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- I. INTRODUCTION

v

Legumes account for 27% of the world s crop productlon with grain
‘legumes alone contributing 33% of the dietary protein nitrogen needs of

humans (Vance et al. 2000). Grain and forage legumes are growi on some
190 million hectares, and their production is about 300 million metric
tons across the world. Grain legumes are also a rich source of essential
vitamins, minerals, and important amino acids (Duranti and Gius 1997;
Grusak 2002). Moderate consumption of legumes helps to prevent

" cardiovascular diseases, stroke, Parkinson’s disease, Alzheimer’'s dis- -

ease, and even cancer (Singh 2007). Proteins of grain legumes are
generally high in lysine but low in methionine and cysteine. However,
combined with cereals, they result in a balanced diet of energy and

~ protein. In fact, grain legumes are critical components in the diets of

resource-poor people in the developing world, especially for vegetarian
populations and those who cannot afford to supplemeént their diets with
meat. Legume crops also garner higher market prices than other staple
crops and are therefore attractive to farmers.

From an agronomic perspective, the ability of legumes to fix atmo-

. spherlc nitrogen (N) in the soil through their symbiotic association with

Rhizobiumbacteria (Schultze and Kondorosi 1998; Serraj 2004), thereby
reducing the need for fertilizers, and to serve as rotation crops is very

~ important to current- agricultural production systems. For instance,

under nitrogen-limiting conditions, legume-Rhizobium symbiosis re-
sults in the formation of the root nodules. Rhizobium bacteria that
harbors in the root nodules differenitiate the nodules into symbiotic

- bacteroids that are the sites of catalysis of dinitrogen into ammonia by

nitrogenase. As an energy source to achieve N fixation, the bacteria
obtain dicarboxylic acids from the host plant. By a complex amino acid
cycle, the reduced N is provided to the plant (Lodwig and Poole 2003),
where it is accumulated into proteins. Thus legumes can also help-
replenish nutrient-depleted soil.

The leguminosae (Fabaceae), contain over 18,000 species divided into
the three subfamilies Mimosoideae, Caesalpinoideae, and Papilionoi-
deae. The majority of species of Papilionoideae are herbaceous, although
some are trees and shrubs. By contrast, majority of Caesalpinoideae are -
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tropical and subtropical trees, while Mimosoideae include trees and
shrubs. Tt is an extraordinarily diverse family of worldwide distribution
with representatives occurring from alpines, to arctic regions, to equa-
torial tropics. Major dietary legumes include soybean (Glycine max, the
single major contributing species, which is used for multiple applica-
" tions in the food and feed industries); peanut (Arachis hypogaea);
cowpea (Vigna unguiculata); common bean (Phaseolus vulgaris); chick-
pea (Cicer arietinum); pigeonpea (Cajanus cajan);lentil (Lens culinaris);
mung bean (Vigna radiata); and faba bean (Vicia faba); all that contribute
significantly to the diets of large numbers of people in Asia, Africa, and
South America (Table 6.1). As the majority of these legume crops are
grown in marginal environments of Africa and Asia, their production is
‘heavily challenged by a number of abiotic (drought, freezing, salinity,
waterlogging) and biotic (fungi, bacteria, nematodes, viruses, insects,
parasitic plants) stresses. L
The unique nature of legume species, due to their symbiotic interac-
tions with specific soil-borne bacteria, the rhizobia, to fix atmospheric N -
attracted the plant science community to undertake large-scale investi-
gations in legume species. As a result, two species, Medicago truncatula
(Cook 1999) and Lotus japonicus (Handberg and Stougaard 1992),
~ emerged as model legumes to understand the genetics and molecular
biology of nodulation (Stacey et al. 2006) and other important processes,
such as resistance or tolerance to stresses (Dita et al. 2006). Their small
diploid genomes, autogamous nature, short generation times, and pro-
lific seed production made them ideal choices for undertaking genomics
research, including genome sequencing. As a result, powerful genetic
" and genomic tools, such as establishment of genetic and physical maps
(Pedrosa etal. 2002; Thoquet et al. 2002), expressed sequence tags (ESTs)
(Asamizu et al. 2004; Kulikova et al. 2001), genome-wide sequence data
(Young et al. 2005; Cannon et al. 2006), bioinformatics tools and data-
bases (Town 2006), functional genomics, and metabolomics platforms,
have been developed for these two legume. species (see Varshney
et al. 2009). Furthermore, due to unique importance of soybean in North
America and its emergence as a bioenergy crop, the soybean genome
was also targeted by Joint Genomics Institute of Department of Energy
(JGI-DoE) of the United States for genome sequencing. .
'Due to the phylogenetic relationships within the legume family
(Mahalakshmi etal. 2002; Wojciechowski etal. 2004), heavy investments
- in Medicago, Lotus, and soybean research fueled expectations that this
_genomic and biological knowledge information could be transferred
“from reference legumes to other food and feed legumes of major eco-
nomic importance. Recent years, however, have witnessed significant
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* progress towards developing genome-specific genomic resources in these
food legume crops as well. This chapter provides an update on recent
progress in the area of legume genomics and their applications in legume
breeding.

II. CONSTRAINTS IN CROP PRODUCTION

Legumes are the second most important crop plants after the Gramineae
in their importance to humans. Unfortunately, improvements in legume
crop yields have not kept pace with those of cereals (Fig. 6.1). Several
abiotic (drought, freezing, salinity, waterlogging) and biotic (fungi,
bacteria, nematodes, viruses, parasitic plants, insects) factors are major
constraints to sustainable legume production, especially in-the tropical
and subtropical regions of the world. In addition, nutrient depletion of
soils is a particular problem for small landholders in developing coun-
tries, where much grain-legume production occurs, and many farmers
~ cannot afford to use fertilizers. Progressive soil chemical and physical
degradation and acid soil conditions may also limit legume productivity.

7

A. Abiotic Stresses

Maintaining or improving crop productivity under conditions of abiotic
constraints in the field is a major concern for farmers in many areas in the
world where legumes are grown. The adaptability and productivity of
legumes are limited by major abiotic stresses including drought, heat,
‘frost, chilling, waterlogging, salinity, and mineral toxicities. Rainfed
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Fig. 6.1. Comparative trends in yield distribution of selected cereal and legume crgﬁps
during last six decades. Comparison shows the continuous increase in total yield of cereals
. while stagnant or slow increase in the yield of legumes.
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legumes are often exposed to terminal drought due to inadequate rains to
meet the water requirements during pod filling. Cultivation of legumes
under irrigated conditions for prolonged periods or use of ground water
for irrigation, however, invariably leads to higher sodicity or salinity in
the agricultural production systems. In fact, drought and salinity are
considered among the most severe stresses for legume-growing areas.

1. Drought. Drought is one of the most severe stresses for the sustain-
able legume production especially in the semiarid tropics (SAT) where
short and erratic rainfall is common. SAT legume crops are grown under
rainfed conditions and suffer from both intermittent and terminal
drought stress, thus incurring major yield losses. Worldwide, yield
losses each year due to drought are estimated to be around US$500
million (Sharma and Lavanya 2002).
Water uptake and water-use efficiency of crop plants are two, major
factors that influence their yield. Hence, there is a greater need for a more
comprehensive understanding of root biology in those crops where roots
have already proved to be beneficial for yield under terminal drought
(common bean, soybean, chickpea) and to explore these traits in those’
- crops where there is little information onroots (e.g. peanut). Specifically,
there is aneed tounderstand the dynamics ofroots, how roots contribute
to the overall water budget, especially how they contribute at the time of .

* grain filling. Recent studies at the International Crops Research Institute

the Semi-Arid Tropics (ICRISAT, India) indicate that deeper rooting
correlates with a higher harvest index (HI) in chickpea in conditions of
more severe drought (Kashiwagi et al. 2005, 2006;. Vadez et al. 2008).
Transpiration efficiency (TE) is another trait that is being addressed in
. some legume crops such as peanut using different biotechnological,
physiological, and breeding approaches (Krishnamurthy et al. 2007).

2. Salinity. Soil salinity is another important limiting factor for/érop .
yield improvement; it affects 5% to 7% of arable lands (i.e., approxi-
mately 77 million ha worldwide) (Oldeman et al. 1991). Legumes, in
general, are sensitive to salinity, and within legumes, chickpea, faba
bean, and pigeonpea are more sensitive than other food legumes. The
salinity problem is increasing, particularly in areas where irrigation is a
common practice. Although management options exist to alleviate salt
effects, these options often contradict the immediate economic choices
of concerned farmers; thus, crop improvement for salt tolerance appears
to be the only alternative.

The problem of salinity is basmally two-fold. First, so11 is saturated
with sodium (Na) and soil pH remains within an optimal range for crop
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growth. This type of salinity refers to coastal or dryland salinity. These
are soils that get saturated with sodium because an existing saline
ground water table is rising (proximity to the sea or salt that has
accumulated in the soil profile), bringing the salt to the surface. Second,
~ soil isboth saturated with Na (exchangeable sodium percentage, ESP>6)
and pH has reached levels above 8.5. This type of salinity is also called
transient salinity and is hereafter referred to as sodicity or sodic soils. In
this case, the sodium saturation brings about the same effect as salinity,
but.the high pH dramatically affects the availability of micronutrients
(low availability/solubility of micronutrient salts at these pH levels), the
soil structure, and porosity (poor drainage, tendency for waterlogging,
little oxygenation because of saturation of the exchange complexes in the
soil by sodium). In the past, most studies have focused on salinity and
‘only a few on sodicity. Despite the importance’ of salinity in crop
production worldwide and the abundant knowledge on the effect of
salinity on plant growth and development, there has been surprisingly
little effort to breed for improved salinity tolerance, with the exceptions
of wheat, rice, barley, alfalfa, and soybean. Breeding tolerantlegume crop
varieties is therefore urgently needed. ' :

Besides terminal drought and salinity, high or low temperature dras-
tically affects the grain filling in legumes (e.g., chickpea, lentil, pea)
(Croser et al. 2003; Singla and Garg 2005). Waterlogging is another
serious constraint affecting yield adversely in some legume crops such
as soybean (Linkemer et al. 1998) and pigeonpea (Kumutha et al. 2008).
Nitrogen (N) and phosphorous (P) defitiencies are other common lim-
iting factors for crop production in some legumes, especially in arable-
soils (Atkins et al. 1984; Schulze and Drevon 2005).

B.. Biotic Stresses

'The major biotic stresses affecting legumes are funéal diseases, although
insects, nematodes, viruses, bacteria, and parasitic weeds can also
drastically decrease legume production. Foliar diseases caused by bio-
trophic pathogens, such as rusts and downy and powdery mildews, are
major limiting factors in legume production. The most important of these
diseases are present in all areas where legumes are cultivated.

- 1. Fungal Diseases. Fusarium wilt, caused by Fusarium oxysporum, is
one of the most serious fungal diseases, not only in legumes but also in .
many plant species (Beckmann 1987). The fungus infects through the
Toots and penetrates into the vascular system, with few symptoms on the
root surface. The pathogen spreads throughout the plant, causing

i
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vascular dlscoloranon wilting, and death. This can result in substantial

-stand reduction and yield loss. In general, different Forma specialis of F.

oxysporum are responsible for causing the Fusarium wilt in different
legume crop species. For instance, F. oxysporum f. sp. ciceri causes wilt
in chickpea, F. oxysporum f. sp. pisi in péa, F. oxysporum f. sp. trachei-
philum in cowpea and soybean, F. oxysporum {. sp. phaseoli in common
bean, and F. oxysporum f. sp. lentis in lentil. Fusarium udum is respon-
sible for causing Fusarjum wilt in pigeonpea. Fusarium wilt causes
severe yield losses in different legume species.

Ascochyta blight, caused by Ascochyta sp., is another yield-reducing
fungal disease in several legumes (Tivoli et al. 2006). For instance, )in
case of chickpea, Ascochyta rabiei is able to grow from the pod wall into
the seed while it is still immature. It can be found in the seed coat or

- even in theé cotyledons. A study has shown that 50% to 80% of seéds
- collected from pods with Ascochyta lesions were infected, but seed

collected from healthy pods on the same plants were not infected.

Spores can also contaminate the seed surface during harvest operations.

Both deep and superficial seed infections transmit the disease to
seedlings. The fungus sporulates on seeds as soon as they are planted
in moist soil. Similarly, A. phaseolorum causes infection in cowpea,
common bean, and soybean. In case of field pea, three Ascochyta
species are responsible for Ascochyta blight complex. A. pisi and A.
pinodes both cause lesions on leaves, stems, and pods that are difficult
to distinguish from one another. Phoma medicaginis var. pinodella
(synonym Ascochyta pinodella) is more common on stem bases than on
leaves and pods. Ascochyta blight of lentil is caused by the fungus A.

lentis. The fungus has a narrow host range and cannot cause disease on
other pulse crops. Similarly, Ascochyta blight of chickpea, pea, or
cowpea does not infect lentil. '

~ Several rust species also infect grain and forage legumes, most of them
belonging to the genus Uromyces, such as U. appendiculatus on com-
mon bean; U. ciceris-arietini on chickpea; U. pisi on pea; U. striatus on
alfalfa; U. viciae-fabae on faba bean, lentil, and common vetch; and U.
vignae on cowpea (Sillero et al. 2006). Also, rust species belonging to
other genera can be major problems on legumes, such as Phakopsora
pachyrhizi and P. meibomiae on soybean or Puccinia arachidis on
peanut (Rubiales et al. 2002). Asian rust (Phakopsora pachyrhizi) is a
severe disease that causes important yield losses in soybean and is
spreading rapidly around the world (Carmona et al. 2005; Pivonia and
Yang 2004; Du-Preez et al. 2005). Powdery mildew of pea has a world-
wide distribution, being particularly important in climates with warm,
dry days and cool nights, adversely affecting yield and quality. Severe
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“infection may cause 25% to 50% yield losses (Warkentin et al. 1996).
Downy mildew, caused by Peronospora viciae, occurs in most places -
where the crops are grown but is most frequent and severe in cool,
maritime climates (Sillero et al. 2006). .

Anthracnose, caused by Colletotrichum lindemuthianum, is most
common bean disease that attacks the foliage and fruit of beans and
causes serious yield losses in several parts of world. The disease is most
common and severe on common bean but may also affect cowpea, lima
bean, and faba bean. The anthracnose fungus infects leaves, stems, and
pods of common bean plants. The most characteristic symptom of the
disease is the black-red sunken cankers or spots that develop on infected

" pods. As these spots become older, the edges develop a black ring with a
red outer border and may show pink ooze in the center, which contains
the spores of the fungus. Similar spots may develop on seeds. Red-brown
spots and streaks also develop on stems, petioles, and leaves.

2. Viral Diseases. Virus diseases are among the important biotic con-
straints for the production of many legume crops. For example, bean
common mosaic virus (BCMV) and its close relative, bean common
mosaic necrotic virus (BCMNV), are the most widespread and frequent
viruses of common bean leading to significant losses. In addition, over
the past two decades; bean golden mosaic virus (BGMV) has been
considered the most important yield-limiting disease for bean produc-
' tion in parts of Central America'and the lowlands of the Caribbean, with
yield losses between 10% and 100% (Coyne et al. 2003). Pea seed-borne
~ mosaic virus chiefly infects lentil. Members of the family Luteoviridae
(luteovirids) such as soybean dwarf virus (SbDV) and beet western
yellows virus (BWYV) appear to be very common in both chickpea and .

‘lentil (Tadesse et al. 1999; Abraham et al. 2002). Sterility mosaic disease . -

(SMD) is probably one of the most important yield-reducing factors in .
pigeonpea (Kulkarni et al. 2002). Of the important biotic constraints
specific to sub-Saharan Africa (SSA), peanut rosette disease (GRD) is
endemic to the African continent and epidemics occur often throughout
SSA, reducing peanut production and crippling rural food security
(Naidu et al: 1999). :

3. Insect Pests and Nematode Diseases. More than 200 species of in-
sects feed on several legumes, of which pod borer (Helicoverpa armi-
gera), spotted pod borer (Maruca vitrata), pod fly (Melanagromyza
obtuse), pod sucking bugs (Clavigralla spp., Nezara viridula) and the
bruchid (Callosobruchus spp.) are most important economically. In
addition to the huge economic losses caused directly by the pests,
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several indirect costs arise from the deleterious effects of pesticides on
the environment and human health (Sharma 2001).

. The insect pests of major concern in chickpea and pigeonpea are pod
borers (H. armigera and M. vitrata) and podfly (Melanagromyza spp.).
These insect pests feed on various plant parts, such as leaves, tender
shoots, flower buds, and immature seeds. Few farmers in developing

- countries are able to spend precious income on chemical pest control. In
- these situations, there are serious concerns of the adverse effects of pesti-

cides on the environment and all living organisms. It has been difficult to'

“breed for Helicoverpa resistance in chickpea and pigeonpea because

sources with a high level of resistance are not available in the cultivated
species of these legumes (Sharma et al. 2005). Recent studies have shown
the potential of utilizing the wild species for insect pest resistance
breeding programs, as these species have shown higherlevels ofresistance
(Sharma et al. 2005; Dwivedi et al. 2007; Mallikarjuna et al.-2007).
Cowpeais highly susceptible to flower thrip during budding and early
flowering, when they can cause flower abortion and pod distortion (Frei
etal. 2005). Flower thrip damage in cowpeas starts at preflowering, when
nymphs and adults may attack the terminal leaf buds and bracts/sti-.
pules, causing the latter to become deformed with a mottled brownish- ,
yellow appearance. However, the main attack is on the flower buds and
flowers. Infested buds appear dried and brown and may eventually abort,
leaving dark red scars. In case of common bean, leafhoppers, white flies,

* bean pod weevils, and bean beetles cause severe damage in the field, and

bean weevils can be a problem during storage: .

Plant parasitic nematodes are serious production in some legume
crops. For instance, the soybean cyst nematode (SCN), Heterodera
glycines, has long been recognized as a globally significant pest in nearly
all soybean regions, including North America, Indonesia, Japan, Korea,
China, and South America (Riggs and Niblack 1999). Soybean produc-
tion losses due to SCN are significant and may be above 3 million metfic
tons globally (Wrather et al. 1997). Infection causes significant root
damage and often can result in plant stunting and yellowing. Nematode
cysts can remain in the soil for more than 10 years. Resistance to SCN is

~ quantitative in nature (Mansur et al. 1993), making it difficult to assay in

afield setting. Bioassays can be challenging and costly in greenhouse and
growth chamber systems as well. -

III. GENOMIC RESOURCES IN LEGUMES

Although several of the above-mentioned constraints that limit grain
legume production or quality have been addressed by conventional

7 .
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‘breeding and enhanced management, the success has been variable. In
such situations, there is a hope that the use of genomics tools will help to
address these problems. Molecular markers and molecular genetic link-
age maps are the prerequisites for genomics-enabled crop improvement

~ (Dwivedi et al. 2003, 2006; Varshney et al. 2005). Among different
legumes, Medicago, Lotus, and soybean have had significant investment
toward developing genomic resources including genome sequencing. In
case of other legumes, especially tropical legumes, the progress in the
area of genomics has been very slow until recently. Even today some
legume crops such as pigeonpea either do not have any appropriate

- marker repertoire or lack genetic maps. Nevertheless, as a result of
advances in sequencing and genotyping technologies and also due to
several international collaborations, this situation is changing in several
legume crops (see Varshney et al. 2009b).

A. Genome Sequencing for Understanding ‘Genoine Architecture

“There are more than 730 genera and 19,400 species in the Fabeaceae, of
which only a handful have been domesticated as crops. Genome se-
quencing in the legumes has been in two relatively closely related groups
of the Papillionoid legumes: soybean (Glycine max) in the Phaseoleae

group and Medicago truncatula and Lotus japonicus in the Galegoid

" group (Doyle et al. 2000). These two groups, Phaseoloid and Galegoid, -
. represent most of the crops species in the legumes except for peanut and
a few others. : v
~The sequencing of the Lotus and Medicago genomes began about the
same time, and both were done as models for symbiosis and nitrogen
- fixation and because they both had relatively small nuclear genomes
(Young et al. 2005). Although they began about the same time, the appro-
aches for sequencing differed somewhat between these two genomes.
Lotus was sequenced initially by the Kazusa DNA Research Institute
(Japan), using a modified bacterial artificial chromosome (BAC)-by-BAC
approach followed by draft sequencing of selected regions of the Lotus
genome, also via BACs (Sato et al. 2008). The sequencing project began
using a BAC-by-BAC approach from seed points, often genes or gensetic -
markers, from which the sequencing would walk out along a BAC tiling
path. Later, to increase speed and cut costs, researchers switched to
targeted sequencing of BAC pools combined with some reduced repre-
sentation whole genome shotgun sequencing. This is a grossly simplified
explanation of the approach employed, but the end result is that it is-
predict that they recovered nearly 91% of the gene space of Lotus.
Medicago genome sequencing has proceeded viaa traditional BAC-by-
BAC approach but focused solely on the euchromatic part of the genome,
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* which should also be its gene-rich part. This portion of the genome was

first determined cytologically (Kulikova et al. 2001), but due to the lack of
precision in estimating DNA packaging and meiotic chromosome
lengths, this number has increased over the course of the sequencing

. project. Initially, the BACs were sequenced to a level similar to rice and
the human genome, but as the euchromatic genome size increased, the

project switched to a level of draft of sequencing of individual BACs
(http://medicago.org/genome/genome_stats.php). The end result of this
project, which should be published in 2009, will be a genetically and
physically integrated sequence map of most of the euchromatin of the
Medicago genome and should capture greater than 90% of the genes.
Both Medicago and Lotus used some type of BAC-by-BAC approach,

- also called the traditional sequencing method, as was used for the human

genome. Other sequencing approaches include, whole genome shotgun
(WGS) as was done for several species of Drosophila (Consartium 2007), a
human genome (Venter et al. 2001), and many bacterial genomes. This

~approach is powerful and fast but has been problematic for larger,

complex plant genomes, as repeated sequences in large genomes can
complicate the correct assembly and ordering of the pieces. The soybean"
genome was recently sequenced using a shotgun approach (www. phy-
tozome.net/soybean). Despite the concern over the large complex, du-
plicated genome (Schlueteretal. 2007), itappears to have assembled well.
There are pseudomolecules representing each of the 20 linkage groups.
Other types of genome sequence information are beginning to emerge

* for other legume crops. This sequence information is often not complete

but rather snapshots or pieces of the genome. For example, the cowpea
genome has been sequenced using an approach that samples the Hypo-
methylated portion of the genome by methylation filtration (MF), pro-
viding over 250,000 gene-space sequence reads (GSRs) with an average
length of 610 basis points (bp) representing about 160°Mb of sequence
information (Timko et al. 2008). This type of approach can enrich géne

- sequences rather than sampling everything in the genome randomly but

does not result in a sequence that can be assembled.

B. Species-Specific Genomic Resources

Advances in genomics research of Medicago, Lotus, and soybean opened
the doors for comparative genomics to use the maker or sequence
information from these species to other temperate and tropical legume
species, and comparative maps were developed (Choi et al. 2004b; Zhu
et al. 2005). However, as the majority of the food legume crops suffer
from a low level of diversity, especially in the cultivated gene pools,
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markers coming from other legume species could were not very useful for
assaying the polymorphism, developing dense genetic maps, ormapping
the traits. Therefore, there is a need for developing species-specific
genomlc resources in several graln legume crops at international level.

1. Molecular Markers. Among the different marker systems currently
- available, simple sequence repeats (SSR) and single nucleotide poly-
morphism (SNP) marker systems have emerged as markers of choice for
plant breeding applications (Gupta and Varshney 2000; Varshney
et al. 2007). While SSR markers can be assayed in low-tech laboratories,
SNP assays need sophisticated genotyping platforms or can be out-
sourced (Varshney et al. 2009b). Therefore, availability of SSR markers
for a legume species will be very useful for the breedlng community for
wider applications.
- For development of SSR markers, three approaches are being used

1. Isolatlon of SSRs from genormc DNA libraries (Gupta and
Varshney 2000) A

2. Mining ESTs or gene sequence data (Varshney et al. 2005)

3. Mining the BAC- end sequences (discussed later)

Until recently, SSR markers were developed using the genomic DNA
library approach. As a result, only a few hundred SSR markers were
available in these legume species (Varshney et al. 2007). As these legume
crops have low levels of polymorphisms, the SSR markers available were
not sufficient to develop good genetic maps. However, due to recent
advances in sequencing technologies (Gupta 2008; Hudson 2008), a
- larger number of ESTs have become available (Varshney et al. 2009b),
and these are being used to mine for SSRs (Varshney et al. 2005).
Similarly, a large number of BAC-end sequences have been generated
~ for several legume species (see Varshney etal. 2009b) that have also been’
useful for mining the SSRs (Mun et al. 2006; Shultz et al. 2007). Isolated
or identified SSRs are being used to converting them into markers
at several labs (e.g., ICRISAT for chickpea, pigeonpea, and peanut;
University of California-Davis for cowpea, pigeonpea, and chickpea;
University of Georgia, Catholic University (Brazil), and Empresa Brasi-
leira de Pesquisa Agropecuéria (EMBRAPA, Brazil) for peanut; Centro
Internacional de Agricultura Tropical (CIAT, Colombia), and Purdue
University for common bean). As aresult, several thousand SSR markers
" have become available for several of these legume species (see Varshney
‘et al. 2009b). Some legume crops such as lentil and faba bean, however,
still lag in developing SSR markers. '
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As SNP markers have become more popular due to their high-
throughput in a cost-effective way for using them in association

. genetics, several research groups are actively engaged in developing

high-throughput SNP genotyping platform. For instance, a custom

- 384-SNP GoldenGate assay has been designed in soybean using SNPs

that had been discovered through the resequencing of five diverse

~ accessions that are the parents of three recombinant inbred line (RIL)

mapping populations (Hyten et al. 2008). Very recently, the University
of California-Riverside developed a GoldenGate assay for genotyping
1,536 SNPs in case of cowpea (T.]. Close, pers> commun). Significant
efforts have been invested at the University of California-Davis to
develop assays for genotyping 768 SNPs to 1536 SNPs in four tropical
legumes (chickpea, pigeonpea, common bean, and cowpea (Doug
Cook, pers. commun). Similar efforts are under way as collaborative
efforts of the University of Georgia, University of California-Davis .
(both U.S.) and Catholic University (Brazil) to develop SNP assays
for AA and BB genome species of peanut. It is expected that soon the
majority of these legume species will have larger number of SSR
markers and high-throughput SNP assays that will overcome the
problem of identifying a sufficient number of polymorphic marker
loci required for genome mapping and trait association studies.

2. Genetic Maps Although development and/or use of molecular mar-
kers started in many of these legume species sometime in the 1990s
(Keim et al. 1990; Fatokun et al. 1992; Nadimpalli et al. 1994), progress in
developing genetic maps in the majority of these legume specieshasbeen
very slow. As mentioned earlier, narrow genetic diversity in gene pools
of these legume species in general and paucity of polymorphic markers
in particular have been main constraints. Due to availability. of larger

- number of markers in these legume species during last twa to three years,

progress has accelerated in developing genetic maps for several legume
species, such as peanut (Varshney etal. 2009a) and chickpea (Nayak et al.
unpublished). A few important genetic mapping studies in legumes are
listed in Table 6.2. :

3. BAC Libraries and Physical Maps. Large insert libraries, such as
bacterial artificial chromosome libraries, are very important for devel-
oping the local/genome-wide physical maps for cloning the gene(s)/
quantitative trait loci (QTL) of interest (Salvi and Tuberosa 2005) or
undertaking genome sequencing (Jackson et al. 2006). Although BAC
libraries were available only for few legume crops until recently, the

University of California-Davis has developed deep coverage (ca. 10
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times) BAC libraries in several legumes (chickpea, pigeonpea, cowpea,
~and peanut). Furthermore, BAC-end sequences have been generated for
25,000 to 50,000 BACs in these legume species (D.R. Cook, pers. com-
mun). The BAC-end sequence data are being analyzed for getting the -
insights of genomes of these legume species (Foster-Hartnett et al. 2001;
- Schlueter et al. 2008) and for developing markers, such as SSRs, that
would be very helpful to link the genetic and physical maps (Shultz
et al. 2007).
In some legumes such as common bean and cowpea (excludmg
Medicago, Lotus and soybean), genome-wide physical maps also have
been developed. For instance, fingerprinting 0of 41,717 BACs of common
bean provided a draft physical map consisting of 1,183 clone contigs and
6,385 singletons with about 9 times coverage of the genome of common
bean (Schuleter et al. 2008). Similarly in case of cowpea, based on high
information content fingerprinting (HICF) of 60,000 BAC clones, a
110 times physical map of cowpea has been developed at the University
of California—Riverside (T.J. Close, pers.. commun). It is planned to
- anchor the cowpea physical map to the SNP-based genetic linkage map.
Local physical maps for resistance gene homologs are also being devel-
- oped in cowpea, pigeonpea, chickpea, and common bean at the Univer-
sity of California -Davis (see Varshney et al. 2009). It is anticipated that
these physical maps will lead to sequencmg of gene space or regions of
interest very soon.

4. Transcriptome Resources. Recent years have witnessed significant
progress in the area of transcriptomics in legumes other than Medicago,
Lotus, and soybean. Until recently, it was difficult to imagine undertak-
ing functional genomics in these legume species except model legume
- _species and.soybean. Nevertheless, the availability of genomic resources
-and recent technology advances have made it possible in a practlcal
sense in several other legume species (Coram et al. 2007). /
Among plant species, much work has been done in the development of
functional genomics resources such as ESTs and array development has
been done in cereal crops and model legumes. For instance, hundreds of
. thousands ESTs are available in model and major legume species (see
Varshney et al. 2009b). Due to the availability of next-generation se-
quencing technologies such as 454/FLX and Solexa 1 Gb Sequencing,-
large numbers of ESTs have been developed very recently. For instance,
using 454/FLX sequencing on the normalized complementary deoxyr-
ibonucleic acid (cDNAJ. pools collected from more than 20 different
. tissues representlng a Varlety of plant developmental stages of chlckpea
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and pigeonpea provided 435,184 and 496,705 sequence reads for each,
respectively. The average length of sequence reads in chickpea is
236.4bp and 200.3bp in pigeonpea. Analysis of these sequence data
should provide good transcriptome assemblies for chickpea and pigeon-
pea that can be used to analyze the gene contents as well as marker
discovery. :
Although several transcript profiling studies have been undertaken
in Medicago, Lotus, and soybean with an aim at identifying genes
involved in nodule and seed development (Thibaud-Nissen et al. 2003;
_Benedito et al. 2008; Combier et al. 2008), a few studies have been
targeted in some other legume species to identify genes involved-in
resistance/tolerance to biotic and abiotic stresses (e.g., Irsigler
et al. 2007). For instance, a small array with 768 features has been
developed in chickpea (Coram and Pang 2005a). This array has been
used to identify genes involved in Ascochyta blight resistance (Coram
and Pang 2005b, 2006) and tolerance to drought, cold, and salinity
(Mantri et al. 2007). In the case of cowpea, by using RNA as a surrogate
for DNA of cowpea with a readily available soybean genome array, 11%
to 14.7% of all probe sets on the array showed “present” calls (Das
et al. 2008). These researchers enumerated 1,058 potential single-
feature polymorphisms (SFPs) between two parents of a RIL population
segregating for several important traits. Sequencing of 25 putative
polymorphism-containing amplicons yielded a SFP probe set valida-
‘tion rate of 68%. This study provides am example of extension of
~ genomic resources from a well-supported species like soybean to
orphan crops such as cowpea and pigeonpea.

IV. TRAIT MAPPING AND MARKER-ASSISTED SELECTION

Molecular markers are powerful diagnostics tools used to detect DNA
polymorphism both at the level of specific loci and at the whole genome
level (Azhaguvel et al. 2008). As compared to morphological traits or
markers, molecular markers have several advantages as they are pheno-
‘typically neutral and are influenced neither by environments nor by
pleiotropic and epistatic interactions, and their expression is not de-
pendent on plant age or part (Jones et al. 1997). In fact, the use of
molecular markers in improving efficiency in plant breeding was sug-
gested as early as in 1989 (Tanksley et al. 1989; Melchinger 1990). In this
" regard, once linkage between a gene for the agronomic trait of interest
and marker locus is established, DNA diagnostic tests can be used to
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gulde plant breeding (Morgante and Salamini 2003; Gupta and Varsh-
ney 2004). The selection of useful lines for breeding with the help of
linked molecular markers is called marker-assisted selection (MAS). Use
of MAS is especially advantageous for traits with low heritability where
traditional selection is difficult, expensive, or lacks accuracy or
precision.

The use of MAS in plant breeding has revolutionized the improve-
ment of temperate field crops (Koebner and Richard 2002; Varshney
et al. 2006) and will have similar impacts on breeding of legume crops,
particularly for traits where phenotyping is possible only late in the
season and where screening of traits is difficult or prohibitively ex-
pensive. Among different legumes, soybean was the first legume crop
where MAS was used for breeding for soybean cyst nematode. Two SSR
markers (BARC-Satt309 and BARC-Sat_168) identified by Cregan

et al. (1999) have proven highly effective in identifying lines carrying o

SCN resistance from those carrying the allele for SCN susceptibility at
the rhg1 locus. :
Although a number of genes and QTL have been tagged using
different kinds of molecular markers in several legume crops (Table 6.3),
only a few markers have been validated and deployed in breeding
programs (mainly in soybean and common bean). Indeed, soybean is the
first legume crop where markers associated with several traits have been
in use in MAS for a long time in both the public sector (Saghai Maroof
* etal. 2008) and the private sector (Cahill and Schmidt 2004). Because of
the importance of soybean for the private sector, significant progress has
been made in MAS in soybean breeding in the public sector. This is
reflected in a press release of Pioneer Hi-Bred International Inc. in 2005:
“Pioneer has led the development of patented processes for using MAS
in soybeans,” said John Soper, director of soybean research of this seed.
company {(www.pioneer.com/web/site/portal/menuitem.f644671720b9
4a9724d533d0d10093a0/). “The technology has allowed researchersto
see things that were not possible to see and capitalize on a decade ago.
Before MAS, breeders were limited to using visual observations and
vield data to evaluate varieties and make selections. With MAS, Pioneer
scientists now are able to understand the genetic basis for what they are
seeing and use this knowledge to design and select better varieties.”
'MAS has been applied in some soybean breeding programs of the public
sector as well. For instance, Saghai Maroof et al. (2008) have pyramided
respective Hsv genes for soybean mosaic virus (SMV) from different loci
(Bsv1, Rsv3, and Rsv4) in a susceptible cultivar ‘Essex’ through MAS.
They found two-gene and three-gene isolines of RsviRsv3, RsviRsv4,
and RsviRsv3Rsv4 acted in a complementary manner, conferring
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resistance against all strains of SMV, whereas isolines of Rsv3Rsv4
displayed a late susceptible reaction to selected SMV strains. In the case
of common bean, a few reports are available on MAS deployment (see
Miklas et al. 2006a,b). For example, MAS has been used successfully to
breed for enhanced resistance to anthracnose in the cultivar ‘Perola’ in
Brazil (Raganin et al. 2003), pinto beans in the United States
(Miklas et al. 2003), and Andean climbing beans in Mexico/Colombia
(Garzén et al. 2008). Although efforts for validating and deploying
markers in MAS are under way for root traits in chickpea at ICRISAT
or-for host plant resistance to striga in cowpea at the International
Institute of Tropical Agriculture (IITA, Nigeria), there is a need to speed

- up marker validation and deployment in breeding programs in different
legumes.

V. SUMMARY AND PROSPECTS

-During last five years or so, significant progress has been made in
developing genomic resources in model species (Medicago, Lotus),
major legumes (soybean, common bean, peanut), and so-called orphan
(cowpea, chickpea, pigeonpea) legume crops. For instance, legume crops
now enjoy the availability of reference/draft genome sequences (soy-
bean, Medicago, Lotus) and dense genetic as well as"physical maps.
Availability of an appropriate amount of molecular markers is also no
longer a bottleneck in'many legume species. Nevertheless, there is still a
need to develop critical mass of molecular markers and good genetic
maps in some minor but locally very important legume species (e.g.,

- pigeonpea, lentil, faba bean, etc.). It is anticipated that reduced cost of
sequencing technologies will change the situation soon in these minor-
legume species. : .

As large amounts of genome and transcrlpt sequence data are avail-
able for many legume crops—amounts expected to expand several-fold
in coming years due to heavy use of next-generation sequencing
technologies—analysis, and use of genomic information for applied

‘aspects is going to be challenging. It is anticipated that genomic

_information will enhance understanding of biological mechanisms,
leading to new or improved screening methods for selecting superior
genotypes more efficiently, and will improve the decision-making
process for more efficient breeding strategies. Adoption of genomic
information or markers associated with trait by the breeding commu-
nity is another area that needs to be strengthened in the legume
‘community.
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