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  Pref ace   

 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-
tifi cation research and importance of genomic tools in nutritional improvement of 
grain legumes are presented briefl y. 

 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 
fi gures 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 
 infl uencing 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 scientifi c 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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    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 
infl icts 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 prolifi c 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 
et al.  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 
insuffi cient 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  2011a ,  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 effi ciently completed. 
The next-generation sequencing not only is a dramatic advance over capillary-based 
sequencing but also meets signifi cant challenges in assembly and sequence accuracy 
due to short read lengths, method-specifi c 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 profi ling, 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  2011a ,  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 fi eld 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 artifi cial 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 identifi ed 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 profi le 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 specifi c 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 
signifi cant 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 
et al. ( 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 fi lling, 
nitrogen utilization, fi xation, 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 ). Signifi cant 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 specifi c 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 modifi ed by posttranslational 
modifi cations such as phosphorylation, glucosylation, and ubiquitinylation, which 
signifi cantly infl uence 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 
identifi cation 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 signifi cant 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 insuffi cient 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 profi ling and metabolic 
fi ngerprinting are two different approaches in metabolomics that can be used for a 
large range of applications, including phenotyping of genetically modifi ed 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 specifi c 
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 diffi cult, 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 modifi ed 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-fi rst 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.
go.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 fi nd 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 defi nition of biochemical 
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phenotypes and their relationship to the corresponding genotype (Weckwerth  2008 ). 
The integration of metabolite and protein profi ling has already been demonstrated 
to signifi cantly 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 identifi cation 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 refi nement 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 identifi cation 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. Identifi cation 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 identifi ed 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 profi ling 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 profi ling 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 
identifi cation 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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    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 benefi cial 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 specifi c traits. It also identifi es 
genes associated with water use effi ciency (Kang et al.  2011 ) including those asso-
ciated with stomatal opening and closure, nitrogen use effi ciency, genes that respond 
to high temperature stress, those associated with fl owering 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 fi rst 
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 identifi cation of genetic markers such as SNPs (Single Nucleotide 
Polymorphisms (Hyten et al.  2010 ; Cortes et al.  2011 ; Han et al.  2011 ; Muchero 
et al.  2011 ; Shu et al.  2011 ; Varala et al.  2011 ; Xu et al.  2011 )), the establishment of 
the epigenome (i.e., genomic DNA methylome profi les and the mapping of histone 
post-translational chemical modifi cation 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 

M. Libault and R. Dickstein

http://compbio.dfci.harvard.edu/tgi


17

transcriptional patterns of genes is a valuable starting point to identify genes 
controlling a biological process. The quantifi cation of the expression level of an 
organisms’ set of genes, which is refl ected 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-specifi c oligonucleotides, allow the discrimination and the 
quantifi cation 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 
et al.  2011 ) and  M. truncatula  genes (Mitra et al.  2004a ).  M. truncatula  arrays have 
been used to profi le 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 fi rst 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 specifi city of some of the oligonu-
cleotides for specifi c 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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