous markers were mapped in M. truncatula, alfalfa, pea,
mungbean and chickpea. In addition to this, 60 additional markers showed homol-
ogy with genetic markers of soybean were also mapped in M. truncatula. Further,
63 pairs of sequenced BAC clones were used to develop the macrosyntenic relation-
ship between M. truncatula and L. japonicus. These syntenic relationships helped to
establish a simplified consensus comparative map of eight legume species, which is
well correlated with the phylogenetic distance of these legume species (Fig. 14.1).
Choi et al. (2004a) reported a nearly perfect synteny between M. truncatula and
alfalfa based on highly conserved nucleotide sequences. Although pea genome has
one chromosome extra compared to M. truncatula, genomes of these two species
has remarkably conserved co-linearity of genes and only interchromosomal
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rearrangements have made differences between them (Choi et al. 2004b).
Rearrangements in the chromosome 6 of Medicago differentiated M. sativa and M.
truncatula (Choi et al. 2004b; Kalo et al. 2004). Interestingly, similar inter-chromo-
somal rearrangements were also identified between M. truncatula and chickpea.
Though divergence between M. truncatula and L. japonicus was occurred >50 Mya,
most of the genes in these two species have shown to be distributed over ~10 large
blocks of synteny (Cannon et al. 2006).

Hougaard et al. (2008) reported similarity of intron-spanning markers of
Arabidopsis with common bean and peanut. High level of macrosynteny (upto
85 %) was also established between cowpea and soybean on the basis of SNP dis-
covered within EST data base of cowpea and found still high (82 %) between cow-
pea and Medicago (Muchero et al. 2009). Macrosynteny relationships based on
>300 gene based Phaseolus loci derived from EST and BAC end sequences showed
55 synteny blocks on 35 of 40 chromosome arms of soybean used as reference
sequences (McClean et al. 2010).

The macrosyntentic relationships were also studied on the basis of chromosome
number. It was found that conservation of chromosome number (n=11) across all of
the phaseolid species have similar relative gene orders within corresponding chromo-
somes across all of species as observed between Vigna radiata, Vigna unguiculata,
and Phaseolus vulgaris (Boutin et al. 1995; Choi et al. 2004a). Similarly in the holo-
galegina clade, all member of tribe Fabeae including Vicia (faba bean), Pisum (pea),
Lens (lentil), Lathyrus (cicerchia) have n=7 and Cicer (chickpea) of tribe Cicereae,
has n=8. The various clover species (typified by M. truncatula) are predominantly
n=38. Although Medicago and Pisum belong to separate tribes within the hologale-
gina, they share almost complete chromosome-scale synteny except Medicago chro-
mosome 6 (Kalo et al. 2004) with limited synteny (Cannon et al. 2006).

Microsynteny

Microsyntenies have been first studied by making comparison between the M. trun-
catula and Glycine max genomes. A genome region surrounding at nematode-
resistance gene (rbg 1) on chromosome 18 of Gm was studied (Mudge et al. 2005)
and found that 75 % of genes are collinear between these two legume species. A
hypersynteny region was also observed between these two species, which has 33 of
35 genes (94 %) conserved and collinear. One large synteny block between Mt 05 N
(M. truncatula) and Lj 03-2S (L. japonicus) had 62 % genes which were collinear.
Indeed synteny between Mt and Lj was found to extend nearly genome-wide, despite
a time span of 40—50 Mya since their speciation (Cannon et al. 2006). More exten-
sive microsynteny (up to 82 %) between M. truncatula and L. japonicus was also
observed on the basis of 63 pairs of the sequenced BAC clones (Choi et al. 2004b).
It has been shown that 54 % BAC contigs of soybean has some level of microsyn-
teny with M. truncatula (Yan et al. 2003). Conserved gene order with at least six
genes in common over 70 kb between M. truncatula and soybean has also been
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identified around the genomic region of the putatively orthologous apyrase genes
(Cannon et al. 2004). Within the syntenic interval, 14 (~48 %) distinct genes identi-
fied conserved in M. truncatula and soybean as well microsyntenic relationship
between the chromosome CcLGO06 of pigeonpea and chromose 1 of soybean
(Varshney et al 2012). These studies on genome sequence alignment of different
species and their comparison helped to understand the major macro-syntenic blocks
and microsytenic genomic arrangements within blocks occurred during evolution of
legume genome. Increasing the availability of sequences of more species will help
to analyze actual changes occurred step by step in the genome of legume species.

Role of Whole Genome Duplication in Evolution
of Legume Genome

Available genomic sequences of model plant species as well food legumes species
make it possible to reconstruct the ancestral legume genome or at least the ancestral
papilionoid genome. The genome sequences of the Gm (soybean), Mt (Medicago)
and Lj (Lotus) indicated large scale architecture changes in the ancestral legume
genome during the course of evolution of legume genome. A limited number of
ancestral synteny blocks have been rearranged to generate present day papilinoid
genomes. Comparison of all three genomes revealed 14 largely coherent blocks,
which are nicely with apparent basal chromosome number of 7 for papilionoids
(Polhill 1981). The syntenic relationship among legume species demonstrated a
critical role of whole genome duplication (WGD) not only in evolution of plant spe-
cies but also legume species (Doyle and Egan 2009). It was first studied in genome
restructuring of soybean using restriction fragment length polymorphism. This
study identified a homoeologous segment (paralogous sequences resulting from
WGD) similar to nearly as long as whole chromosome (Shoemaker et al. 1996).
Subsequently, available genomic sequences of different plant species revealed large
scale duplication in ancient genome to generate present day plant genomes
(Arabidopsis 2000; Jaillon et al. 2007; Tuskan et al. 2006; Blanc and Wolfe 2004;
Pfeil et al. 2005; Shoemaker et al. 2006). These WGD events have been followed
closely after the Cretaceous-Tertiary boundary event ~65 Mya and might probably
be responsible for higher adaptability and greater tolerance to extreme conditions
(Fawcett et al. 2009). Based on comparative studies, it was observed that each
region of Vitis vinifera corresponds with three regions in other sequenced dicots.
This suggested that an ancient event of triploidization occurred during 130-140 Mya
was shared by many dicots (Jaillon et al. 2007).

During the recent past years, evolution of legume genome was studied in the light
of such WGD events and subsequent further rearrangement in genome. Comparison
of the genome sequences of Mt and Lj species revealed identification of dozen of
duplicated synteny. After occurrence of major WGD event quickly significant
genome rearrangements and gene loss were taken place before two species were
diverged out. These significant changes in genome rapidly degraded the quality of
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duplicate blocks. Based on synonymous substitution (Ks) estimates between
paralongs (Blanc and Wolfe 2004; Pfeil et al. 2005; Schlueter et al. 2004) and topol-
ogy of phylogebtic tree analysis (Cannon et al. 2006, 2010), it was identified that
major WGD in the legume family was occurred ~58 Mya, which is before the sepa-
ration of the Mt from Lj (~50 Mya) and splitting of these species (galegoid clade)
from Gm (millettioid clade) that has occurred 54 Mya (Lavin et al. 2005). However
there are different views of sharing this event for peanut and also for Minossoudes
and Caesealopodare (Bertioli et al. 2009; Cannon et al. 2010). Use of ~126 cross-
species EST mapped in Arachis and compared with available Mt and Lj sequences.
Based on alignments of synteny blocks, they observed that papilionoid WGD event
responsible for divergence of Ararchis from galegoids and phaseoloids occurred
very early in the evolution of the subfamily (Bertioli et al 2009). Another study sug-
gested that a WGD event occurred more recently (~13 Mya) has only responsible for
splitting of soybean (Shoemaker et al. 1996) and further polyploidy in soybean has
been estimated between 5 and 10 Mya. The WGD event causes two Gm blocks for
each Mt genome and subsequently reshuffling have been taken place among dupli-
cated Glycine genome segements due to simple as well as complex genome rear-
rangements (Young and Bharti 2012). Recently, comparison of pigeonpea genome
sequences made on the basis of gene content and gene order with Gm, Mt and Lj
suggested missing of some event in pigeonpea genome, which is member of same
clade to which soybean belongs (Varshney et al. 2012). Overall, the whole-genome
duplication occurred 58 Mya followed extensive rearrangements in the genome for
stabilization before splitting the milletttiod and galegoids clades i.e. 54 Mya. Some
of these rearrangements have observed lineage specific, but based on microsyneny
relationship between the pigeonpea and soybean, further local rearrangements were
also occurred during the course of evolution (Varshney et al. 2012).

Impact of WGD Event on Evolution of Individual Genes
and Gene Families

The WGD events obviously have a profound impact on genome architecture and an
equally important role in the evolution of individual genes and gene families. These
gene duplication events have been observed in plant genome as tandem, segmental
and transposition (Freeling 2009). These duplicated genes were further categorized
into various types on the basis of their function. When two duplicated genes are
maintained and shared a function by spiting up the function of their ancestor is often
called subfunctionalization (Force et al. 1999). While one of the duplicated genes
takes part in a new function for various reasons is called neofunctionalization,
although both genes are maintained (Lynch et al. 2001). Other possibility is that only
one gene retained while its counterpart is deleted, is known as fractionation
(Langham et al. 2004) or equivalently, diploidization. The duplication of each gene
changes the entire evolutionary trajectory of a lineage into a noval direction and in
legumes this has led a significant impact on nodulation and symbiosis with rhizobial
bacteria (Young et al. 2011). Using the Mt genome sequence, relationship between
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genome duplication and evolution of nodulation was established and a common
ancestor has been presumed for nodulation in all the legumes belonging to a clade of
rosids, Fabidae (Soltis et al. 1995). Based on multiple evidences, nodulation machin-
ery predated the 58 Mya WGD and many of the known regulatory steps in rhizobial
nodulation are shared with mycorrhizal signaling (Oldroyd and Downie 2008;
Bonfante and Genre 2008). Only a few of the known recognition steps are exclu-
sively associated with rhizobial nodulation. NEP, which is the key receptor-like
kinage, is one of them (Oldroyd and Downie 2008) and have a homeolog, LYRI in
Mzt. These duplicated genes were derived from WGD event occurred 58-Mya. NEP
performs nodulation function in expression whereas LYR1 is responsible for the
mycorrizal recognition functions in mycorrhizae (Gomez et al. 2009). In a nodulat-
ing nonlegume, Parasponia andersonii, a single gene has been identified to code a
protein, which performs the functions of both NEP and LYrl (Op den Camp et al.
2011). This supports that 58-Mya papilionoid WGD led to subfunctionalization of a
more ancient gene carrying both functions. The example of sub-or neofunctionaliza-
tion was observed that a separate nodulation-related transcription faction ERN1 also
possesses a homeolog (ERN2) in Mt. These two homeologs have contrasting nodu-
lation versus mycorrhizal expression patterns also derived from the 58 Mya WGD.

In legumes, 150 kb segment duplicated at two sites in Mt genome have main-
tained only 39 % genes which showed 81-85 % orthology of genes with Gm.
Although fractionation is also taking place between the Gm paralogs, it has been
taken place more slowly compared to Mt lineage as the result the numbers of gene
pairs retained in Gm are much higher i.e. 69—100 % (Young and Bharti 2012). Impact
of fractionation of duplicated genes was studied in evolution NBS-LRR disease-
resistance gene family of legumes. Studying of a 1-Mb region centered around the
resistance gene Rpg!-b located on Gm15 demonstrated that the homoeologous trans-
location of Gm15 region into the pericentromeric region of the chromosome has
increased threefold physical size of Gml5. These duplicated regions although
retained 77 % of duplicate genes, on the other hand, in these regions higher levels of
fractionation of NBS-LRR genes was observed due to significant homoelogus-
specific duplications and losses (Innes et al. 2008). In Mt genome, multiple linked
genes (fractionation of duplicate genes in term of gene blocks) were retained in one
duplicate but lost from other (Kim et al. 2009). Only differences in retrotransponson
density between the two regions causes levels of structural variation and gene expres-
sions. Difference in expression activity is significant because expression variation
between retained gene pairs is an expectation of sub- and neo-functionalization.

Tandem duplication increases predicted genes in L. japonicus (12 %) and M.
truncatula (17 %) and the majority of tandem duplication events are probably
occurred independently after the divergence of the two species. Most of angio-
sperms (80 %) except legumes are likely to have a polyploid origin (Masterson
1994). Only soybean among legumes has long been known to be an ancient poly-
ploid with putative homoeologous chromosomal regions (Shoemaker et al. 1996;
Lee et al. 1999, 2001; Foster-Hartnett et al. 2002; Yan et al. 2003). Segmental dupli-
cations within the soybean genome were identified through fluorescence in situ
hybridization of BACs (Pagel et al. 2004) and in the M. truncatula and L. japonicus
genomes through high-throughput genome sequencing (Zhu et al. 2003).
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Genomics in Analysis of Domestication Syndrome in Legumes

Genomics helped to study the syntenic relationship among the different species of
legume taxa. During the evolution of legume genome, genomic regions responsible
for traits modified from wild to cultivated species (usually known as domestication
syndrome; Hammer 1984, 2003) are differed variably in term of rate and the order
(Fuller 2007). For example, QTL for seed length and pod length on LG 7 in common
beans are present in almost the same region on LG of azuki bean. However, QTL for
pod and growth habit detected on LG7 in azuki bean were not detected on LG BS5 of
common bean. In another study, two and four QTL for seed weight were identified
in the populations derived from wild x cultivated crosses in cowpea and mungbean,
respectively (Fatokun et al. 1992). In this study, linkage groups established in these
two crops shown a significant correspondence, and also showed correspondence for
QTL detected for seed weight. Correspondence of QTLs for seed weight was also
detected with azuki bean but with variable effects and some QTL for seed weight
were observed crop specific. Though seed weight QTL appears to be conserved
among these species over the linkage group, the main genome regions related to
increased seed weight under domestication do not correspond among these related
species. For example, in azuki bean, seed weight in cultivated taxa is about eight
times that of the wild parent, while differences for seed weight in cultivated and wild
parents of cowpea and mungbean has only been exhibited a fivefold (Fatokun et al.
1992). Azuki bean has the largest seed for the cultivated Asian Vigna (Tomooka
etal. 2000). Therefore, different loci may be involved to increase seed size. Similarly,
QTL for seed weight were also detected in tribes Phaseolae (i.e. soybean) and
Vicieae (i.e. pea), which has corresponded with above crop species on the basis of
genomic analysis (Maughan et al. 1996; Timmerman-Vaughan et al. 1996). These
findings suggest that genomic region for seed weight has been conserved across the
Leguminosae and play an important role in increasing seed size. Despite many par-
allels in the modifications during domestication between pea and common bean,
none of genes involved in the domestication of both crops was identified so far. It has
been observed that different genes are responsible for seed dispersal, growth habit,
earliness, seed quality and seed pigmentation in pea and bean. However, many issues
including seed dormancy, gigantism and the loss of photoperiod sensitivity that may
involve homologous or orthologous sequences, which can be resolved by identify-
ing the coding sequence of the gene affected in one crop followed by their mapping
in the others. Thus genomics encourages to find out the ways of modification in
characters occurred during the domestication of cultivated species.
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Chapter 15
Advances in Pea Genomics

Petr Smykal and Eva Konec¢na

Abstract Pea (Pisum sativum L.) is important temperate region pulse, with feed,
fodder and vegetable uses. Pea was the model organism for Mendel s discovery of
the laws of inheritance, making it the foundation of modern genetics. However,
subsequent progress in pea genomics has lagged behind many other plant species,
largely as a consequence of its genome size (4.45 Gbp), consisting to large part
(75-97 %) of repetitive sequences and its relatively low economic significance
(compare to cereals or soybean). There is a long history of genetic mapping studies
in pea leading to seven linkage groups definition as well as subsequent marker/trait
association. The availability of the genome sequences of three phylogenetically
related legume species (Medicago truncatula, Lotus japonicus and Glycine max)
has offered opportunities for genome wide comparison. Combination of a candidate
gene and colinearity approach has allowed the identification of genes underlying
agronomicaly important traits. The progress in the understanding of genes and func-
tional association to traits in the model legume species has been accompanied by
gene-based marker development in pea. This together with enhanced computational
power and access to diverse germplasm collections, led to association mapping
application to identify genetic variation related to desirable agronomic traits. Some
of this knowledge has already been applied to marker assisted selection (MAS)
programs, increasing the precision and shortening the breeding cycle. Comprehensive
pea genomic resources already exist and include several types of molecular marker
sets as well as both transcriptome and proteome datasets. Various available marker
types have been used for assessment of genetic diversity and mapping of agronomi-
caly important Quantitative Trait Loci (QTL). Fast neutron and TILLING pea
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mutant populations are available for reverse genetics approaches, BAC libraries for
positional gene cloning as well as transgenic and in vitro regeneration for proof of
function or novel gene incorporation. Current genomic knowledge and technologies
can facilitate the allele mining for novel traits and incorporation from wild Pisum
sp. into elite domestic backgrounds. The availability of high throughput sequencing,
genotyping and the -omics methodologies, these hold great promise for the develop-
ment of novel, highly accurate selective breeding tools for improved pea genotypes
suitable for various climates and farming systems.

Keywords Pea ¢ Pisum sativum * Genomics * Marker-assisted breeding * QTLs

Introduction

Dry pea ranks second after Phaseolus as the most widely grown grain legume in the
world with global production of 10.4 M tonnes in 2009 (FAOSTAT 2012). It is
important temperate region pulse, with feed, fodder and vegetable uses. Its seeds are
rich in protein (23-25 %), slowly digestible starch (50 %), soluble sugars (5 %),
fibre, minerals and vitamins as well as in secondary metabolites such as isoflavo-
noids with anticancer and other health-promoting activities (Bastianelli et al. 1998;
Dixon and Sumner 2003).

Pea is one of the world’s oldest domesticated crops. Archaeological evidence
dates the existence of pea back to 8000 BC in Near East and in Europe where it has
been found since the Stone and Bronze Ages (De Candolle 1882; Vavilov 1949;
Smartt 2005; Ambrose 1995; Zohary and Hopf 2000; Abbo et al. 2010; Upadhyaya
etal. 2011). The center of pea genetic diversity is the broad area of Fertile Crescent
through Turkey, Syria, Iraq, Israel and Lebanon. It extends further east to Central
Asia (Iran, Afghanistan, Pakistan and Turkmenistan) (Smykal et al. 2011). Ethiopia
is considered as a secondary center of diversity (Van der Maesen 1998).

Pea belongs to genus Pisum which comprises of mainly three species i.e. P. sati-
vum L. with subsp. sativum (includes var. sativum and var. arvense), subsp. elatius,
P. fulvum and P. abyssinicum. The most used classification is of (Maxted and
Ambrose 2000) to which to which Vavilovia formosa was added to classify four spe-
cies (Smykal et al. 2011). Primary gene pool consists of P. sativum including wild
P. sativum subp. elatius, a secondary gene pool is composed of P. fulvum and a
tertiary gene pool consisting only of Vavilovia formosa.

Genome Size

Nuclear genome size estimates have been produced for several accessions of pea
using different methods and estimated to be 9.09 pg DNA/2C corresponding to the
haploid genome size (1C) of 4.45 Gbp (Dolezel and Greilhuber 2010). The average
GC content is 37.4 % and approx. 30 % C residues are methylated (Pradhan and
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Adams 1995). Early studies of sequence composition of the pea genome employing
DNA reassociation kinetics and melting behavior measurements indicated that its
large part (75-97 %) is made up of repetitive sequences, being confirmed recently
by next generation sequencing approach (Macas et al. 2007). TheTy3/gypsy LTR-
retrotransposons were identified as the main component of the pea repeats, with
highly amplified group of Ogre elements alone representing 20-33 % of the pea
genome. Another interesting lineage of copia-type Angela-family retrotransposon
has been shown to be evolutionary conserved and involved in microsatellite repeat
dispersal (Smykal et al. 2009). Some of these elements were found useful as a
source of molecular or cytogenetic markers allowing discrimination of individual
chromosomes within the karyotype or diversity studies (Flavell et al. 2003; Jing
et al. 2005; Neumann et al. 2001; Smykal 2006).

Genomic Resources

Genetic Maps and Mapping Populations

There is a long history of genetic mapping studies in pea (McPhee 2007; Aubert
et al. 2006). Different types of markers were successively used: morphological,
isozymes, RFLP, RAPD, SSR, ESTs and finally gene-based (Blixt 1972; Hall et al.
1997; Aubert et al. 2006; Weeden and Marx 1987; Irzykowska et al. 2001; Laucou
et al. 1998; Loridon et al. 2005; Gilpin et al. 1997; Weeden and Boone 1999;
Timmerman-Vaughan et al. 2000; Konovalov et al. 2005; Deulvot et al. 2010;
Bordat et al. 2011).

Combining these markers, consensus map was built from a population of 51 RIL
derived from JI1794 x Slow (Weeden et al. 1998) (Table 15.1). Later, pea consensus
linkage maps were obtained using three connected RIL populations (JI15xJI1194,
JI15%J1399 and J1281 xJI399) (Hall et al. 1997) (Table 15.1). The total length of the
integrated map (937 cM) was close to the expectation from chiasma distribution
(Hall et al. 1997). Three different crosses (Terese x K586-RIL 1, Champagne x Terese-
RIL2, Shawnee x Bohatyr) were used to build a composite genetic map of 1,430 cM
comprising 239 microsatellite markers, till now the most cited and used pea genetic
map (Loridon et al. 2005) (Table 15.1). The markers are quite evenly distributed
throughout the seven linkage groups of the map, with 85 % of intervals between the
adjacent SSR markers being smaller than 10 cM. This map was used to localize
numerous QTLs for disease resistance as well as quality and morphological traits.
Later, maps composed of genes of known function, were developed, such as consen-
sus genetic map from the populations RIL1 and RIL2 which covered 1,458 cM and
comprised 363 loci (Aubert et al. 2006) (Table 15.1). The last consensus map pub-
lished in pea provides the most comprehensive view of the pea map until now (Bordat
et al. 2011) (Table 15.1). This map was built from data obtained for 1,022 RIL
belonging to four RIL populations (VavD265xCameor, BalletxCameor,
VavD265 x Ballet, China x Cameor). It includes 214 functional markers, representing
genes from diverse functional classes such as development, carbohydrate
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metabolism, amino acid metabolism, transport and transcriptional regulation. It also
includes 180 SSR, 133 RAPD and 3 morphological markers, thus is intrinsically
related to previous maps (Hall et al. 1997; Aubert et al. 2006; Laucou et al. 1998;
Loridon et al. 2005; Gilpin et al. 1997; Weeden et al. 1998). Based on markers shared
with previously published maps, 48 known mutations and 15 protein or gene markers
could be placed onto this consensus map. Moreover, this map provides basis for
translational genomic approaches among legumes. Comparing these different maps,
length variations or gene order discrepancies among populations were observed. One
contribution to excess map length could be miscoring due to DNA methylation, or
deficiency of heterozygotes (Knox and Ellis 2001, 2002). Different recombination
rates could also occur, with longer maps for crosses among close genotypes and
shorter maps for wider crosses. Gene order discrepancies could be also due to trans-
locations in the different RIL population used or/and by missing data for markers
genotyped in one population (Bordat et al. 2011; Ellis and Poyser 2002).

DNA Based Molecular Markers

Microsatellite Markers

Microsatellite markers, also termed simple sequence repeats (SSR), occur ubiqui-
tously in eukaryotic genomes and were among the first markers used for mapping
studies. A common set of Simple Sequence Repeats (SSRs or microsatellites) was
developed (Loridon et al. 2005; Burstin et al. 2001; Ford et al. 2002) and broadly used
for mapping. SSR have also been popular for assessing Pisum diversity because of
their high polymorphism and information content, co-dominance and reproducibility
(Smykal et al. 2008a; Zong et al. 2009; Ford et al. 2002; Baranger et al. 2004; Tar’an
et al. 2005). On the other hand, microsatellites have much higher mutation rates (esti-
mated at 104 site™!' year™') than the nucleotide substitution rate and therefore suffer
from homoplasy (the state when identical alleles have arisen by two or more different
pathways of descent) in very diverse material (Cieslarova et al. 2011). The high diver-
sity in the Pisum genus suggests that the risk of homoplasy in wide surveys of pea
germplasm using microsatellites might be high (Smykal et al. 2012a; Ellis 2011).
Most recently, expressed sequence tag (EST)-derived simple sequence repeat (eSSR)
markers have become an important resource for gene discovery and comparative
mapping studies (Cieslarova et al. 2011; Mishra et al. 2012; Decarie et al. 2012).

Retrotransposone Based Markers

Other marker types broadly used for diversity studies include retrotransposon-based
methods, such as Sequence Specific Amplified Polymorphism (SSAP), Inter-
Retrotransposon Amplified Polymorphism (IRAP) and Retrotransposon-based
Insertion Polymorphism (RBIP) (Flavell et al. 2003; Smykal 2006; Ellis et al. 1998;
Vershinin et al. 2003). The later method was developed into high-throughput
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genotyping technology based on insertion/deletion of retrotransposons from the
Ty1-copia retrotransposable element sequences and used extensively in studies of
molecular variation among pea core collections (Smykal et al. 2008a, b, 2011; Jing
etal. 2010, 2012). It was shown to provide greater power for phylogeny and genetic
relationship studies and is therefore suited for in-depth phylogeny and germplasm
diversity studies (Smykal et al. 2008b, 2011; Jing et al. 2010, 2012). Another
Angela-family class of highly abundant retrotransposons in pea was identified and
used for fingerprinting (Smykal et al. 2009). The list of pea markers published up to
now allow for QTL or gene mapping, marker assisted selection (MAS), genetic
diversity survey, and association studies. Although SSR and RBIP marker types are
still widespread, they will probably be replaced by SNP or sequencing genotyping.
Several pea cDNA sequencing projects are ongoing and should provide, at last, a
complete Unigene set for the pea RNA-Seq gene atlas, INRA, France, Cool Season
Food Legume Genome Database, USDA, USA, http://www.gabcsfl.org (Franssen
et al. 2011). This set should facilitate the investigation of whole genome sequence
polymorphisms in pea and pave the way to Genome Wide Association Studies
(GWAYS) as well as Genomic Selection (GS) providing link between phenotype and
genotype. Improvements in marker methods have been accompanied by refinements
in computational methods to convert original data into useful representation of
diversity and genetic structure. Initially and still used distance-based methods have
been challenged by model-based Bayesian approaches. The incorporation of prob-
ability, measures of support, ability to accommodate complex model and various
data types make them more attractive and powerful (Reif et al. 2005; Beaumont and
Rannala 2004; Corander et al. 2003).

Functional: cDNA/EST Markers

The expressed sequence tag (EST) approach identifies candidate genes via cDNAs
(copies of mRNA) transcribed in response to a particular stimuli/trait of interest.
The availability of rapidly growing sequence databases allows the detection of
regions showing sequence similarities in functionally related gene products from
distantly related organisms. Thus it is increasingly possible to assign putative func-
tions for a large proportion of anonymous cDNA clones/ESTs. Consequently EST
analysis is a rapid and efficient way for providing preliminary information of the
expressed profiles for the most abundant transcripts of genes in any particular tissue
in different physiological conditions, and thus the identification of regulatory genes.
Moreover in case of large and complex genomes, such of pea, ESTs allow fast dis-
section of gene coding regions and elimination of repetitive sequences. The initial
set of pea ESTs was developed by Gilpin et al. 1997. Large online pea database
“CROP-EST” (http://pgrc.ipk-gatersleben.de/cr-est/) included two pea cDNA
libraries with a total of 9,377 ESTs (Kiinne et al. 2005). Recently, a large database
comprising 7,610 unique genes from shoot apical meristem cDNA libraries was
generated (Liang et al. 2009) and even larger RNA-seq atlas (http://bios.dijon.inra.
fr/FATAL/cgi/pscam.cgi).
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Single Nucleotide Polymorphism (SNP) Markers

Single Nucleotide Polymorphism (SNP) markers are currently preferentially used
to assess genetic diversity, for genetic mapping and for tagging alleles of functional
interest. Gene-specific studies have identified SNP markers useful for characterising
diversity and relationships among pea genotypes (Jing et al. 2007). When SNP
markers are incorporated into arrays, they offer assessment of thousands of gene-
related SNPsSNP in a single reaction. Thirty seven genes were mapped and used in
384-SNP array for pea from a diverse genotypic background (Deulvot et al. 2010).
In comparison to other types of markers, the rate of SNP discovery is almost unlim-
ited. In pea, one SNP was detected per 94 bp on average (i.e. one in 165 bp in coding
regions and one in 60 bp in non-coding regions) (Aubert et al. 2006; Jing et al.
2007). Recently, a set of SNP markers using Illumina Veracode genotyping technol-
ogy has been in pea and used to build consensus map (Deulvot et al. 2010; Bordat
et al. 2011). Within Crop EST project, 9,377 ESTs with BLAST identified 8,238
ESTs were obtained from two cDNA libraries of pea (http://pgrc.ipk-gatersleben.
de/cr-est) (Kiinne et al. 2005). Recently, a set of 37,455 contig sequences were
assembled from 3,084,253 high quality 454 reads (1.2 Gbp) of pea variety Aragorn
using the Newbler algorithm. These 37,368 putative transcripts were of average
length 1,045 bp and represent 25,353 isotigs, and represent 34,846 unigenes, 8,817
contigs and 26,029 singletons (http://www.gabcsfl.org). Similarly, INRA Dijon,
France has produced pea RNA-Seq Gene Atlas (http://bios.dijon.inra.fr/FATAL/cgi/
pscam.cgi). This web-portal provides the first full-length Unigene set expression
atlas for pea. Twenty pea cDNA libraries were prepared from different above- and
below- ground cv. “Cameor” plant organs, at different stages, and for different nutri-
tion conditions. Libraries were sequenced using Next-Generation Sequencing tech-
nologies. Sequences were assembled de novo and a full-length Unigene set was
produced. The sequencing depth of each cDNA contig relates to the expression level
of transcripts. This gene atlas presents the pattern of expression and thus provides
useful functional information for each cDNA contig (Alves-Carvalho et al. in prep).
In the future, new RNA-Seq experiments will be added to this portal to enlarge the
scope of the atlas.

Comparative and Functional Genomics

Comparative genetic analysis among legumes was first presented by Vavilov’s stud-
ies on homologues series of similar heritable variation in related Vicieae tribe spe-
cies (Vavilov 1922). The first molecular evidence of macrosynteny between legumes
was given by the comparison of genetic maps of economically important legumes:
between pea and lentil, pea and chickpea, pea and Medicago, as well as among
several legume species (Aubert et al. 2006; Weeden et al. 1992; Simon and
Muehlbauer 1997; Choi et al. 2004; Kalo et al. 2004) Recently, cross species gene-
based markers were used to identify homologous genome segments among eight
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legume species (M. truncatula, alfalfa, L. japonicus, chickpea, soybean, mungbean,
common bean and pea) with M. truncatula used as reference genome for consensus
map (Cannon et al. 2009; Choi et al. 2004). By systematically searching for the best
homologues of the genes mapped in the pea consensus map in sequenced legume
genomes, comparison of gene orders in pea, M. truncatula, L. japonicus and soy-
bean was made and specified the overall conservation of gene order and the corre-
spondence among pea linkage groups and M. truncatula and L. japonicus pseudo
chromosomes (Bordat et al. 2011). More data will help refine observed synteny.
Comparative mapping also allows for investigating the paleo-history of the pea
genome. Scenario of evolution of the seven pea chromosomes from the paleo-
hexaploid ancestor of Eudicot was proposed (Bordat et al. 2011). Finally, transla-
tional genomics is beginning to assist in identifying candidate genes or saturating
markers in a zone of interest of pea (Wang et al. 2008; Hecht et al. 2007, 2011;
Hellens et al. 2010).

Pea Transcriptome and Proteome Analysis

Transcriptome analysis has been a key area of biological investigation for decades.
In the absence of a completely sequenced genome, EST collections, such as unige-
nes at NCBI (NCBI 2013), or tentative consensus sequences at DFCI (DFCI Plant
Gene Indices. http://compbio.dfci.harvard.edu/tgi/plant.html) produced by tradi-
tional Sanger sequencing have proven extremely useful for research. The develop-
ment of expressed sequence tags (ESTs) from pea has provided a source for mining
novel simple sequence repeats (SSR) markers, valuable resources for gene discovery,
expression analysis, and genome annotation (Kaur et al. 2012; Gong et al. 2010).
Pea 6 k oligo-array (Ps6kOLI1) developed from diverse sources of genomic
sequence, especially seed EST libraries, have been performed for several transcrip-
tome analyses. Seed development processes and specific genes involved in primary
metabolism or hormone deficiency were investigated (Weigelt et al. 2008, 2009;
Riebeseel et al. 2010; Radchuk et al. 2010). Hydrogen peroxide has been shown to
accumulate during seed germination. The effect of treatment of mature pea seeds
with hydrogen peroxide on several oxidative features and the expression of genes
known to be activated by hydrogen peroxide were monitored as well as metabolites
and function of antioxidant enzymes during maturations of pea fruits (Barba-Espin
et al. 2011; Matamoros et al. 2009). The development of transcription quantitative
PCR methods facilitated transcript detection, increased the experimental through-
put, and reduced the required quantity of input RNA. Expression and quantitative
studies were used to explore the interactions between the hormones and unifololiata
(UNI) gene that control leaf morphogenesis. It was shown that rate of increase in
leaf complexity during shoot ontogeny and adult leaf complexities are controlled by
gibberellic acid through UNI gene (DeMason and Chetty 2011). Important evalua-
tion of candidate reference genes in pea varieties subjected to various abiotic and
biotic stresses was undertaken, resulting in identification of tubulin-3 and TIF genes
as the most stably expressed (Saha and Vandemark 2012).
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Recently, it has become feasible to produce transcriptomic resources for non-
model species by next generation sequencing. Libraries comprising a total of 450
cDNA Mbp from flowers, leaves, cotyledons, epicotyl and hypocotyl, and light
treated etiolated seedlings, were assembled into 324,428 unigenes and annotated in
A. thaliana, M. truncatula, G. max and other databases (Franssen et al. 2011).

Comparative transcriptomics was used to investigate adaptation of Rhizobium
leguminosarum to pea, sugar beet and alfalfa and has enabled differentiation
between factors conserved across plants for rhizosphere colonization as well as
identification of exquisite specific adaptation to host plants (Ramachandran et al.
2011). Transcriptome variations in reaction to abiotic and biotic stresses were also
analyzed using several transcriptomic approaches. Currently, the microarray studies
yielding more complex date are used to obtain a global view of gene expression and
provide information about the possible mechanisms and pathways involved in the
resistance (Fondevilla et al. 2011a). Similarly, chilling and acclimation mechanisms
in freeze-tolerant pea line were compared with a sensitive line on transcriptome
gene profiles and were associated with morphological measurements and histologi-
cal observations (Lucau-Danilla et al. 2012). Further development in the microarray
field led to other transcriptomic applications, such as detection of non-coding
RNAs, single nucleotide polymorphisms (SNPs), and alternative splicing events.
DNA sequencing approaches to transcriptome analysis have been an alternative to
microarray-based methods.

Proteome analysis is becoming a powerful tool in the functional characterization
of plants. With the availability of vast nucleotide sequence information and the
progress achieved in sensitive and rapid protein identification by mass spectrometry,
proteome approaches opened up new perspectives to analyze complex traits in
plants at different levels. Subcellular compartments as mitochondria and chloroplast
in pea were analyzed and proteins involve in specific function of these compart-
ments were identified (Bardel et al. 2002; Taylor et al. 2005; Kanervo et al. 2008).
Several proteome reference maps for leaves and stems were established. Studies of
the developmental processes during germination were performed and the candidate
proteins associated with the loss of desiccation tolerance were identified. Among
the total of 139 protein spots showing a significant change during germination,
number of new proteins were identified, such as sterol biosynthetic enzyme, ethyl-
ene biosynthetic enzyme, ACC oxidase, actin depolymerizing factor-like protein,
the ROS detoxification enzyme, GPX, and actin reorganization factor. It was found,
that seed germination involves not only in the activation of a series of metabolic
processes, but also the reorganization of cellular structure and activation of protec-
tive systems (Wang et al. 2012). Finally, the pea mature seed proteome reference
map containing high number of storage proteins was constructed, that give us new
insights into the pea storage protein processing, especially in case of 7S globulins
(Bourgeois et al. 2009). Combination of these results together with protein changes
in their relative abundance during nitrogen mobilization from leaves to filling seeds,
provide a complex view of cellular processes during germination (Schiltz et al.
2004). Several proteins involved in biotic and abiotic stress were also identified,
including LEA, dehydrins and heat shock proteins (Grelet et al. 2005). Protein
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differences in leaf proteome composition between pea genotypes displaying differ-
ent phenotypes in response to pathogen infection were analyzed (Barilli et al. 2012;
Castillejo et al. 2004). Relevant proteins were identified by mass spectrometry and
their possible function was deduced. It was shown that most of the identified pro-
teins corresponded to enzymes belonging to photosynthesis, metabolism, biosyn-
thesis, binding and defense response pathways, with different behaviour patterns in
relation to susceptibility/resistance of the studied genotypes. Similarly, root pro-
teome variation associated with the root infection by a soil-borne pathogen was
tested (Wen et al. 2007). In the pea—pathogen interaction, removal of border cells
from roots prior to inoculation with spores resulted in a significant increase in fre-
quency of root tip infection. These results support the hypothesis that proteins
released along with the root cap mucilage during the process of border cell separa-
tion play a vital role in the plant’s system of immunity, by protecting the root tip as
it moves through the soil environment. Proteins are physically and chemically much
more diverse than nucleic acids, which hinders the quantitative analysis of protein
complexes. With the combination of proteomic and quantitative trait loci (QTL)
mapping approaches, the genetic architecture of seed proteome variability was
uncovered (Bourgeois et al. 2011a, b). Protein quantity loci (PQL) were searched
for 525 spots detected on 2D-gels, most protein quantity loci was mapped in clus-
ters. Interestingly, the analysis revealed that, the accumulation of the major storage
protein families was under the control of a limited number of loci. To extend our
knowledge of the pea genome structure, the current studies are focused on pea
metabolome (Charlton et al. 2004, 2008). Recently, leaf metabolome has been pro-
filed to monitor the changes induced by drought-stress and pea seed development
(Charlton et al. 2008; Vigeolas et al. 2008).

Use of Genomic Resources in Molecular Breeding

Despite the effort and progress developing molecular resources, use of currently
available in pea breeding has been limited. Several factors limit the direct applica-
tion of QTLs and their associated markers including: (1) imprecise phenotypic
description resulting in inaccurate marker-trait associations, (2) use of small map-
ping populations (50-200 individuals) resulting in limited genetic resolution, (3)
lack of common markers reference markers across QTL studies, (4) limited range of
variation in cultivated genepool, (5) trait and marker validation in different genetic
background, (6) high genotype x environment interactions on expression, (7) neces-
sity to test polymorphism of the molecular markers in different genetic backgrounds,
(8) large (5-10 cM on average) genetic distances between markers and the QTLs,
and finally small investments in pea and thus lag in molecular tool development for
breeding (Smykal et al. 2012a, b). However, efforts were made to use of genomic
resources to molecular breeding of pea.
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Mapping of Disease and Pest Resistance Genes in Pea

As in any other crop, there is long list of diseases and pests affecting pea. Among
them fungal and viral pathogens is likely causing the most severe damage. Fusarium
wilt is one of the most widespread diseases of pea, limiting pea production world-
wide. Four races of Fusarium oxysporum, race 1, 2, 5 and 6, are recognized based
on differential pathogenicity on pea cultivars (Kraft and Pfleger 2001). The infec-
tion occurs by wind, rain and environmental factors through movement of infested
soil or seed. Field symptoms appear as patches of dead or dying plants, eventually
becoming dry and brittle. Cultivation of resistant varieties offers the best solution to
combat the disease (Kraft and Pfleger 2001). Available resistance to fusarium root
rot caused by (F. solani f.sp. pisi) is quantitatively inherited, with three QTLs identi-
fied together with STMS markers for use in marker assisted breeding (Coyne et al.
2007a) (Table 15.2). Single genes are available for fusarium wilt resistance, such as
Fw gene providing resistance to race 1, Fwn to race 2 or Fwf to race 5 placed on
LGII (Kraft and Pfleger 2001; Grajal-Martin and Muehlbauer 2002; McClendon
etal. 2002; Coyne et al. 2000; Okubara et al. 2005). Recently (Kwon et al. 2013) has
developed user friendly markers linked to Fusarium wilt race 1, and provided its
anchoring with mapped gene specific markers. AFLP and RAPD markers for Fw
placed on LGIII were developed; however these have limited use for breeding owing
to poor transferability (McClendon et al. 2002; Okubara et al. 2005). Putative single
gene Fnw was recently placed on linkage group IV (LOD 40.0-65.6) and minor loci
on LG III (LOD 3.97-4.60) (McPhee et al. 2012) (Table 15.2).

Ascochyta blight of pea is caused by a complex of three fungal pathogens:
Mycosphaerella pinodes, Phoma medicaginis var. pinodella and Ascochyta pisi.
Both single genes (Rap2) and QTLs have been reported conferring resistance to A.
pisi (Darby et al. 1985). Similarly both single genes (Rmp1, Rmp2, Rmp3 and Rmp4)
and QTL have been described for M. pinodes resistance (Clulow et al. 1991;
Timmerman-Vaughan et al. 2002, 2004; Tar’an et al. 2003; Prioul et al. 2004;
Fondevilla et al. 2011b) (Table 15.2). Microarray technology was used to identify
346 differentially expressed genes in a resistant reaction to Mycosphaerella pinodes
in pea among them genes involved in defense reactions such as cell wall reinforce-
ment, phenylpropanoid and phytoalexins metabolism, pathogenesis-related proteins
and detoxification processes (Fondevilla et al. 2011a). Three genes (erl, er2 and
Er3) have been postulated to confer resistance to powdery mildew (Erysiphe pisi)
(Fondevilla et al. 2007; Heringa et al. 1969) (Table 15.2). The gene erl is in wide
use in pea breeding programs (Heringa et al. 1969; Tiwari et al. 1997; Harland
1948). Resistance conferred by this gene has proven to be stable and is caused by a
barrier to pathogen penetration (Fondevilla et al. 2006). Various markers have been
linked to the er! locus mapped on linkage group VI (Ghafoor and McPhee 2012;
Dirlewanger et al. 1994; Pereira et al. 2010; Srivastava et al. 2012; Ek et al. 2005).
Recently, by study of novel erl allele, co-segregation with PsMLOI (Mildew
Resistance Locus O) loss-of-function was reported (Pavan et al. 2011; Humphry
et al. 2011). Analysis of the respective gene from several known powdery mildew
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resistant cultivars has further supported that indeed PsMLOI1 loss-of-function is
responsible for the trait and indicated the same molecular basis are shared among
well studied barley mlo, tomato ol-2 and pea erlgenes (Pavan et al. 2011; Humphry
etal. 2011). Gene er2 mapped on linkage group III confers a high level of resistance
only in some locations as its expression is strongly influenced by temperature and
leaf age (Fondevilla et al. 2006; Katoch et al. 2010; Tiwari et al. 1993). Novel,
dominant resistance gene Er3 was identified recently in P. fulvum and has been
introduced successfully into adapted P. sativum material by sexual crossing
(Fondevilla et al. 2007, 2008). Resistance conferred by Er3 is due to a high fre-
quency of cell death that occurs both as a rapid response to attempted infection and
a delayed response that follows colony establishment (Fondevilla et al. 2007).
Erysiphe pisi is distributed worldwide and there is someevidence of physiological
specialization and resistance to disease conferred by erl was overcome by anisolate
of the fungus obtained from naturally infected plants. Importantly, Erysiphe baum-
leri and Erysiphe trifolii have been recently reported that was not previously known
as a pathogen of pea powdery mildew (Ondfej et al. 2005; Attanayake et al. 2010).
Pea rust has been reported to be caused by Uromyces viciae-fabae in tropical and
subtropical regions and or by U. pisi in temperate regions (Kushwaha et al. 2006;
Barilli et al. 2010). Both major genes (Ruf) and QTLs have been reported conferring
resistance to U. viciae-fabae in pea (Vijayalakshmi et al. 2005; Rai et al. 2011)
(Table 15.2). Mapping revealed one major and one minor (environment specific) QTL
for rust resistance on LGVII, flanked by SSR markers at 10.8 cM, explaining 42.4 and
58.8 % of the total phenotypic variation (Barilli et al. 2010). Genetic resistance to
Aphanomyces root rot (Aphanomyces euteiches) in pea is reported to be governed
either by a single gene or by QTLs (Weeden et al. 2000; Pilet-Nayel et al. 2002, 2005).
Two mapping populations of 178 recombinant inbred lines each were used to identify
QTL for Aphanomyces root rot resistance in controlled and in multiple French and
USA field conditions. This led to identification of total of 135 additive-effect QTL
corresponding to 23 genomic regions and 13 significant epistatic interactions associ-
ated with partial resistance to A. euteiches in pea (Hamon et al. 2010) (Table 15.2).
Using a linkage map based on RAPD, SSR and STS marker polymorphism of a RIL
population, identified 10 and 6 QTLs associated with Ascochyta blight resistance at
the seedling stage and adult plant stages, respectively, and four more developmental
stage independent QTLs (Pilet-Nayel et al. 2005). In addition to Ascochyta blight
resistance, three QTLs for flowering date and plant height were reported. Pseudomonas
syringae is the main pathogen responsible for bacterial blight in pea and can cause
yield losses of 70 % in cool and wet conditions. Resistance to pea bacterial blight
(Pseudomonas syringae pv. pisi) is controlled by single dominant genes Ppi! (for race
R2), Ppi3 (R3) and Ppi4 (R4) (Hunter et al. 2001). Recently, two QTLs associated
with resistance, Psyl and Psy2, were identified, explaining 22.2 and 8.6 % of the
phenotypic variation, respectively (Fondevilla et al. 2012) (Table 15.2). P. abyssini-
cum accessions (16 originated from Ethiopia and 1 from Yemen) were identified to be
resistant or partially resistant to all races including race 6, for which there are no
known commercial resistant cultivars. This resistance is controlled by a major reces-
sive gene together with a number of modifiers (Elvira-Recuenco and Taylor 2001).
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Incomplete resistance to parasitic plant, crenate broomrape (Orobanche crenata) is
available in accessions of P. sativum ssp. sativum, abyssinicum, arvense and elatius and
in P. fulvum and these are being introgressed into cultivated pea (Rubiales et al. 2005,
2009). Resistance to pea bruchid (Bruchus pisorum) has been described in P. fulvum
being conferred by three genes (Byrne et al. 2008; Clement et al. 2009). Pea lines with
the Np gene respond to the presence of pea weevil eggs on pods by forming callus (neo-
plastic pod trait) that reduces larval entry into the pod (Hardie et al. 1995; Doss et al.
2000). In a field trial, this pod-based resistance was responsible for a lower rate of wee-
vil infested seed (62.2 %) in Np plants compared to that in a susceptible line (85.4 %)
(Doss et al. 1995). Recently using model species of Medicago truncatula and
Acyrthosiphon pisum aphid has led to identification of major QTLs associated with
defense which might be expected to be transferable to pea (Guo et al. 2012). In addition
to fungal, virus diseases are among the most widespread and destructive pathogens of
crop plants causing serious economic losses by yield and quality reduction. Genetics of
potyviruses resistance has been thoroughly studied in pea, defining one cluster (on link-
age group II) of bem, cyv-1, mo, pmv and sbm-2loci conferring resistance to Bean com-
mon mosaic virus (BCMV), Clover yellow vein virus (CIYVV), Pea mosaic virus
(PMV) and L1 (P2) pathotype of Pea seed-borne mosaic virus (PSbMV) (Provvidenti
and Hampton 1991). The second cluster (on linkage group VI) includes cyv-2, wiv and
sbm-1, conferring resistance to Clover yellow vein virus (CIYVV), white lupin strain of
Bean yellow mosaic virus (BYMV-W) and P1 pathotype of PSbMV (Provvidenti and
Hampton 1991). The elF4E gene was identified by candidate gene approach to be
responsible for PSbMV, BYMV-W, CIY VYV resistances at sbm-1/cyv-2locus (Gao et al.
2004; Bruun-Rasmussen et al. 2007; Johansen et al. 2001; Andrade et al. 2009). Based
on these studies, reliable and allele specific testing was developed (Smykal et al. 2010).
Another destructive and widely spread Pea enation mosaic virus, from the family
Luteoviridae is transmitted by aphids in a non-propagative, circulative and persistent
mode. Resistance to PEMV was found to be quantitative although recently the gene for
resistance to En, is closely linked to Prx/ with an estimated recombination frequency of
0.02 was reported (Timmerman-Vaughan et al. 2009) (Table 15.2).

Mapping of Agronomic Traits

Compared to other economically important crops, less QTL mapping studies for
agronomical traits have been reported in pea (McPhee 2007; Swiecicki and
Timmerman-Vaughan 2005; Burstin et al. 2007). First QTL analysis in pea gener-
ated a genetic linkage map of two populations segregating for seed weight using 101
RFLP, 58 RAPD and 40 AFLP markers (Timmerman-Vaughan et al. 1996). One of
the major QTLs identified on LG III was mapped to orthologous regions responsible
for control of seed weight in Vigna and soybean (Timmerman-Vaughan et al. 1996)
(Table 15.2). Another genetic linkage maps based on AFLP, RAPD and STS mark-
ers and reported QTLs associated with lodging resistance (QTLs on LG III and VI),
plant height (QTLs on LG III and two on unassigned LGs C and D), mycosphaerella
blight (QTLs on LG II, IV and VI), grain yield (QTLs on LG II, VI and VII), seed
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protein concentration (QTLs on LG III, VI and unassigned LG A), and maturity
(QTLs on LG II, IIT and VI) (Tar’an et al. 2003, 2005) (Table 15.2). Lodging resis-
tance markers developed in these studies were verified and applied in breeding pro-
gram (Zhang et al. 2006) (Table 15.2). Genetic control of green cotyledon color in
field pea and associated QTLs was studied and several QTLs associated with coty-
ledon color on LG III, IV, V and VII were reported (McCallum et al. 1997)
(Table 15.2). QTLs associated with node number (3), earliness (2), plant height (1)
and resistance to Ascochyta blight (1) also detected (Dirlewanger et al. 1994)
(Table 15.2). Genetic control of cotyledon bleaching resistance was studied, using
RILs which were phenotyped in field trials over four station-years and genotyped
(Ubayasena et al. 2010) (Table 15.2). Heritability estimates for whole seed and
cotyledon greenness were moderate (0.72 and 0.69, respectively), and increased
when assessed after exposing whole seeds to accelerated bleaching conditions.
Multiple QTL mapping (MQM) detected major QTLs on LGIV and LGV, as well as
location- and year-specific QTLs on LGII and LGIII associated with green cotyle-
don bleaching resistance (Ubayasena et al. 2010) (Table 15.2). Same authors identi-
fied QTLs associated with visual quality of field pea including seed coat color, seed
shape and seed dimpling (Ubayasena et al. 2011) (Table 15.2). Nine QTLs control-
ling yellow seed lightness, 3 for yellow seed greenness, 15 for seed shape and 9 for
seed dimpling were detected. Among them, five QTLs located on LG II, LG IV and
LG VII were consistent in at least 2 years (Ubayasena et al. 2011). A quantitative
trait loci (QTL) approach was used to identify chromosomal regions linked to frost
tolerance, explaining from 6.5 to 46.5 % of the phenotypic variance (Dumont et al.
2009) (Table 15.2). Flowering time is being studied by comparative candidate
approach. Wild P. sativum ssp. elatius and a subset of pea landraces and winter
cultivars do not flower under short photoperiods, but this long-day requirement has
been genetically relaxed in a majority of cultivated lines. Up to six loci contribute to
“natural” variation related to flowering in pea, with derived or cultivated alleles
generally conferring early flowering and a reduction in photoperiod response. In
addition, numerous other loci have been identified through mutational studies
(Weller et al. 2009). Although there are difficulties to compare among QTL studies,
general conclusions are consistent (e.g. Prioul et al. 2004; Weeden 2007) identify-
ing QTL on LGII and LGIII in positions roughly corresponding to known positions
of the Lf and Hr loci (Murfet 1973, 1975) (Prioul et al. 2004; Murfet 1973, 1975;
Weeden 2007). Lf was the first pea flowering locus to be cloned, and was identified
as a homolog of the Arabidopsis inflorescence identity gene TFLI (Foucher et al.
2003). Another TFLI homolog, Det, controls determinacy of the primary inflores-
cence in several legumes including pea, soybean and bean (Foucher et al. 2003). A
“functional candidate” approach has also been used to clone the photoperiod
response locus Hr, a major locus controlling flowering time, with recessive hr
alleles causing reduction but not complete loss of the response to photoperiod
(Murfet 1973). Comparative mapping has identified Hr as the pea ortholog of
Arabidopsis ELF3 (Weller et al. 2012). A single functional variant is widespread in
pea germplasm and likely to underlie many of the flowering time QTL identified in
this region of LGIII. Naturally-occurring recessive alleles at the Sn locus confer
early flowering and completely eliminate the photoperiod response, but have a
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restricted distribution within cultivated pea germplasm and may have arisen within
a spring (hr) background. Like Hr, the Sn locus also appears to control circadian
rhythms, and has also recently been identified as the pea ortholog of an Arabidopsis
circadian clock gene (Hecht et al. 2007; Liew 2011). The flowering locus Hr was
implicated to influence winter frost tolerance by delaying floral initiation until after
the main winter freezing periods have passed (Lejeune-Hénaut et al. 2008). The
dominant allele of Hr locus was found in a set of forage cultivars, which remain
vegetative until a threshold day length of 13 h30 is reached. Although the underlay-
ing gene was not yet cloned, identified three consistent QTLs: WFD 3.1/Hr, WFD
5.1/Tri and WFD 6.1/Le makes these loci interesting targets for marker assisted
selection (Lejeune-Hénaut et al. 2008). Moreover, the flowering allele Hr enhances
the capacity of pea photoperiodic lines to produce basal laterals, which is often
found in primitive accessions. Agronomically, the recessive le allele is required in
the dry pea cultivars for northern Europe, where all the dry peas are dwarf to mini-
mize crop lodging. The Tri locus/WFD 5.1 QTL needs consideration in breeding
programs, as the favorable allele for WFD 5.1 could bring together the dominant 7ri
allele which is unfavorable for a seed use for animal feeding, because it contains
two structural genes encoding the major pea seed trypsin inhibitors. Set of PCR
primers suitable for breeding for low trypsin inhibitor activity was developed (Page
et al. 2002).

Genetic studies have identified a minimum of three QTL associated with total seed
nitrogen and protein content (Bastin et al. 2007; Tar’an et al. 2005; Irzykowska and
Wolko (2004)) (Table 15.2). QTL for seed yield and seed yield components in five
different environments were mapped: 261 QTL were detected across the five environ-
ments for all traits measured (Bastin et al. 2007) (Table 15.2). Most QTL for seed
traits mapped in clusters with plant traits, suggesting the significant role of source-
sink interactions in the control of seed traits. Developmental genes Le and Afila,
which control internode length and the switch between leaflets and tendrils, respec-
tively, determined seed protein content and/or yield depending on the environment
(Mikic¢ et al. 2011) (Table 15.2). However not only quantity but also quality of seed
proteins is important, as shown by pea albumin 2 (PA2) and lectin, presence of both
negatively correlating with digestability (Chinoy et al. 2011). The pea seed protein
composition was deciphered through a PQL approach (Bourgeois et al. 2011a, b).
These authors mapped the loci controlling the quantity of 525 protein spots revealed
by 2D-PAGE and found that the accumulation of the major storage protein families
was under the control of a limited number of loci. Storage protein accumulation was
under the control of both cis- and trans-regulatory regions. A locus on LGII appeared
a major regulator of protein composition and of protein in vitro digestibility.

Pea Transgenesis and Mutagenesis

Although pea is accessible to genetic transformation, this remains a challenge and
precludes systematic characterization of gene functions (Somers et al. 2003; Svabova
et al. 2005). This is both because of recalcitrance of pea as most of legume species to
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in vitro regeneration as well as Agrobacterium-mediated transformation (Atif et al.
2013). In spite of this, co-cultivation process was elaborated and several successful
pea transformations were published (Atif et al. 2013; Svabova and Griga 2008). In
addition to Agrobacterium-mediated, direct gene transfer methods such as electro-
poration of isolated pea protoplasts (Puonti-Kaerlas et al. 1999) and biolistic (Molnér
et al. 1999; Warkentin et al. 1992). Recent review of legumes transformation has
summarized successful and published pea transgenosis (Atif et al. 2013). Despite the
fact that pea transformation was reported over 20 years ago its efficiency remains low
(in range of 0.1-6.5 %) (Atif et al. 2013). Majority of these studies used only selec-
tion and reporter marker genes, but some used agronomically useful genes such as
bean alpha-amylase inhibitor, tested even in field conditions and found effective
against pea weevil (Schroeder et al. 1993, 1994; Morton et al. 2000). Unfortunately,
later bean alpha-amylase inhibitor transgenic peas were found to have altered struc-
ture and immunogenicity (Prescott et al. 2005). Transgenic approach against PSODMV
and PEMV viruses were successfully tested (Chowrira et al. 1998). Recently, the
issue of transgenic pea came into focus in relation to plant-made vaccines, to which
legumes; protein rich seeds are very suitable. Thus pea seeds expressing vaccines
against rabbit haemorrhagic disease virus, intestinal infections in pigs, coccidiosis in
chickens or tumor-associated carcinoembryonic antigen (Mikschofsky et al. 2009;
Zimmerman et al. 2009; Perrin et al. 2000; Saalbach et al. 2001). Recently, virus-
induced gene silencing (VIGS) has become an important reverse genetics tool for
functional genomics and VIGS vectors based on Pea early browning virus (PEBYV,
genus Tobravirus) are available and were successfully used to silence pea genes
involved in the symbiosis with nitrogen-fixing Rhizobium as well as development
(Gronlund et al. 2010; Constantin et al. 2004). Virus mediated transgenosis was used
to produce human acidic fibroblast growth factor in pea (Fann et al. 2011).

RNA interference (RNAi) mechanism, post-transcriptional process triggered by
the introduction of double-stranded RNA (dsRNA) which leads to gene silencing in
a sequence-specific manner, was used in the function study of biosynthetic path-
ways genes and the transcript level of the lotus Clv2 gene in pea (Kaimoyo and Van
Etten 2008; Krusell et al. 2008). The genomics tools such as fast neutron and
TILLING mutant populations were developed for reverse genetics approaches
(Dalmais et al. 2008; Wang et al. 2008). The TILLING (targeting-induced local
lesions in genomes) method combines the induction of a high number of random
point mutations with mutagens like ethyl methane sulfonate (EMS) and mutational
screening systems to discover induced mutations in sequence DNA targets.
Sufficiently large TILLING population made in variety Cameor is available for pea
and data were developed into on-line database, UTILLdb, that contains phenotypic
as well as sequence information on mutant genes (Dalmais et al. 2008). Currently it
has 4,817 lines, of them 1,840 with phenotype and 464 identified mutations by
sequencing. Moreover, the commercial pea variety Cameor used for TILLING pop-
ulation has also been used for BAC library development, essential tool for positional
cloning and also for pea genome sequencing (Hellens et al. 2010). Another BAC
library was developed from PI269818 accession, used to introgress genetic diversity
into the cultivated germplasm pool, which could be useful for the isolation of genes
underlying disease resistance (such as Fw, Fusarium resistance loci) and other
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economically important traits (Coyne et al. 2007b). Both BAC libraries would be
essential for good quality pea genome sequencing.

Progress Towards Pea Genome Sequencing

Pea has been important cool season food legume, it is losing competitiveness
because it does not have sufficient genomic resources as currently available to other
crops. As a close relative of soybean, chickpea, cowpea, common bean, peanut,
vetches and pigeonpea, its sequence is important for the study of the function of
genes within this economically important group of legumes. In relation to current
development of sequencing methodology, there is issue if to use whole genome
shotgun (WGS) method based on the Sanger technique, or BAC clone approach.
New approaches such as the 454 Roche pyrosequencing or Illumina, offer a cost
advantage along with increased speed and throughput. Considering the large pro-
portion of repetitive sequences and size of pea genome, it will be important to have
sufficient genetic and physical tools for scaffold assembly and merging the scaf-
folds into pseudochromosomes. There is community-wide effort with input and
support from many individuals resulting in establishment of an International
Consortium for Pea Genome Sequencing (http://www.gabcsfl.org). Scientists and
breeders might profit from knowledge of pea genome similarly to pigeonpea,
recently sequenced by Illumina platform to generate 237.2 Gb of sequence, along
with Sanger-based bacterial artificial chromosome end sequences and a genetic
map, assembled into scaffolds representing 72.7 % (605.78 Mb) of the 833.07 Mb
pigeonpea genome (Varhney et al. 2012; Schmutz et al. 2010).

Conclusion

Knowledge of pea genome architecture will facilitate the identification of a wide
range of DNA markers, genes, and pea genotypes that influence important traits
such as resistance to biotic and abiotic stress; yield stability and nutritional quality.
Newly identified genes and alleles controlling these traits will enable marker-
assisted breeding and transgenic strategies for accelerating pea enhancement.
Importantly, genomic knowledge would allow application of linkage disequilibrium
(LD) or association mapping strategy. As shown above the extension of model
legumes for comparative functional genomics, together with “omics” knowledge, is
starting to provide candidate genes for QTL identification of genes involved in
stress and quality traits. As genes are identified in model legumes and crop species
comparison and transfer of candidate gene information from the model to the crop
species is possible, favourable alleles for breeding and selection will be identified,
and improved varieties will be developed by marker assisted selection (MAS) or
genetic transformation.
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