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Abstract: Recent advances in next generation sequencing (NGS) technologies have led the surge of
genomic resources for the improvement legume crops. Advances in high throughput genotyping
(HTG) and high throughput phenotyping (HTP) enable legume breeders to improve legume crops
more precisely and efficiently. Now, the legume breeder can reshuffle the natural gene combinations
of their choice to enhance the genetic potential of crops. These genomic resources are efficiently
deployed through molecular breeding approaches for genetic augmentation of important legume
crops, such as chickpea, cowpea, pigeonpea, groundnut, common bean, lentil, pea, as well as other
underutilized legume crops. In the future, advances in NGS, HTG, and HTP technologies will
help in the identification and assembly of superior haplotypes to tailor the legume crop varieties
through haplotype-based breeding. This review article focuses on the recent development of genomic
resource databases and their deployment in legume molecular breeding programmes to secure global
food security.

Keywords: genetic augmentation; leguminous crops; genomic resources; genotyping platforms

1. Introduction

To feed the ever-growing population, the productivity of legume crops should be
enhanced with available limited natural resources. Narrow genetic variation can lead to
crop losses from pests, as well as provide suboptimal grain quality. Legumes are mostly
used complementary to cereals in human diet globally. The dry seeds of legumes (known
as pulses) are rich in dietary proteins [1,2]. Dry legumes are also the good sources of
carbohydrates, minerals, fibre, and vitamins, and they help in the alleviation of nutrient
deficiencies of undernourished populations [3]. In the sustainable development scenario
that also includes climate change, legumes will be a prime income source of most of the
developing and under-developing countries [4]. However, to feed the ever-increasing
world population of 9.7 billion by 2050 [5], the agriculture production, including legumes,
has to be increased by 70% [6–9].

Although legume crops provide nutritional food security, improvement in these crops
has lagged behind the major cereal crops because of low investments and poor agricultural
policy decisions [10]. In addition, genetic resources of legumes have not been fully explored
and exploited, due to the non-availability of genomic resources. However, plant breeders
using conventional methods for genetic improvement has proven to be only partially
successful in improving complex traits of legumes [11,12]. The rich genetic resources of
legumes, such as wild relatives, landraces, and pre-breeding material, have remained
largely unexploited due to limited genomic resources [13].

The genomic resources, such as genome and germplasm sequencing, sequencing-
based trait mapping, molecular markers and genetic maps, as well as gene expression

Plants 2022, 11, 1866. https://doi.org/10.3390/plants11141866 https://www.mdpi.com/journal/plants

https://doi.org/10.3390/plants11141866
https://doi.org/10.3390/plants11141866
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0001-7605-0926
https://orcid.org/0000-0003-3026-9193
https://doi.org/10.3390/plants11141866
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants11141866?type=check_update&version=2


Plants 2022, 11, 1866 2 of 21

atlases, have accelerated legume breeding programmes [14]. The advances in genomics has
enabled the breeder to transfer genes and reshuffle the naturally occurring genes in different
combinations for genetic improvement of the crops. With the advent of next generation
sequencing (NGS) technologies, reference genomes of important legume crops, such as
chickpea (Cicer arietinum), common bean (Phaseolus vulgaris), cowpea (Vigna unguiculata),
pigeonpea (Cajanus cajan), groundnut (Arachis hypogaea), and soybean (Glycine max) have
been sequenced [15]. These technologies revolutionized the marker technology and led the
development of numerous molecular markers, such as restriction fragment length polymor-
phisms (RFLP) [16], randomly amplified polymorphic DNA (RAPD) [17], simple sequence
repeats (SSR) [18], cleaved amplified polymorphic sequences (CAPS) [19,20], amplified
fragment length polymorphisms (AFLP) [21], single nucleotide polymorphisms (SNP) [22],
and diversity array technology (DArT) markers [23]. These molecular markers are helpful
in various molecular studies, such as the construction of genetic maps, indirect selection,
and introgression/pyramiding of quantitative trait loci (QTLs)/gene(s) in an elite variety
through molecular breeding approaches, such as marker-assisted selection (MAS), marker-
assisted backcross breeding (MABC), and genomic selection (GS). Besides genome-wide
association studies (GWAS), SNP arrays, transcriptomic, metagenomic, epigenomic, and
gene expression data have been expediting the breeding cycles of different crops [24,25].
The improvement in marker technologies, along with genome editing and high throughput
phenotyping (HTP), also helps in precision breeding [26]. In major legume crops, such as
chickpea, pigeonpea, cowpea, groundnut, and common bean, various genomic resources
and trait-specific mapping populations have been developed. These genomic resources
have been used in the characterization of germplasm, identification of diverse genotypes,
QTL mapping, and identification of novel genes/alleles and their utilization in crop im-
provement [27,28]. Presently, the molecular markers, such as SSR and SNP markers, have
been widely used for the pyramiding of important QTLs/gene(s) in various leguminous
crops [29–31].

In recent years, the availability of low-cost technologies, such as high throughput
genotyping (HTG) and HTP, enables the identification of marker–trait association more pre-
cisely. Besides, the availability of different NGS platforms and genotyping-by-sequencing
(GBS)-based GWAS technologies has led the identification of marker–trait association of
complex traits [24,32]. These technologies have encouraged legume breeders to utilize
more sophisticated tools for GBS and GWAS to improve the resolution of molecular maps
in legume crops [33]. For QTL mapping and the identification of marker–trait associations,
different types of bi-parental populations, such as recombinant inbred lines (RILs), near-
isogenic lines (NILs), doubled haploids (DHs), multiparent advanced generation inter-cross
(MAGIC), nested association mapping (NAM), and association mapping (AM) on wider
panels, are used [34]. The advanced backcross quantitative trait loci (AB-QTL) have been
efficiently used in chickpea, pigeonpea, lentil (Lens culinaris), and groundnut [30]. This
bi-parental mapping population coupled, with GBS and GWAS, enhances the resolution
for the location of novel genes/alleles/QTLs [32,35,36].

Molecular breeding approaches, such as MAS, MABC/MABB, GS, and multivari-
ate adaptive regression splines (MARS), enable the efficient use of legume crop genetic
resources, possessing valuable alleles/genes, with the application of various genomics
resources and improved genotyping platforms [4]. For example, four molecular markers
(ICCM0249, TAA170, GA24, and STMS11) have been transferred for the development of
drought tolerance varieties of chickpea through MABC. Similarly, various disease and
insect pest resistant genes have been introgressed through molecular breeding methods
in crops such as common bean, pea, lentil, and cowpea [37–39]. In chickpea, drought
tolerance genes have been successfully transferred through the MARS approach in the
genetic background of chickpea variety ‘JG 11′ using SSR markers [30,40,41]. For the pyra-
miding of QTLs/genes, the MARS technique is mostly used, which helps for tapping and
the accumulation of beneficial genes with small and additive effects [41]. Unlike MAS,
MABC, and MARS methods, GS is an advanced breeding approach of MAS that predicts the
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breeding values of a genotype based on genotypic and phenotypic data [42]. GS has been
successfully used in chickpea, in which a collection of 320 elite breeding lines have been
selected as the ‘training population’ to predict genomics-estimated breeding values [43].

With the advances in HTG and HTPs technologies, plant breeders have also been
enriched with a vast array of genotyping platforms, along with data analytical tools [8].
Mining of favourable alleles/haplotypes, gene cloning, identification of maker-trait associa-
tions, and GS have paved the way towards molecular legume breeding methods. Advances
in genomic resources and genotyping platforms helped in the delivery of a number of
improved varieties of legume crops with high yields and resistance to biotic and abiotic
stresses [8]. Although different genomic resources have been generated for important
legume crops, the wide applicability in crop improvement is yet to be achieved. Keeping in
perspective the importance of available genomic resources and legume databases, along
with genotyping platforms, the present review article summarizes the current knowledge,
comprehensively, on the applicability of molecular aspects in legume breeding. Moreover,
the review article also presents insights gleaned on the generation of different genomic
resources, databases, genotyping platforms, and their applicability in legume crops.

2. Development of Genomic Resources in Legume Crops

For efficient use, genetic resources, such as diverse germplasm, land races, wild
relatives, and pre-breeding lines, need to be explored and developed. Recently, the im-
provements made in NGS, HTG, and HTP have enabled the legume breeder to develop
high resolution maps and precise identification of marker–trait linkages [15,44]. However,
for development of genomic resources various steps are involved such as genetic diversity
analysis, crossing and development of biparental mapping populations or diverse AM pop-
ulation, marker–traits association and application in MARC, MABB, and GS. (Figure 1). For
example, for marker–trait association studies, natural (association mapping) or bi-parental
(QTL/linkage mapping) populations, such as DHs, F2 or F2 derived F3 population, RILs,
backcrosses, NILs, NAM, and MAGIC populations, are required. For the development of
bi-parental mapping populations, diverse parents are used for making crosses. However,
sometimes, similar genotypes may also release genetic variation during recombination [45].
For example, bi-parental populations, such as RIL, NIL, and MAGIC, have been developed
for marker–trait analysis in chickpea [46,47]. Similarly, RIL mapping populations have
been developed in groundnut for the identification of marker–trait analysis [4]. MAGIC
populations have been developed for the marker–trait association identification, in faba
bean, for frost tolerance [48] and for heat tolerance in chickpea [49]. MAGIC populations
have been developed for flowering, plant growth, seed size, and maturity traits in cow-
pea [50]. Similarly, to study the marker–trait association, mapping populations have been
developed for seed traits in groundnut and for yield under changing climatic conditions
in soybean [51,52]. Similarly, other NGS-based bulked segregant analysis (BSA) mapping
populations, such as QTL-sequence (QTL-seq) and next generation mapping (NGM), have
been developed for rapid gene/QTL discovery in marker–trait association [53]. Among
these populations, DH, NILs, and RIL mapping populations are very stable, which can be
replicated over the years and are not affected by the dominant/codominant nature of the
gene(s). Following are the various approaches for the development of genomic resources
and database/genotyping platforms of legume crops.
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Figure 1. Steps involved in the development of genomic resources and deployment in legume
crop improvement.

2.1. Linkage and QTL Mapping in Legumes

Linkage/QTL mapping has enabled the identification of the association of genomic
regions with phenotypic traits, which can be further used in legume breeding approaches.
For example, two QTLs were identified on linkage group LG 2 and LG 5, with 9.5–11.5% of
phenotypic variance for ascochyta blight resistance in lentil [54]. Similarly, marker–trait
associations have been detected between different agro-morphlogical traits, such as days
to bud initiation, pod length, pods per plant, and 100 seed weight, in common bean and
molecular markers [55]. In common bean, AM has been used for the identification of
QTLs/gene(s) linked with iron, zinc, and protein contents [56]. Similarly, QTL mapping
and the identification of marker–trait association have been carried out in faba bean for
flowering time [57]. The marker–trait association has been identified for various traits
in different legume crops, such as QTL for winter hardiness and leaf area in lentil [58],
QTLs for number of branches and pods in soybean [59], QTL for resistance to ascochyta
blight and early flowering in chickpea [60], and QTL for the determinacy gene (Dt1) for
determinant growth habit in pigeonpea [61]. Association mapping enables the identifica-
tion of functional variability between the genes of interest and phenotypic traits [62]. In
association mapping, the characterization of legume-diverse germplasm, using molecular
markers, helps in the development of core sets of populations for the further utilization in
legume improvement programmes [63]. Moreover, the use of NGS and bioinformatics tools
in the core sets enabled the development of high-resolution maps of legume crops [64].
In association mapping, linkage disequilibrium (LD) plays an important role in knowing
the frequency of association of their different alleles. LD tends to remain, over many
generations, with a tight linkage between the loci [8,65].

2.2. Genome-Wide Association Studies

GWAS plays an important role in the identification of candidate gene(s)/QTLs for
complex traits. GWAS approaches have been used for detecting small and minor genetic
variations associated with several biotic and abiotic stresses, as well as agronomic traits
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of crops [66,67]. GWAS requires genome-wide markers and scans the entire genome for
detection of QTLs. GWAS has been used for the identification of candidate genes, for
powdery mildew disease resistance in common bean, on chromosomes Pv04 and Pv10 [66].
Similarly, QTL for angular leaf spot resistance (ALS11.1) has been identified in common bean
using GWAS, and, subsequently, the angular leaf spot resistance common bean varieties
have been developed. The GWAS approach was also carried out for the identification of
two QTLs that demonstrated the resistance against the anthracnose and angular leaf spot
diseases of common bean [68].

Different QTLs were also identified for various abiotic stress tolerant genes through
the GWAS technique. The GWAS was for the identification of candidate genes for root
traits associated with aluminium toxicity in common bean [69]. In the study, a significant
association of SNPs was detected between the root traits of common bean and the toxic
compound extrusion gene and aluminium, which activated the malate transporter gene
for tolerance to aluminium toxicity. Similarly, in another GWAS, the GBS technique was
used for the detection of QTLs for iron content in seeds of lentil [70]. GWAS has also been
carried out in M. truncatula for the identification of genes regulating various seed traits
under heat stress conditions [71]. Similarly, Kang et al. [72,73] identified biomass, drought,
and salinity-related genes in M. truncatula by using the GWAS technique.

GWAS approaches played a significant role in the identification of several putative
loci/genes in legume crops, such as maturation in mungbean [74], pod length in cow-
pea [75], seed protein and oil content in soybean [76], flowering and cooking time in
common bean [77,78], seed weight in soybean [79], as well as days to first flower, days
to maturity, seeds per pod, and seed weight in lentil [80]. Similarly, GWAS was carried
out to identify the association of genes/alleles linked with bean fly resistance traits, such
as fly damage severity, pupa count, and plant mortality rate in common bean [81]. They
also detected significant variation in SNPs and the agro-morphological traits, such as days
to flowering, days to maturity, pods per plant, number of seeds per pod, and grain yield
in common bean [81]. Different traits linked to molecular markers have been identified
through GWAS and have been deployed in legume breeding programmes [31].

2.3. Databases and Genotyping Platforms

Databases of different crops play an important role in comparative studies, allele
mining, evolutionary and phylogenetic studies, genetic diversity, development of markers,
molecular breeding, and functional genomics studies. Now, legume crops are enriched with
various databases such as PeanutMap, PeanutBase [82], CicerTransDB, Database (CTDB),
Chickpea ISM-ILP, Integrated Chickpea Transcriptome, Marker Database, CicArVarDB,
CicArMiSatDB [83–85], PpTFDB, Pipemicrodb [86], CGKB, EDITS [87], PhaseolusGenes,
and PvGEA [88]. These databases also help in the development of various genomic
resources of legume crop species to be used in molecular breeding programmes [13].

With the advances in NGS technologies, different genotyping platforms and assays
have been developed. These platforms are available in different ranges, such as 1–10 SNPs
(low density), 2–10 K SNPs (medium-density), and more than 20K SNPs (high-density) [8].
In addition, the availability of reference genomes of legumes, along with HTG and HTP
techniques, pave the way for the identification of close association between the phenotypic
trait and the gene of interest. Evolutionary studies using SNPs require a genotyping
platform or assay developed for different legume crops, such as AxiomCajanus SNP array
with 56K SNPs for pigeonpea crop [13], Affymetrix Axiom with 58 K for groundnut [89],
Affymetrix Axiom with 50 K for chickpea [90], Illumina Infinium with 51 K for cowpea [91],
Illumina Goldengate assay with 768 K for common bean [92], and Illumina Infinium
with 6 K for soybean [93] (Table 1). The genotyping platforms are mostly based on SNP
markers, and they are substantial when being used for background selection in molecular
breeding methods.
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Table 1. Availability of genomic resources of important legume crops.

Crop Genomic Resources References

Groundnut
(Arachis hypogaea)

Species Arachis hypogaea (Tetraploid)
Arachis duranensis and Arachis ipaensis (Diploid) [94]

Genome size 2890 Mbp (Tetraploid)
1260 Mbp (Diploid) [95]

Genetic maps Diploid (AA)-3, Diploid (BB)-2, Tetraploid-13 maps,
and one reference consensus map [29]

BAC libraries ca. 5.3×–Diploid (BB); ca. 7.4×–diploid (AA) [96]
DArT clones ca. 15,000 [97,98]

SNPs array 2000 SNPs,
58 K Affymetrix Axiom [29,89]

TILLING population 3400 mutant M2 lines [99]
Database PeanutMap, PeanutBase [82]

Chickpea
(Cicer arietinum)

Species Diploid [100]
Genome size 740 Mbp [95]
Genetic maps 24 (15 inter-specific & 9 intra-specific) [101–103]
BAC libraries 10× [14]
DArT clones 5397 [14]

SNPs array >9000
50 K Affymetrix Axiom [90]

InDel markers 231,658 InDels [104]
Physical maps BAC/BIBAC-based, BAC-based [24]

Database
CicerTransDB, Chickpea ISM-ILP, Marker Database,

Integrated Chickpea Transcriptome, Database
(CTDB), CicArVarDB, CicArMiSatDB

[83–85]

Number of genes 28,269 [24]
Number of ESTs 46,064 [24]

Pigeonpea
(Cajanus cajan)

Species Diploid [105]
Genome size 833.07 Mbp [95]

Genetic maps
Reference genetic map, six intra-specific

maps, one consensus map and DArT based
maternal and paternal maps

[106,107]

BAC libraries 11× [1]
DArT clones 15,360 [99,107]

SNPs array >10,000
50 K Affymetrix Axiom [13]

TILLING population ca.5000 mutant lines [99]
Database PpTFDB, Pipemicrodb [86]

Number of genes 48,680 [105]
Number of ESTs 25,640 [105]

Cowpea
(Vigna unguiculata)

Species Diploid [100]
Genome size 613 Mbp [95]

Database CGKB, EDITS [87]
SNP array 51 K Illumina Infinium [91]

Common bean
(Phaseolus vulgaris)

Species Diploid [108]
Genome size 578 Mbp [95]

Database PhaseolusGenes, PvGEA [109]

SNP array 768 K Illumina Goldengate assay
6 K Illumina Infinium BeadChip [92,110]

Soybean
(Glycine max)

Species Diploid [111]
Genome size 950 Mbp [95]

Database SoyBase, SoyGD [88]

SNP array

50 K Illumina Infinium BeadChip
6 K, Illumina Infinium

180 K Affymetrix Axiom
355 K Affymetrix Axiom

[93,112–114]
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3. Deployment of Genomic Resources and Genotyping Platforms in Legume Breeding

The downstream deployments of genomic resources and genotyping platforms en-
abled breeders to introgress/pyramid genes of interest with more precision and faster.
Genomic resources have made remarkable changes in legume crops after the introgres-
sion/pyramiding of gene(s)/QTLs through molecular breeding approaches. Numerous
studies have shown the success of genomic and genotyping platform resources in the
improvement of yield, quality traits, and combating biotic and abiotic stresses in legume
crops [115,116]. These approaches helped the genetic augmentation of various traits of
legume crops [117–120]. Though substantial genetic gain has been achieved through
MAS/MABC, the issues related with minor genes/QTLs yet needs to be addressed, par-
ticularly in minor and underutilized legumes. Moreover, the minor genes/QTLs genetic
variations are related to complex traits, which remained unexplored in legume crops [121].
To exploit these genetic variations, an improvement has been made, over MAS, for the
selection of desirable genotypes, with high breeding values on the basis of genome-wide
marker information [122]. These approaches helped in the improvement of various traits of
legume crops such as rust and ascochyta resistance in lentil, pod borer and Phytopthora
stem blight in pigeonpea, as well as root rot in pea [117–120]. GS has proved to be the
most suitable approach for the improvement of complex traits with additive effects [123].
GS estimates the additive effect of genome wide markers to estimate the effects of all loci
and, thereby, compute the GEBV for a reliable and comprehensive selection [124,125]. GS
captured the alleles/QTLs, having both small and low heritable effects, controlling the
traits [126,127]. For the improvement of complex traits, many breeders have deployed the
GS approach in legume breeding programmes [128]. Following are the important legume
crops in which genomic resources and genotyping platforms have been developed, which
are efficiently used for introgression/pyramiding of gene(s)/QTLs through MABC/MABB
and GS approaches (Table 2).

Table 2. Genomic resources and genotyping platforms for the improvement of legume crops.

Crop Molecular Breeding
Approaches Trait(s) Improved Reference

Cowpea
MABC Mosaic virus (CpMV) resistant [38]

MABC Root-knot nematode
Resistance [129]

Cowpea KASP genotyping
platform Background selection [129]

Common bean

QTL mapping (RIL
population) Improved drought adaptation [130–132]

Fine-mapping Resistance against angular leaf spot [37,39]
Meta-QTL Resistance against white mold [133]

MABC Anthracnose resistance [134]
QTL mapping Bruchid and virus resistance [135]

Lentil
QTL mapping Ascochyta blight resistance [118]
QTL mapping Rust resistance [117]
QTL mapping Salt tolerance [136]

Pea

QTL mapping with 13.2 K
SNP array Resistance against Aphanomyces root rot [120]

13.2K SNP array days to flowering and 1000-seed weight [137]
QTL mapping Resistance against powdery mildew [138,139]
QTL mapping Salt tolerance [140]



Plants 2022, 11, 1866 8 of 21

Table 2. Cont.

Crop Molecular Breeding
Approaches Trait(s) Improved Reference

Soybean

MAS and MABC Several soybean cyst nematodes and multiple
disease-resistant genotypes [141]

QTL mapping Resistance to leaf rust [142]
QTL mapping Black pod-of-staff [143]
QTL mapping Resistance to stain frogeye [144]

MABB Powdery mildew diseases resistance [145]
MABC Soybean mosaic virus (SMV) resistance [146]
MABC Free kunitz trypsin inhibitor [147–149]
MABC Eliminate lipoxygenase-2, [150]

Groundnut
MABC Introgression lines showing higher yield and

increased rust resistance [151]

MABC Resistance to nematode [152,153]
MABC

SSR markers and SNP array Enhanced oleic acid [154,155]

Chickpea

MABC Resistance to fusarium wilt [24,156]
MABC Resistance to ascochyta blight [156]
MABC Drought tolerance [40]
MABC Eliminate lipoxygenase-2, [150]

3000 DArT-Seq markers Breeding values of traits 100 grain weight and seed
yield per plant [90]

3.1. Cowpea (Vigna unguuiculata)

Cowpea is an important grain legume crop; however, the production is limited by
several biotic and abiotic stresses. Being a self-pollinating crop, a number of mapping pop-
ulations, such as RILs, NILs, and MAGIC, have been developed by crossing the cultivated
genotypes of cowpea with its wild relatives [157–160]. The bi-parental mapping population
was developed for QTLs identification of floral scent compounds in cowpea [161]. Huynh
et al. [50] developed a MAGIC mapping population for QTLs mapping for traits such as
flowering, plant growth, seed size, and maturity in cowpea. Similarly, a MAGIC mapping
population has been developed for the detection of SNP markers associated with salt toler-
ance in cowpea [162]. GWAS was used for the detection of several putative loci/genes for
pod length and flowering time traits in cowpea [75,163]. Similarly, in GWAS, GBS was used
for the identification of SNPs linked to grain, fodder, and pod types in cowpea [164]. The
developed genomic resources have facilitated the transfer of genes/QTLs, using molecular
breeding methods, into well adapted varieties [91]. Due to the development of SNP-based
genotyping platforms, these platforms have been used in MAS, MABC, and GS methods
more efficiently, particularly in background selections [129]. For example, the mosaic virus
(CpMV) resistant in cowpea has been introgressed by using the MABC approach [38].
Similarly, MABC and GS methods were used for the introgression of drought tolerance in
cowpea [129,162].

3.2. Soybean (Glycine max)

Soybean has health benefits due to the presence of tocopherols and isoflavones, in
addition to high protein and oil contents. Two major QTLs (qpn-Chr11 and qpn-Chr20) were
detected for pod number in soybean [165]. QTLs for yield and its related traits have been
identified in a MAGIC population of cowpea under different climatic conditions [51,52].
Similarly, QTLs/gene(s) were identified in different mapping populations of soybean
associated with number of branches and pods [59], resistance to leaf rust [142], brown stem
rot resistance genes (Rbs1 and Rbs2) [143], and resistance to stain frogeye [144]. Hwang
et al. [76] used GWAS to identify SNPs linked to seed weight, seed protein, and oil content
in soybean [79]. The identified gene(s)/QTLs have been successfully transferred into the
soybean cultivars through molecular breeding methods. Cyst nematode resistant genotypes
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of soybean have been developed by stacking resistance alleles, from wild to the cultivated
varieties of soybean, using MAS and MARC methods [141]. Ramalingam et al. [145]
improved the host-plant resistance to Phytophthora rot and powdery mildew in soybean by
the introgression of resistance genes Rps2 (Phytophthora rot resistance) and Rmd-c (powdery
mildew resistance), along with a gene (rj2) linked with nodulation. Three soybean mosaic
virus resistance genes—namely, RSC4, RSC8, and RSC14Q—have been pyramided in
soybean through the MABC programme [146]. Kumar et al. [147,148] developed a Kunitz
trypsin inhibitor (KTI)-free soybean variety through MABC programmes. Similarly, a null
allele of KTI-free soybean has been introgressed in soybean by using MABC [149]. In
soybean, the off-flavour generating lipoxygenase-2 gene has been eliminated from the seed
through the MABC approach [150]. The GS approach was used for the genetic enhancement
of the soybean crop for various traits, such as maturity, plant height, seed weight, and grain
yield [159].

3.3. Chickpea (Cicer arietinum)

Cultivated chickpea has been domesticated from the wild progenitor, C. reticulatum
Ladiz. [166]. The small-seeded desi and the large-seeded kabuli are the two main varieties
cultivated worldwide [167]. The large-seeded kabuli type chickpea originated from the
small-seeded desi type chickpea varieties through artificial selection by the legume breed-
ers [168]. The draft genome sequence of chickpea (kabuli variety) was published in 2013,
along with the re-sequencing of 29 elite diverse chickpea varieties (17 desi and 12 kabuli),
for elucidating genetic relationships and diversity among the chickpea accessions [24].
However, in the same year, the draft genome sequence of desi chickpea variety—namely,
ICC4958—was also published [169], which was later released in 2015. Wild relatives of
chickpea have been used for the development of various mapping populations, such as
RILs, NILs, and BC, for the identification of marker–trait relationships for traits such as
100-seed weight, flowering time, plant hairiness, number of branches per plant, pod num-
ber, and seed yield per plant [82,170–172]. Bajaj et al. [170], in a GWAS comprising of
cultivated (desi and kabuli) and wild chickpea species, have identified 15 SNPs associated
with the seed coat colour of chickpea. In addition, GS models have been applied in chick-
pea crops, by genotyping 320 breeding lines with 3000 DArT-Seq markers, to estimate the
breeding values of 100 grain weight and seed yield per plant traits [90]. Several traits of
legume crops have been improved using MABC/MABB approaches, such as fusarium wilt
resistance in chickpea [24], root traits in varieties JG 11 and JG 130 [24,30], and ascochyta
blight resistance in variety C 214 [156].

3.4. Common Bean (Phaseolus vulgaris)

Common bean is a highly nutritious crop and is enriched with proteins, vitamins,
minerals, and fibre [173]. Common bean legume is cultivated with both bush and climbing
types of growth habits [174]. A reference genome, 473 Mb, of the 587-Mb genome of
common bean has been assembled in 11 chromosome-scale pseudomolecules for an inbred
landrace (G19833) derived from the Andean pool [175]. The genome of the Mesoamerican
common bean genotype BAT93, encompassing 549.6 Mb with 81% of the assembly, was
anchored to 11 linkage groups [175]. Whole-genome sequencing of 37 varieties belonging
to P. vulgaris, P. acutifolius, and P. coccineus L. revealed a large number of inter-gene pool
introgressions and enabled the mapping of interspecific introgressions for disease resistance
in breeding lines of common bean [176]. In common bean, bi-parental populations, such as
RILs, NILs, and backcrosses, have been developed for the identification of QTLs/gene(s)
linked with traits, such as days to flowering, plant height, seed size, seed weight, seed size,
yield, plant height, and concentration of minerals such as iron and zinc in common bean
seeds [177]. An association mapping study of 683 landraces and breeding lines has been
carried out for the identification of QTLs associated with traits such as flowering time, seed
size, and harvest maturity traits [176]. The identified QTLs/genes have been successfully
introgressed into cultivated varieties of common bean using molecular breeding methods.
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Miklas and Kelly [178] introgressed the Co-42 resistance gene into ‘Pinto bean’ variety
through MAS to combat the emerging anthracnose disease problem in North Dakota. The
sclerotinia white mould resistance genes have been transferred from the common bean
resistant variety ‘G122′ into a susceptible variety ‘Pinto bean’ using Phs SCAR marker
through MABC approach [179]. MABC approach has been used for transferring the an-
thracnose resistance genes into Andean climbing beans [134]. Obala et al. [180] pyramided
fusarium root rot resistance genes in the common bean variety through the MABC method.
Nzungize, et al. [181] introgressed the pythium root rot resistance gene into ‘Rwandan’
susceptible common bean cultivars through MAS. Anthracnose resistant varieties have
been developed by the introgression of resistant genes using SCAR-markers, such as SAB3
and SBB14, through the MABC programme [182]. Similarly, Diaz et al. [132] introgressed
the drought tolerance trait in the common bean through MABC approach. The genomic
selection approach was used for the characterization of a dataset of 481 genotypes with
5820 SNP markers for the prediction of traits, such as days to maturity and grain yield in
common bean [183].

3.5. Groundnut (Arachis hypogaea)

Groundnut (peanut), one of the most important and nutritious leguminous crops,
which is also known as poor man’s almonds because of its high nutritional content with
protein and fat. The genomes of both the diploid progenitors of groundnut, i.e., Arachis
duranensis PI475845 (A genome) and Arachis ipaensis ICG 8206 (B genome), have been
sequenced. This has led to the development of a large number of genomic resources to be
used in groundnut breeding programmes [184]. In groundnut, bi-parental populations,
such as RIL and MAGIC populations, have been developed for the identification of asso-
ciation between molecular markers and different seed traits in groundnut [4,25]. Three
elite groundnut varieties resistant to rust disease have been developed using MARC [151].
Chu et al. [153] pyramided Rma, ahFAD2A, and ahFAD2B genes for resistance to nematodes,
along with high oleic acid in a groundnut variety, ‘Tifguard’, through the MABC method.
Janila et al. [154] has introgressed foliar fungal disease resistant genes in the background
of three groundnut varieties: namely, TAG 24, ICGV 91114, and JL 24. The introgressed
varieties showed 39–79% higher mean pod yield and haulm yield, along with resistance
to diseases. Similarly, the resistance genes for foliar disease resistance and high oleic acid
have been introgressed into three popular Indian groundnut varieties, such as GJG 9, GG
20, and GJGHPS 1, through MABC methods in which background selection was carried
out using a groundnut SNP array [155]. The GS approach was carried out in 281 genotypes
of groundnut for genetic the improvement of traits such as days to 50% flowering, leaflet
length, days to maturity, 100 grain weight, seed dimension traits, and seed dimension [185].

3.6. Pigeonpea (Cajanus cajan)

Pigeonpea is an important legume crop, and the demand for pigeonpea, as a pulse
crop, is increasing worldwide [186]. There is no doubt that the cultivation area of pigeonpea
is increasing, particularly in developing and under developed countries. However, yield
has stagnated due to various biotic and abiotic stresses. Little improvement has been made
for the last three and a half decades because of the non-availability genomic resources and
the narrow genetic base in pigeonpea genotypes. However, the advances in NGS and high
throughput technologies has led the development of legume crop genomic resources, such
as high-density maps, molecular markers, and analytical tools [4]. Recently, pigeonpea has
been enriched in various genomic resources and gene(s)/QTLs associated with morphologi-
cal, quality, and biotic and abiotic stresses [187,188]. Different bi-parental populations, such
as RILs and backcross/segregating populations, have been developed for the mapping of
gene(s)/QTLs for various traits of pigeonpea, such as fusarium wilt, fertility restoration,
determinacy and sterility mosaic disease, and other important agronomically traits [119].
The identified QTLs/gene(s), such as pod borer and Phytopthora stem blight resistance
genes, have been successfully introgressed into the cultivated varieties of pigeonpea, along
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with the yield traits through MAS [119]. MABC was used for introgressing sterility mosaic
disease and fusarium wilt-resistance genes in pigeonpea varieties LRG41 and LRG52. The
improved varieties of pigeonpea exhibited complete resistance against both the diseases.
MABC approaches have also been used for the improvement of other pigeonpea varieties,
such as BDN 711, ICP 8863, TS 3R, JKM 188, TGT 501, and UPAS 120 [187].

3.7. Lentil (Lens culinaris)

Lentil is an important rainfed and cool season pulse crop, having a genome size of
4 Gbp [100]. Its high protein content (22–35%) makes it one of the most nutritionally-rich
pulse crops. It also provides fibre, minerals, and carbohydrates. Earlier limited genomic
resources were available for improvement of lentil crop compared to chickpea, common
bean, soybean and pigeonpea crops due to a narrow genetic base, large genome size, and
low density genetic maps [33]. However, with the advances in NGS and HTP techniques,
various genomic resources of lentil crop are now available, which can be efficiently used
for lentil improvement through MAS/MABS and GS programmes [28]. Different RIL and
backcross populations developed by crossing the cultivated and wild species of lentil for
tagging of gene(s)/QTLs linked to traits such as drought, cold, earliness, rust resistance,
fusarium wilt resistance, increased iron and zinc content [28,148]. Crosses have been
attempted between cultivated and wild relatives of lentil for identification of marker–trait
association for complex traits such as maturity, seed yield, anthracnose resistance, biomass,
seed weight, straw yield, podding ability, ascochyta blight, and harvest index [189,190].
In addition, the application of NGS techniques in various mapping populations exhibited
an association of SNPs with complex traits [191]. In lentil, traits such as pod indehiscence,
early flowering, anthocyanin in stem, seed coat pattern, radiation frost tolerance locus,
ground colour of the seed, and flower colour, linked to SSR and SNPs, have been transferred
through MAS and MABC programmes [189,192–194].

3.8. Pea (Pisum sativum)

Pea is the third most important crop in the world and is a major source of protein
in the human diet [195]. In pea crop, various types of mapping populations (backcross,
AB-QTL, and RIL) have been developed for the identification of gene(s)/QTLs linked to
phenotypic traits, such as QTLs for resistance to white mould [196], QTL for resistance to
Mycosphaerella pinodes [197], QTL for salt tolerance in pea [140], as well as er1, er2, and Er3
genes resistance to powdery mildew in pea [138,139,198]. Novel SNPs have been identified
by using GBS in RIL mapping populations of pea [195], and the identified genes/QTLs
have been successfully introgressed into the elite varieties for further improvement through
molecular breeding methods. The MABC approach was used for the introgression of
genes linked to SSR markers for partial resistance to Aphanomyces root rot in pea. In the
study, genotyping platform 13.2K SNP array was used in background selection of pea
crop [120]. Likewise, 339 genotypes were genotyped using GS with a 13.2K SNP array
genotyping platform for the improvement of traits such as days to flowering and 1000-seed
weight [137]. Similarly, GS was carried out in 306 pea RILs for flowering initiation, seed
weight, improving grain yield, winter plant survival, and lodging susceptibility [199].

3.9. Underutilized Legume Crops

Crops such as chickpea, cowpea, pigeonpea, groundnut, common bean, lentil, and
pea benefit from a relatively mature research base and genomic resource foundation [9].
However, very limited genomic resources are available in underutilized legume crops, such
as faba bean (Vicia faba), urdbean (black gram) (Vigna mungo), green gram (mungbean)
(Vigna radiate), adzuki bean (Vigna angularis), lobia (Vigna unguiculata subsp. unguiculata),
bambara groundnut (Vigna subterranean), moth bean (Vigna aconitifolia), and rice bean (Vi-
gna umbelatta). The production and productivity of underutilized crops are low, partially,
because of the lack of proper management practices and use of negligible inputs; however,
these crops possess high nutritional values [200,201]. Nonetheless, these legume crops are
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resilient to various biotic and abiotic stresses, and they possess improved grain and fodder
quality traits. These crops play an important role for future food security, keeping in view
the impact of climate change. Moreover, the underutilized leguminous crops are enriched
with a plethora of valuable gene(s), which can be mapped and cloned for further utilization
in crop improvement [202]. Keeping in view the economic importance of underutilized
crops, these crops need to be enriched with genomic resources for further improvement.
However, few molecular studies have been conducted for the identification of candidate
gene(s)/QTLs linked with the traits, such as plant height, flower initiation, maturity, and
yield traits in narrow-leafed lupin [203]. In a GWAS, four candidate genes associated with
flower initiation (Lup019134, Lup015264, Lup021911, and Lup021909), two genes with matu-
rity (Lup015264 and Lup004734), one gene with plant height (Medtr1g030750), and two genes
with yield traits (Lup021835 and Lup022535) were identified in lupin [203]. Similarly, SNPs
linked with phosphorus utilization and phosphorus uptake efficiency traits were identified
in 120 mungbean genotypes by using the GBS technique in a GWAS approach [204]. In
that study, six candidate genes, such as VRADI09G09030, VRADI05G20860, RADI01G04370,
VRADI08G20910, VRADI06G12490, and VRADI08G00070, exhibited linkage with phospho-
rus utilization and phosphorus uptake efficiency have been identified [204]. In lupin, the
PCR-based molecular marker for LanFTc1 was found to be associated with vernalization
responsiveness [205]. Likewise, a low alkaloid content gene (LAGI01_35805_F1_R1), linked
to the pauper locus in lupin, was identified that has been transferred through MAS for
development of low-alkaloid genotypes [205]. Similarly, MAS was used for the introgres-
sion of bruchid resistance in mothbean linked with DMB-SSR160 and CEDG261 molecular
markers [206]. These underutilized legume crops will be further improved if HTG and
HTP technologies are to be deployed for the development of different genomic resources.

4. Conclusions and Future Perspectives

Earlier, limited genomic resources were available for the genetic enhancement of
legume crops compared to main rice, maize, wheat, and other grains. Now, the legume
breeder can enhance the genetic potential of a variety by reshuffling native genes in different
combinations using various genomic resources. Genomic resources, along with genotyping
platforms, play significant roles in the improvement of crop varieties and different types
of genetic stock; these must continue to be developed for use in future legume breeding
programmes. Although molecular breeding methods have been efficiently used in chickpea,
groundnut, pigeonpea, common bean, and cowpea, there is wide scope for the development
of genomic resources in underutilized legume crops for further improvement. There is a
need to develop various bi-parental mapping populations for the identification of marker–
trait association in underutilized crops such as faba bean, urdbean, green gram, adzuki
bean, lobia, bambara groundnut, moth bean, and rice bean.

The advances in HTG and HTP techniques are helpful in understanding genome
structure, function, and identification of marker–trait relationships in legumes. These
genomic tools also enable breeders to identify allelic variation caused by a number of small
effects of genes/QTLs of complex traits in legumes. The advances in genomic resources will
further help in purging out the deleterious loci in the variety and accumulation of important
alleles for designing future crop varieties. Furthermore, for accelerating the adoption of
molecular techniques in legume breeding programmes, molecular markers should be
‘breeder friendly markers’ that are highly reproducible, easily assayable, and are relatively
inexpensive for genotyping. For example, SNPs are known as the choice of the molecular
markers, and conversion of identified SNPs to cleaved amplified polymorphic sequences
(CAPs) or KASPar assays and Illumina Veracode will enable their wider application in
legume crop improvement programmes. There is also a need to capture and identify the
allelic variations across the genome sequences of different legume species (pangenome) and
even across genus (super-pangenome). In the future, haplotype-based breeding will help
in the identification of superior haplotypes in leguminous crops, which can be deployed in
legume breeding programmes.
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