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Editorial on the Research Topic
Legume breeding in transition: innovation and outlook

Introduction

Legumes are important crops that are primarily harvested for their grains, which are rich
in proteins, minerals, and other nutrients such as vitamins, fibre, and antioxidants. Legumes
are mostly self-pollinated crops, which means they have a narrow genetic base, that poses
challenges to crop improvement programs. Still, conventional and modern breeding
approaches have contributed significantly to improving the agronomic traits, stress
tolerance, and nutritional qualities of legume crops. Conventional breeding involves
exposing plant propagules to mutagens and/or crossing two or more plants to generate a
new generation with desired traits, while modern breeding approaches include molecular
breeding, marker-assisted selection, and genetic engineering techniques. Through these
approaches, researchers have been able to develop legume varieties with improved yield,
disease resistance, drought tolerance, and nutritional qualities such as higher protein
content, iron, zinc, and other essential micronutrients. Both conventional modern
breeding approaches have achieved much success in cereal crops and very little attention
has been given toward the improvement of legume crops. The genetic improvement of major
and underutilized legume crops remains a major challenge in the path leading to the goal of
global food security and nutrition. This Research Topic hosted at Frontiers in Genetics
entitled “Legume Breeding in Transition: Innovation and Outlook” presents a series of
research articles and reviews covering new understandings in the areas of germplasm
diversity, transcriptomics, sequencing, genomics, marker assisted backcross breeding,
genome wide association study, genome editing, machine learning algorithms and
agronomy integrating theoretical, and experimental approaches.
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What havewe achieved so far in legume
breeding?

Recent advances in genomics offer hope for future genetic
improvements in important legumes. Completing genome
assemblies and resequencing efforts of large germplasm collections
havemade it possible to identify the underlying genes governing various
important traits, which can enhance genetic gain and help developmore
climate-resilient cultivars. Adzuki bean, cluster bean, horse Gram,
lathyrus, red clover, urd bean, and winged bean are among the
underutilized legumes that can benefit from these advancements in
genomics. Gayacharan et al., reported that genetic gain in legumes can
be enhanced by mining approximately 0.4 million ex-situ collections of
legumes in gene banks. This would facilitate the identification of ideal
donors for various agronomic traits. Jha et al., highlighted the significant
advances made in developing genomic resources for underused
legumes. These included genome-wide molecular markers, genome
sequencing, genetic linkage maps, and trait mapping played a vital role
in increasing legume production, which can contribute to global food
security. Integrating genomic resources with unique breeding expertise
and good seed system techniques can help increase the production of
underused legumes and contribute to global food security.

In legume breeding, yield stability and adaptability are of prime
importance, which requires yield trials at different geographic
conditions to assess the impact of environmental factors.
Pobkhunthod et al., identified KUP12BS029-1-1-3 large-seeded
peanut genotype with significantly stable yield potential through
multilocation yield trial using GGE biplot analysis in Thailand.

The seed size and shape are directly correlated to the overall quantity
and quality of the lentil production. By controlling cell division via cell
expansion and overall seed growth, Dutta et al., using a transcriptomic
approach, demonstrated how essential genes, including kinases,
transcription factors, cell wall-building enzymes, and hormone
production pathways, are involved in lentil seed size regulation.

Bhat et al., identified 57 significant SNPs and six stable QTL
regions using GWAS and haplotype alleles for improvement of yield
and yield-related traits in soybean. In legume breeding, plant traits
and soil attributes also play a role in achieving the desired
production goals. While working on 797 soybean lines they
indicated that the availability of soil texture information prior to
the growing season might maximize the efficiency of a breeding
program by allowing the reconsideration of experimental field
design, allocation of resources, reduction of preliminary trials,
and shortening of the breeding cycle (Vieira et al.).

Biotic and abiotic stresses are the main
obstacles in achieving the desired goals
of legume production

Legumes are susceptible to biotic stresses that can adversely affect
their growth and production, leading to significant yield losses. Biotic
stresses include diseases caused by pathogens such as fungi, bacteria,
viruses, and nematodes, as well as pests like insects andmites. Kaur et al.,
introgressed cry1Ac from transgenic chickpea lines into commercial
cultivars usingMarker-Assisted Backcrossing (MABC) breeding for pod
borer resistance, which caused 100%H. armigera larval mortality. Using
MABC, Bharadwaj et al., have developed a high yielding Fusarium wilt

resistant chickpea cultivar BGM20211 by gene pyramiding and released
it as Pusa Manav/Pusa Chickpea 20211 for commercial cultivation. One
of the most common diseases that severely influence soybean output
worldwide is Phytophthora rot and stem rot (PRSR) caused by
Phytophthora sojae. Chandra et al., highlighted the developments
made in understanding the genetic basis of PRSR resistance, genomic
developments, and prospective uses of PRSR resistance in soybean for
long-term control. Another important pulse crop, peanut is affected by
many soil borne diseases and pathogens and substantially reduces yield.
Sharif et al., identified pericarp abundant promotor AhGLP17-1P. Such
promotors could drive the expression of defence-related genes in the
pericarp and improve disease tolerance. Bacterial wilt is one of the
primary diseases that cause a substantial decline in the common bean
production. Zia et al., evaluated 168 accessions for resistance against
bacterial wilt and identified 14 single nucleotide polymorphism (SNP)
markers associated with the bacterial wilt resistance that can be utilized
in developing new ideotypes of common bean with improved tolerance
to bacterial wilt. Agarwal et al., identified amajorQTL, “qpsd4-1,” on LG
4 and a minor QTL, “qpsd8-1,” on LG8 that explained 41.8% and 4.5%
of phenotypic variance, respectively, associated with resistance to
Pythium ultimum in chickpea.

Besides biotic stress, legumes are susceptible to various abiotic
stresses such as drought, salinity, heat, cold, and heavy metal toxicity
that significantly impact their production. Yin et al., identified 72 basic
leucine zipper (bZIP) family transcription factors in the adzuki bean
and concluded that tissue-specific bZIP might play a role in conferring
tolerance to abiotic stress such as drought, cold, salt, and heavy metal
stress. Frost is an important abiotic stress that reduces production,
destroys nitrogen-fixing bacteria, and reduces diet value of legumes.
Sallam et al., evaluated 185 genotypes of winter faba bean for frost
tolerance and identified two frost tolerant genotypes viz., S_028 and S_
220. Using KASP markers and GWAS genotypes two markers viz., Vf_
Mt1g072640_001 and Vf_Mt7g073970_001 showed pleiotropic effects
on root fresh and dry mass in both the genotypes. The twomarkers can
be used for isolating frost tolerant genotypes and the two genotypesmay
be used as a donor of alleles for improving frost tolerance. Besides frost,
floods also cause a substantial reduction in agricultural production.
Floods are more detrimental to legumes, especially in pigeon pea,
causing substantial crop loss. Using De-novo transcriptome assembly
Tyagi et al., tried to decode the flood tolerance and identify the
candidate genes that could help develop climate-resilient pigeon pea
genotypes. Thus, effectively managing abiotic stresses is crucial for
sustainable legume production and food security.

Omics approaches in improving the
nutritional profile and agronomic traits
of legumes

Micronutrients are essential for human and plant growth and
development, and legumes are a rich source of many important
micronutrients. Some of the crucial micronutrients found in
legumes include iron (Fe), zinc (Zn), copper (Cu), manganese
(Mn), magnesium (Mg), calcium (Ca), and molybdenum (Mo).
Any essential micronutrient deficiency impairs the correct
operation of cellular systems and has several metabolic and
physiological ramifications. Nazir et al., identified 113 SNPs
through GBS associated with most of the seed micronutrients on
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chromosome 3 and chromosome 11 in common bean, which
showed significant phenotypic variance ranging from 13.50% to
21.74%. Baloch et al. reported that the DArT-3367607 marker on
chromosome Pv03, among the six markers identified, showed the
highest phenotypic variation (7.5%) with the significant association
for seed Mg contents in Turkish common bean germplasm.

To address an escalating global food demand, it is essential to
produce superior crop types with high yield, increased nutrition,
disease, and insect resistance. In comparison to other crops,
chickpea and other legume crops have much lower genetic gains
due to their limited genetic base. We must quicken genetic gains—a
cyclical process of finding new variations, applying selection, and
fixing good traits—to fulfill future demand. Additionally, modern
variations of Cicer must be infused with genetic diversity from
landraces and wild Cicer species to sustain greater genetic gain for a
longer period of time. Singh et al. reviewed the current status of the
narrow chickpea genetic base and the scope of modern “Omics”
technologies in breaking this bottleneck overcoming the yield limits
and achieving higher genetic gains. Underutilized crops represent a
treasure of genes that may be used to improve the agronomic traits
of widely used legume crops. Verma et al., working on seed
development of lesser-known pulse crops viz., ricebean, reported
6,928 differentially expressed genes in bold and small-seeded
genotypes and identified several genes for seed development
related traits. Zhao et al., carried out a genome-wide association
study (GWAS) of 178 peanut cultivars and reported several marker-
trait associations and candidate genes associated with hundred seed
weight, total number branches, and pod shape. High yielding
genotypes are considered a promising way of achieving food
security for a burgeoning population. Singh et al., evaluated a
panel of 100 blackgram genotypes at two locations and identified
49 significant SNP associations representing 42 QTLs related to yield
and yield attributing traits. Wang et al., while working on QTL
analysis in soybean, reported genes associated with the regulation of
symbiosis. The group reported 10 QTLs associated with type III
effector NopAA in Sinorhizobium fredii HH103 which functions as
glycosyl hydrolase and plays a critical role in nodulation. Such
studies are important in gaining more insights into the underlying
mechanism of nitrogen fixation, making nitrogen fixation, and
alleviating the harmful effects of chemical fertilizers on human
health and the environment. Kumari et al., evaluated 98 wild and
cultivated Vigna accessions and identified marker-trait associations
(MTAs) for traits such as days to first flowering, days to maturity
plant height and hundred seed weight that may be utilized in Vigna
improvement programs. These MTAs may also help gain insights
into understanding the underlying mechanism controlling the
expression of these traits in various Vigna species.

Recent advancements in gene editing,
genome sequencing, and machine
learning algorithms in the field of
legume breeding

Even though conventional breeding strategies have
contributed in improving thousands of crop cultivars,
however, these approaches are laborious and tedious and are

not enough to deliver the improved products at the required
pace to sustain a growing world population. However, the huge
advancements made in all fields of science, including plant
breeding overcame all the limitations of conventional
breeding approaches. One such example is gene editing
technology in legumes reviewed by (Baloglu et al.). This
review article provides details of the comparative
governmental regulatory restrictions on gene-edited crops in
European Union and United States of America. Besides gene
editing, artificial intelligence is an emerging technology for crop
improvement in analyzing big data in phenomics and genomics.
Aasim et al. reported using machine learning models for
predicting and optimizing the tissue culture protocols in
common bean, a recalcitrant crop. The main limitations of
linkage mapping and positional cloning in mapping genomic
loci controlling agronomic traits are their low resolution, low-
throughput, and time requirement. With recent developments in
genomics and sequencing techniques, Bulk segregant analysis
sequencing (BSA-seq) and its related approaches, viz.,
quantitative trait locus (QTL)-seq, bulk segregant RNA-Seq
(BSR)-seq, and MutMap, helped breeders in rapid
identification of genetic loci/QTLs controlling agronomic
traits at high resolution, accuracy, reduced time span, and in
a high-throughput manner. Majeed et al., reviewed the BSA-seq
and its related approaches in crop breeding, along with their
merits and demerits in trait mapping. Overall genomic tools
such as molecular markers, gene editing, and transcriptomics
can be utilized to accelerate the breeding process and improve
the efficiency of crop improvement programs. In conclusion, the
recent advancements in genomics provide an opportunity to
improve important crop legumes and develop more climate-
resilient, high-yielding, and nutritionally rich cultivars. These
advancements can contribute significantly to global food
security and help meet the increasing demand for high-
quality food.
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(AhGLP17-1P) From Peanut (Arachis
hypogaea L.)
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Weijian Zhuang1,2,3*

1College of Plant Protection, Fujian Agriculture and Forestry University (FAFU), Fuzhou, China, 2Fujian Provincial Key Laboratory of
Plant Molecular and Cell Biology, Oil Crops Research Institute, Fujian Agriculture and Forestry University (FAFU), Fuzhou, China,
3Center of Legume Crop Genetics and Systems Biology, College of Agriculture, Fujian Agriculture and Forestry University (FAFU),
Fuzhou, China

Peanut (Arachis hypogaea L.) is an important oil and food legume crop grown in tropical
and subtropical areas of the world. As a geocarpic crop, it is affected by many soil-borne
diseases and pathogens. The pericarp, an inedible part of the seed, acts as the first layer of
defense against biotic and abiotic stresses. Pericarp promoters could drive the defense-
related genes specific expression in pericarp for the defense application. Here, we
identified a pericarp-abundant promoter (AhGLP17-1P) through microarray and
transcriptome analysis. Besides the core promoter elements, several other important
cis-elements were identified using online promoter analysis tools. Semiquantitative and
qRT-PCR analyses validated that the AhGLP17-1 gene was specifically expressed only in
the pericarp, and no expression was detected in leaves, stem, roots, flowers, gynophore/
peg, testa, and embryo in peanut. Transgenic Arabidopsis plants showed strong GUS
expression in siliques, while GUS staining was almost absent in remaining tissues,
including roots, seedlings, leaf, stem, flowers, cotyledons, embryo, and seed coat
confirmed its peanut expressions. Quantitative expression of the GUS gene also
supported the GUS staining results. The results strongly suggest that this promoter
can drive foreign genes’ expression in a pericarp-abundant manner. This is the first study
on the functional characterization of the pericarp-abundant promoters in peanut. The
results could provide practical significance to improve the resistance of peanut, and other
crops for seed protection uses.

Keywords: cis-elements, GUS staining, pathogens, tissue-specific expression, transgenic arabidopsis
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INTRODUCTION

Peanut (Arachis hypogaea L.), also known as groundnut, is an
important legume crop (Fabaceae family) that is mainly
cultivated for its edible seeds. Botanically peanut is a legume,
but it is frequently eaten as a “nut”, and its nutritional value is
comparable to other nuts (Settaluri et al., 2012). It is a major
nutrition source for humanity, providing edible oil and proteins
(Khan et al., 2020) after soybean and rapeseeds. Peanut is full of
nutrients, including carbohydrates, vitamins, lipids, minerals, etc.
(Akhtar et al., 2014). Peanut is widely cultivated globally in
tropical and subtropical regions, producing 48.75 million tons
of shells annually. China is the leading producer with 17.52
million tons of shells and shares 36% of the Worlds’ total
production, followed by India (14%), Nigeria, Sudan, and the
USA (FAOSTAT, 2019).

Like other crops, the peanut is affected by several bacterial, fungal,
and viral pathogens (Ali et al., 2020). To manage these pathogens,
nature has provided peanuts with several defense mechanisms. As
peanut seeds are of primary importance, they have evolved to form
non-edible outer coverings (pericarp and testa) to protect the seeds
from insects, pathogens, and physical damage and maintain seed
viability from generation to generation (Souza and Marcos-Filho,
2001). The shape, color, thickness, etc., of the seed coat, may differ
among species during the evolutionary process and due to different
growing environments. Biologically active chemicals in seed coats
provide the right solution for infections, especially seed coat-based
pathogen resistance attributed to hydrophobic molecules like lignin
and tannins (Dardick and Callahan, 2014). Seed inner pericarp
tissues also accumulate different antifungal and antibacterial
metabolic by-products and flavonoids (Dixon and Paiva, 1995).
Plenty of work is available on the genetic basis of seed coat
development in the model dicot plant, i.e., Arabidopsis, and many
genes have been worked out for their functions in seed coat
development (Windsor et al., 2000; Haughn and Chaudhury,
2005; Dardick and Callahan, 2014). Similarly, detailed knowledge
about the genes involved in seed coat development in peanut can
helpmanipulate specific genes to get resistance against specific biotic
or abiotic stresses. Paik-Ro and his team have reported that the
cDNA of PSC33I is specifically expressed in peanut seed tissues
without showing any expression in other tissues (Paik-Ro et al.,
2002).

The physical appearance of any plant and its response to the
surrounding environment is mainly controlled by a cascade of
genes. Expression of any gene depends upon the binding of specific
transcription factors (TFs) or proteins with unique upstream
elements (cis-elements) and regulation at the transcription site.
Promoters are the non-coding regulatory DNA sequences present
upstream of a genes’ coding region and contain specific cis-
elements that regulate the spatio-temporal expression of a gene.
A promoter has multiple binding sequences for TFs and RNA
polymerase for activation and regulation of functions of the
downstream gene (Ong and Corces, 2011; Gupta et al., 2012;
Hernandez-Garcia and Finer, 2014). Promoters are important
tools for molecular research to study the functions of a gene
(Xu et al., 2016). Promoters can be divided into constitutive,
spatio-temporal/tissue-specific, inducible, and synthetic

promoters based on regulating the gene functions. Constitutive
promoters drive the expression of a gene in all tissues, such as
maize ubiquitin promoter (Christensen et al., 1992) and cauliflower
mosaic virus promoter (CaMV35S) (Odell et al., 1985), are widely
used for functional gene studies in plants.

Similarly, Figwort mosaic virus sub-genomic transcript promoter
FMV Sgt is another example of constitutive promoters
(Bhattacharyya et al., 2002). The constitutive expression of an
exogenous gene can cause adverse effects on a plants’ normal
growth and functioning as it causes an extra burden on plant
metabolism for expressing a gene in tissues where it is not
required, and sometimes it results in undesired phenotypes
(Nakashima et al., 2007). Tissue-specific and inducible promoters
are more important as they can drive a genes’ expression in a tissue-
specific manner or under specific stress; hence, avoiding the adverse
effects of constitutive expression. The selection of a suitable
promoter is the key step for developing transgenic plants since it
influences the cell, tissue, or stage specificity and determines the
expression level of the transgene (Koyama et al., 2005). Therefore,
comprehensive knowledge of promoter activity is a prerequisite for
transgenic breeding.

In this paper, we studied the promoter of a peanut pericarp
abundant expression gene belonging to the Germin-like protein
(GLPs) family. Germin-like proteins were first identified in
germinating wheat seedlings as germination specific markers
during the 1980s (Lane et al., 1993). These proteins belong to
a group of water-soluble glycoproteins with diverse functions.
GLPs are ubiquitously found in gymnosperms, and angiosperms
(Lu et al., 2010) and are broadly involved in plants’ defense
against biotic and abiotic stresses (Godfrey et al., 2007). Germin-
like proteins are a group of “Cupin superfamily” containing the
Cupin domain (PF00190). Structurally these proteins are
composed of the β-sheet barrel (jellyroll beta-barrel structure),
and the protein’s C-terminus contains a metal ion binding site
(Agarwal et al., 2009). GLPs contain two conserved motifs known
as “germin-box”. These motifs G(x)5HxH(x)3,4E(x)6G and G(x)
5PxG(x)2H(x)3N are packed in a classic jellyroll beta-barrel
structural domain (Yamahara et al., 1999). Thus far, there is
no report available which investigated its specific expression and
characterized its upstream promoter in a plant pericarp.

Here, this study identified and characterized a peanut GLP
gene, “Germin-like protein subfamily 1 member 7 (AhGLP17-1),"
showing abundant expression in seed pericarp. This gene was
selected based on the transcriptome and microarray expression
data, and its pericarp abundant expression was verified by
semiquantitative and qRT-PCR. Further, the cis-regulatory
elements of the promoter were analyzed, and their expression
was characterized in transgenic Arabidopsis plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Seeds of peanut cultivars Minhua-6 (M-6), and Xinhuixiaoli
(XHXL), and Arabidopsis thaliana ecotype Columbia-0 (Col-0)
were obtained from the Institute of Oil Crops, Fujian Agriculture
and Forestry University, Fuzhou, China. Peanut plants (M-6) were
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grown in research fields at Yangzhong, Sanming county of Fujian
province during the summer season (April-August, 2018), and
samples from different tissues, including leaves, stem, flower, peg,
pericarp, testa, embryo, and roots were collected at different growing
stages for semiquantitative and qRT-PCR-based confirmation of
AhGLP17-1 gene. For isolation of promoter, peanut plants (XHXL)
were grown in the greenhouse in small pots (10 cm diameter) filled
with compost, and leaf samples were collected from one-week-old
plants. Arabidopsis plants were germinated on MS medium
(Murashige and Skoog, 1962), transferred into 8-cm diameter
plastic pots containing compost after 2 weeks, and further grown
in the greenhouse, where 25°C temperature and 16/8 h photoperiod
for day/night cycle was maintained for Arabidopsis seedlings. All
samples were washed with 75% ethanol and sterilized water, packed
in previously labeled plastic bags, and immediately frozen in liquid
nitrogen and stored at −80°C for further use.

Selection and Verification of
Pericarp-Abundant AhGLP17-1 Gene
A pericarp abundant gene with Peanut Genome Resource (PGR) ID
AH06G08990.1 was identified by the microarray and transcriptome
expression data, which is available at the PGR database http://
peanutgr.fafu.edu.cn/ (accessed on 20th April 2018) (Zhuang et al.
, 2019). This gene belongs to the germin-like protein family viz.
“germin-like protein subfamily 1 member 7”. Due to the polyploid
nature of the peanut genome, peanut contains nine different copies
of germin-like protein subfamily 1 member 7, and we named this
gene AhGLP17-1. The protein 3D structure of AhGLP17-1 was
constructed using 3D Ligand Site https://www.wass-michaelislab.
org/3dlig/index.html (accessed on 15th June 2018) (Wass et al.,
2010), physio-chemical properties were predicted by Expasy server
https://web.expasy.org/protparam/ (accessed on 20th June 2018)
(Gasteiger et al., 2005), and subcellular localization was predicted
by CELLO V2.5 http://cello.life.nctu.edu.tw/ (accessed on 22nd June
2018) (Yu et al., 2006). Gene functional annotation “gene ontology”
information was retrieved from the PGR database (http://peanutgr.
fafu.edu.cn/). Semiquantitative and qRT-PCR analysis were used to
confirm its expression in different tissues.

Selection of Promoter Region and
Identification of Cis-regulatory Elements
A 2296 bp region upstream of the start codon of the AhGLP17-1
gene was selected for promoter analysis. The promoter was
named AhGLP17-1P. Cis-regulatory elements of promoter
region were predicted by PLACE https://www.dna.affrc.go.jp/
PLACE/?action�newplace (accessed on 30th June 2018) (Higo
et al., 1998) and PlantCARE databases http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/ (accessed on 30th June 2018)
(Rombauts et al., 1999).

RNA Extraction, cDNA Synthesis,
Semiquantitative, and qRT-PCR Analysis
RNA from different tissues (leaves, stem, flowers, peg, pericarp,
testa, embryo, and roots) of peanut cultivar Minhua-6 was

extracted by the Cetyl Trimethyl Ammonium Bromide
(CTAB) (200 mM Tris HCL, 20 mM EDTA, 2% CTAB, 1.4 M
NaCl, and 2% PVP-40, pH � 8.0, 0.2% β-Mercapto Ethanol added
before use) method with some modification (Chen et al., 2016).
First-strand cDNA was synthesized using 1 µg RNA with the
PrimeScript 1st strand cDNA Synthesis Kit (Cat# 6110A)
(Takara, Dalian, China) according to manufacturer guidelines.
Semiquantitative PCR analysis was performed to check the
expression of the AhGLP17-1 gene in different tissues using
the peanut Actin gene and gene-specific primers. The
semiquantitative PCR results were viewed on 1% agarose gel.
For qRT-PCR analysis, three different cDNA preparations for
each tissue were used. Quantitative real-time polymerase chain
reaction (qRT-PCR) was performed by MonAmp™ ChemoHS
qPCR Mix (Cat# 160431) (Monad Biotech, Wuhan, China). The
PCR reaction mixture contained 10 µL MonAmp Master Mix,
1 µL forward and reverse primer (diluted at 10 mM
concentration), and 1 µL cDNA template. The peanut Actin
gene (Chi et al., 2012) was used as an internal control to
normalize the cDNA. The qRT-PCR reaction was performed
using Applied Biosystems 7,500 real-time PCR system
(ThermoFisher Scientific, USA). The cycling program was as
follows: 94°C (1 min), 60°C (1 min), and 72°C (1 min) for 40
cycles. Primers used for semiquantitative and qRT-PCR analysis
are given in (Supplementary Table S1).

DNA Extraction and Isolation of Promoter
Genomic DNA from peanut (XHXL variety) leaves was extracted
using the CTAB (1 M Tris-HCl, 0.5 M Na-EDTA, 2% CTAB,
1.4 M NaCl, 3% PVP-40, and 0.2% β-Mercapto Ethanol added
before use) method (Li et al., 2013) with some modifications.
Promoter-specific primers (Supplementary Table S1) covering
2,296 bp upstream region before start codon were used to clone
AhGLP17-1P. The promoter region was amplified with
PrimeSTAR® Max DNA polymerase (Cat# Ro45B) (Takara,
Dalian, China), according to manufacturers’ guidelines. The
PCR amplified product was visualized on 2% agarose gel and
purified by TIANGEN Universal DNA Purification Kit (Cat#
DP103-03) (Tiangen Biotech Beijing, China). Purified PCR
products were sub-cloned into pMD19T vector (Cat# 3271)
(Takara, Dalian, China) and sequenced by Beijing Genomics
Institute (BGI, Shenzhen, China).

Vector Construction
The sequence-verified PCR clones were used to construct the
expression vector using Two-step Gateway cloning. First, the
promoter was amplified by primers containing universal
overlapping sequences for gateway vectors (Supplementary
Table S1) using the TA-cloning product as template and
purified through TIANGEN Universal DNA Purification Kit
(Cat# DP214-03) (Tiangen Biotech Beijing, China). The
purified PCR products were ligated by Gateway BP reaction
using BP Clonase enzyme (Cat# 11789020) (Invitrogen,
ThermoFisher Scientific USA) into entry vector pDONR-207
between attP sites. Vector pDONR-207 containing AhGLP17-
1P was transferred to E. coli (DH5α), and positive clones were
selected for sequence confirmation. After sequence confirmation,
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AhGLP17-1P was ligated into destination vector pMDC164 by
Gateway LR reaction using LR Clonase enzyme (Cat# 11791020)
(Invitrogen, ThermoFisher Scientific USA). Expression vector
pMDC164 contains the hygromycin resistance gene for
positive plants’ selection and the GUS reporter gene. The
vector was named pMDC164-AhGLP17-1P.

Transformation Into Arabidopsis
Expression vector pMDC164-AhGLP17-1P was transferred into
Agrobacterium tumefaciens strain GV3101, and positive colonies
were selected on yeast extract beef (YEB) selection medium plates
supplemented with 50 μg ml−1 kanamycin. Positive A.
tumefaciens cells harboring the expression vector were grown
overnight at 28°C, 220 rpm to get logarithmic growth phase
(OD600 � 1.0-1.5) in liquid YEB medium supplemented with
kanamycin 50 μg ml−1, and 75 μg ml−1 rifampicin. Bacterial cells
were harvested by centrifugation at 4,000 rpm for 10 min and
resuspended in 5% sucrose solution containing 0.02% Silwet L-77
and 100 μg ml−1 acetosyringone was also added to achieve higher
transformation efficiency (Sheikholeslam and Weeks, 1987).
Mature Arabidopsis plants were used for transformation by
floral dip method (Clough and Bent, 1998) by dipping the
unopened flowers into the prepared solution for 10–15 s, and
then placed under dark for 24 h. Siliques and opened flowers were
removed before the transformation, and the floral dipping was
repeated after 5 days. After that, plants were grown under
optimum growth conditions until seeds were ready to harvest,
and finally, the T0 seeds were harvested.

Screening of Positive Transgenic Plants
To identify positively transformed plants, T0 transgenic seeds
were screened on MS medium containing 50 μg ml−1

hygromycin. First, seeds were surface sterilized with 75%
ethanol for 2 min and then treated with 10% H2O2 for 2 min,
followed by 4–5 times washing with distilled water. Then seeds
were spread over MS medium containing plates supplemented
with Hygromycin antibiotic. Eight randomly selected
hygromycin-resistant plants were verified by PCR
amplification with promoter-specific forward and GUS gene
specific reverse primers (Supplementary Table S1). The
selected transgenic plants were covered with plastic sheets to
avoid the chances of cross-pollination, and T1 transgenic seeds
were obtained. Transgenic seeds were grown to further
generations to get homozygous T3 lines.

Histochemical GUS Staining and
Expression Analysis of GUS Gene
For the GUS staining assay (Jefferson et al., 1987), tissue samples
were incubated in 2 mM 5-Bromo-4-chloro-3-indolyl β-D-
glucuronide (X-Gluc) solution prepared in 0.1% Triton X-100,
50 mM sodium phosphate buffer, 10 mM EDTA, 2 mM
potassium ferricyanide, and 2 mM potassium ferrocyanide.
Plant samples were incubated in the above-prepared staining
solution at 37°C for 12 h. After staining, samples were washed
with 50, 75, and 100% ethanol for 5 min separately. Finally,
samples were decolorized by incubating in 75% ethanol at

37°C until all green color was removed, while ethanol was
changed every 4 hours. Samples were photographed with the
digital camera and Olympus microscope Model BX3-CBH with
attached Olympus DP80 digital camera (Olympus, Tokyo,
Japan). Quantitative expression of the GUS gene in different
tissues of transgenic Arabidopsis plants was analyzed by qRT-
PCR with GUS gene-specific primers (Supplementary Table S1).

For pericarp sampling, young siliques were carefully opened
by sharp needles and forceps, and seeds were removed. Siliques
without seeds were stored for RNA extraction. Similarly, seeds
were used to examine testa, cotyledon, and embryo expression. It
was impossible to separate the testa from cotyledons and get
enough samples for RNA extraction from Arabidopsis seeds, so
whole seeds were used to extract the RNA. RNA from different
tissues of transgenic Arabidopsis was extracted using TriQuick
Reagent (Cat# R1100) (Solarbio, Beijing, China), following the
manufacturers’ instructions.

Cryostat Sectioning of Transgenic
Arabidopsis Seeds
The seeds of transgenic Arabidopsis plants were ruptured and
incubated in the GUS staining solution to confirm whether GUS
staining is present in testa, cotyledons, and embryo or not. After
overnight incubation in GUS solution, seeds were further
processed for cryostat sectioning in Leica CM1950 Cryostat
Microtome (Leica Biosystems, Germany). The cryostat
microtome was turned on for 5 hours before use, and the
temperature was set at −20°C. Specimen discs, brushes, and
forceps were put inside the cooling chamber. The freezing
compound was applied on specimen discs, and seeds were
gently placed on specimen discs containing the freezing
compound. Specimen discs containing the seeds were kept at
−20°C for 30 min. After that, 50 µm sections were made and
placed on glass slides. Later, images of sectioned specimens were
taken by Olympus IX73 microscope with attached Olympus
DP80 digital camera (Olympus, Tokyo, Japan).

RESULTS

Selection and Characterization of Pericarp
Abundant Gene
We searched the Peanut Genome Resource database (http://
peanutgr.fafu.edu.cn/) (Zhuang et al., 2019) for the candidate
gene with high transcriptome and microarray expression in
pericarp and with no or very low expression in other tissues for
cloning of promoter. A member of the peanut germin-like
protein family (AhGLP) named germin-like protein subfamily
1 member 7 (AhGLP17-1) with the PGR gene ID AH06G08990
and mRNA ID AH06G08990.1 was found to be specifically
showing high expression in pericarp as compared to other
tissues (Figure 1A). Although microarray expression was
found in root tissues and gynophore/peg (Supplementary
Table S2), some transcriptome expression was also present
in roots and peg (Supplementary Table S3). Still, the tendency
of expression of the AhGLP17-1 gene was higher in the
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pericarp (Figure 1A). This gene is present on the 6th
chromosome of sub-genome A at 12182490-12204462 position
on the negative strand and has a CDS length of 666 base pairs and
21973 base pairs genomic length. The protein, CDS, and
promoter sequences of the AhGLP17-1 gene are given in
Supplementary file S1. It consists of three exons of almost the
same size and two introns, one of which is 21170 bp and the
second intron is 134 bp long (Figure 1B). In silico subcellular
localization showed that AhGLP17-1 is localized in extracellular
spaces and plasma membrane. Protein comprises 222 amino acid
residues with a molecular weight of 24.49 KDa and a theoretical
isoelectric point of 9.36. Further, it contains the Cupin_1 domain
(PF00190) at 87-187 aa position (Figure 1C). The protein 3D
structure prediction showed that AhGLP17-1 is composed of the
β-sheet barrel (jellyroll beta-barrel structure) with the ligands
(Figure 1D). GO functional annotation revealed that the
AhGLP17-1 gene participates in three categories, including
biological process in oxalate metabolic process (GO:0033609),
molecular functions in nutrient reservoir activity (GO:0045735),
oxalate decarboxylase activity (GO:0046564), manganese ion
binding (GO:0030145), and cellular components apoplast (GO:
0048046), cell wall (GO:0005618), and extracellular region (GO:
0005576) (Supplementary Table S4). Other related information
(orthologues in other plant species) is given in Supplementary
Table S5.

Validation of Pericarp Abundant Expression
by Semiquantitative and qRT-PCR
Pericarp-abundant expression of AhGLP17-1 among different
tissues was confirmed by semiquantitative PCR and qRT-
PCR. The peanut Actin gene was used as an internal
control for both semiquantitative and qRT-PCR analysis.
The peanut actin gene showed a bright band in RNA
samples of all tissues, while the AhGLP17-1 gene showed a
bright band in the pericarp samples, but no expression was
detected in all other tissues (Figure 2A). Results of
semiquantitative PCR showed that AhGLP17-1 was
preferentially expressed in the pericarp. On the other hand,
the qRT-PCR results clearly showed that a high level of
transcripts of AhGLP17-1 was present in the pericarp with
minute expression in all other tissues (Figure 2B). Both
semiquantitative PCR and qRT-PCR results showed that
the AhGLP17-1 gene was specifically expressed in the
pericarp. It showed very minute expression in all other tissues.

Analysis of Cis-regulatory Elements of
AhGLP17-1 Promoter
A 2296 bp upstream sequence of AhGLP17P-1 contained the
basic promoter elements, including the TATA box, the key
element for precise transcription initiation (Grace et al., 2004),

FIGURE 1 | Expression and characterization of AhGLP17-1 gene. (A) Transcriptome expression (FPKM values) of the AhGLP17-1 gene in different tissues of
peanut (average values of the pericarp, testa, and embryo transcriptome expression are used). (B) Gene structure of AhGLP17-1. (C) The position of cupin_1 domain.
(D)The 3D protein structure of AhGLP17-1. Where grey color shows the protein β-sheets, blue color shows binding sites, and red dots show ligands.
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and the CAAT box required for tissue-specific activity (Shirsat
et al., 1989). Many other important regulatory elements,
including light-responsive elements (ATCT-motif, Box 4,
G-Box, GA-motif, GATA-motif, GT1-motif, and Gap-box);
hormones-responsive elements including salicylic acid (TCA-
element), gibberellin (TATC-box), ethylene (ERE), and abscisic
acid (ABRE) were also predicted in the AhGLP17-1P. Moreover,
defense-related elements (TC-rich repeats and MYB binding
sites), wound responsive element (WUN-motif), and anaerobic
induction responsive element (ARE) were also found inside the
promoter region. Further information on cis-regulatory
elements and their position in AhGLP17-1P is presented in
Figure 3.

Analysis of cis-elements by the PLACE database revealed the
presence of a number of important elements, including seed-
specific elements (RY-element) and transcription factor binding
sites. The details of transcription factor binding sites and other
elements are given in Supplementary Table S6. The presence of
these regulatory elements strongly suggests that this promoter
can be suitable substitute for a genes’ native promoter. Except for
these already reported cis-elements, some unknown elements
were also found in the promoter region of the AhGLP17-1
gene (Figure 3).

Cloning of Promoter, Vector Construction,
and Transformation
A 2296bp region for AhGLP17-1P was PCR amplified (Figure 4A)
from the DNA template of a high yielding and fungal pathogens
resistant peanut variety XHXL (Khan et al., 2020) by promoter-
specific primers (Supplementary Table S1). After confirmation of
sequence, the amplified promoter fragment was again amplified with
gateway primers containing gateway adapter sequences and then
ligated into the attP sites of entry vector pDONR207 byGateway BP-
cloning reaction (Figure 4B). The sequence was confirmed again
after BP-cloning, and the promoter fragment was ligated into the
attR sites of expression vector pMDC164 by Gateway LR-cloning
reaction. The resulting expression vector pMDC164-AhGLP17-1P
(Figure 4C) was transformed to Agrobacterium tumefaciens
competent cells by heat shock method. Positive Agrobacterium
colonies harboring the expression vector were selected on
selection medium (YEB plates containing kanamycin and
rifampicin antibiotics). Positive agrobacterium colonies were used
to transform the Arabidopsis plants through the floral dip method,
and hygromycin resistant T0 transgenic plants were screened onMS
plates containing 50 μgml−1 hygromycin antibiotic. Non-
transformed plants turned yellow on hygromycin selection
medium, while positively transformed plants were dark green and
healthy, and these plants were transplanted into plastic pots
containing compost. These hygromycin-resistant plants were also
verified by PCR amplification.

Characterization of the Promoter in
Transgenic Plants
Hygromycin resistant positive transgenic plants were confirmed by
PCR amplification using DNA as the template with promoter-
specific forward and GUS gene specific reverse primers. While
Arabidopsis Col-0 plants were used as a negative control, and
Gateway LR constructs were used as a positive control for PCR
confirmation. Eight hygromycin-resistant plants were confirmed by
PCR amplification (Figure 5A). Seeds of eight positively
transformed plants were sown to get the T1 generation. In T1
generation again, eight plants were selected based on hygromycin
resistance and PCR confirmation. Eight selected plants of the T1
generation were covered to avoid cross-pollination, and in this way,
homozygous T3 generation was obtained. Histochemical GUS
expression was checked in different tissues at different growth
stages in the T3 generation.

The quantitative expression of the GUS gene was analyzed in
different tissues of transgenic plants by qRT-PCR (Figure 5B).
qRT-PCR results showed a relatively higher transcript level of the
GUS gene in the pericarp of transgenic plants and a very low
transcript level in other tissues (Figure 5B). GUS staining was not
detected in all vegetative tissues and young seedlings (Figure 6).
Among reproductive organs, a moderate level of GUS staining was
present in siliques, and mild staining was also present in flowers in
some cases; staining was not present in seeds. To confirm that GUS
staining is not present in seed coat/testa, cotyledons, and embryo,
the ruptured seeds incubated in GUS staining solution were further
processed for cryostat sectioning. Staining was not found in any of
the seed tissues (Figure 7). Non-transformed Arabidopsis Col-0

FIGURE 2 | Expression analysis of AhGLP17-1 gene expression in
different tissues. (A) Semiquantitaive PCR-based expression analysis, (B)
qRT-PCR-based expression analysis of AhGLP17-1 gene expression.
Both semiquantitative and qRT-PCR results are consistent with
transcriptome and microarray expression data (as shown in Figure 1A). L
� leaf, St � stem, Fl � flower, Em � embryo, Ts � testa, peg � peg/
gynophore, peri � pericarp, and R � root. Root expression was used as a
control to analyze the data.
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plants were used as a control to compare theGUS staining. Staining
results showed dark blue color only in the pericarp (outer covering
of siliques). In all other tissues, staining was not present except a
minute staining in flowers in rare cases. These results clearly
showed that AhGLP17-1P is abundantly expressed in the
pericarp and almost no expression in other tissues. Overall, the
results strongly suggest that this promoter is a suitable candidate to
guide the expression of a gene in a pericarp-specific manner.

DISCUSSION

Constitutive expression of a gene in transgenic plants results in
an additional metabolic burden on the plant system, and

constitutive promoters can produce undesired phenotypes
(Yuan et al., 2019b) and reduced production. Plants need to
direct the valuable resources to the target areas for survival and
smooth growth under normal and stressed conditions (Divya
et al., 2019). Therefore, tissue-specific or stress-inducible
promoters are ideal for altering the plants’ genetic
architecture to perform better according to a researchers’
desired ideotype. Previous crop biofortification programs that
resulted in present-day purple embryo maize (Liu et al., 2018),
purple endosperm rice (Zhu et al., 2017), golden rice (Paine
et al., 2005), and Brassica juncea for fish oil docosahexaenoic
acid (DHA) production (Wu et al., 2005) were carried out to
introduce new metabolic pathways in endosperm and seeds of
these crop species by employing endosperm and seed-specific

FIGURE 3 | Sequence analysis of AhGLP17-1P promoter. Presence of cis-elements in promoter sequences predicted by the PlantCARE database.
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promoters. For example, a strong endosperm-specific rice
glutenin GluT01 promoter (Glu) was used to drive a novel
rice phytoene synthase (psy) gene and Erwinia uredovora crtI
gene fused with pea Rubisco small subunit plastid peptide to
produce the high amount of β-carotene in Golden Rice (Paine
et al., 2005). As peanut is an important oil and protein providing
crop and primary source of nutrition in many Asian and African
countries, it is prone to many biotic and abiotic stresses (Zhang
et al., 2017). Changing its genetic makeup is key for its better
performance under stressed conditions. The pericarp is a non-
edible part of peanut seeds and serves as the first layer of defense
against pathogens. Using pericarp-specific promoters to drive
resistance-related genes is ideal for improving its fighting ability
against soil and seed-borne pathogens and diseases. Although,
in recent years, some studies have reported the identification
and functional characterization of seed-specific promoters and
genes in peanut (Yuan et al., 2019a; Yuan et al., 2019b; Tang
et al., 2021), but no detail is viable for pericarp-specific
promoters.

Therefore, the current study was based on identifying and
functionally characterizing the promoter of a gene with unique
expression in peanut pericarp and no/minimum expression in all
other tissues. We identified a pericarp-specific gene (germin-like
protein subfamily 1 member 7) by available microarray and
transcriptome expression data. Germin-like proteins GLPs are
a group of well-known proteins ubiquitously found in the plant
kingdom. GLPs are “cupin superfamily” domain-containing

proteins, composed of β-sheet barrel structure and metal ion
binding site at their C-terminus (Dunwell et al., 2008; Agarwal
et al., 2009). GLPs actively participate in plant defense against
various fungal, bacterial, and viral pathogens (Godfrey et al.,
2007; Knecht et al., 2010; Guevara-Olvera et al., 2012). We
checked the expression specificity of the AhGLP17-1 gene in
different tissues by semiquantitative and qRT-PCR using a widely
grown peanut cultivar, “Minhua-6”. Further, we cloned the
promoter region of the AhGLP17-1 gene from a high-yielding
and disease-resistant cultivar, “Xinhuxiaoli”. We used two
different peanut varieties as Minhua-6 is a largely cultivated
variety, and our microarray expression is based on this
cultivar. Its samples were easily available for RNA extraction
and expression verification. At the same time, Xinhuixiaoli
cultivar (disease-resistant; fungal and bacterial diseases), was
used for cloning of promoter based on its possible future use
to develop transgenic peanut for disease resistance. Online
databases for promoter analysis predicted many cis-acting
elements, including core promoter element as TATA Box and
proximal control elements as CAAT Box, GC Box (Muthusamy
et al., 2017), and many other light-responsive, hormones
responsive, growth and regulation responsive, and stress-
responsive elements. The number and types of cis-regulatory
elements are important determinants of promoter strength and
specificity (Stålberg et al., 1993; Tang et al., 2015). RY-repeat
elements, known for seed-specific expression (Fujiwara and
Beachy, 1994), were also present in the promoter region of the

FIGURE 4 | Construction of vectors using the backbone of pMDC164 vector by Gateway cloning. (A) Amplification of AhGLP17-1P promoter, (B) construction of
Gateway entry vector by Gateway BP-cloning, (C) construction of Gateway expression vector using the backbone of binary vector pMDC164.
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AhGLP17-1 gene. One copy of (CA)n element “CNAACAC” was
also found in the promoter region. (CA)n is known to be involved
in the embryo and endosperm-specific transcription (Ellerström
et al., 1996). But, to date, not a single element has been reported to
be involved in the pericarp-specific expression. From in silico
analysis of AhGLP17-1P, some unnamed elements were found
that include Unnamed_1 (GAATTTAATTAA), Unnamed_2
(AACCTAACCT), Unnamed_4 (CTCC), and Unnamed_6
(taTAAATATct). There is a possibility that some of these
elements or some other element have role in pericarp-specific
activity.

Peanut is a suitable crop for genomic studies, but the main
bottleneck is difficulties in peanut transformation, so Arabidopsis
becomes an ideal alternative for functional studies of genes and
promoters (Grace et al., 2004; Zavallo et al., 2010; Sunkara et al.,
2014). Here, we verified the pericarp-abundant behavior of a
germin-like protein family gene (AhGLP17-1) of peanut. Peanut
is affected by several biotic and abiotic stresses, and the pericarp is
the primary defense organ that protects peanut seeds from
stresses and harsh conditions. Hence, altering the composition
of this organ can result in new peanut cultivars with enhanced

defense capabilities. If stress-related genes under the control of
pericarp-specific promoters are successfully transformed into
peanuts, it will be a milestone achievement in peanut breeding.

Pod rot is a complex disease associated with several Pythium
species, deteriorates young pods and seeds (Yu et al., 2019).
Aspergillus flavus is a serious threat to food safety which
causes crop yield and quality deterioration by producing
aflatoxins (Deng et al., 2018). Similarly, gray mold disease of
peanut caused by Botrytis cinerea (Alam et al., 2019), web blight
disease of groundnut caused by Rhizoctonia solani (Ganesan and
Sekar, 2011), and a huge seed-borne fungal microflora attack
peanut seeds and deteriorates yield and quality. Their first target
is the pericarp or pod; after that, these pathogens invade edible
seeds. Changing the genetic makeup of peanut pods is an ideal
solution to avoid the damages of these pathogens. Chitinases,
stilbene/resveratrol synthase, glucanases are well-known genes
showing resistance to bacterial and fungal diseases (Medeiros
et al., 2018; Vestergaard and Ingmer, 2019; Loc et al., 2020; Ueki
et al., 2020). These genes can be derived by pericarp abundant/
specific promoter to show high expression in pericarp tissues. In

FIGURE 5 | (A) Confirmation of T0 transgenic Arabidopsis plants
transformedwith AhGLP17-1P (667 bp fragment). Eight hygromycin-resistant
plants verified by PCR amplification with promoter-specific forward and GUS
gene specific reverse primer. Arabidopsis Col-0 was used as –ve
control, and Gateway LR constructs were used as + ve control for PCR
verification. M shows 2 kb marker, (B) Quantitative expression of GUS gene
driven by AhGLP17-1P in different tissues of transgenic Arabidopsis plants.
Root expression was used as control to analyse the data.

FIGURE 6 | GUS staining of different vegetative tissues of Arabidopsis
transgenic plants. AhGLP17-1P plants showed no staining in any vegetative
tissue (seedlings, roots, leaf, and stem). Different vegetative tissues of wild-
type (Col-0) plants were also used for GUS staining to compare the
results.
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this way, the defensive ability of this tissue can be enhanced to
protect the edible seeds.

Similarly, there are several other seed-borne diseases and
pathogens that attack the growing peanut kernels. The pericarp
is a potential barrier against these diseases and pathogens
(Cobos et al., 2018). Transformation of these genes under
the control of pod-specific promoters into high-yielding
varieties can improve their disease resistance. Our results
showed that the AhGLP17-1 promoter showed expression
specificity in pericarp tissues. Although there are some
variations in expression patterns like in peanut, this gene
also showed some expression in roots and no expression in
flowers. But in transgenic Arabidopsis plants, the GUS gene
under AhGLP17-1P showed some staining in flowers in some
cases and no staining in roots. These variations are possibly
attributed to diverse species. We are fully convinced that the

AhGLP17-1P promoter investigated in this study could
potentially drive the resistance-related genes in pericarp
specific manner and alter the peanut pericarp genetic
architecture to protect the edible seed from biotic stresses
and environmental stresses.

CONCLUSION

In this study, we cloned and functionally characterized a novel
pericarp-specific promoter (AhGLP17-1P) of peanut for the first
time. This specifically expressed gene was cloned based on the
microarray and transcriptome expression data. Both
semiquantitative and qRT-PCR confirmed its pericarp-specific
and abundant expressions. The GUS staining and qPCR analysis
of the GUS gene under AhGLP17-1P in different vegetative and

FIGURE 7 | GUS staining of different reproductive tissues/organs of transgenic Arabidopsis plants. AhGLP17-1P plants showed no staining in flowers (a minute
staining in some cases). Seed outer covering (pericarp) showed good staining. While staining was not present in any seed tissue (testa, cotyledons, and embryo).
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reproductive tissues/organs of transgenic Arabidopsis plants
clearly showed its expression in pericarp tissues and no
expression in all other tissues including, roots, seedlings, stem,
leaf, seeds, except minute expression in flowers in some cases. Our
studied promoter can potentially improve disease/pathogen
resistance in transgenic peanuts and other agronomically
important crops by employing resistance-related genes.
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Transcriptome Analysis Reveals Key
Pathways and Candidate Genes
Controlling Seed Development and
Size in Ricebean (Vigna umbellata)
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Dhammaprakash Pandhari Wankhede1, Swarup Kumar Parida2, Debasis Chattopadhyay2,
Geeta Prasad1, Dwijesh Chandra Mishra3, Dinesh Chandra Joshi4, Mohar Singh1,
Kuldeep Singh1† and Amit Kumar Singh1*

1ICAR-National Bureau of Plant Genetic Resources, New Delhi, India, 2National Institute of Plant Genome Research, New Delhi,
India, 3ICAR- Indian Agricultural Statistics Research Institute, New Delhi, India, 4ICAR-Vivekananda Parvatiya Krishi Anusandhan
Sansthan, Almora, India

Ricebean (Vigna umbellata) is a lesser known pulse with well-recognized potential.
Recently, it has emerged as a legume with endowed nutritional potential because of
high concentration of quality protein and other vital nutrients in its seeds. However, the
genes and pathways involved in regulating seed development and size are not understood
in this crop. In our study, we analyzed the transcriptome of two genotypes with contrasting
grain size (IC426787: large seeded and IC552985: small seeded) at two different time
points, namely, 5 and 10 days post-anthesis (DPA). The bold seeded genotype across the
time points (B5_B10) revealed 6,928 differentially expressed genes (DEGs), whereas the
small seeded genotype across the time point (S5_S10) contributed to 14,544 DEGs. We
have also identified several candidate genes for seed development–related traits like seed
size and 100-seed weight. On the basis of similarity search and domain analysis, some
candidate genes (PHO1, cytokinin dehydrogenase, A-type cytokinin, and ARR response
negative regulator) related to 100-seed weight and seed size showed downregulation in
the small seeded genotype. The MapMan and KEGG analysis confirmed that auxin and
cytokinin pathways varied in both the contrasting genotypes and can therefore be the
regulators of the seed size and other seed development–related traits in ricebeans. A total
of 51 genes encoding SCFTIR1/AFB, Aux/IAA, ARFs, E3 ubiquitin transferase enzyme, and
26S proteasome showing distinct expression dynamics in bold and small genotypes were
also identified. We have also validated randomly selected SSRmarkers in eight accessions
of the Vigna species (V. umbellata: 6; Vigna radiata: 1; and Vignamungo: 1). Cross-species
transferability pattern of ricebean–derived SSR markers was higher in V. radiata (73.08%)
than V. mungo (50%). To the best of our knowledge, this is the first transcriptomic study
conducted in this crop to understand the molecular basis of any trait. It would provide us a
comprehensive understanding of the complex transcriptome dynamics during the seed
development and gene regulatory mechanism of the seed size determination in ricebeans.
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INTRODUCTION

A rapid increase in the human population, which is expected to
reach 9.7 billion by 2050, is one of the biggest challenges of this
world (Gu et al., 2021). To ensure food and nutritional security to
the ever-growing human population, it is extremely important to
bring underutilized and neglected crops into mainstream
agriculture. Owing to its short growth duration and ability to
thrive well in stress conditions and various soil types, ricebean
(Vigna umbellata) is one such crop which has huge potential to
sustain food and nutritional security in most parts of the world
(Pattanayak et al., 2019). It is a diploid (2n � 2× � 22), warm-
season annual legume with a genome size of approximately
440 Mb (Kaul et al., 2019). Ricebean is mainly cultivated in
Nepal, Bhutan, Northeast India up to Myanmar, Southern
China, Northern Thailand, Laos, Vietnam, Indonesia, and East
Timor (Tian et al., 2013), where it constitutes an important
source of protein for the sizable population and contributes to
household food and nutritional security. The observed protein
content in ricebean is 25.57% with high concentration of various
essential amino acids. Besides protein, ricebean grains also
contain a significant amount of other nutrients such as
carbohydrates, fiber, minerals, vitamins, and fatty acids.
Moreover, ricebean is a rich source of unsaturated fatty acids
like linoleic and linolenic acids (Katoch, 2013).

Among various productivity traits, pod length, seed size, and
seed weight have major emphasis on ricebean genetic
improvement programs because of their direct impact on the
total grain yield. Furthermore, the seed is the key reservoir of
proteins, essential amino acids, unsaturated fatty acids, and
minerals in ricebean. Therefore, it is of great importance to
decipher the molecular mechanism underlying seed
development and size determination process in this minor but
potential pulse crop. In recent years, with the advent of next-
generation sequencing technology, key gene regulatory networks
governing pod and seed development have been well
characterized in both model plants like rice (Herridge et al.,
2011), Arabidopsis (Herridge et al., 2011; Mahto et al., 2017), and
also in non-model legume species like black gram (Souframanien
and Reddy, 2015), cowpea (Lonardi et al., 2019), chickpea
(Pradhan et al., 2014), mungbean (Tian et al., 2016a), and
soybean (Jones and Vodkin, 2013; Qi et al., 2018; Peng et al.,
2021). These studies revealed that seed development in higher
plants is a highly complex process and governed by
phytohormone signaling including cytokinins (CKs),
gibberellins (GAs), brassinolides (BRs), ethylene (ET), and
their associated genes and transcription factors. In all these
phytohormones, genes related to auxin pathways including
indole-3-acetic acid (IAA), auxin-responsive protein (IAA12,
IAA), auxin response factors (ARFs), SAUR-like auxin
superfamilies, auxin-related Aux/IAA, OsIAA18, and AP2/ERF,
along with other genes such as ARR-B (cytokinin signaling),
ethylene-responsive transcription factor (ERF084-like, ERF4,
ERF061), ethylene-insensitive protein 3 (EIN3), ethylene
receptor (ETR), ethylene-insensitive protein 4 (EIN4), serine/
threonine-protein kinase (CTR1), ethylene responsive
APATELA2 (AP2), ethylene-responsive element binding

protein (EREBP), and many more genes were reported during
seed development (Garg et al., 2011; Jones and Vodkin, 2013;
Tian et al., 2016a; Nelson et al., 2017; Geng et al., 2018; Li et al.,
2019a; Lonardi et al., 2019; Yi et al., 2019; Raizada and Jegadeesan,
2020; Zhu et al., 2020).

The aforementioned transcriptome-based gene expression
analysis has provided a robust functional genomics resource
for deciphering gene networks and candidate genes regulating
various biological processes in crop plants. For minor crops with
poorly characterized genomes, like ricebean, such detailed
transcriptome analysis will provide comprehensive information
about expression patterns of genes and molecular mechanisms
governing traits of economic importance. This valuable
information can further be employed for the development of
functional markers for gene and QTL mapping. Therefore, in the
present study, we conducted transcriptome analyses to investigate
gene expression networks and identify the candidate genes
controlling seed size variation in ricebean. RNA sequencing of
two contrasting ricebean genotypes was performed at early
development stages (i.e., 5 and 10 DPA). The study provides
detailed insights into various gene networks and their potential
roles in determining seed size. Furthermore, the study also
identified simple sequence repeat (SSR) motifs that could be
used for molecular mapping of seed size/weight and other related
traits.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Seeds of two contrasting ricebean genotypes, namely, IC426787
(bold seeded) and IC552985 (small seeded) were obtained from
ICAR-National Bureau of Plant Genetic Resources (NBPGR),
New Delhi (Figure 1). On the basis of the 2-year trial (2018 and
2019), the average 100-seed weight of IC426787 and IC552985
was 13.20 and 3.87 gm, respectively. Plants were grown in a net-
house at ICAR-NBPGR, New Delhi (latitude: 28°38′56″N,
longitude: 77°9′8″E, altitude: 228 mean sea level (msl)), during
Kharif (rainy) season 2020. During pod filling, the minimum

FIGURE 1 | Two contrasting genotypes of ricebean, that is, IC426787
(bold size) and IC552985 (small size), selected for the transcriptome analysis
on the basis of their seed size.
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temperature ranged from 10.8 to 23°C, maximum temperature
ranged from 30.4 to 36°C, and average RH% varied from 53 to 56.
The ricebean pod filling duration varied from 20 to 30 DPA
depending upon the genotype. Genotypes with smaller grain size
took comparatively less pod filling time than the genotypes
having larger grain size. Three biological replicates of pod
samples were harvested from three full-grown plants of both
genotypes at 5 and 10 DPA each. The seeds were separated and
immediately frozen in liquid nitrogen and stored at −80°C for
future use. A total of 12 samples were prepared for the
construction of RNA libraries.

RNA Extraction, Library Preparation, and
Sequencing
The Pure Link RNA Mini Kit (Ambion, United States) was used
to extract RNA from the frozen samples. The total RNA quality
was checked using the RNA 6000 Nano Kit (Agilent
Technologies, United States) on a 2100 Bioanalyzer (Agilent
Technologies, United States), with a minimum RNA integrity
number (RIN) of 7. RNA concentrations were determined with a
NanoDrop ND-8000 spectrophotometer (Nano-Drop
Technologies, Thermo scientific, Wilmington, DE). RNA-Seq
libraries for all samples were prepared using the NEBNext
UltraII RNA library preparation kit for Illumina; Cat no:
E7770 (New England Biolabs), according to manufacturers
recommended protocol, and sequencing was done in a single
HiSeq 4000 lane using 150 bp paired-end chemistry. Briefly, total
RNA was used to purify poly (A) messenger RNA (mRNA) using
oligo-dT labeled magnetic beads. Then, the isolated mRNA was
fragmented into 200 to 500 bp pieces in the presence of divalent
cations at 94°C for 5 min using an ultrasonicator. The cleaved
RNA fragments were copied into first-strand cDNA using
SuperScript-II reverse transcriptase (Life Technologies, Inc.)
and random primers. After second-strand cDNA synthesis,
fragments were end-repaired and A-tailed, and indexed
adapters were ligated. The products were purified and
enriched with PCR to create the final cDNA library. The
tagged cDNA libraries were pooled in equal ratios and used
for 2 × 150 bp paired-end sequencing on a single lane of the
Illumina HiSeq 4000. Illumina clusters were generated and loaded
onto the Illumina Flow Cell on the Illumina HiSeq 4000
instrument, and sequencing was carried out using 2 × 150 bp
paired-end chemistry. After sequencing, the samples were
demultiplexed, and the indexed adapter sequences were
trimmed using CASAVA v1.8.2 software (Illumina Inc.).

Read Quality and Adapter Removal
Raw reads of ricebean were evaluated for their quality using
FASTQC v0.11.8 package (http://www.bioinformatics.bbsrc.ac.
uk/projects/fastqc/). Four parameters were considered: base
quality score distribution, sequence quality score distribution,
average base content per read, and GC distribution in the reads.
Trimmomatic v0.36 was applied to remove the adapter and trim
the low-quality reads (trimming includes reads with or without
ambiguous sequence “N”) using default parameters. To correct
the random sequencing errors in Illumina RNA-Seq reads,

Rcorrector v1.0.3 was used. Clean reads were also checked for
their quality using FASTQC only.

RNA-Seq De Novo Assembly and
Transcriptome Assessment
The obtained clean reads of all 12 samples were assembled using
Trinity v2.4.0 with the paired-end model and default K-mer value
of 25. The de novo assembly was merged and clustered using
CDHIT v4.0 to get non-redundant sequences. Furthermore, these
non-redundant sequences were made transcripts using the trinity
in-built script. The clean reads of each sample were mapped back
to the de novo assembled genome through BWA-mem software
with default parameters. The BAM files were handled by
samtools. The number of reads mapped to genes was
calculated using samtools v0.1.19. The expression difference of
each transcript between different samples was calculated using
DESeq2 R package. False discovery rate (FDR) values less than
0.01 and |log2 (fold change)| ≥2 were considered significant
differences at the expression level. The transcript abundance
was normalized by the fragments per kilobase of transcript per
million mapped reads (FPKM) value.

Gene Functional Analysis
To annotate the assembled transcripts, sequences were aligned by
BLASTX (e-value <1e−5) to protein databases, including the non-
redundant protein (NR) database, Swiss-Prot, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
database. A GO enrichment analysis was conducted for the
transcripts according to biological process, cellular component,
and molecular function ontologies using Blast2GO software (Liu
et al., 2013; Calzadilla et al., 2016). The GO annotation functional
classifications were determined using WEGO software for the
distribution of gene functions (Ye et al., 2006). GO functional
enrichment and KEGG pathway enrichment analysis were also
tested at a significance cutoff of p-value. All the p-values were
adjusted with the criterion of Bonferroni correction. We selected
the corrected p-value of 0.05 as the threshold to determine
significant enrichment terms of the gene sets. The MapMan
analysis was also conducted to provide a graphical overview of
the metabolic and regulatory pathways for the detected genes
using the MapMan tool, and the mapping file of ricebean for all
the samples was generated using the Mercator tool.

Candidate Gene Identification and Their
Domain Analysis
The candidate genes for seed development-related traits were
identified on the basis of similarity (BLASTX with similarity
>80% and e-value <0.001) with genes responsible for similar traits
in other species, including Arabidopsis, Phaseolus vulgaris, and
Vigna species (V. radiata and V. angularis). Furthermore, the
candidate genes were also validated in silico on the basis of their
domain analysis. The amino acid sequences of the identified
candidate genes were predicted and compared against the Pfam
protein database using HMMER 3.0 (e-value ≤ 1e−10) to obtain
candidate gene domain/family annotation information. A
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heatmap was also generated for the candidate genes on the basis
of their expression in both the genotypes at different times of
development. The heatmap was made using an in-house R script.

Simple Sequence Repeats Identification
and Primer Design
The MIcroSAtellite (MISA) search engine (http://pgrc.ipk-
gatersleben.de/misa) was employed for the identification of
SSRs. The minimum numbers of repeats used for selecting the
SSRs were ten for mononucleotide-based loci, six for dinucleotide
loci, five for trinucleotide loci, and three for all larger repeat types
(tetra- to hexanucleotide motifs). For validation, 50 SSR motifs
were randomly selected, that is, 25 for dinucleotide and
trinucleotide each. The primers for these selected SSR motifs
were designed based on flanking sequences using Primer3
software (http://sourceforge.net/projects/primer3) with targeted
size of PCR products in the range between 100 and 300 bp, primer
length between 18 and 22 bp, GC content between 40 and 70, and
melting temperature of 50–60°C.

Simple Sequence Repeats Validation
DNA was isolated from young leaves of eight accessions of Vigna
species including V. umbellata (6), V. mungo (1), and V. radiata
(1) by following the protocol described in the DNeasy plant mini
kit (QIAGEN, Hilden, Germany). DNA concentration was
measured using a NanoDrop™ 2000 spectrophotometer
(Thermo, United States), and DNA quality was analyzed using
0.8% agarose gel. A working stock of DNA was (10 ng/µl)
prepared with nuclease-free water for polymerase chain
reaction (PCR) for SSR amplification.

For the SSR amplification, 20 µl reaction mixture containing
4 µl genomic DNA (40 ng), 10 µl Taq Polymerase 2X Master Mix
(United States), 0.8 µl primers (10 pM), and 5.2 µl nuclease-free
water were used. For the amplification, the following thermal
conditions were carried out: initial denaturation of 94°C for
3 min, then 35 cycles of 94°C for 30 s, primer annealing at
55°C for 45 s, extension at 72°C for 1 min, and final extension
for 10 min. PCR products were separated using high-resolution
metaphor agarose gel (3%) electrophoresis. Furthermore, the
dendrogram of the genotypes was generated using the
hierarchical clustering algorithm in DARwin v6.0.21 software
(https://darwin.cirad.fr/).

RESULTS AND DISCUSSION

Transcriptome Sequencing and De Novo
Assembly
To obtain a comprehensive transcriptome profile of ricebean 12
RNA libraries were sequenced, and a total of 94.35 Gb raw data
were generated. For these 12 samples, approximately,
98.50–99.80% of reads passed the quality control, and
98.60–99.60% of the clean reads were mapped back to the de
novo assembled ricebean genome. On average, raw data of the
seed transcriptome at 5 DPA and 10 DPA had 50.33 and 48.66%
GC content, respectively, while after trimming, the GC content of

clean data at 5 DPA and 10 DPA was 48.66 and 49.33%,
respectively, which is similar to the GC content reported in
the previous study of ricebean (Chen et al., 2016; Table 1).

The obtained clean reads of all 12 samples were assembled
using Trinity (v2.4.0) with default parameters. The assembled
transcriptome consists of 218,486 super transcripts with an N50
value of 1,041. The number of transcripts generated in the current
study is comparable to previous studies. In terms of N50, the
ricebean had a higher N50 value than field pea (781) and chickpea
(441) (Pradhan et al., 2014; Sudheesh et al., 2015) and less value
than mungbean, common bean, and adzuki bean (Hiz et al., 2014;
Chen et al., 2015b; Chen et al., 2016). These results indicate the
good quality of ricebean transcriptome.

The lengths of the transcripts ranged from201 to 15,828 bp,with
an average length of 669 bp, which is less than other Vigna species
like cowpea (871 bp) and mungbean (874 bp) but more than that of
black gram (443 bp) (Chen et al., 2015b, 2017; Souframanien and
Reddy, 2015). Of these transcripts, 146,622 (67.11%) were
201–500 bp; 39,620 (18.13%) were 501–1,000 bp; 12,654 (5.79%)
were 1,001–1,500 bp; 6,511 (2.98%) were 1,501–2,000 bp; 3,986
(1.82%) were 2,001–2,500 bp; 2,567 (1.17%) were 2,501–3,000 bp;
and 6,526 (2.99%) were more than 3,000 bp in length (Figure 2).
The developed assembly showed ∼100% back mapping of total and
important reads, and this shows that our assembly had vast and
proper mapping quality for the generated reads. The high
percentage of reads mapping back to the de novo assembled
transcriptome is a quality metric that provides an assessment of
assembly entirety (Hornett and Wheat, 2012).

Differential Expression Analysis
In this study, a comprehensive transcriptome analysis has been
performed with the aim to reveal those gene expression changes
that, independently of the genotype diversity, are involved in
controlling seed size in ricebean. Comparative transcriptome
analysis was performed between two genotypes with contrasting
seed size at two time points, namely, 5 and 10 DPA. A similar type
of study using two genotypes with a contrasting seed size has also
been done in the peanut (Li et al., 2019b). The expression profile was
checked for the individual genotypes across the time points
(B5_B10, S5_S10) as well as between the genotypes at each time
point (B5_S5, B10_S10) (Supplementary Table S1). False discovery
rate (FDR) values less than 0.01 and |log2 (fold change) |≥2 were
considered significant differences at the expression level.

While evaluating the expression difference individually for the
bold genotype across the time point (B5_B10), 6,928 differentially
expressed genes were identified. In B5_B10, the number of
upregulated genes (6,284) were higher than downregulated
genes (644), suggesting that these upregulated DEGs might be
responsible for the increase in seed size. Similarly, a small
genotype across the time point (S5_S10) contributed to 14,544
DEGs (Figure3A; Table 2). In contrast to B5_B10 expression
results, S5_S10 had a high number of downregulated genes
(7,862) in comparison with the upregulated genes (6,682),
indicating that these downregulated genes might be repressing
any transcriptional activity or downstream pathways resulting in
the small size of ricebean seeds (Li et al., 2019b). To gain a better
understanding of molecular processes/regulatory networks

Frontiers in Genetics | www.frontiersin.org January 2022 | Volume 12 | Article 7913554

Verma et al. Ricebean Transcriptome Analysis Revealing Key Pathways

2526

http://pgrc.ipk-gatersleben.de/misa
http://pgrc.ipk-gatersleben.de/misa
https://sourceforge.net/projects/primer3/
https://darwin.cirad.fr/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


associated with the seed size in ricebeans, the pattern of
differentially expressed genes was analyzed between genotypes
in each time point and across the time point using a Venn
diagram (Figure 3B).

We also identified common genes between the individual
genotype across time points (i.e., B5_B10 and S5_S10) as well
as between the genotypes at each time point (B5_S5 and
B10_S10). In case of B5_B10 and S5_S10, in total, 2091 DEGs
were common. On the other hand, 850 DEGs were common
between B5_S5 and B10_S10 (Supplementary Table S2). The
comparative gene expression analysis indicated that a relatively
large amount of the transcriptional program operating during

seed development or maturation is shared between both the
genotypes. The same results have been observed in the case of
common bean, where 2,487 DEGs were shared by two contrasting
genotypes (González et al., 2021).

Gene Ontology Analysis of the
Transcriptome
To infer the biological processes and the functions related to seed
development stages, gene ontology analysis was conducted for
differentially expressed genes in terms of their biological
involvement, target cellular component, and molecular

TABLE 1 | Summary of RNA-Seq data for 12 samples of ricebean at 5 DPA and 10 DPA.

Genotype Replicate Time point Read before
quality control

Read after
quality control

GC%

Bold (IC426787) Replicate 1 5 DPA 28,178,488 28,081,924 49
10 DPA 32,397,064 32,223,234 52

Replicate 2 5 DPA 20,042,440 19,897,123 51
10 DPA 23,598,201 23,252,956 48

Replicate 3 5 DPA 32,043,486 31,869,247 51
10 DPA 26,455,283 26,137,490 46

Small (IC552985) Replicate 1 5 DPA 27,160,408 27,037,555 49
10 DPA 21,272,208 21,053,611 50

Replicate 2 5 DPA 24,589,394 24,425,550 49
10 DPA 25,209,773 25,053,008 49

Replicate 3 5 DPA 26,969,114 26,850,966 48
10 DPA 24,511,033 24,368,871 49

FIGURE 2 | Sequence length distribution of the assembled transcripts.
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function using Blast2GO. Out of total 33,880 DEGs, 16,002 DEGs
contributed to GO terms. In core GO annotation, 7,002 (25.37%)
genes annotated for biological process (BP), 12,069 (43.72%) for
molecular function (MF), and 8,533 (30.91%) for cellular
components (CC). The highest number of GO terms were
observed in the case of S5_S10 (44.10%), followed by B5_B10
(23.89%), B10_S10 (16.91%), and B5_S5 (15.09%).

In case of the bold genotype across the time point (B5_B10),
out of 6,928 DEGs, only 3,764 were annotated, constituting 1,696,
2,046, and 2,864 GO terms for BP, CC, and MF, respectively.
However, in S5_S10, we observed 7,158 annotated DEGs from
14,544 DEGs and 2,954, 3,909, and 5,312 GO terms for BP, CC,
and MF, respectively. On the other hand, in the case of between
the genotype at the first time point (B5_S5), 2,537 DEGs were
found to be annotated as compared B10_S10, in which 7,158
DEGs were annotated. In case of BP, 1,075 and 2,954 GO terms
were identified in B5_S5 and S5_S10. Similarly, 2,046 and 3,909
GO terms were found for the cellular component function in
B5_S5 and S5_S10, respectively, whereas in the case of molecular
function, B5_S5 and S5_S10 consisted of 1,875 and 5,312 GO
terms, respectively (Supplementary Table S3).

We have also illustrated the top or enriched functions in terms of
BP, MF, and CC for both the genotypes. For example, the top
biological activities include “cellular process,” “nitrogen compound
metabolic process,” “small molecule metabolic process,” “cellular

component organization,” “regulation of metabolic process,”
“response to stress,” “cell wall organization,” cellular response to
stimulus,” and developmental process. All these results indicated the
biological process of DEGs vary over a broad range of terms. These
enriched GO terms for BP indicate that hormone and environment
stimuli played a vital role in ricebean seed/pod development. A
similar type of results was also found in peanut pod development
(Zhu et al., 2014).

Similarly, in the case of MF, bold and small genotypes were
identified to be involved in “binding,” “metabolic processes,”
“organic cyclic compound binding,” “heterocyclic compound
binding,” “ion binding,” “transferase activity,” and “biosynthetic
processes.” However, on the other hand, cellular component
activities include “catalytic activity,” “membrane,” “membrane
part,” “intrinsic component of the brain,” and “intracellular” and
cellular activities” (Figure 4). Similar results for MF and CC were
observed in the pod development of peanuts (Zhu et al., 2014).

MapMan Analysis
For comprehensive assessment of gene expression network
dynamics in a developing seed of bold and small genotypes,
identified DEGs were mapped onto metabolic maps using the
MapMan tool and categorized into BINS on the basis of their
functional groups. We could observe various functional groups of
genes activated at different stages of seed development.

FIGURE 3 | Differentially expressed genes in the two genotypes of ricebean at two time points, i.e., 5 and 10 DPA. (A)Comparison of DEGs representing the share
of overlapped and non-overlapped transcripts in bold and small genotypes at 5 and 10 DPA. (B)Number of upregulated and downregulated significant genes in bold and
small genotypes.

TABLE 2 | Summary of significant DEGs identified in ricebean.

Comparison Total DEG Total significant DEG Significantly upregulated DEG Significantly
downregulated DEG

B5_B10 DPA 276,372 6,928 6,284 644
B5_S5 DPA 227,479 7,185 2,079 5,106
B10_S10 DPA 264,964 5,223 634 4,589
S5_S10 DPA 220,089 14,544 6,682 7,862
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Interestingly, we noticed a major variation between the bold and
small genotypes with respect to genes related to important
functions like those involved in different aspects of
metabolism and signaling or regulation. A detailed analysis of
genes expressed in these categories that actually distinguish the
two genotypes was considered relevant, and a major emphasis
was therefore given to the BINS in which the genotypes were
found to be involved. This analysis allowed exploration of the
global activation of specific metabolic pathways and gene
regulatory networks activated during ricebean seed development.

For the whole ricebean transcriptome, we annotated 13,759
transcripts with MapMan BINS of known function after running
the Mercator web tool. In total, these transcripts were classified into
29 BINS. The transcripts were expressed mainly in the following
categories: carbohydrate metabolism (major and minor CHO
metabolism), amino acid turnover, photosynthesis, secondary
metabolism, and cell wall organization (Supplementary Table
S4). In the former categories, most of the transcripts were highly
expressed in B5_B10, while downregulated in the case of S5_S10
(Figure 5A). B5_B10 and S5_S10 shared 17 pathways, but only two
pathways were found in B5_B10 such as RNA processing and
polyamine metabolism, indicating that these two pathways

triggered after 5 DPA. Similarly, while comparing expressed
transcripts between the genotype at the same time points
(i.e., B5_S5 and B10_S10), 18 categories were the same, except
the polyamine metabolism which was detected only at the second
time point, that is, 10 DPA, which also confirms our previous result
that polyamines activate only in the case of bold genotype after 5
DPA of seed development (Figure 6A).

In our study, photosynthesis-related genes were highly enriched
in bold genotypes in comparison with the small genotype which is
in similarity with the previously published reports (Zhu et al., 2014;
Clevenger et al., 2016; Sinha et al., 2020). The main role of
photosynthesis in seed development is reported to increase the
internal oxygen content and to control biosynthetic fluxes by
improving the energy supply (Borisjuk et al., 2004), and it can
also affect the metabolism in a number of distinct ways (Ruuska
et al., 2004). Our results indicate that many metabolic genes are
most active during ricebean seed filling, which aligns with previous
studies onM. truncatula and P. sativa where approximately half of
the seed-regulated genes were assigned to metabolic pathways
(Benedito et al., 2008; Liu et al., 2015).

Furthermore, some DEGs are also mapped to hormone
metabolic pathways. Majority of the genes associated with

FIGURE 4 | Gene ontology (GO) annotation of differentially expressed genes in ricebean summarized in three main categories: biological process, cellular
component, and molecular function.
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biosynthesis and response of many phytohormones like IAA, ABA,
BAP, ethylene, cytokinin, jasmonate, and gibberellic acid were
upregulated in the case of bold genotypes (B5_B10) as compared
to small genotypes (S5_S10), in which most of the genes were
downregulated (Supplementary Table S5; Figure 5B), whereas in
case of B5_S5 and B10_S10, mixed expression of phytohormones
was observed (Figure 6B); a complex regulatory network triggers the
initiation of seed development, maturation, and accumulation of
storage products. Several studies suggested the vital role of
phytohormones in pod and seed development (Zhu et al., 2014;
Huang et al., 2017; Wan et al., 2017; Kumar et al., 2019; Sinha et al.,
2020). In 2017, a study demonstrated the role of phytohormones in
various aspects of plant hormone homeostasis including
biosynthesis, metabolism, receptor, and signal transduction (Xu
and Huang, 2017).

Kyoto Encyclopedia of Genes and Genomes
Pathway Analysis
The KEGG pathway enrichment analysis was conducted for two
contrasting genotypes at both time points (i.e., 5 DPA and 10
DPA) at a p-value <0.05 using the KEGG database server. The

KEGG pathway enrichment analysis indicated that 7,178
transcripts obtained hits in the KEGG database, and those
transcripts were associated with 106 unique pathways. The
7,178 transcripts included 3,112, 434, 2,103, and 1,529
transcripts with respect to B5_B10, B5_S5, B10_S10, and
S5_S10, respectively. The pathway enrichment analysis of DEG
conducted between different combinations, B5_B10, B5_S5,
B10_S10, and S5_S10, revealed involvement the of 7, 52, 458,
and 35 pathways, respectively. In case of B5_B10 and S5_S10,
from the top 10 pathways, four pathways, namely, biosynthesis of
secondary metabolites, protein processing in the endoplasmic
reticulum, plant–pathogen interaction, and starch and sucrose
metabolism were common. On the other hand, between the
genotypes at both the time points (i.e., B5_S5 and B10_S10),
only one pathway i.e., metabolic pathway—was common. The top
10 pathways among the time points for both genotypes as well as
between the genotypes at both the time points are represented in
Figure 7.

In KEGG pathway–based analysis, we observed a clear
difference in the expression of some phytohormones which
regulates seed development, including auxin, cytokinin,
gibberellin, and ethylene. The differential expression of these

FIGURE 5 |MapMan pathway representing the differential expression of genes across the time point involved in (A)metabolism (B) cellular and regulation pathway
in bold and small genotypes.
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phytohormones was also observed in our MapMan analysis. This
was not surprising since phytohormones control or influence all
aspects of plant growth and reproduction, including seed
germination, growth of roots, stems and leaves, plant
flowering, seed development, seed fill, and seed dormancy. The
expression pattern of key genes involved in biosynthesis and
signaling of important phytohormones was compared between
small and bold seeded genotypes for their possible role in
determining seed size.

Auxin Pathway
Auxin regulates many aspects of plant growth and development,
including embryogenesis (Möller and Weijers, 2009), the
architecture of the root system (Benková et al., 2003),
gravitropism (Rashotte et al., 2003), phototropism (Blakeslee
et al., 2004), initiation and radial positioning of plant lateral
organs, and cell elongation (Reinhardt et al., 2000; Christian et al.,
2006). Auxin is sensed by its receptor protein such as
TRANSPORT INHIBITOR RESPONSE 1/AUXIN-SIGNALING
F-BOX proteins (TIR1/AFBs) which mediate the auxin
signaling pathway and centered on a ubiquitin-dependent
Skp1-Cullin-F-box (SCF)TIR1/AFBs protein complex to regulate
the Aux/IAAs-ARFs flow (Leyser, 2003; Figure 8A). The TIR
receptor protein confers substrate specificity and target-specific
Aux/IAA proteins for degradation via the SCFTIR1/AFBs protein
complex, in the presence of auxin. The degradation of Aux/IAA

leads to switching on transcriptional expression of a range of
genes including auxin responsive factors (ARFs) which in turn
regulate the expression of several other genes that have a role in
auxin-mediated plant growth and development.

The KEGG pathway expression–based analysis revealed a clear
difference in the auxin signaling pathway in two contrasting
ricebean genotypes, which is also in accordance with our
MapMan results where auxin signaling related genes showed
higher expression in the bold genotype than the small genotype.
We found approximately 51 genes encoding SCFTIR1/AFB,Aux/IAA,
ARFs, E3 ubiquitin transferase enzyme, and 26S proteasome,
showing distinct expression dynamics in bold (B5_B10) and
small (S5_S10) genotypes (Supplementary Table S6). The three
key signaling elements TIR1/AFBs, Aux/IAAs, and ARFs have also
been identified in different species including Arabidopsis
(Chapman and Estelle, 2009), populus (Kalluri et al., 2007), and
rice (Jain et al., 2005; Parry et al., 2009; Shen et al., 2010). Similarly,
several studies focused on the role of AUX/IAA in determining the
seed size with the influence of the expression of a gene in AUX
biosynthesis (ZmTar3, ZmTar1, andZmYuc1) and signaling (auxin
efflux carriers, PIN, and ARF2) (Schruff et al., 2006; Bernardi et al.,
2016). Homologs of ZmYuc1, PIN, and ARF2 were significantly
differentially expressed during tartary buckwheat seed
development (Huang et al., 2017). The high expression of DEGs
in bold genotypes corresponds to cell division, and expansion is
faster to form larger size seeds at these stages.

FIGURE 6 |MapMan pathway representing the differential expression of genes across the genotype involved in (A)metabolism (B) cellular and regulation pathway
in bold and small genotypes.
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The upregulation of SCFTIR1, E3 ubiquitin transferase enzyme,
and 26S proteasome was found in the bold genotypes, indicating
the degradation of Aux/IAA and release of ARFs to modulate the
expression of their target genes including SMALL AUXIN UP
RNA (SAUR), Gretchen Hagen 3 (GH3), and indole-3-acetic
acid–inducible gene (Aux/IAA), while in case of small
genotypes, SCFTIR1 was not expressed, but TOPLESS (TPL)
gene was upregulated, suggesting that Aux/IAA might have
formed the complex with ARFs to block the transcriptional
activity (Figure 8A; Hayashi, 2012).The induction of auxin-
inducible acyl amidosynthetases, GH3, by the ARF family is
the early event of auxin signaling cascade (Zhang et al., 2016).
The expression of GH3 gene was upregulated in the case of bold
genotypes, while it was downregulated in the small genotypes.
SAUR expression was upregulated in small genotypes, while
downregulated in bold genotypes. The aforementioned results
clearly inferred that the differential regulation of the auxin
signaling pathway in bold and small genotypes might be the
main factor contributing to the variation in ricebean seed size (Bai
et al., 2019).

Cytokinin Pathway
Similar to auxin, cytokinin is another important plant hormone
regulating many aspects of plant growth (Tarkowski et al., 2006;
Werner et al., 2008). In plants, the regulation of cytokinin is
facilitated by the two-component system (TCS) which consists of
four groups of proteins: histidine kinases (AHKs; AHK2, AHK3,
and AHK4/WOL1/CRE1), histidine-containing phosphotransfer
proteins (AHPs; AHP1-AHP5), type-B response regulators (type-
B ARRs; ARR1, ARR2, ARR10-ARR14, and ARR18-ARR21), and

type-A ARRs (ARR3-ARR9 and ARR15-ARR17). In Arabidopsis,
AHK2, AHK3, and CRE1 were found to be involved in seed size
(Riefler et al., 2006; Heyl et al., 2012).

Cytokinins have been reported to function in seed
development, such as seed size, seed yield, embryonic
growth, with the involvement of genes encoding isopentenyl
transferase (IPT), cytokinin oxidase/dehydrogenase (CKX), and
histidine kinase (HK) (Bartrina et al., 2011). In our study, we
have also found the expression of genes such as IPT, CKX, and
HK. IPT upregulation was observed only in the case of small
genotypes, whereas CKX was upregulated in bold genotypes,
and mixed expression of HK was noticed in both the genotypes
(Figure 8B; Supplementary Table S7). The upregulation of
CKX in bold seed genotypes hints at its possible role in
determining the seed size. The CKX proteins are widely
distributed in plants and implicated in various plant growth
and developmental processes by maintaining the endogenous
cytokinin level via irreversible degradation. In plant tissues, the
expression of the CKX genes is primarily regulated by the
endogenous cytokinin level. Various past studies have shown
the role of CKX genes in the regulation of the seed size and grain
yield in different plant species. In Arabidopsis, a CKX family
gene–encoded enzyme CYTOKININ OXIDASE 2 (CKX 2) has
been demonstrated to be associated with large seed size via
catalyzing irreversible degradation of cytokinin. Similarly, in
rice, a Gn1a locus encoding for cytokinin oxidase/dehydrogenase
(OsCKX2) is shown to be responsible for high grain yield
(Ashikari et al., 2005). On the other hand, the expression of
type-A Arabidopsis response regulator (type-A ARRs) genes that
negatively regulates the cytokinin signaling was majorly

FIGURE 7 | List of top 10 pathways revealed by KEGG enrichment analysis.
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detected in small genotypes. This suggested that type-A ARR
genes may be repressing the cytokinin signaling pathway (Heyl
and Schmülling, 2003; Lohar et al., 2004; Desbrosses and
Stougaard, 2011). The inhibition of the cytokinin signaling
pathway may contribute to plant and bacterial cell
differentiation (Bromley et al., 2014). Mixed expression of
AHP and type-B ARRs was found in both the genotypes.
Phosphate transfer to type-B ARR proteins modulates the
transcriptional changes in the nucleus and causes the
expression of primary cytokinin response genes including the
type-B ARRs.

Ethylene Pathway
Ethylene, an “aging” hormone, has been reported to control the
development of plant seeds and grains in various species (Zhong
et al., 2002; Hentrich et al., 2013; Huang et al., 2013; Guo et al.,
2016).Molecular evidence demonstrated ethylene’s role in the
regulation of seed size and seed shape, in which genes in ethylene
biosynthesis (EIN2, ERS1, and ETR1), signaling (CTR1, ETO1,
ETR1, and EIN2), and catabolism (ACC deaminase) were

involved (Robert et al., 2008; Walton et al., 2012). According
to our results, the expression of ethylene receptors (ERS1/2) was
higher in bold genotypes than small genotypes, whereas CTR1, a
negative regulator of ethylene hormone showed contrasting
expression with upregulation in small and downregulation in
bold genotypes (Figure 8C; Supplementary Table S8). In
buckwheat, the differential expression of ERS1, ETO1, ETR1,
etc. was observed (Huang et al., 2017). In case of bold
genotypes, we have noticed the high expression of SIMKK,
MPK6, EIN3-like transcription factors, and EIN2, indicating
positive regulation of transcriptional response in the bold
genotype. In case of small genotypes, the upregulation of ERFs
depicted that ERF might have shown activity after the
phosphorylation via the MPK3/6-cascade, which regulates the
ethylene biosynthesis, and the expression of EIN3/EIL1 was not
found which possibly indicates its degradation by ubiquitination.
In our samples, we found a full cascade of gene expressions in
bold genotypes, while in small genotypes, the expression of genes
detour from the normal expression and opted a new route for the
ethylene-inducible gene expression.

FIGURE 8 | Phytohormone pathways important for seed development are represented in two contrasting genotypes of ricebeans on the basis of their
expression and involvement in the enriched KEGG pathways. (A) Auxin signaling pathway. (B) Cytokinin pathway. (C) Ethylene pathway. (D) Gibberellic acid
pathway.
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Gibberellin Pathway
Gibberellins (GAs) are well-known plant hormones that are
widely involved in the growth and development processes.
GAs, auxin, ABA, and ethylene have been involved in the
regulation of seed development and pod maturation (Ziv
and Kahana, 1988; Shlamovitz et al., 1995; Ozga et al.,
2003). In case of bold genotypes, the expression of GA,
DELLAs, and SCF-complex protein is upregulated, which
indicates DELLA proteolysis; simultaneously, the
upregulation of protein indeterminate domains (IDDs) and
scarecrow-like proteins (SCLs) were also observed, which
supports the feedback loop mechanism which regulate the
GA signaling (Figure 8D). According to the feedback loop
mechanism, DELLA initiates the expression of downstream
genes, including SCLs by IDD-mediated interaction with their
promoters. The subsequent increased concentration of SCLs
enhances the SCL3/IDD complex synthesis while decreasing
the formation of the DELLA/IDD complex and consequent
suppression of the expression of SCLs, which mediates the
homeostatic regulation of the downstream genes, including
positive regulation of SCLs and GA signaling. In case of small
genotypes, the expression of SCF complex protein was absent,
while the expression of DELLAs was unregulated.
Consecutively, we observed the SCL protein script, while
IDD protein was completely absent. The expression of the
phytochrome-interacting factor (PIF) protein was found,
which indicates the DELLA-mediated inhibition of
hypocotyls elongation (Supplementary Table S9).

Previous studies have revealed that genes encoding GA2
oxidase and GA3 oxidase in the GA biosynthesis pathway can
affect seed development, starch biosynthesis, embryo, and seed
coat development (Nakayama et al., 2002; Singh et al., 2002). The
downregulation of GA2-oxidase was observed in our results
similar to a study of the tartary buckwheat in which the
downregulation of GA2-oxidase was also depicted during seed
development (Huang et al., 2017).

The KEGG pathway and the MapMan analysis suggested
the differential expression of phytohormone biosynthesis or
response genes. According to the MapMan analysis, auxin,
cytokinin, ethylene, and gibberellin showed contrasting
expressions in both the genotypes (Figure 5B). Similarly,
in terms of the KEGG pathway, we have observed how the
signaling pathways of these phytohormones were different.
The present work confirms that auxin, cytokinin, ethylene,
and gibberellin are the important regulators of the seed size in
ricebean. Our results are also in accordance with those of
previous studies in other species (Riefler et al., 2006; Heyl
et al., 2012).

Candidate Gene Identification for Seed
Development–Related Traits
The expression of a number of genes starting from the anthesis to
early stages of maturity may have a crucial role in determining grain
size and various other pod-related traits in pulses (Pazhamala et al.,
2016). In this study, candidate genes for various traits such as days of
flowering, pod shattering, seed per pod, seed size, 100-seed weight,

and pod length were identified from the assembled transcriptome on
the basis of sequence similarity search. In total, we identified 142
genes in ricebean belonging to development-related traits on the basis
of similarity search (BLASTX) and e-value. Furthermore, the
candidate genes were also characterized in silico on the basis of
their domain analysis using Pfam software. Out of 142 genes, only
120 genes showed domain similarity with their hits. Therefore, we
discarded 22 genes whose domain was not matched. Hence,
according to our study, we found 120 candidate genes of ricebean
belonging to different development-related traits (days of flowering,
pod shattering, seed per pod, seed size, 100-seed weight, and seed
length) (Figure 9; Supplementary Table S10).

In terms of pod development, seed size is a key determinant for
the seed or grain yield in legume crops (Amkul et al., 2020). In
ricebean, we found four candidate genes for seed size encoding:
histidine kinase 2, delta sterol reductase, phosphate transporter
(PHO1), and WRKY domain–containing protein (WRKY 40).
These genes have already been reported to be involved in seed
size. For example, Vigun05g039600 (PHO1) has been reported to be
a positive regulator of seed development that affects both the cell size
and cell number (Lo et al., 2019). Similarly, Vigun08g217000 which
codes for histidine kinase 2 has been identified as a potential
candidate gene for improved organ size during cowpea
domestication (Lonardi et al., 2019), and its Arabidopsis ortholog
AHK2 has been shown to regulate the seed size (Riefler et al., 2006;
Bartrina et al., 2017). Vigun11g191300 encoding a delta (24)-sterol
reductase is an ortholog of the Arabidopsis DIMINUTO gene which
has been shown to regulate cell elongation (Takahashi et al., 1995). In
foxtail millet, Loose Panicle1–encoded WRKY transcription factor
regulates the seed size by increasing the length and width of the seed
(Xiang et al., 2017). Hence, these genes are the strong candidates as
seed size is affected by multiple pathways.

On the other hand, for 100-seed weight, 29 candidate genes were
identified corresponding to expansin, cytokinin dehydrogenase,
cytochrome P450, and response regulatory domain containing
protein. The significance of these genes as candidate loci related
with the 100-seed weight is supported by the work done on
Arabidopsis, where orthologs of the candidate genes in the
cytokinin pathway have been shown, in transgenic studies, to
regulate seed size and/or weight (Daele et al., 2012). Our findings
are also in accordance with the common bean in which type-B
regulators were found to be involved in the activation of downstream
genes in the cytokinin pathway, and the genes encoding cytokinin
dehydrogenase regulates the pathway by degrading active cytokinin
(Hwang et al., 2012; Schmutz et al., 2014). Likewise, in Arabidopsis,
expansins increased grain size and also improved grain production
(Bae et al., 2014). Recent studies have also associated expansins with
grain size and weight in wheat and tomato (Muñoz and Calderini,
2015; Brinton et al., 2017). TaCYP78A3 in wheat and CYP78A5 in
Arabidopsis encodes the cytochrome P450, which positively correlates
with seed size and seed weight (Ma et al., 2015; Tian et al., 2016b).

Like other development-related traits, flowering time is
also an important trait because several agronomical traits such
as quality of the grain and grain yield depend on flowering
time. For days to flowering trait, we identified 21 candidate
genes in our dataset encoding protein Flowering Locus T-like,
GIGANTEA-like, cryptochrome, and transcription factors
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such as bHLH, ERF, and PIF-3.Most of the candidate genes of
days to flowering had high expression in case of 10 DPA,
instead of 5 DPA. In rice, florigen is encoded by RICE
FLOWERING LOCUS T 1 (RFT1) and the orthologs of
Arabidopsis FT and plays important role in heading date,
influencing yield traits in rice (Tamaki et al., 2007; Komiya
et al., 2009), whereas GIGNANTEA-like genes observed in the
regulation of many genes which influence the circadian clock,
blue light photoreceptor, and flowering time have also been
reported in Arabidopsis (Hayama et al., 2003; Fornara et al.,
2009). Similar to rice results, the Flowering Locust T-like in
ricebean might help in the improvement of yield.

On the other hand, the number of seeds per pod might be useful
for increasing the seed yield of ricebean. We identified 15 candidate
genes for seeds per pod trait having annotations like MAPK, NAC,
MALE STERILE 5, and ABSCISIC ACID-INSENSITIVE 5-like
protein. Vigun03g187300 (ABA-insensitive 5-like protein 6) is an
ABA-responsive element (ABRE)–binding factor that regulates
ABRE-dependent gene expression (Nakashima and Yamaguchi-
Shinozaki, 2013). In Arabidopsis, ABA deficiency reportedly
decreases the number of seeds per siliqua (Cheng et al., 2014).

Hence, the higher expression of this gene in bold genotypes
implies an increase in the number of seeds per pod that could
result in the improvement of the ricebean yield. TheVigun05g126900
gene, encodingMALE STERILE 5, was selected as a candidate gene in
zombie pea (Amkul et al., 2020). In a previous study on Arabidopsis,
mutations to MALE STERILE 5 resulted in the development of
“polyads” (i.e., tetrads with more than four pools of chromosomes
following male meiosis) (Glover et al., 1998). Plants that are
homozygous for the MS5 recessive allele apparently revealed
arrested growth and harvested empty siliques, whereas in plants
that are heterozygous forMS5, siliqua elongation and seed set are less
repressed (Glover et al., 1998). In case of the pod length, five
candidate genes in ricebeans have been identified, mostly
corresponding to the auxin response factor. Glyma.07G134800, an
ortholog of Arabidopsis, was also associated with the auxin pathway
(Jiang et al., 2018).

Furthermore, we have also identified a few candidate genes
associated with pod shattering which is considered to be an
undesirable agronomical trait. We identified maximum candidate
genes (i.e., 57) for this trait in our ricebean study. Out of the 57
candidate genes, 18 genes encode transcription factors likeAP2/ERF,

FIGURE 9 | Heat map representing the differential gene expression of the identified candidate genes for six traits including seed size, 100-seed weight, seed/pod,
days to flowering, pod shattering, and pod length in bold and small genotypes at 5 DPA and 10 DPA.
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WRKY, and NAC, whereas the rest of the genes were involved in
cellulose synthase and serine/threonine protein kinase. The
candidate genes for pod shattering have also been identified in
other legumes including Vigun02g095200 (cellulose synthase),
Vigun03g306000 (NAC domain transcription factor), and zombi
pea (Suanum et al., 2016; Lo et al., 2018; Takahashi et al., 2019;
Amkul et al., 2020; Watcharatpong et al., 2020). In Sorghum
propinquum, WRKY modulates the flower and seed development
and lignin deposition, and it is also found to be involved in pod
shattering (Tang et al., 2013). Recently, in rice, AP2 transcription
factor–coding gene SHATTERING ABORTION1 (SHAT1) was
observed having a crucial role in pod shattering. Two genes
encoding NAC in Vigna unguiculata were found to be involved
in cell wall biosynthesis and hence influencing the pod shattering
(Zhou et al., 2012; Lo et al., 2018). The identification of pod
shattering genes may reduce preharvest yield damages in
ricebean, resulting in a more efficient yield. Thus, pod
indehiscence may be a valuable trait during seed harvesting,
making it a main concern during crop domestication (Amkul
et al., 2020).

To support our findings related to candidate genes, we
performed a comparative analysis of the identified candidate
genes with our MapMan and KEGG pathway results. Out of
120 candidate genes, 23 genes matched with the MapMan
results (Table 3). For example, the expression of eight candidate
genes of 100-seed weight and seed size were only shown in the
small genotype encoding PHO1, cytokinin dehydrogenase, A-type
cytokinin ARR response negative regulator, etc. Similarly, for bold

genotypes, only one gene, aB10dtrinity_dn14585_c0_g1_i2, for a
seed was upregulated, revealing a high number of pods in bold
genotypes as compared to the small genotype. On the other hand,
in terms of time point, three genes (cS5dtrinity_dn10996_c2_g4_i3:
seed size; cS5dtrinity_dn11557_c0_g1_i4: seeds/pod; and
aB10dtrinity_dn30303_c0_g10_i1: days to flowering) were
detected only at the first time point, that is, 5 DPA. Two genes
(aB10dtrinity_dn33078_c0_g1_i1: 100-seed weight and
bS10d1trinity_dn10624_c1_g9_i1: pod shattering) were found to
be highly expressed only in bold genotypes, whereas nine genes
encoding alpha class expansins were found to be downregulated,
specifically in the small genotype.

Similarly, 16 candidate genes (auxin: 2; cytokinin: 8;
ethylene: 5; GA: 1) were matched with the KEGG pathway
results (Table 4). The matched genes were found to be
associated with several seed development–related traits
like pod length, days to flowering, 100-seed weight, seeds/
pod, and pod shattering. All the genes were expressed in the
small genotype, except two (ab10dtrinity_dn29885_c1_g2_i2
and bs10dtrinity_dn12088_c3_g6_i6) which were expressed
in bold genotypes corresponding to MAPK.

Simple Sequence Repeat Identification
In this study, we used the MISA Perl script (http://pgrc.ipk-
gatersleben.de/misa) to detect the microsatellites. Of the 288,393
transcripts generated in this study, 14,663 contained an SSR
totaling 201,517,181 bp. Out of these 14,663 sequences, 2,317
sequences had more than a single SSR, and 1,487 had SSRs of

TABLE 3 | List of candidate genes matched with our MapMan results.

MapMan category Candidate ricebean gene ID Description B5_B10 S5_S10 B5_S5 B10_S10 Trait

Amino acid
metabolism

cs5dtrinity_dn11557_c0_g1_i4 Histidinol-phosphate aminotransferase — — 2.23 — Seeds/pod

Cell wall organization bs10d1trinity_dn10624_c1_g9_i1 Catalytic component CesA of cellulose
synthase complex

2.34 — — — Pod shattering

ab10dtrinity_dn33078_c0_g1_i1 Alpha-class expansin 7.38 — — — Seed weight
ab4dtrinity_dn10598_c3_g1_i1 Alpha-class expansin — −3.88 — — Seed weight
ab10dtrinity_dn30367_c2_g3_i1 Alpha-class expansin — −3.22 — — Seed weight
bb4dtrinity_dn13171_c6_g7_i1 Alpha-class expansin — −3.13 — — Seed weight
bb10dtrinity_dn16316_c5_g6_i2 Alpha-class expansin — −2.76 — — Seed weight
bs5dtrinity_dn13044_c1_g3_i3 Alpha-class expansin — −2.82 — — Seed weight
cb4dtrinity_dn14045_c9_g6_i1 Alpha-class expansin — −3.33 — — Seed weight
cb4dtrinity_dn14247_c0_g4_i1 Alpha-class expansin — −4.18 — — Seed weight
cs5dtrinity_dn11417_c0_g2_i1 Alpha-class expansin — −3.43 — — Seed weight
cs5dtrinity_dn12484_c15_g1_i1 alpha-class expansin — −3.3 — — Seed weight

Lipid metabolism cs5dtrinity_dn11621_c1_g7_i3 Sterol delta24 reductase — −2.09 — — Seed size
ab10dtrinity_dn14585_c0_g1_i2 Dihydrolipoamide acetyltransferase

component E2
5.3 — — — seeds/pod

Nucleotide
metabolism

ab10dtrinity_dn30303_c0_g10_i1 Uracil phosphoribosyltransferase (UPP) — — −3.05 — days to
flowering

Nutrient uptake cs5dtrinity_dn18119_c0_g1_i1 Phosphate transporter (PHO1) — −2.93 — — Seed size
Phytohormone
action

cs5dtrinity_dn10996_c2_g4_i3 Receptor protein (AHK) — — 2.2 — Seed size
ab4dtrinity_dn16153_c0_g1_i2 Cytokinin dehydrogenase — −4.66 — — Seed weight
cs5dtrinity_dn9587_c0_g1_i4 Steroid 22-alpha-hydroxylase (DWF4) — −3.24 — — Seed weight
as10dtrinity_dn8390_c0_g1_i1 A-type cytokinin ARR response negative

regulator
— 3.93 — — Seed weight

cs5dtrinity_dn5774_c0_g1_i1 Cytokinin dehydrogenase — −3.51 — — Seed weight
Protein homeostasis bb4dtrinity_dn32604_c0_g1_i1 Matrixin-type metalloprotease — −2.66 — — Pod

Shattering
Redox homeostasis ab4dtrinity_dn10550_c1_g1_i11 GDP-D-mannose-epimerase (GME) — −2.78 — — Seeds/pod
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different motifs (compound SSR). Dinucleotide repeat motifs
were the most abundant among the five types of motifs,
totaling 8,866 (50.67%). The second most abundant were
trinucleotides totaling 7,938 (45.36%), followed by 448
tetranucleotides (2.56%), 145 pentanucleotides (0.82%), and
100 hexanucleotide motifs (0.57%) (Figure 10A). Similar

results have been reported in the previous transcriptome
published for ricebean varieties (Chen et al., 2016) as well
as for other legume species including mungbean (Tian et al.,
2016b), adzuki bean (Chankaew et al., 2014; Chen et al.,
2015b), cowpea (Gupta et al., 2010), and chickpea
(Choudhary et al., 2008).

TABLE 4 | List of candidate genes matched with our KEGG pathway results.

KEGG
pathway

Ricebean
candidate gene ID

Description B5_B10 S5_S10 Trait

Auxin cb10dtrinity_dn16977_c3_g12_i1 Auxin response factor — −2.09 Pod length
cs5dtrinity_dn10719_c0_g1_i4 Auxin response factor — −2.15 Pod length

Cytokinin ab4dtrinity_dn16153_c0_g1_i2 Cytokinin dehydrogenase 6–like — −4.66 Seed weight
cs5dtrinity_dn10983_c0_g1_i2 Two-component response regulator–like APRR1 isoform X4 (CCT

motif, rec)
— −2.19 Days to

flowering
as5dtrinity_dn1065_c0_g1_i1 HPt domain–containing protein — 2.17 Seed weight
as10dtrinity_dn8390_c0_g1_i1 Response regulatory domain–containing protein (type A) — 3.93 Seed weight
bs10d1trinity_dn9417_c0_g2_i1 HPt domain–containing protein — 2.26 Seed weight
cb10dtrinity_dn35628_c0_g1_i1 HPt domain–containing protein — 2.71 Seed weight
cs5dtrinity_dn4103_c0_g1_i1 Cytokinin hydroxylase–like — −2.85 Seed weight
cs5dtrinity_dn5774_c0_g1_i1 Cytokinin dehydrogenase 6–like — −3.51 Seed weight

Ethylene bb10dtrinity_dn16202_c0_g2_i1 Ethylene-responsive transcription factor RAP2-7–like isoform X2 — 2.52 Days to
flowering

cb4dtrinity_dn13190_c1_g1_i4 AP2/ERF domain–containing protein — 3.14 Pod Shattering
ab10dtrinity_dn29885_c1_g2_i2 Mitogen-activated protein kinase 9.72 — Seed/pod
bs10dtrinity_dn12088_c3_g6_i6 Mitogen-activated protein kinase 4.21 — Seed/pod
bs10dtrinity_dn12088_c3_g6_i6 Mitogen-activated protein kinase — 5.55 Seed/pod

GA ab4dtrinity_dn7670_c0_g1_i4 Transcription factor PIF3-like isoform — 2.06 Days to
flowering

FIGURE 10 | (A) Bar diagram representing the type and frequency of SSRs identified in ricebean using assembled transcripts. (B) SSR13 polymorphism on
selected eight accessions of Vigna species. (C) Dendrogram representing the relationship distance among the eight accessions.
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The number of the given repeat unit of SSRs ranged from 5 to
>10, and as the number of repeat units increased, the frequency of
the given SSR structure progressively decreased (Supplementary
Table S11). As for the two most abundant repeat motif types (di-
and trinucleotides), the frequency of the AG/CT motif type
accounted for 17.41% in dinucleotide repeat motifs, and the
frequency of GAA/TTC was the most abundant motif type in
the trinucleotide, accounting for 6.3%. A previous study on

adzuki bean also showed a high frequency of AG motifs in
dinucleotides (Chankaew et al., 2014).

Simple Sequence Repeat Validation
To determine the polymorphism level of the identified EST-SSRs, the
randomly selected 50 SSRs were evaluated in eight accessions ofVigna
species including V. umbellata (6), V. mungo (1), and V. radiata (1)
(Supplementary Table S12). From 50 pairs, 43 were successfully

TABLE 5 | List of 26 SSR markers that showed polymorphism in a set of eight accessions of Vigna species.

Transcript ID Marker Forward primer
(5’->39)

Reverse primer
(5’->39)

Annealing
temp (°C)

Repeat
motif

Allele
size (bp)

No. of
alleles

BB7DTRINITY_DN9136_c0_g1_i1 SSR2 ATGATCGGACACTAG
GAGAC

TTGGCCAATGTCTAT
TTGA

54 ATT(18) 150–160 2

BS7D1TRINITY_DN10554_c1_g1_i1 SSR3 ACGCACAGTTTCATG
GTTA

ACAATCTTCAACCAC
ACTCC

55 GAA(19) 100–130 4

BS4DTRINITY_DN12307_c0_g4_i3 SSR4 CAAACCCACTAACCC
AAGTA

ATGAAAATGCAAACA
CACTG

55 TAA(17) 140–150 2

CB4DTRINITY_DN13434_c0_g3_i2 SSR7 ATTCCCAGCTTAGGA
GAAAC

TGGATTTGTTCTTAA
TGGTG

55 ATA(18) 140–170 2

AB4DTRINITY_DN10798_c2_g4_i2 SSR8 GTTATTGGAATGGAA
GAGCA

CTTCCGACAACAATT
CCTT

55 GAA(16) 120–140 3

AS4DTRINITY_DN8490_c0_g1_i1 SSR9 CAACCGGGTAGAGAA
AAGTA

CTACCAAGTTGCTTG
CTTCT

54 AAT(22) 210–220 2

CB7DTRINITY_DN17452_c5_g1_i3 SSR11 ATGGGTTTCCTATGA
ATTTG

GCTAATGACTCTGCT
GTTCC

55 TAA(11) 140–150 2

AB4DTRINITY_DN10727_c2_g3_i1 SSR12 GCTAATGACTCTGCT
GTTCC

ATGGGTTTCCTATGA
ATTTG

55 TTA(11) 140–150 2

AS4DTRINITY_DN11798_c1_g2_i4 SSR13 GGGAAAATGTTACGG
AGTTC

GTTTTCCCACCACAA
CTAAC

56 TGG(12) 120–150 2

BS4DTRINITY_DN12006_c0_g8_i4 SSR14 CTGGGAAACTGAGCA
GATAG

CAGATAGTTGCAATA
GCTTGAA

55 TAT(12) 170–190 3

CB7DTRINITY_DN16904_c1_g1_i5 SSR15 TTAGAATTTCCGTTG
CTACC

CCCTGAAAGAAGTTT
GGAAT

55 TAT(12) 170–180 2

BB7DTRINITY_DN17092_c1_g1_i3 SSR16 TTCACCTCTGACTGA
TCACA

CAAGTCTAATGCATC
CACCT

55 GAT(13) 160–180 3

BS7DTRINITY_DN11614_c2_g22_i1 SSR18 CTGGGAAACTGAGCA
GATAG

CAGATAGTTGCAATA
GCTTGAA

55 TAT(12) 190–200 2

AS4DTRINITY_DN11028_c4_g1_i3 SSR24 CTGGGAAACTGAGCA
GATAG

CAGATAGTTGCAATA
GCTTGAA

55 TAT(12) 190–200 2

BS4DTRINITY_DN11934_c2_g1_i5 SSR28 TTCCACGTTCTCACT
CTCTT

GGAATCCATTACTGT
GAACG

55 TC(37) 100–130 4

BS7DTRINITY_DN11790_c6_g2_i8 SSR30 CTCTTCTTAGAGCCA
AACCA

ACGCCATGTGTATGA
AGATT

55 CT(36) 100–120 3

BS7DTRINITY_DN3955_c0_g1_i2 SSR31 CGTTTCCTAAGCTTC
CTTTA

GAGAAGCGAAGAAGA
AAGGT

55 TC(35) 100–130 4

AB7DTRINITY_DN28298_c2_g1_i4 SSR32 CTACCAGTGGGTTCG
TTTAC

TCTCTCTTCTCCCCT
TAACC

55 GA(32) 130–160 4

AB4DTRINITY_DN10313_c1_g2_i7 SSR35 CACCCTAACCTCATT
CTCAG

GACAGCAAGAAGGAG
AGAGA

54 CT(48) 100–110 2

CB4DTRINITY_DN14022_c6_g1_i1 SSR37 TCACAAAACCCTAAA
ACTCG

GGCAGTGTGAAAGAA
AGAGA

55 TC(28) 200–220 3

CS4DTRINITY_DN11268_c2_g5_i1 SSR38 AATGTGCTCTTCTTG
TTGCT

ACCGATGGAATAACC
AAAC

55 TC(28) 100–110 2

BB7DTRINITY_DN13571_c0_g1_i4 SSR39 TTGTGGATATAAACC
CAACC

GCTCCTCCGCTCTTC
TATTA

56 AG(28) 120–150 4

BB7DTRINITY_DN16958_c4_g1_i5 SSR40 TGATTAACTGGGTTC
TCTGC

TTCTACAACCACCCA
ATCTC

55 AT(28) 110–130 3

BS7DTRINITY_DN11905_c0_g1_i6 SSR41 GGGAGTATCCAAAGA
AACAA

AATCCACACACAAAT
GTGAA

54 TC(30) 110–120 2

BB4DTRINITY_DN12047_c0_g1_i7 SSR42 GGAATCCATTACTGT
GAACG

TTCCACGTTCTCACT
CTCTT

55 GA(30) 110–140 4

CB7DTRINITY_DN16920_c1_g4_i9 SSR45 GTGGGTAACTATGCC
CTAAGT

GGTGAGTGGATGTGA
GAAAG

55 TC(27) 110–120 2
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amplified, while seven pairs were not able to generate a PCR product
(Supplementary Table S13).More than 85%of the SSRmarkers were
successfully amplified, suggesting that the quality of our assembled
transcripts was very high. The annealing temperatures of the primers
ranged between 54 and 56°C. Out of these 43 SSR primer pairs, 26
pairs showed polymorphism (dinucleotide: 12, trinucleotide: 14) and
the rest were monomorphic (Figure 10B; Table 5). A high
polymorphism level (60.46%) of ricebean EST-SSRs was observed
in the selected set of eight accessions which was higher than that from
previous reports in other legume species including the chickpea
(47.3%) (Nayak et al., 2010), mungbean (33%) (Chen et al.,
2015b), black gram (58.2%) (Souframanien and Reddy, 2015), and
adzuki bean (7.6%) (Chen et al., 2015a) while lower than common
bean (71.3%) (Hanai et al., 2007), whereas when we considered only
ricebean genotypes (six accessions), only 34.88% SSR markers were
found polymorphic. We have also checked the cross-species
transferability pattern and found that the transferability of
ricebean–derived SSR markers was higher in V. radiata (73.08%)
than in V. mungo (50%). Various studies depicted the importance of
SSR cross-transferability in Vigna species including ricebean,
mungbean, and cowpea (Pattanayak et al., 2019). Furthermore, the
genetic distance among the accessions was determined, and we found
two clusters, with six (V. umbellata) in the first cluster and two (V.
mungo and V. radiata) in the second cluster, respectively
(Figure 10C).

SSR molecular markers on the basis of transcriptomes have
become more promising and useful because of their high cross-
species transferability, their high rate of amplification, and being
reasonably cheap as compared with the SSR markers of non-
transcribed regions (Hansen et al., 2008; Rai et al., 2013).
Moreover, since they can easily expose variance in the
expressed portion of the genome, it is possible to evaluate
marker–trait association (MTA) and specific genomic regions
stating important physio-agronomic traits (Kalia et al., 2011).

CONCLUSION

The transcriptomic analysis in our study provided detailed
insights into molecular processes and candidate genes
controlling seed size and other seed development–related traits
in ricebean. TheMapMan and KEGG analyses confirmed that the
phytohormone signaling pathways varied in both the contrasting
expressions taken in this study and can therefore be the regulators
of seed size as well as other seed development–related traits in

ricebean. We hypothesize that the auxin, cytokinin, ethylene, and
gibberellin signaling pathways interact cooperatively with one
another, thereby modulating the expression of genes of seed
development–related traits. Further research is required to
identify key regulators/genes in determining seed size.
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Throughout the ages, the common bean has been consumed by humanity as an important
food staple crop and source of nutrition on a global scale. Since its domestication, a wide
spectrum of phenotypic and genotypic investigations have been carried out to unravel the
potential of this crop and to understand the process of nutrient accumulation along with
other desirable characteristics. The common bean is one of the essential legume crops
due to its high protein andmicronutrient content. The balance inmicronutrients is critical for
the growth and development of plants as well as humans. Iron (Fe), Zinc (Zn), Copper (Cu),
Manganese (Mn), Magnesium (Mg), Calcium (Ca), and Molybdenum (Mo) are some of the
important micronutrients present in legumes. Thus, we aimed to investigate the
quantitative trait loci’s (QTLs)/single nucleotide polymorphisms (SNPs) to identify the
candidate genes associated with micronutrients through genotyping by sequencing
(GBS). In our investigation, through GBS we identified SNPs linked with traits and
assessed seven micronutrients in 96 selected common bean genotypes for screening
nutritionally rich genotypes. Among 96399 SNPs total identified through GBS, 113 SNPs
showed significant phenotypic variance, ranging from 13.50 to 21.74%. SNPs associated
with most of the seedmicronutrients (Mg,Mn, Fe, Ca, Cu) were found on chr3 & chr11 (Mg,
Mn, Mo, Ca, Zn). The findings from this study could be used for haplotype-based selection
of nutritionally rich genotypes and for marker-assisted genetic enhancement of the
common bean. Further, the identified SNPs for candidate genes/transporters
associated with micronutrient content may pave the way for the enrichment of seeds
by employing genomics-assisted breeding programs.

Keywords: common bean, single nucleotide polymorphism (SNP), genome wide association studies (GWAS),
ionome, transporters, population structure
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1 INTRODUCTION

Common bean (Phaseolus vulgaris L.), an important food legume,
constitutes 50% of the grain legumes consumed as a human food
source (Câmara et al., 2013; FAOSTAT, 2017). Common bean
has huge genetic variation and based on domestication it is
distinguished into two main gene pools, Andean and
Mesoamerican. Cultivars in the mesoamerican gene pool have
small to medium seed size and with “S” or “B” phaseolin patterns,
while Andean cultivars have a large seed size with phaseolin
patterns “T”/“C”/“H”/“A” (Bitocchi et al., 2012; Bellucci et al.,
2014).

Being a great source of carbohydrates, dietary proteins, soluble
and insoluble fibers, vitamins, and essential micronutrients such
as minerals including Iron (Fe), Zinc (Zn), Copper (Cu),
Manganese (Mn), Magnesium (Mg), Calcium (Ca) and
Molybdenum (Mo), beans have often been considered a “poor
man’s meat” (Fennema owen, 2000; Hayat et al., 2014; Yeken,
2018). These micronutrients play a pivotal role in the proper
growth and development of plants and animals. The deficiency of
any essential micronutrients hinders the proper functioning of
biological processes leading to several metabolic and
physiological implications. In many low- and lower-middle
income countries, especially those in Asia, Africa, and Latin
America, micronutrients Fe and Zn are the main components
of hidden hunger (Darnton-Hill et al., 2006). Similarly, Fe and Zn
deficiency cause severe yield loss in crops and metabolic
disturbances in humans (Zargar et al., 2015). In addition, Cu
is one of the important trace elements that play a vital role in
maintaining metabolic activities. In humans, Cu deficiency leads
to anemia, cardiac dysfunction, myeloneuropathy, and
myelopathy, whereas in plants, its deficiency leads to
lignification dysfunctioning (Geir, 2013; Lehmann and Rillig,
2015; Papamargaritis et al., 2015).

Food crops are the major source of essential minerals
(Hardiman et al., 1984; Ali et al., 2014). Biofortification of
nutrient-rich plants is important in addressing malnutrition-
related issues. Thus, given today’s population explosion and
food shortage issues, there is a need to introduce smart food
crops into our diet. So far, research has been carried out using
both conventional and modern breeding approaches to increase
the nutrient content in cultivated plants. It is now important to
identify genetic loci that regulate the uptake of essential minerals,
as each genetic loci is an essential factor in the success of the
biofortification breeding effort. Association mapping is one of the
modern breeding approaches used to identify genetic loci that
determine desired traits (Lewontin and Kojima, 1960).
Association mapping has several advantages over the bi-
parental QTL mapping approach (Yu and Buckler, 2006; Tian
et al., 2011; Wen et al., 2014; Nadeem et al., 2021). For example,
association mapping explores the allelic diversity that exists in the
diverse germplasm, while QTL mapping can examine the allele
variation present in only two parental lines. Undoubtedly, both
approaches are indispensable and have their own advantages and
disadvantages (Sonah et al., 2013). We believe an integrated
approach involving both association mapping as well as

biparental mapping can lead to a breakthrough in crop
improvement.

Since the whole genome sequence of the common bean is
available in the public domain, as such there is an excellent
opportunity to perform Genome-wide association studies
(GWAS) to identify QTLs followed by candidate genes that
govern the uptake and accumulation of minerals (Schmutz
et al., 2014). Genome-wide association study is one of the
modern breeding approaches for mapping genes associated
with different traits (Lu et al., 2015; Liu et al., 2016). The
introduction of Next-generation sequencing (NGS)
technologies has sped up the identification of SNPs and
subsequent genotyping (Verma et al., 2015). Genotyping-by-
sequencing (GBS) is a robust and cost-effective method
wherein selective small genome fragments obtained by
restriction digestion are sequenced by NGS platform to
identify SNPs (Narum et al., 2013; Peterson et al., 2014;
Schilling et al., 2014). In the last two decades, numerous
studies have been performed using the GBS approach in
diverse plant species, including wheat, canola, barley, and
soybean, which are known to have a complex genome. In this
regard, GWAS in common bean will allow us to estimate
population structure and linkage disequilibrium (LD),
connecting the variation in the genome with the phenotypic
variations in the population. The LD-based analysis is
organized based on population structure and genetic
relatedness among populations. Several association studies
with respect to micronutrient contents have been carried out
in food crops like rice (Shao et al., 2011; Norton et al., 2014), pea
(Diapari et al., 2015), chickpea (Diapari et al., 2014; Upadhyaya
et al., 2016; Ozkuru et al., 2019), common bean (Nemli et al.,
2016; Mahajan et al., 2017a; Erdogmus et al., 2020).

In the present study, we examined the germplasm of common
beans of the Jammu and Kashmir region of northwestern
Himalayas, India, for various micronutrients, followed by the
identification of QTLs associated with the accumulation of
nutrients. To identify genes/QTLs that regulate micronutrients
in beans, GBS-based SNPs were discovered from natural
populations of beans. Based on the preliminary studies, a set
of 96 different bean genotypes was created, which were collected
from other regions of the northwestern Himalayas (Zargar et al.,
2014). In the present study, the ionome profile, which contains
Ca, Cu, Mg,Mn, andMo, of the bean core set was deciphered, and
the QTLs contributing to their accumulation by GWAS have been
identified. The investigation led us to inventory the
micronutrients of the 96 different types of beans to determine
candidate lines (nutrient-rich for different micronutrient levels in
the seed) that can be used in breeding high-nutrient, high yielding
bean varieties. In addition, the identification of QTLs can serve as
critical genomic resources for improving the micronutrient
profile in beans. These studies can improve the understanding
of possible correlations for the accumulation of different
elements. To understand the function of the respective
candidate genes that regulate micronutrient uptake in beans,
further studies need to be performed that may include
knockout or overexpression of responsive candidate genes.
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2 EXPERIMENTAL PROCEDURES

2.1 Plant Material
A total of 96 common bean germplasm lines, mostly landraces
and a few released varieties (SFB1, SR1, SR2, Arka Anoop, VLR-
125) were used as plant material in the current study. Germplasm
was collected from different geographical regions of Jammu and
Kashmir (Supplementary Table S1) and maintained at the
research fields at Division of Genetics and Plant Breeding,
Faculty of Agriculture, Wadura, Sher-e-Kashmir University of
Agricultural Sciences and Technology-Kashmir (SKUAST-K),
Sopore. Most of the released varieties used in this study were
developed through a single plant selection and have been used as
checks.

2.2 Field Experiment and Micronutrient
Profiling
Field experiments were conducted during 2016 and 2017 at the
experimental field of the College of Agriculture, Wadura,
SKUAST-Kashmir, India (34.34 North; 74.4 East; Altitude:
1,590.00 m). Clay loam textured soil with pH (7.2), organic
carbon (.65%), electrical conductivity (.18 dS/m), CEC (16
meq/kg), and an available concentration of different elements
in the soil i.e. P (4.91 mg kg−1), K (5.55 mg kg−1), Zn
(.68 mg kg−1), Fe (5.1 mg kg−1), Cu (.29 mg kg−1), Mn
(6.2 mg kg−1) was used for plantation of germplasm seeds in
the experimental sites. The experiment was laid out according to
augmented block design, which includes more than one released
variety that is taken as replicated treatments, and these varieties
are repeated in each block. Five released varieties (SFB1, SR1, SR2,
Arka Anoop, VLR-125) were included in each block as checks. All
the standard agronomical practices recommended were followed
to raise healthy and disease-free crop plants. Harvesting was done
at the time of 90% pod maturity. Further, the seed material of
each genotype was powdered to analyze seven essential
micronutrients i.e. Cu, Mn, Mg, Ca, Fe, Zn, and Mo. The
elemental profiling of these genotypes was determined using a
portable X-ray fluorescence spectrometer (pXFR). The pXRF
instrument was calibrated as explained in Reidinger et al.
(2012). In pXRF, a synthetic methylcellulose matrix was used
to spike the known quantity of standard elements. Based on the
methylcellulose pellet with know standards, an elemental
composition standard curve was developed and subsequently
used for sample evaluation. Similarly, samples were cross-
verified with Energy Dispersive X-ray Fluorescence (ED-XRF).

2.3 Genotyping-by-Sequencing of Common
Bean Genotypes
Genomic DNA was extracted from 15 day old leaves by using the
CTAB method (Doyle and Doyle, 1990), and the quality, as well as
quantity of DNA, was checked on both gel electrophoresis (.8%
Agarose) and nano-drop (mySPEC, Wilmington, USA). The
extracted genomic DNA was purified for the preparation of
multiplex GBS libraries via Illumina HiSeq 2000 (SciGenom
Pvt. Ltd., India). ApeK1 (from Aeropyrum pernix K1) restriction

enzyme was employed for restriction digestion of genomic DNA.
After quality filtering, de-multiplexed high-quality sequences were
mapped to the reference common bean genome (Phtyozome v12.1
database), and SNPs were mined from the coding and non- coding
regions of common bean genes and chromosomes. Subsequently,
SNPs mined were structurally annotated on the diverse coding
DNA sequence (CDS) and non-coding (upstream/downstream
regulatory regions and introns) sequence components of genes
and intergenic regions of the common bean genome.

2.4 Statistical Analysis
2.4.1 Micronutrient Profiling Analysis
All the observations were recorded in replicates of three, and
values were then averaged. One-way ANOVA was applied to
evaluate the variance of seven micronutrients among the
genotype and Pearson’s pairwise correlation coefficient was
calculated for all elements using the SPSS program (ver. 16).

2.4.2 Population Genetic Analysis
Population structure was estimated using a Bayesian Markov
Chain Monte Carlo model (MCMC) implemented in
STRUCTURE (Pritchard et al., 2000). Five runs were
performed for each number of populations (K) set from 01 to
12. Burn-in time andMCMC replication number were both set to
100,000 for each run. The most likely K value was determined by
the log probability of the data LnP(D) and delta K, based on the
rate of change in LnP(D) between successive K values. These
analyses were performed using Structure Harvester (Earl and
vonHoldt, 2012). The neighbor-joining tree was built using
Phylip and MEGA5 (Felsenstein, 1989; Tamura et al., 2011).

2.4.3 Genome-wide Association Analysis
All the analyses were performed using TASSEL3.0 and the
Genomic Association and Prediction Integrated Tool (GAPIT)
(Bradbury et al., 2007; Lipka et al., 2012). Mixed linear models
(MLM) were used for the identification of SNPs associated with
these traits. Van Raden method (K) was used to calculate the
kinship matrix (Loiselle et al., 1995; Hyun et al., 2008). Covariate
like P from principal component analysis and Q from
STRUCTURE along with kinship matrix (K) were used for
mixed linear models (MLM). The negative log(1/n) was used
to establish a significance threshold (Wang et al., 2012; Yang et al.,
2013).

2.4.4 LD Plots and Haplotype Blocks
The SNP matrix for all the samples was converted to HapMap
format and TASSEL was used for the filtering out of SNP with
major allele frequency (MAF) of less than .05. The LD plots for
individual chromosomes were created in Tassel > Analysis >
Diversity > Linkage Disequilibrium with LD Type as “Sliding
Window” and LD Window size set to 50. The heterozygous sites
were treated as missing and the R2 accumulated was calculated for
100 intervals with a size of .01. The R2 data obtained following LD
analysis was used for plotting chromosome-wise LD information
using MS Excel.

The PLINK v1.90b6.24 64-bit was used to determine the block
size of SNP haplotypes. The individual chromosome Tassel files
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were saved to Plink format (.map and .ped) using the option
available in Tassel. The haplotype blocks were calculated
using—blocks no-pheno-req-- blocks-max-kb 100--make-
founders command in Plink. The Haplotype Block
analysis revealed the size of Haplo Blocks, including the
number of SNPs on each block. The data was plotted using
MS Excel.

2.5 Candidate Gene Identification
For candidate genes identification, the reference genome of P.
vulgaris (V2.1) was used. The candidate genes were identified in
.1 Mb both flanking regions of significant SNPs using the BioMart
tool (Smedley et al., 2009), and the information related to gene
function, Pfam ID, Panther ID, KOG ID, gene ontology ID, and
their description were downloaded.

3 RESULTS

3.1 Genetic Variation in Common Bean Seed
Micronutrients
Micronutrient profiling of 96 genotypes was conducted to study the
distribution and correlation among each other. Normal distribution
was observed for Cu, Mn, Mg, Ca, Fe, Zn, and Mo (Figure 1;
Supplementary Tables S2, S3). Seed micronutrient content showed
continuous variation for Fe ranging from 67.351–133.02 mg kg−1

(with average (av) of 94.21mg kg−1), 21.16–49.77 mg kg−1 (av
35.98 mg kg−1) for Zn, 1,293.21–2,657.46 mg kg−1 (av
1893.56 mg kg−1) for Ca, 2.02–28.02 mg kg−1 (av 13.11 mg kg−1)

for Cu, 1,057.55mg kg−1 208–2,492.26 mg kg−1 (av
1827.71 mg kg−1) for Mg, 22.34–93.36mg kg−1 (av 58.26 mg kg−1)
for Mn and 2.09–7.80 mg kg−1 (av 4.63mg kg−1) for Mo (Table 1).
Very low coefficients of variation (CVs) were observed for all these
micronutrients.

3.2 Correlation Analysis
Pearson’s correlation analysis showed a highly significant
positive correlation between Fe and Zn (r = .61**), Ca and
Mg (r = .37**), Cu and Fe (r = .28**), and Cu and Zn (r = .26*)
(Table 2). All the other micronutrients showed a non-
significant correlation with each other. Correlation studies
between the micronutrient contents of the seeds in the
present study showed that Mn is the only micronutrient that
correlates negatively with all other micronutrients such as Fe,
Zn, Cu, Ca, Mg, and Mo. However, the Zn content was found
positively correlated with Fe and Cu and negatively correlated
with Ca, Mo, and Mg. Mo was found to correlate positively with
Ca, Mg, Cu and negatively with Fe, Zn, and Mn. The Fe content
was found to be positively correlated with Ca, Mg, and Cu, while
it was negatively correlated with Mo and Mn.

3.3 Characterization and Distribution of
SNPs in the Common Bean
A total of 96,399 SNPs were found among a whole set of 96
diverse genotypes. The highest number of SNPs (10,978) were
observed on chr. 3, whereas the lowest number of SNPs (6524)
were observed on chr. 6 (Figure 2).

FIGURE 1 | Frequency distribution of various micronutrients in common bean.
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3.4 Genetic Diversity and Population
Structure
In the present study, all paired genetic distances between the 96
bean lines were determined from SNP-based genotypic data. A
neighboring tree based on these genetic distances showed that the
genotypes were divided into five main and five subgroups
(Figure 3A). The Dendrogram revealed that of the minor
groups, one included only one genotype, WB6; another group

included only two genotypes (N13, WB1137); while another two
groups were found to have only three genotypes each (KD17,
WB1664, KD5 in one group and WB877, KD11, WB864 in the
second group) and yet another group comprised of four genotypes
(WB1282, KD13, R9, WB1436). The released lines like SR2 and
ARKAANOOP were grouped in one cluster with other local lines,
whereas VLR-125 and SFB1 clustered in another group.

Principal component analysis (PCA) also showed diversity
among the common bean genotypes (Figure 3B). The released
bean lines and local lines have been pooled with no clear separation
of local and released lines (Figure 3B). In addition, population
structure analysis provides a robust analysis for understanding the
genotypic origins of a particular crop. The population structure was
scored for K values ranging from 1 to 12 across the panel using
high-quality SNPs. The peak of delta K was found to be the highest
at K = 5 and thus groups the 96 genotypes of the common bean into
5 populations (Figure 3C). Furthermore, this was in accordance
with the neighbor-joining tree with little deviation (Figure 3A).

3.5 Genome-Wide Association Analysis
GWAS was performed for common bean seed micronutrient
contents (Fe, Zn, Cu, Ca, Mn, Mg, andMo). Out of 96,399 SNPs,

TABLE 1 | Range, highest, lowest genotype and Coefficient of Variance (CV) of different micronutrient content of common bean seeds.

S.No Micronutrient Range (mg kg−1) Genotype Average (mg
kg−1±S.E)

CV

Lowest Highest

1 Molybednum (Mo) 2.09–7.80 KD11 WB1680 4.63 ± 0.07 3.54
2 Zinc (Zn) 21.16–49.77 WB352 WB1190 35.98 ± 0.05 .30
3 Iron (Fe) 67.35–133.02 K13 WB1679 94.21 ± 0.04 .10
4 Calcium (Ca) 1,293.21–2,657.46 WB1643 KD7 1893.56 ± 0.03 .03
5 Magnesium (Mg) 1,057.55–2,492.26 WB371 K16 1827.71 ± 0.03 .004
6 Manganese (Mn) 22.34–93.36 R2 N15 58.26 ± 0.02 .27
7 Copper (Cu) 2.02–28.02 WB1136 UJ 13.11 ± 0.02 .07

TABLE 2 | Correlation among seed micronutrient content in common bean.

Correlation

Mo Zn Fe Ca Mg Mn Cu

Mo 1
Zn −.104 1
Fe −.032 .608a 1
Ca .106 −.076 .086 1
Mg .052 −.029 .031 .373a 1
Mn −.010 −.140 −.125 −.028 −.010 1
Cu .121 .258b .283a .125 .150 −.183 1

aCorrelation is significant at the .01 level.
bCorrelation is significant at the .05 level.

FIGURE 2 | Frequency distribution of SNPs identified using GWAS on different chromosomes of common bean.
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113 SNPs were found to be significantly associated with
different seed micronutrient contents with 13.50–21.74%
phenotypic variance (Figures 4A–G; Table 3). A total of
32 SNPs across all chromosomes except chr. 8 were found
significantly associated with seed Mg content. The highest
number of SNPs (7) associated with seed Mg content was
found on chr.2, while only one associated SNP was found on
chr.1 and chr.7. One SNP on chr.9 positioned at 31752041
(p-value = 1.61E-04) contributed 18.42% phenotypic
variation. For seed Mo content, 29 SNPs were found
significantly associated that are positioned on chr.4, chr.5,
chr.6, chr.7, chr.10, and chr.11 with the highest number of
SNPs (13) on chr.10 and the lowest (1) on chr.6 and chr.7.
One SNP on chr.11 contributed to 21.42% phenotypic
variation. About 15 SNPs were found associated with seed
Ca content on each of chr.3, chr.4, chr.5, chr. 7, chr. 9, and
chr. 11 and seed Cu content on chr.2, chr.3, chr.5, chr.6, and
chr.8. For seed Ca content, SNP contributing to the highest
phenotypic variation (17.10%) was found on chr. 3 whereas,
SNP associated to seed Cu content located on chr.2 and chr.3
contributed 21.74% and 21.71% phenotypic variation.
Around 13 SNPs were found associated with seed Mn
content on chr.1, chr.3, chr.8, chr.10 and chr.11 whereas,
only 5 SNPs were found associated with seed Zn content on

chr.2, chr.10, and chr.11 and 4 SNPs were associated to seed
Fe content on chr.1, chr.3, and chr.7.

3.6 LD Plot and Haplotype Blocks
Overall LD measured as R2 was correlated in all chromosomes
(Figure 5; Supplementary Table S4). The maximum number of
SNPs (125,580) correlated with other chromosomes were found
on chr.10, whereas, a minimum number of SNPs (50,003) were
found on chr.1 at R2 = .01. With the increase in R2 value,
decreasing pattern in the number of associated SNPs across
the 11 chromosomes was observed. At R2 = .93 the lowest
number of SNPs correlation was found in all the
chromosomes. The lowest (33) and highest (232) were found
on chr. 6 and 1, respectively. Moreover, a total of 1879 SNPs on
chr.1 were found to correlate with other chromosomes at R2 = .96,
whereas 421 SNPs were found on chr.10. No SNPs were found
associated across 11 chromosomes at R2 = .97–.99. Through
haplotype analysis, a set of 7107 haploblocks representative of
the 11 chromosomes, ranging from 1244 (chr. 1) to 503 (chr. 4)
were identified. A total of 22,090 SNPs were distributed in these
blocks, with an average of ~3 SNPs per block. Chr. 1 (17) and chr.
4 and 10 (7 each) had the highest and lowest number of SNPs
within their haploblocks, respectively (Figures 6A–K;
Supplementary Table S5).

FIGURE 3 | (A–C): Genetic diversity and population structure of the studied common bean accessions (A) Phylogenetic trees constructed using the
neighbor-joining method by Phiylip and MEGA 5 (B) PCA Scatter plots of the first two principal components (PCA analyses), each dot represents one accession
(C): Population structure K = 5, each accession is represented by a single vertical line and colors represent ancestries.
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3.7 Candidate Gene Analysis
A total of 840 genes were identified in the .1Mb flanking region of
significant SNPs related to different traits; however, five SNPswere not
co-localized with any gene in the .1Mb flanking region
(Supplementary Table S6). Out of these 840 genes, 16 transporter
genes were identified (Table 4), some being metal transporters. We
have also identified genes for 24 metal-binding proteins (Table 4) like
zinc finger, calcium, and iron-binding proteins.

4 DISCUSSION

4.1 Micronutrients Variation and Correlation
Among Micronutrients
Micronutrients play an indispensable role in the growth and
development of eukaryotic organisms. A deficiency in these

essential micro-and macronutrients leads to abnormal growth
in living systems. Humans get most of their micronutrients from
plant and animal sources. Therefore, the biofortification of
important food crops is necessary nowadays. In the present
study, an initiative was taken to investigate different
micronutrient concentrations in the germplasm of common
beans. The micronutrient content of the seeds has been varied
widely in common bean seeds (Supplementary Table S2).
Previous studies have shown that mineral variation has been
observed in almost all major legumes, including the common
bean. The different mineral content in beans has been studied in
different parts of the world including India (O Abidemi et al.,
2012; Martinez Meyer et al., 2013; Zaccardelli et al., 2013;
Kumar and Chopra, 2014; Mahajan R et al., 2015; Erdogmus
et al., 2020). Earlier reports also suggested that seed mineral
content showed huge variation in common bean germplasm.

FIGURE 4 | (A–G): Summary of Genome-wide association result: Manhattan plots depicting association of 113 SNPmarkers with seed. (A)Mg, (B)Mo, (C)Ca, (D)
Cu, (E) Mn, (F) Zn, (G). Fe content in common bean.
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Seed mineral concentrations such as Mg, Ca, Fe, Zn, and Cu of
60 common bean genotypes collected from the Western
Himalayas varied from 1,220.5 to 2,737.5 ppm,
300–5,350 ppm, 80.5–180.6 ppm for Fe, 14.64–104.08 ppm,
and .9–13.4 ppm, respectively (Jan et al., 2021). The average
seed Ca concentration was recorded as 1.37 and 1.41 g kg−1,
whereas, the average Fe seed content was recorded as 79.57 and

TABLE 3 | Details of loci associated with accumulation of different elements.

Trait Marker Chr. No Position p-value R2 (%)

Cu Pv36231 2 43570203 1.63E-04 21.74
Pv42447 3 26899343 1.64E-04 21.71
Pv63237 6 4804173 5.52E-04 17.94
Pv63769 6 7107934 6.00E-04 17.68
Pv38848 3 8664946 6.52E-04 17.43 17.43
Pv33235 2 30814539 6.52E-04 17.43
Pv35821 2 41211297 6.52E-04 17.43
Pv87597 8 52162199 6.52E-04 17.43
Pv60686 5 29919387 7.02E-04 17.21
Pv35247 2 38960183 8.03E-04 16.81
Pv35810 2 41160625 8.03E-04 16.81
Pv46872 3 44944379 8.03E-04 16.81
Pv67269 6 23404896 8.08E-04 16.78
Pv42479 3 27006768 8.36E-04 16.68
Pv35442 2 39678800 8.46E-04 16.65

Mn Pv18707 11 5168818 8.51E-05 20.40
Pv16743 10 32828781 2.60E-04 17.38
Pv80480 8 6963598 3.88E-04 16.33
Pv02970 1 12045066 3.88E-04 16.33
Pv45092 3 37444587 4.99E-04 15.67
Pv14912 10 21149317 5.01E-04 15.66
Pv14921 10 21209873 5.01E-04 15.66
Pv16067 10 29484108 5.18E-04 15.57
Pv18722 11 5199874 5.39E-04 15.47
Pv46926 3 45208418 5.69E-04 15.33
Pv39599 3 11581681 6.73E-04 14.89
Pv12158 10 6845256 8.94E-04 14.17
Pv24110 11 33811979 9.88E-04 13.91

Mg Pv71125 9 31752041 1.61E-04 18.43
Pv38472 3 7168425 3.16E-04 16.64
Pv58364 5 17263012 3.92E-04 16.07
Pv52919 4 30632382 3.96E-04 16.05
Pv58963 5 20353152 4.32E-04 15.83
Pv03198 1 13513718 4.33E-04 15.82
Pv03216 1 13577463 4.33E-04 15.82
Pv03452 1 14989418 4.33E-04 15.82
Pv36071 2 42540272 4.57E-04 15.69
Pv03386 1 14603432 5.19E-04 15.36
Pv03456 1 14999140 5.19E-04 15.36
Pv03454 1 14992813 5.58E-04 15.17
Pv64956 6 12382652 5.66E-04 15.13
Pv35797 2 41116882 5.76E-04 15.09
Pv73343 7 20643908 6.13E-04 14.93
Pv85139 8 41708004 6.13E-04 14.93
Pv16441 10 31481349 6.29E-04 14.86
Pv21626 11 19327905 6.39E-04 14.82
Pv30574 2 20002969 6.51E-04 14.78
Pv35396 2 39493707 6.64E-04 14.73
Pv35747 2 40920106 6.64E-04 14.73
Pv36214 2 43486371 6.64E-04 14.73
Pv21789 11 20127048 6.64E-04 14.73
Pv10966 10 1524933 7.14E-04 14.54
Pv71157 9 31933306 7.14E-04 14.54
Pv10985 10 1595959 7.66E-04 14.37
Pv71179 9 32052922 7.66E-04 14.37
Pv17142 10 34496599 7.66E-04 14.37
Pv30756 2 20684206 7.70E-04 14.35
Pv14063 10 16507514 9.28E-04 13.88
Pv68046 6 26644872 9.73E-04 13.76
Pv43881 3 32599558 9.98E-04 13.69

Ca Pv45223 3 38019351 2.07E-04 17.10
Pv18893 11 6191264 2.90E-04 16.25

(Continued in next column)

TABLE 3 | (Continued) Details of loci associated with accumulation of different
elements.

Trait Marker Chr. No Position p-value R2 (%)

Pv45240 3 38092190 3.03E-04 16.13
Pv45215 3 37988109 3.06E-04 16.11
Pv65433 9 8733609 5.04E-04 14.87
Pv66070 9 11355026 5.04E-04 14.87
Pv66093 9 11451916 5.04E-04 14.87
Pv66113 9 11504334 5.04E-04 14.87
Pv59654 5 24452529 5.04E-04 14.87
Pv73938 7 24798685 5.04E-04 14.87
Pv77126 7 38956026 5.04E-04 14.87
Pv69120 9 23846015 6.95E-04 14.08
Pv51758 4 24279020 7.21E-04 13.99
Pv54439 4 40294366 8.55E-04 13.58
Pv54824 5 825380 8.80E-04 13.51

Fe Pv43570 3 31289008 2.45E-04 18.82
Pv74144 7 25770068 4.97E-04 16.81
Pv74596 7 27864996 4.97E-04 16.81
Pv04389 1 19220891 9.02E-04 15.15

Zn Pv19080 11 7315158 5.31E-04 18.47
Pv19085 11 7334690 6.62E-04 17.75
Pv19088 11 7346014 6.62E-04 17.75
Pv34942 2 37819199 7.36E-04 17.45
Pv13503 10 12576659 9.54E-04 16.65

Mo Pv19156 11 7595234 6.20E-05 21.42
Pv16574 10 32099819 8.69E-05 20.49
Pv16729 10 32768914 9.00E-05 20.40
Pv19452 11 8815634 1.85E-04 18.43
Pv21419 11 18293910 4.38E-04 16.13
Pv51170 4 19580353 4.39E-04 16.12
Pv16324 10 30756216 5.20E-04 15.68
Pv20017 11 11345383 6.15E-04 15.24
Pv16924 10 33461608 6.15E-04 15.24
Pv16947 10 33552458 6.15E-04 15.24
Pv16983 10 33671563 6.15E-04 15.24
Pv58272 5 16746387 6.81E-04 14.97
Pv58289 5 16870681 6.81E-04 14.97
Pv53043 4 31371712 6.81E-04 14.97
Pv20598 11 13856025 6.88E-04 14.95
Pv64654 6 10916435 7.55E-04 14.71
Pv19693 11 10155319 8.91E-04 14.28
Pv19709 11 10212465 8.91E-04 14.28
Pv16484 10 31648813 8.91E-04 14.28
Pv16500 10 31724718 8.91E-04 14.28
Pv16533 10 31876693 8.91E-04 14.28
Pv16572 10 32090665 8.91E-04 14.28
Pv14753 10 20089097 9.58E-04 14.10
Pv19859 11 10700430 9.63E-04 14.08
Pv19921 11 10908469 9.63E-04 14.08
Pv78779 7 46163077 9.83E-04 14.03
Pv17019 10 33837525 9.84E-04 14.03
Pv20026 11 11415382 9.92E-04 14.00
Pv16937 10 33511552 9.92E-04 14.00

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 7508148

Nazir et al. Identification of QTLs in Common Bean

4950

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


85.95 mg kg−1 from common bean seeds obtained through
pedigree and single seed descent methods respectively
(Ribeiro et al., 2014). Also, 88.14 mg kg−1of Fe,
49.24 mg kg−1of Zn, .25 g 100 g−1 of Mg, 11.30 mg kg−1of Cu,
and 22.71 mg kg−1of Mn was found in common bean genotypes
from Universidade Federal de Lavras (UFLA) (Silva et al., 2010)
and 74.6 ppm Fe, 39.9 ppm Zn content in Ugandan common
bean germplasm (Mukamuhirwa et al., 2012). The difference in
micronutrient content in bean genotypes from different parts of
the world may be due to the different number of samples taken
for evaluation, environmental conditions such as climate and
soil composition, and agricultural techniques. This diversity in
the germplasm can help us identify potential candidate lines that
can be used in the development of Multi-Parent Advanced
Generation Intercross (MAGIC) or bi-parental mapping
populations, the breeding of micronutrient-rich, high-yielding
varieties of beans, can be used for investigating different levels of
gene expression for different nutrients in common beans. The
higher micronutrient bean lines could be used for
biofortification programs.

Based on the Pearson’s correlation analysis our study reveals a
significant positive correlation between Fe and Zn; Ca and Mg;
Cu, Fe, and Zn. In previous studies, a similar correlation pattern
between Zn and Fe and other minerals was observed in bean
genotypes (Beebe et al., 2000; House et al., 2002; Gelin et al., 2007;
Pfeiffer and McClafferty, 2007). Correlation studies have been
conducted on other agronomical traits in the common bean

(Nadeem et al., 2020). The negative correlation between the
trait suggests that these traits are interdependent. In the
present study, Mn was found negatively correlated with all
other micronutrients, which means with the increase in Mn
concentration there will be a decrease in the concentration of
other micronutrients in common bean seeds. In addition, a
positive correlation indicated that increasing the concentration
of one micronutrient would positively affect the concentration of
other micronutrients.

4.2 GWAS for Micronutrients
Genetic diversity is an important parameter for studying
variability in any crop and identifying superior alleles
controlling qualitative and quantitative traits through
association mapping (Nachimuthu et al., 2015). Molecular
markers such as SSRs and SNPs have an important role in
studying genetic diversity in most crops (Nachimuthu et al.,
2015; Zargar et al., 2016). Insights into the genomic diversity
and population structure of common bean germplasm can
expedite the genetic gains in common bean-breeding programs
(Blair et al., 2012; Blair et al., 2013). The diversity based on the
dissimilarity coefficient divided selected germplasm into five
main groups and subgroups. The results of the clustering
showed that the local germplasm of the common bean of
Jammu & Kashmir (J&K) is very diverse and could be used as
advanced lines for the genetic enhancement of the common bean.
Further, intermixing of released and local lines collected from

FIGURE 5 | Analysis of linkage disequilibrium (LD) plot across the 11 common bean chromosomes.
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different regions of J&K indicated that the selected germplasm is
diverse. Some of the previously conducted diversity studies on
local landraces of the common beans collected from the J&K
region have also divided the germplasm into different groups
(Zargar et al., 2016; Mahajan et al., 2017a; Mahajan et al.,
2017b). In order to have knowledge about the sub-
populations in a particular crop structure analysis was
performed.

Based on the sharp peak for the delta-K value and the
results of the PCA, 96 common bean genotypes were
classified into five major groups. A similar pattern of
population structure K = 5 was also found in
common bean germplasm from Jammu and Kashmir
(Mahajan et al., 2017a; Mahajan et al., 2017b). However,
earlier studies also classified the common bean germplasm
into K = 2 (Gupta et al., 2020; Nkhata et al., 2020; Mir et al.,
2021); K = 3 (Blair et al., 2012; Blair et al., 2013; Dennis et al.,
2014; Nemli et al., 2014). The difference in cluster and
structure analysis could be due to different algorithms
used by the two approaches. The cluster analysis is based
on evolutionary dissimilarity, while the population structure
is based on a Bayesian algorithm. The deviations in the
results can be attributed to the different germplasm, the
different marker system, and the different geographical
locations.

For the identification of genes associated with different traits
in a large population, GWAS offers much higher mapping
resolutions (Mamo et al., 2014; Norton et al., 2014). To the
best of our knowledge, there are only a few association studies on
different traits in common bean germplasm collected from the
Himalayan region (Mahajan et al., 2017b; Choudhary et al., 2018;
Gupta et al., 2020; Mir et al., 2021). However, in earlier studies,
genic and genomic SSRs were used for GWAS. The present study
is the first report on the association of SNPs related to seed
micronutrient content in common bean germplasm from the
Himalayan region. In the present study, it was found that SNPs
associated with most of the seed micronutrients (Mg, Mn, Fe, Ca,
Cu) were found on chr.3 and chr.11 (Mg, Mn, Mo, Ca, Zn)
whereas, chr.8 have SNPs associated with Cu, Mg and Mn and
chr.9 have SNPs associated with only Mg and Ca. Earlier studies
revealed that QTLs linked with Fe content were found on chr. 2, 5,
6, 7, 9, and 10, whereas Zn content was found on chr.1, 2, 3, 5, 7, 8,
and 10 (Blair et al., 2011; Mahajan et al., 2017a). In a recent study,
a single QTL on chr. 9 and chr. 8 was found to be associated with
seed Ca content and seed Mg content, respectively, whereas two
QTLs on chr. 6 were associated with seed Zn content (Gunjača
et al., 2021). In our study, we found that all of the 11
chromosomes have SNPs associated with more than one seed
micronutrient content, which indicates the preciseness of using
high throughput genotypic data in the present study.

FIGURE 6 | (A–K): Representing the haploblocks of 11 common bean chromosomes.
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4.3 LD Plot and Haploblock in Common
Bean Germplasm
Knowledge about the LD properties in domesticated crops is
important as it underlies all types of genetic mapping and may
be used in the fine mapping of genes associated with complex
traits in crop plants. It is said that in-depth LD in a crop is
important for having more SNP-based associations to predict
the average number of markers required for GWAS (Nordborg
and Tavaré, 2002). Identification of QTLs inassociation
mapping is based on Linkage Disequilibrium measurement.
The population structure and genetic relatedness between the
genotypes can lead to false-positive LD analysis. LD pattern in
germplasm is affected by reducing genetic diversity by various
factors like the type of selection, population admixture
(Contreras-Soto et al., 2017). Our study is in accordance
with the previous common bean LD estimation studies
(Erdogmus et al., 2020; Gunjača et al., 2021). Hence, we can
conclude that as the number of SNPs increases, there will be
more R2 and the higher the likelihood of association of markers
with traits of interest. This also indicated that a significant
association would be possible with LD block having a higher
number of SNPs compared to those windows having lower
SNPs. The present study suggests that GBS is an advanced
approach to analyzing genetic diversity and population

structure in the common bean. The haplotype-based
analysis showed that more haplocks were found in the
centromeric region than in the telomeric region. In Chr.10
(26,295 kb) higher haplotypes per kb were found than in the
rest of the chromosomes, which suggests that the LD decay in
Chr.10 is stronger than in other chromosomes.

5 CANDIDATE GENES

GWAS is often used for comparative genome analysis and helps
explicitly in dissection as well as in understanding the complex
quantitative feature analysis. The GWAS helps identify
significant SNPs associated with a trait that is not the
function of the region of interest, and sometimes these SNPs
are present in non-coding or non-regulatory regions of
chromosomes (Bararyenya et al., 2020). Thus, it is important
to identify the candidate genes in the vicinity of the significant
SNPs, and in our study, the significant SNP regions were
examined for the identification of putative protein-coding
genes using the P. vulgaris genome. The genes that are
present in the .1 Mb flanking region of significant SNPs are
given in Supplementary Table S6. Many previous studies also
reported some markers linked with traits but no genes in the

FIGURE 6 | (Continued)
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genomic region of markers (Bararyenya et al., 2020). The
number of genes in SNPs revealed that chromosome 2, 6, 9,
and 11 has more number of genes in 0.1 MB flanking region of
SNPs has a high density of genes or the hot spot of QTLs.

6 CONCLUSION

Micronutrient deficiency is the leading cause of human health
deterioration worldwide. An animal or plant-based diet alone

TABLE 4 | Identified gene related to transporter/metal transporter and metal ion binding proteins.

QTL name Gene ID Chr
name

Start End Strand Description

QTL_Zn_2_37819199 Phvul.002G210700 Chr02 37776912 37782162 −1 ABC-2 TYPE TRANSPORTER
QTL_Zn_2_37819199 Phvul.002G210500 Chr02 37746541 37750458 1 ABC TRANSPORTER
QTL_Zn_2_37819199 Phvul.002G210600 Chr02 37769769 37772725 −1 ABC TRANSPORTER
QTL_Mn_1_12045066 Phvul.001G079200 Chr01 12009949 12013454 −1 CALCIUM-BINDING TRANSPORTER-LIKE PROTEIN
QTL_Mg_1_13513718 Phvul.001G087300 Chr01 13547691 13551468 1 ZINC FINGER PROTEIN CONSTANS-LIKE 14-RELATED
QTL_Mg_1_13577463 Phvul.001G087600 Chr01 13639243 13640935 −1 ZINC FINGER PROTEIN CONSTANS-LIKE 14-RELATED
QTL_Zn_2_37819199 Phvul.002G211500 Chr02 37863083 37865132 −1 NITRATE, FROMATE, IRON DEHYDROGENASE
QTL_Mg_2_39493707 Phvul.002G223300 Chr02 39466477 39468933 1 OXIDOREDUCTASE, 2OG-FE II OXYGENASE FAMILY

PROTEIN
QTL_Cu_2_39678800 Phvul.002G224601 Chr02 39628554 39636892 1 ZINC FINGER FYVE DOMAIN CONTAINING PROTEIN//

SUBFAMILY NOT NAMED
QTL_Cu_2_39678800 Phvul.002G226100 Chr02 39760216 39762026 −1 SNF2, HELICASE AND ZINC-FINGER DOMAIN-

CONTAINING PROTEIN-RELATED
QTL_Mg_2_43486371/
QTL_Cu_2_43570203

Phvul.002G264200 Chr02 43553358 43564776 −1 DOF DOMAIN, ZINC FINGER (ZF-DOF)

QTL_Mg_2_43486371 Phvul.002G262500 Chr02 43427768 43428934 −1 COPPER TRANSPORT PROTEIN ATOX1-RELATED
QTL_Mn_3_37444587 Phvul.003G157800 Chr03 37403436 37405196 −1 3.6.3.41 - HEME-TRANSPORTING ATPASE (1 OF 1)
QTL_Ca_3_38092190 Phvul.003G162600 Chr03 38180169 38182817 1 ZINC FINGER CCCH DOMAIN-CONTAINING PROTEIN 39
QTL_Ca_3_38092190 Phvul.003G162500 Chr03 38160568 38162888 1 ZINC FINGER PROTEIN
QTL_Ca_3_38092190 Phvul.003G162400 Chr03 38151881 38153482 -1 ZINC FINGER PROTEIN
QTL_Cu_3_44944379 Phvul.003G221000 Chr03 44958664 44959509 -1 C2H2-TYPE ZINC FINGER
QTL_Mn_3_45208418 Phvul.003G223100 Chr03 45277144 45282157 1 OXIDOREDUCTASE, 2OG-FE II OXYGENASE FAMILY

PROTEIN
QTL_Ca_5_825380 Phvul.005G008400 Chr05 739318 742827 −1 FOLATE-BIOPTERIN TRANSPORTER 8,

CHLOROPLASTIC-RELATED
QTL_Cu_6_7107934 Phvul.006G015300 Chr06 7024910 7028768 1 CALCIUM-DEPENDENT PROTEIN KINASE 17-RELATED
QTL_Mg_6_26644872 Phvul.006G164200 Chr06 26717778 26719484 −1 PREDICTED TRANSPORTER (MAJOR FACILITATOR

SUPERFAMILY)
QTL_Mg_6_26644872 Phvul.006G163300 Chr06 26634344 26644212 −1 ZINC FINGER CCCH DOMAIN-CONTAINING PROTEIN

34-RELATED
QTL_Mg_7_20643908 Phvul.007G111200 Chr07 20693634 20695218 -1 CALCIUM BINDING PROTEIN
QTL_Ca_7_24798685 Phvul.007G149300 Chr07 24734652 2,4741700 -1 MEMBRANE MAGNESIUM TRANSPORTER (MMGT)
QTL_Fe_7_25770068 Phvul.007G152700 Chr07 2,5821756 25822875 1 CALCIUM/CALMODULIN-DEPENDENT PROTEIN KINASE
QTL_Fe_7_27864996 Phvul.007G165166 Chr07 27868704 27875618 −1 MITOCHONDRIAL METAL TRANSPORTER 1-RELATED
QTL_Ca_7_38956026 Phvul.007G267600 Chr07 38871259 38872086 1 DOF DOMAIN, ZINC FINGER (ZF-DOF
QTL_Mn_8_6963598 Phvul.008G074100 Chr08 7022615 7031313 −1 C2 CALCIUM/LIPID-BINDING ENDONUCLEASE/

EXONUCLEASE/PHOSPHATASE-RELATED
QTL_Cu_8_52162199 Phvul.008G185000 Chr08 52129836 52132078 1 CALCIUM-ACTIVATED CHLORIDE CHANNEL

REGULATOR
QTL_Ca_9_8733609 Phvul.009G043800 Chr09 8788738 8789490 −1 C2H2-TYPE ZINC FINGER (ZF-C2H2_6)
QTL_Ca_9_8733609 Phvul.009G042600 Chr09 8633736 8637094 1 PROBABLE ZINC-RIBBON DOMAIN (ZINC_RIBBON_12)
QTL_Ca_9_8733609 Phvul.009G043700 Chr09 8779518 8780270 −1 C2H2-TYPE ZINC FINGER (ZF-C2H2_6)
QTL_Mo_10_31876693 Phvul.010G071100 Chr10 31841020 31842480 −1 C2H2-TYPE ZINC FINGER (ZF-C2H2_6)
QTL_Mo_10_31876693 Phvul.010G071300 Chr10 31949277 31951593 1 C2H2-LIKE ZINC FINGER PROTEIN-RELATED
QTL_Mn_11_5168818/
QTL_Mn_11_5199874

Phvul.011G058100 Chr11 5183094 5185016 −1 AN1-TYPE ZINC FINGER PROTEIN

QTL_Mn_11_5168818/
QTL_Mn_11_5199874

Phvul.011G058500 Chr11 5228604 5232591 1 ZINC TRANSPORTER, ZIP FAMILY (TC.ZIP, ZUPT, ZRT3,
ZIP2)

QTL_Ca_11_6191264 Phvul.011G068700 Chr11 6106515 6108448 −1 COPPER TRANSPORT PROTEIN ATOX1-RELATED
QTL_Mo_11_7595234 Phvul.011G081250 Chr11 7526302 7531699 −1 CALCIUM-ACTIVATED CHLORIDE CHANNEL

REGULATOR
QTL_Mo_11_10155319/
QTL_Mo_11_10212465

Phvul.011G098800 Chr11 10254133 10256987 −1 ALUMINUM-ACTIVATED MALATE TRANSPORTER 1-
RELATED

QTL_Mo_11_10700430 Phvul.011G100400 Chr11 10792608 10796881 1 CALCIUM-DEPENDENT PHOSPHOTRIESTERASE
SUPERFAMILY PROTEIN-RELATED

QTL_Mo_11_11345383/
QTL_Mo_11_11415382

Phvul.011G102500 Chr11 11388457 11393199 −1 MULTI-COPPER OXIDASE
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cannot provide humans with excessive amounts of essential
micronutrients. Biofortification of food crops is therefore
important in order to provide humans with essential
micronutrients. Modern breeding approaches such as QTL
mapping and association mapping are important to identify
QTLs that are related to micronutrient levels in plants. In the
present study, a significant variation in the micronutrient content
of the seeds in the germplasm of common beans was found. The
present data on genetic loci, particularly the key SNPs associated
with seven elements, will be helpful in identifying candidate
genes, understanding molecular mechanisms, and developing
molecular markers for breeding applications. We firmly believe
that the results of the current studies will help accelerate bean
biofortification efforts to overcome nutritional deficiencies.
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High-Density Genetic Variation Map
Reveals Key Candidate Loci and
Genes Associated With Important
Agronomic Traits in Peanut
Huiling Zhao1,2†, Ruizheng Tian1†, Han Xia1,2†, Changsheng Li1, Guanghui Li 1, Aiqin Li1,
Xianying Zhang1, Ximeng Zhou1,2, Jing Ma1,2, Huailing Huang1,2, Kun Zhang1,3,
Mahendar Thudi1,4, Changle Ma2, Xingjun Wang1,2* and Chuanzhi Zhao1,2*

1Institute of Crop Germplasm Resources (Institute of Biotechnology), Shandong Academy of Agricultural Sciences, Shandong
Provincial Key Laboratory of Crop Genetic Improvement, Ecology and Physiology, Jinan, China, 2College of Life Sciences,
Shandong Normal University, Jinan, China, 3College of Agricultural Science and Technology, Shandong Agriculture and
Engineering University, Jinan, China, 4Rajendra Prasad Central Agricultural University, Samsthipur, India

Peanut is one of the most important cash crops with high quality oil, high protein content,
and many other nutritional elements, and grown globally. Cultivated peanut (Arachis
hypogaea L.) is allotetraploid with a narrow genetic base, and its genetics and
molecular mechanisms controlling the agronomic traits are poorly understood. Here,
we report a comprehensive genome variation map based on the genotyping of a panel of
178 peanut cultivars using Axiom_Arachis2 SNP array, including 163 representative
varieties of different provinces in China, and 15 cultivars from 9 other countries.
According to principal component analysis (PCA) and phylogenetic analysis, the
peanut varieties were divided into 7 groups, notable genetic divergences between the
different areas were shaped by environment and domestication. Using genome-wide
association study (GWAS) analysis, we identified several marker-trait associations (MTAs)
and candidate genes potentially involved in regulating several agronomic traits of peanut,
including oneMTA related with hundred seed weight, one MTA related with total number of
branches, and 14 MTAs related with pod shape. This study outlines the genetic basis of
these peanut cultivars and provides 13,125 polymorphic SNP markers for further
distinguishing and utility of these elite cultivars. In addition, the candidate loci and
genes provide valuable information for further fine mapping of QTLs and improving the
quality and yield of peanut using a genomic-assisted breeding method.

Keywords: peanut, GWAS, SNP array, molecular markers, agronomic traits

INTRODUCTION

Cultivated peanut (Arachis hypogaea. L) is one of the most important oil crops and cash crops in the
world. In 2019, the total production of peanuts was approximately 48.8 million tons (http://www.fao.
org). Peanuts are full of high-quality vegetable oil, protein, more than 30 essential vitamins, and
many other nutrients, and is part of a balanced diet for human health. Peanuts are widely planted in
India, China, United States, Argentina, Australia, and Brazil. In the past 20 years, the average yield of
peanut increased from 1.95 t/ha in 1999 to 3.3 t/ha in 2019 in the above six countries
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(http://www.fao.org). However, peanut is often grown on
marginal soils with lesser inputs and usually intercropped with
cereals in many countries such as China and India, the top two
countries with the largest peanut harvest area. At present, almost
all peanut varieties are developed through conventional breeding
methods, marker-assisted selection (MAS) technology was only
used in a few traits in the peanut breed program, such as oleic acid
content, and root-knot nematode resistance (Chu et al., 2011;
Shasidhar et al., 2020). The average yield of peanut is significantly
lower than that of the staple food crop, rice, and corn. Peanut
germplasm resources have a narrow genetic background. It has
been difficult to get significant improvement of the yield and
quality through traditional cross-breeding. In the future, MAS
will be an important alternative approach for increasing the yield
and improving the quality of peanut.

Compared to the conventional breeding approach, MAS
technology can significantly accelerate breeding process and
improve breeding efficiency by increasing the genetic gains per
selection cycles (Collard andMackill, 2007; Varshney et al., 2013).
The utility of MAS is becoming more and more popular in crop
breeding programs. For example, in wheat, hundreds of resistance
(R) genes to powdery mildew, leaf rust, and stripe rust have been
mapped (Pinto da Silva et al., 2018; Qureshi et al., 2018; Shah
et al., 2018), and many of them have been successfully used to
improve the resistance of wheat through MAS. For MAS
technology, identification of quantitative trait loci (QTL) or
genes, and development of the closely linked markers is
necessary. With the availability of genome sequence
information and high-throughput genotyping technologies,
genome-wide association study (GWAS) has become a
powerful way to identify the tightly linked markers and QTLs
from the genome, superseding the traditional QTL mapping
method from the structured populations derived from two
parents (Pujar et al., 2020). GWAS has been successfully used
in identifying the QTLs and the key genes related with the
complex traits on peanut. (Gangurde et al., 2020). In peanut,
the markers associated with oil, protein, oleic acid, and linoleic
acid through a preliminary GWAS analysis with 120 simple
sequence repeat (SSR) and transposable element (TE) markers
have been reported (Zhang et al., 2020b). Recently, using
genotyping-by-sequencing based SNP markers, 79 loci
significantly associated for the six yield-related traits were also
reported (Zhou et al., 2021).

In the last decade, advances in high throughput sequencing
and bioinformatics technologies provided a good platform for
peanut genome research including marker development and trait
mapping as well as development of molecular breeding products
(Zhao et al., 2017; Han et al., 2018; Luo et al., 2018; Bertioli et al.,
2019; Zhuang et al., 2019; Ma et al., 2020; Pandey et al., 2020;
Zhao et al., 2020). The availability of large-scale genomic
resources was used for identifying a large number of genome-
wide SNPs, and high-throughput genotyping platforms like 48 K
SNP array (Axiom_Arachis2, version II) (Clevenger et al., 2018)
and 58K SNP array (Pandey et al., 2017). The 48 K SNP array is
also used for GWAS analysis for 96 peanut genotypes and
revealed that current Korean genetic resources lacked
variability compared to US mini-core genotypes (Nabi et al.,

2021). Zhang et al. reported the identification of 36 QTLs related
with the 13 nutrient elements and 46 QTLs related with leaf spots
resistance using the SNP array based GWAS analysis for
120 mini-core germplasms (Zhang H. et al., 2019; Zhang
et al., 2020a). All these studies have successfully discovered
loci associated with the agronomic traits of peanut.

In this study, we analyzed 20 phenotypic traits of 178 peanut
cultivars from diverse origins in China and 9 other countries. We
analyzed the genetic divergences of these peanut cultivars and
identified a number of significant genetic loci related to
phenotypic traits, which will be helpful for further fine
mapping and genomic-assisted breeding.

MATERIALS AND METHODS

Plant Materials
For genome-wide association study, a set of 178 peanut varieties
(of which 119 varieties represented varieties from 13 provinces
and regions including Shandong, Henan, Guangdong, and Fujian;
41 featured germplasm resources preserved in laboratories, and
18 were exotic, i.e., imported from resources abroad) were
selected based on phenotypic characteristics, including plant
height, number of total branches, seed and pod size, protein,
etc. The botanical information for the selected Chinese varieties
was derived from available monographs (Feng, 1987; Yu, 2008)
and an online database (http://www.peanutdata.cn). The 178
peanut varieties consisted of var. hypogaea, var. vulgaris, var.
fastigiata, var. hirsuta, and irregular type varieties. The detailed
information of each sample was also listed on the Supplementary
File S1.

Phenotyping for Agronomic Traits
The test materials used were planted in the Jiyang Agricultural
Planting base in Jinan City in the summer for 3 consecutive years
from 2018 to 2020. The field experiment is a completely random
design and adopts conventional cultivation management (Wan,
2003). At harvest, there are three peanut plants randomly selected
from each peanut variety and the main stem height, lateral branch
angle, total number of branches, pod length, seed length, linoleic
acid content, and other traits were measured. The phenotypic
data obtained were analyzed using Excel data analysis tools for
descriptive statistics and normal distribution test, and Origin
software was used for drawing.

Genotyping of Peanut Cultivars
DNA was extracted from 15-day-old seedlings using Plant
Genome Extraction Kit (Beijing, China), following the
manufacturer’s instructions (https://www.tiangen.com/). The
DNA was visualized in agarose gel containing Super GelRed
(US Everbright Inc., Suzhou, China), and then quality and
concentration were determined using Nanodrop™ 2000
spectrophotometer (Thermo Scientific, Shanghai, China). The
second-generation 48K SNP array of peanut was used to obtain
genotyping data of 178 materials (Clevenger et al., 2018). SNPs
with low call rates were removed with selection criteria of missing
data rate (>10%) and minor allele frequency (<5%). Only

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 8456022

Zhao et al. GWAS for Peanut Agronomic Traits

5859

http://www.fao.org
http://www.peanutdata.cn/
https://www.tiangen.com/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


high-quality SNPs were selected for further analysis. Reference
genome builds were acquired from arahy (https://peanutbase.org/
peanut_genome).

Population Genetic Analysis
The phylogenetic tree was constructed based on the SNPs identified
above by maximum likelihood (ML) method in IQ-tree v1.6.12
(Minh et al., 2020) (http://www.iqtree.org/), which was visualized
with ITOL software (Letunic and Bork, 2021) (https://itol.embl.de/).
The bootstrap values were calculated with 1000 replicates. The
population structure of the 178 samples was first evaluated using
PCA by the GCTA package and later using Admixture v1.3.0
(Alexander et al., 2009). We used the default parameters in
Admixture to test the number of ancestral populations (K) with a
cross-validation (CV) process, and the one with minimum CV error
calculated was selected as best K value (http://software.genetics.ucla.
edu/admixture/admixture-manual.pdf) (Alexander et al., 2009),
which was visualized in R script next.

Genome-Wide Association Study
The TASSEL v5.2.1 software was used for the genome-wide
association study (GWAS) analysis of 7 aforementioned yield
and quality related traits with the high-quality SNPs (Bradbury
et al., 2007). Both generalized linear model (GLM) and mixed
linear model (MLM) were used to determine MTAs. In general,
the GLM model focuses on the SNP effects, which only contains
the fixed effects such as population structure and genotype, and
the MLM model additionally adds random effects (kinship
matrix) to correct for the cryptic relatedness. The Q-Q plots
were used for selecting the best model of each trait. The
Bonferroni-corrected p-value was used for mining the
trait-related genome regions, and the markers that p-value of

0.05/13,125 (the total number of SNPs) or less were defined as
significant. Based on the loci of MTAs, we used the online
software - genome browser of peanut (https://www.peanutbase.
org/gbrowse_peanut1.0) to screen the trait-related candidate
genes among the trait-related regions.

RESULTS

Phenotypic Analysis of Peanut Varieties
Based on 3 years’ evaluation data, we observed a large phenotypic
variability among 178 peanut cultivars for all the traits studied.
Phenotype identification and statistical analysis showed that the 178
peanut genotypes displayed wide ranges of phenotypic variation for
most of the agronomic traits. For example, the length of the lateral
branch, the height of the main stem, and the angle of the lateral
branch are important factors for determining the peanut plant type,
which varied from 44.2 to 106.6 cm, 82.8–34.2 cm, and 30–90°,
respectively (Table 1). Besides, many traits related to yield and
quality as well as significant variation included the weight and the
length of seed and the number of branches with the pod, and the
latter varied from average 2.6 to 12 (Table 1). Moreover, the testa
color also had high variation in these peanut varieties, and the seeds
with pink, red, black, white, and variegation are included. In
addition, many quality traits are also varied, including the
content of oleic acid and linoleic acid (Table 1). Most of these
traits accord with normal distributions indicating these traits could
be quantitative traits (Figure 1).

Genome-Wide Distribution of SNP Markers
TheAxiom_Arachis2 48 K SNP array was used for genotyping the
178 peanut varieties (Nabi et al., 2021). A total of 34,712 SNPs

TABLE 1 | Phenotypic statistics of peanut major agronomic traits.

Traits Abbreviation Maximum Minimum Median Mean Standard
deviation

Coefficient
of variation

(%)

Skewness Kurtosis

Lateral branch length (cm) LBL 99.0 44.20 66.00 67.73 12.72 19.08 0.40 −0.52
Main stem height (cm) MSH 82.80 34.20 51.20 52.95 10.08 19.00 0.68 −0.01
Lateral branch angle (°) LBA 90.00 30.00 50.00 53.32 13.82 25.91 0.33 −0.51
Total number of branches TNB 16.40 3.60 8.80 8.72 2.19 25.16 0.29 0.59
Pod branching number PBN 12.00 2.60 6.40 6.48 1.62 24.96 0.50 1.00
Pod number per plant PNP 38.80 3.80 17.60 17.90 7.10 39.90 0.46 0.05
Hundred pod weight (gm) HPW 329.20 57.20 194.40 190.05 51.04 26.86 −0.10 −0.20
Hundred seed
weight (gm)

HSW 113.00 29.50 72.40 72.92 17.89 24.54 −0.11 −0.71

Pod length (mm) PL 50.96 21.60 35.18 35.44 5.31 15.03 0.16 −0.29
Pod width (mm) PW 20.02 10.01 14.97 14.79 2.05 13.80 −0.12 −0.51
Seed length (mm) SL 23.23 7.63 17.16 17.30 6.36 14.10 −0.27 0.81
Seed width (mm) SW 13.30 6.70 9.26 9.40 1.28 13.65 0.30 −0.18
Peel thickness PT 2.69 0.52 1.25 1.25 0.37 30.70 0.99 2.07
Filled pods number FPN 30.60 1.00 13.00 12.97 6.87 52.88 0.39 0.05
Oleic acid content (%) OAC 82.02 28.51 42.15 42.15 12.36 27.78 1.41 1.63
Linoleic acid content (%) LAC 49.15 4.66 38.81 36.69 10.27 27.99 −1.57 2.06
Behenic acid content (%) BAC 3.08 2.37 2.66 2.64 0.18 6.70 0.33 −0.96
Palmitic acid content (%) PAC 13.55 6.26 11.52 11.24 1.48 13.13 −1.40 1.97
Arachidic acid content (%) AAC 1.75 0.12 1.23 1.21 0.27 22.47 −1.35 4.17
Stearic acid content (%) SAC 3.07 0.05 2.00 1.93 0.56 28.39 −0.87 1.76
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were excluded based on filtering criterion: (1) SNPs with missing
data rate (>10%) and (2) minor allele frequency (<5%). After
filtration, 13,125 (27.43%) high quality SNPs were obtained
(Supplementary File S2). On an average 4.69 SNPs/Mb were

found distributed on 20 peanut chromosomes (Arahy.01 to
Arahy.20) ranging from 3.74 SNPs/Mb to 7.84 SNPs/Mb
(Table 2; Figure 2A). The maximum number of SNPs (800)
were found on chromosome Arahy.14, followed by Arahy.01

FIGURE 1 | Frequency distribution of 178 peanut cultivars for 20 traits. MSH, main stem height; LBL, lateral branch length; TNB, total number of branches; PBN,
pod-bearing branches number; PNP, pod number per plant; LBA, lateral branch angle; HPW, hundred pod weight; HSW, hundred seed weight; PL, pod length; PW,
pod width; SL, seed length; SW, seed width; PT, peel thickness; FPN, filled pods number; OAC, oleic acid content; LAC, linoleic acid content; BAC, behenic acid
content; AAC, arachidic acid content; PAC, palmitic acid content; SAC, stearic acid content.

TABLE 2 | Distribution and density of SNPs on 20 chromosomes and scaffolds of peanut.

Chromosome Length
of chromosome (Mb)

Number of SNPs Density of SNPs

Arahy.01 112.42 797 7.09
Arahy.02 102.98 460 4.47
Arahy.03 143.81 684 4.76
Arahy.04 128.8 532 4.13
Arahy.05 115.93 503 4.34
Arahy.06 115.5 681 5.90
Arahy.07 81.12 637 7.84
Arahy.08 51.9 340 6.55
Arahy.09 120.52 546 4.53
Arahy.10 117.09 524 4.48
Arahy.11 149.3 569 3.81
Arahy.12 120.58 451 3.74
Arahy.13 146.73 628 4.28
Arahy.14 143.24 800 5.59
Arahy.15 160.88 758 4.71
Arahy.16 154.81 677 4.37
Arahy.17 134.92 572 4.24
Arahy.18 135.15 645 4.77
Arahy.19 158.63 788 4.97
Arahy.20 143.98 768 5.33
Scaffold 765
Total 2538.29 13125 4.69
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(797) and Arahy.19 (788). As the smallest chromosome of the
peanut genome, Arahy.08 contains only 340 SNPs. The density
on chromosome Arahy.07 was the highest density (7.84 SNPs/
Mb), while that on chromosome Arahy.12 was the lowest density
(3.74 SNPs/Mb) (Table 2).

A total of six types of SNPs were observed including “T/C”,
“A/G”, “A/C”, “T/G”, “C/G”, and “A/T”. We found that “T/C” is

the most abundant type of SNPs, accounting for 39.43% of the
total SNPs, followed by “A/G” which accounted for 39.05% of the
total SNPs (Figure 2B). The “A/C” and “T/G” account for 10.71
and 10.37% of the total SNPs, respectively (Figure 2B). The “C/
G” accounts for 0.29% of the total SNPs. The “A/G” is the least
type of the SNPs, accounting for only 0.15% of the total SNPs
(Figure 2B).

FIGURE 2 | Distribution and types of SNPs. (A) Distribution and density of SNPs in 20 peanut chromosomes. The horizontal axis shows the length of the
chromosome (Mb), and the vertical axis represents 20 chromosomes. The shades of assorted color represent the SNP density on corresponding loci. (B) Frequency of
several types of SNPs.

FIGURE 3 | Population structure and genetic diversity of the 178 peanut varieties. (A)Cross-validation value of each K ranging from 1 to 10. (B) The PCA analysis of
the total accessions. Each dot represents one variety. (C) Population structure. Each variety is represented with a single vertical line, and the color represents ancestry.
(D) Phylogenetic trees constructed by the maximum likelihood method. (E) Geographical distribution of total varieties.
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Population Structure Analysis
The population structure of the panel of peanut varieties was first
investigated with the assessment of K value (Figure 3A), followed
by validation via PCA (Figure 3B). The magnitude of CV error
suggested that the best K (number of groups) was seven in the
model-based group analysis. Based on their genotypes, the peanut
panel could be divided into seven groups, group 1 (G1) to group 7
(G7), and the number of peanut varieties per group ranged from 5
to 72. The G1 containing 72 peanut varieties is the biggest group,
followed by G6 which contains 53 peanut varieties (Figures
3C,D). Furthermore, the population structure and
phylogenetic analysis results also suggested the presence of
two subgroups of G1 (G1-1) and G2 (G2-1) (Figures 3C,D).
The groups exhibited geographic distribution patterns, and the
peanut varieties derived from the same planted areas of origin
were usually in the same group. Most of the varieties originating
from northern provinces including Shandong, Henan, and Hebei
Provinces belong to G1, while the varieties originating from the
southern provinces (Fujian, Guangdong, and Guangxi Provinces)
were grouped into G6 (Figure 3E).

Genome-Wide Association Study
Based on the Q-Q plot analysis, GLM was selected as the best
model for GWAS signals among five traits: total number of
branches, oil patch, peel thickness, main stem height and testa
color; while the MLM was used for the other two traits: hundred
seed weight (HSW) and pod shape (Supplementary Figure S1).

Hundred seed weight and the total number of branches are
important agronomic traits related to peanut yield. Under the
threshold of -log10 > 5.4, MTA related to HSW was detected on
chromosome 16 (Figure 4A). In addition, the associated SNPs were
identified. The SNP_Chr16:146387758 is located on the 5′UTR of
the geneAhy. 9SIV6Fwhich encodes an unknown function protein.
SNP_Chr16:146400676 and SNP_Chr16: 146397542were all located
in the gene region of Ahy.4TTF80, and the latter was in the exon of
this gene. Function annotation showed thatAhy.4TTF80 encodes an
ABC-2 type transporter (Figure 4A). A previous study has shown
that the ABC-2 type transporter protein was related with increasing

size of plant seed and content of fat stored within the seed (Kim
et al., 2013). For total number of branches, 1MATwas detected in a
1.79-Mb region of chromosome 5 (97,904,713 to 98,975,592 bp),
and 9 associated SNPs were enriched (Figure 4B). Among them,
SNP_Chr05:98904713 is in the intron of Ahy.N1NJX0, which is
annotated as a calmodulin-binding transcription activator 2-like
isoform X1. The other 8 SNPs were all located on intergenic regions
(Figure 4B).

The oil patch is the spot in the seed coat of the peanut (Figure 5A).
The presence of an oil patch will affect peanut quality; however, the
genetic andmolecular mechanism of an oil patch are unclear. GWAS
analysis showed that 6 SNPs were associated with the oil patch, and
all of them were in a 3.88-Mb region of chromosome 5 ranging from
chr.05:111.93–115.81 (Figure 5B). SNP_Chr05:111936057 is on the
exon of Arahy.7X9WBQ, which encodes a peroxidase superfamily
protein. Pod shape, peel thickness, and testa color are also the
important appearance traits of peanut. Pod shape is one of the
important characteristics for the classification of peanut. A total of 14
MTAs were detected for pod shape, and distributed in Chr2, Chr3,
Chr5, Chr8, Chr10, Chr12, Chr13, Chr14, Chr15, Chr16, Chr17,
Chr18, and Chr20 (Figure 6A). Among them, the most significant
association loci were detected on Chr8 and Chr18 (Figure 6A). For
peel thickness, one MAT was detected on a 3.72 -Mb region of
chromosome 2 (Chr2:86.18–89.45Mb) (Figure 6B). For the main
stem height, only one SNP was identified on chromosome 6
(Figure 6C).

The seed coat (testa) is an important trait of peanut which is
not only as an important protective barrier for peanut seed
against the pathogen, but also important for health nutrition
such as anthocyanins and procyanidins. Testa color is also a
complex trait which is controlled by at least 12 genes (Branch,
2011). In this study, the color of the 178 peanut genotypes
displayed significant variations, including pink, red, black,
purple, white, and variegation (Figure 7A). GWAS analysis
showed that the associated SNPs were detected in most of the
chromosomes except to Chr.01 and Chr.07 (Figure 7B). Among
them, the SNP_AX-177640068 of chr.10 is only 222 kb to the gene
AhTc1, one of the key gene controlling black testa identified

FIGURE 4 | GWAS signals for hundred seed weight (A) and total number of branches (B) of peanut. The significance level is log10 (0.05/13125) = 5.4 (the gray
horizontal line). The characteristic analysis of functional genes in the screening intervals is shown below each Manhattan plot.
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previously (Zhao et al., 2020). The SNP_AX-176811136 in chr.03
is close to AhRt1 locus contributing to red testa of peanut (Chen
et al., 2021) (Figure 7B).

DISCUSSION

GWAS is a useful method for identifying linked loci and
candidate genes by analyzing the association between the
genotypes and the phenotypes of individuals in a population.
Whole genome resequencing (WGS), high-density SNP array,
and target genome resequencing (TGS) are the popular methods
for acquiring the high throughput genotyping. WGS is with the
maximum coverage across the genome, however, it is more
expensive. TGS is a low-cost method that relies on the
sequencing of target regions of the genome. Recently, several
TGS methods have been developed and used in GWAS analysis,
including genotyping by sequencing (GBS), restriction-site
associated DNA sequencing (RAD-seq) and specific-locus
amplified fragment sequencing (SLAF) (Zhang S. et al., 2019;
Dodia et al., 2019; Wang et al., 2019; Yu et al., 2020; Jadhav et al.,
2021). The SNP array is a low-cost and wide coverage method.
The commercial high-density SNP array chips have developed in
many crops, such as 660K of wheat (Hassan et al., 2021), 90K of
rice (Yang et al., 2020), and 55K of maize (Li et al., 2021). In
peanut, the available genome resource was used for identifying a
large number of genome-wide SNPs, and large-scale 58 K SNP
array (Axiom_Arachis) (Clevenger et al., 2017; Pandey et al.,
2017) and 48K SNP array (Axiom_Arachis2) (Clevenger et al.,
2018) have been developed. Axiom_Arachis2 containing 47,837
SNPs is the second generation of peanut gene chip which has been
successfully used for genetic diversity analysis and identification
of QTLs related with the nutrient elements and leaf spots
resistance of peanut (Zhang H. et al., 2019; Zhang et al.,
2020a). However, the Axiom_Arachis2 was developed prior to
the release of a cultivated peanut genome. The positions of these
SNPs were according to the genomes of wild type diploid peanut
species, A. duranensis and A. ipaensis. In this study, we used
Axiom_Arachis2 to genotype 178 cultivars of peanut, and all of

them are tetraploid cultivated peanut. Thus, we first remapped
the probe sequences with the genome of cultivated peanut
Tifrunner and updated the position information of the SNPs.
In total, 45,608 SNPs were mapped in the 20 chromosomes of the
peanut genomes and 2229 SNPs were mapped in the scaffolds. In
the past few years, the SNP array has shown great potential for
mapping the traits on peanut, and the updated position
information of these SNPs will provide important references
for future utility of the peanut SNP array (Pandey et al., 2021).

As an important index to evaluate seed size, HSW has been
one of the hotspots in peanut genetics and QTL mapping. In this
study, the HSW of the 178 peanut genotypes displayed wide
ranges of variation, ranging from 29.5 to 113.0 g. Our results also
showed that HSWs displayed variation within different groups.
The G1 represented the varieties from Shandong, Henan, and
Hebei Provinces. The average HSW of G1 is 85.1 g, which is
significantly heavier than that of G6 (average HSW 66.0 g), in
which most of the varieties come from southern provinces of
China including Fujian, Guangdong, and Guangxi Provinces.
Previous studies have reported many QTLs related with HSW,
which is distributed in chr02, 03, 05, 07, 08, 12, 13, 14, 16, 17, and
18. Among them, QTLs in chr16 could be detected at least from
four populations, including Fuchuandahuasheng × ICG 637,
ZH16 × sd-H1, Zhonghua 16× J11, and Huayu 36 × 6–13,
explaining up to 35.39% of the phenotypic variation (Huang
et al., 2015; Wang et al., 2018; Mondal and Badigannavar, 2019;
Zhang et al., 2019). In this study, the MTAs related with HSW
were also detected in chromosome 16, and associated with the
candidate gene Ahy.4TTF80, which encodes an ABC-2 type
transporter. In tomato, the natural variation of the ABC
transporter gene was associated with the seed size (Orsi and
Tanksley, 2009). In rice, the ABC transporter gene, OsABCG18
controls the shootward transport of cytokinin and is related with
the grain yield of rice (Zhao et al., 2019). We found that there are
two SNP substitutes in the Ahy.4TTF80 gene, which provided an
important clue for further finemapped and revealed the key genes
controlling the seed size of peanut. Besides, oil patch and pod
shape are important agronomic traits of peanut. The oil patch and
pod shape affect the appearance and commodity value. However,

FIGURE 5 | GWAS signals for oil patch (spots) of peanut. (A) Peanut cultivars without an oil patch (LH14) and with an oil patch (JH3). (B) Manhattan plot. The
characteristic analysis for one gene encoding peroxidase superfamily protein is shown below.
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FIGURE 6 | GWAS signals for (A) pod shape, (B) peel thickness, and (C) main stem height, related to the appearance of peanut.
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the physiology and genetics of them are rarely studied. In this
study, we identified three MTAs related with the oil patch and
pod shape. The details of those selected MTAs were shown in
Supplementary Figure S3. These MTAs and candidate genes
offer the opportunity to further study the molecular mechanism
and improve these traits through the MAS approach.

Cultivated peanut is allotetraploid (AABB, 2n = 4 × = 40),
derived from a hybridization event between A. duranensis (AA,
2n = 2 × = 20) and A. ipaensis (BB, 2n = 2 × = 20) about
3500 years ago (Kochert et al., 1996; Lavia et al., 2011). The
molecular marker analysis demonstrated that cultivated peanut
possesses a narrow genetic base (Halward et al., 1992), and some
elite germplasm lines were overused in the peanut breeding
program. For example, a previous study showed that more
than 70% of peanut cultivars in China derived from two
germplasms, Fuhuasheng and Shitouqi, directly or indirectly
(Liao, 2004). In this study, a pedigree survey of these 120
peanut germplasms from 13 provinces and regions in China
showed that 83 were from Fuhuasheng, accounting for 69.17%,
and 42 were from Shitouqi, accounting for 35.00%. Thus, analysis
of the genetic relationship between different germplasm resources
is especially important for further designing hybrid
combinations. In this study, we constructed the phylogenetic
tree of these peanut germplasms through the 13,125 polymorphic
SNPs. The results suggested that the geographical distribution is
not exactly consistent with the genetic relationship among
Chinese indigenous peanut breeds, which might be due to the
exchange of germplasm resources across China (Figure 3). For
example, Yueyou551 (SAAS_015) is classified into G1, however, it
is a cultivar from the southern region of China. Pedigree analysis
showed that the Yueyou551 derived from the cross-combination

of Yueyou 22 and Yueyou 431, and the latter derived from the
cross-combination of Shitouqi and Fuhuasheng. Fuhuasheng is a
very typical elite peanut germplasm in the north of China.
Besides, another two cultivars from the south, Tianfu3
(SAAS_128) and Guihua36 (SAAS_99), also have a close
relationship with Fuhuasheng and is classified into G1. In
addition, we found two peanut cultivars from Indonesia and
one germplasm from Zambia (PI268586) are closely related to
peanut varieties in south China, and classified into G6, which
might be due to the exchange of germplasms between China and
other countries. These results provide an important reference for
further use of these germplasms.

CONCLUSION

In this study, we analyzed 20 phenotypic traits of 178 peanut
germplasms and genotyped them using the 48 K Axiom_Arachis2
SNP array. We analyzed the genetic diversity of these cultivars
and identified a number of MTAs related to different traits. The
candidate SNPs and candidate genes for these MTAs are helpful
for further fine mapping and improving the quality and yield of
peanut via a molecular breeding method.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI’s GEO
database, accession number GSE197103.

FIGURE 7 |Manhattan plots showing significant marker-trait associations for testa color of peanut. (A) Peanuts with different testa color, and its (B) GWAS signal.
The characteristic analysis for one gene encoding lysosomal cystine transporter is shown below.

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 8456029

Zhao et al. GWAS for Peanut Agronomic Traits

6566

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


AUTHOR CONTRIBUTIONS

XW, CZ, RT, and CM conceived and designed the experiments.
HZ, XZ, JM, HH, and KZ performed the experiments. CZ, RT,
HX, and HZ analyzed data. CZ, RT, HX, HZ, and MT wrote and
revised the manuscript. All authors read and approved the
manuscript.

FUNDING

This research is supported by Key Research and Development
Project of Shandong Province (2020LZGC001), Shandong
Province Natural Science Foundation (ZR2020MC105),

National Natural Science Foundation of China (32072090,
31861143009, and 31801301), agricultural scientific and
technological innovation project of Shandong Academy of
Agricultural Sciences (CXGC2021B05, CXGC2021B24, and
CXGC2021A30), High-level Foreign Experts Introduction
Program (GL20200123001), and Taishan Scholar Project of
Shandong Province (ts20190964).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2022.845602/
full#supplementary-material

REFERENCES

Alexander, D. H., Novembre, J., and Lange, K. (2009). Fast Model-Based
Estimation of Ancestry in Unrelated Individuals. Genome Res. 19,
1655–1664. doi:10.1101/gr.094052.109

Bertioli, D. J., Jenkins, J., Clevenger, J., Dudchenko, O., Gao, D., Seijo, G., et al.
(2019). The Genome Sequence of Segmental Allotetraploid Peanut Arachis H.
Nat. Genet. 51, 877–884. doi:10.1038/s41588-019-0405-z

Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y., and
Buckler, E. S. (2007). TASSEL: Software for Association Mapping of Complex
Traits in Diverse Samples. Bioinformatics 23, 2633–2635. doi:10.1093/
bioinformatics/btm308

Branch, W. D. (2011). First 100 Years - Inheritance of Testa Color in Peanut
(Arachis HypogaeaL.). Crop Sci. 51, 1–4. doi:10.2135/cropsci2010.06.0349

Chen, H., Chen, X., Xu, R., Liu, W., Liu, N., Huang, L., et al. (2021). Fine-Mapping
and Gene Candidate Analysis for AhRt1, a Major Dominant Locus Responsible
for Testa Color in Cultivated Peanut. Theor. Appl. Genet. 134, 3721–3730.
doi:10.1007/s00122-021-03924-w

Chu, Y., Wu, C. L., Holbrook, C. C., Tillman, B. L., Person, G., and Ozias-Akins, P.
(2011). Marker-Assisted Selection to Pyramid Nematode Resistance and the
High Oleic Trait in Peanut. The plant genome 4, 110–117. doi:10.3835/
plantgenome2011.01.0001

Clevenger, J., Chu, Y., Chavarro, C., Agarwal, G., Bertioli, D. J., Leal-Bertioli, S. C.
M., et al. (2017). Genome-Wide SNP Genotyping Resolves Signatures of
Selection and Tetrasomic Recombination in Peanut. Mol. Plant 10, 309–322.
doi:10.1016/j.molp.2016.11.015

Clevenger, J. P., Korani, W., Ozias-Akins, P., and Jackson, S. (2018). Haplotype-
Based Genotyping in Polyploids. Front. Plant Sci. 9, 564. doi:10.3389/fpls.2018.
00564

Collard, B. C. Y., and Mackill, D. J. (2007). Marker-Assisted Selection: An
Approach for Precision Plant Breeding in the Twenty-First century. Phil.
Trans. R. Soc. B 363, 557–572. doi:10.1098/rstb.2007.2170

Dodia, S. M., Joshi, B., Gangurde, S. S., Thirumalaisamy, P. P., Mishra, G. P.,
Narandrakumar, D., et al. (2019). Genotyping-by-Sequencing Based Genetic
Mapping Reveals Large Number of Epistatic Interactions for Stem Rot
Resistance in Groundnut. Theor. Appl. Genet. 132, 1001–1016. doi:10.1007/
s00122-018-3255-7

Feng, H. S. (1987). Chinese Peanut Varieties. Beijing: Agriculture press.
Gangurde, S. S., Wang, H., Yaduru, S., Pandey, M. K., Fountain, J. C., Chu, Y.,

et al. (2020). Nested-Association Mapping (NAM)-Based Genetic
Dissection Uncovers Candidate Genes for Seed and Pod Weights in
Peanut (Arachis Hypogaea). Plant Biotechnol. J. 18, 1457–1471. doi:10.
1111/pbi.13311

Halward, T., Stalker, T., LaRue, E., and Kochert, G. (1992). Use of Single-Primer
DNA Amplifications in Genetic Studies of Peanut (Arachis hypogaea L.). Plant
Mol. Biol. 18, 315–325. doi:10.1007/BF00034958

Han, S., Yuan, M., Clevenger, J. P., Li, C., Hagan, A., Zhang, X., et al. (2018). A SNP-
Based Linkage Map Revealed QTLs for Resistance to Early and Late Leaf Spot

Diseases in Peanut (Arachis Hypogaea L.). Front. Plant Sci. 9, 1012. doi:10.3389/
fpls.2018.01012

Hassan, M. A., Yang, M., Rasheed, A., Tian, X., Reynolds, M., Xia, X., et al. (2021).
Quantifying Senescence in Bread Wheat Using Multispectral Imaging from an
Unmanned Aerial Vehicle and QTL Mapping. Plant Physiol. 187, 2623–2636.
doi:10.1093/plphys/kiab431

Huang, L., He, H., Chen, W., Ren, X., Chen, Y., Zhou, X., et al. (2015). Quantitative
Trait Locus Analysis of Agronomic and Quality-Related Traits in Cultivated
Peanut (Arachis H L.). Theor. Appl. Genet. 128, 1103–1115. doi:10.1007/s00122-
015-2493-1

Jadhav, M. P., Gangurde, S. S., Hake, A. A., Yadawad, A., Mahadevaiah, S. S.,
Pattanashetti, S. K., et al. (2021). Genotyping-by-Sequencing Based Genetic
Mapping Identified Major and Consistent Genomic Regions for Productivity
and Quality Traits in Peanut. Front. Plant Sci. 12, 668020. doi:10.3389/fpls.
2021.668020

Kim, S., Lee, Y., Nishida, I., Yamaoka, Y., and Ono, H. (2013). Composition
Containing Gene Encoding Abc Transporter Proteins for Increasing Size of Plant
Seed and Content of Fat Stored within Seed. US, US20130283481 A1.

Kochert, G., Stalker, H. T., Gimenes, M., Galgaro, L., Lopes, C. R., and Moore, K.
(1996). RFLP and Cytogenetic Evidence on the Origin and Evolution of
Allotetraploid Domesticated Peanut, Arachis Hypogaea (Leguminosae). Am.
J. Bot. 83, 1282–1291. doi:10.1002/j.1537-2197.1996.tb13912.x

Lavia, G. I., Ortiz, A. M., Robledo, G., Fernández, A., and Seijo, G. (2011). Origin of
Triploid Arachis Pintoi (Leguminosae) by Autopolyploidy Evidenced by FISH
and Meiotic Behaviour. Ann. Bot. 108, 103–111. doi:10.1093/aob/mcr108

Letunic, I., and Bork, P. (2021). Interactive Tree of Life (iTOL) V5: An Online Tool
for Phylogenetic Tree Display and Annotation. Nucleic Acids Res. 49,
W293–W296. doi:10.1093/nar/gkab301

Li, S., Zhang, C., Yang, D., Lu, M., Qian, Y., Jin, F., et al. (2021). Detection of QTNs
for Kernel Moisture Concentration and Kernel Dehydration Rate before
Physiological Maturity in maize Using Multi-Locus GWAS. Sci. Rep. 11,
1764. doi:10.1038/s41598-020-80391-1

Liao, B. (2004). Present Situation and prospect of Peanut Genetic Improvement in
China. J. Agr. Sci. Tech-Iran. 6, 60–62.

Luo, H., Pandey, M. K., Khan, A. W., Guo, J., Wu, B., Cai, Y., et al. (2018).
Discovery of Genomic Regions and Candidate Genes Controlling Shelling
Percentage Using QTL-seq Approach in Cultivated Peanut (Arachis Hypogaea
L.). Plant Biotechnol. J. 17, 1248–1260. doi:10.1111/pbi.13050

Ma, J., Zhao, Y., Chen, H., Fu, C., Zhu, L., Zhou, X., et al. (2020). Genome-Wide
Development of Polymorphic Microsatellite Markers and Their Application in
Peanut Breeding Program. Electron. J. Biotechnol. 44, 25–32. doi:10.1016/j.ejbt.
2020.01.004

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., von
Haeseler, A., et al. (2020). Corrigendum to: IQ-TREE 2: New Models and
Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol. Biol.
Evol. 37, 2461. doi:10.1093/molbev/msaa131

Mondal, S., and Badigannavar, A. M. (2019). Identification of Major Consensus
QTLs for Seed Size and Minor QTLs for Pod Traits in Cultivated Groundnut
(Arachis Hypogaea L.). 3 Biotech. 9, 347. doi:10.1007/s13205-019-1881-7

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 84560210

Zhao et al. GWAS for Peanut Agronomic Traits

6667

https://www.frontiersin.org/articles/10.3389/fgene.2022.845602/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.845602/full#supplementary-material
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1038/s41588-019-0405-z
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.2135/cropsci2010.06.0349
https://doi.org/10.1007/s00122-021-03924-w
https://doi.org/10.3835/plantgenome2011.01.0001
https://doi.org/10.3835/plantgenome2011.01.0001
https://doi.org/10.1016/j.molp.2016.11.015
https://doi.org/10.3389/fpls.2018.00564
https://doi.org/10.3389/fpls.2018.00564
https://doi.org/10.1098/rstb.2007.2170
https://doi.org/10.1007/s00122-018-3255-7
https://doi.org/10.1007/s00122-018-3255-7
https://doi.org/10.1111/pbi.13311
https://doi.org/10.1111/pbi.13311
https://doi.org/10.1007/BF00034958
https://doi.org/10.3389/fpls.2018.01012
https://doi.org/10.3389/fpls.2018.01012
https://doi.org/10.1093/plphys/kiab431
https://doi.org/10.1007/s00122-015-2493-1
https://doi.org/10.1007/s00122-015-2493-1
https://doi.org/10.3389/fpls.2021.668020
https://doi.org/10.3389/fpls.2021.668020
https://doi.org/10.1002/j.1537-2197.1996.tb13912.x
https://doi.org/10.1093/aob/mcr108
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1038/s41598-020-80391-1
https://doi.org/10.1111/pbi.13050
https://doi.org/10.1016/j.ejbt.2020.01.004
https://doi.org/10.1016/j.ejbt.2020.01.004
https://doi.org/10.1093/molbev/msaa131
https://doi.org/10.1007/s13205-019-1881-7
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Nabi, R. B. S., Cho, K.-S., Tayade, R., Oh, K. W., Lee, M. H., Kim, J. I., et al. (2021).
Genetic Diversity Analysis of Korean Peanut Germplasm Using 48 K SNPs
’Axiom_Arachis’Array and its Application for Cultivar Differentiation. Sci. Rep.
11, 16630. doi:10.1038/s41598-021-96074-4

Orsi, C. H., and Tanksley, S. D. (2009). Natural Variation in an ABC Transporter
Gene Associated with Seed Size Evolution in Tomato Species. Plos Genet. 5,
e1000347. doi:10.1371/journal.pgen.1000347

Pandey, M. K., Agarwal, G., Kale, S. M., Clevenger, J., Nayak, S. N., Sriswathi,
M., et al. (2017). Development and Evaluation of a High Density
Genotyping ’Axiom_Arachis’ Array with 58 K SNPs for Accelerating
Genetics and Breeding in Groundnut. Sci. Rep. 7, 40577. doi:10.1038/
srep40577

Pandey, M. K., Gangurde, S. S., Sharma, V., Pattanashetti, S. K., Naidu, G. K., Faye,
I., et al. (2021). Improved Genetic Map Identified Major QTLs for Drought
Tolerance- and Iron Deficiency Tolerance-Related Traits in Groundnut. Genes
12 (1), 37. doi:10.3390/genes12010037

Pandey, M. K., Pandey, A. K., Kumar, R., Nwosu, C. V., Guo, B., Wright, G. C., et al.
(2020). Translational Genomics for Achieving Higher Genetic Gains in
Groundnut. Theor. Appl. Genet. 133, 1679–1702. doi:10.1007/s00122-020-
03592-2

Pinto da Silva, G. B., Zanella, C. M., Martinelli, J. A., Chaves, M. S., Hiebert, C. W.,
McCallum, B. D., et al. (2018). Quantitative Trait Loci Conferring Leaf Rust
Resistance in Hexaploid Wheat. Phytopathology 108, 1344–1354. doi:10.1094/
PHYTO-06-18-0208-RVW

Pujar, M., Gangaprasad, S., Govindaraj, M., Gangurde, S. S., Kanatti, A., and
Kudapa, H. (2020). Genome-Wide Association Study Uncovers Genomic
Regions Associated with Grain Iron, Zinc and Protein Content in Pearl
Millet. Sci. Rep. 10, 19473. doi:10.1038/s41598-020-76230-y

Qureshi, N., Bariana, H., Kumran, V. V., Muruga, S., Forrest, K. L., Hayden, M. J.,
et al. (2018). A New Leaf Rust Resistance Gene Lr79 Mapped in Chromosome
3BL from the Durum Wheat Landrace Aus26582. Theor. Appl. Genet. 131,
1091–1098. doi:10.1007/s00122-018-3060-3

Shah, L., Rehman, S., Ali, A., Yahya, M., Riaz, M. W., Si, H., et al. (2018). Genes
Responsible for Powdery Mildew Resistance and Improvement in Wheat Using
Molecular Marker-Assisted Selection. J. Plant Dis. Prot. 125, 145–158. doi:10.
1007/s41348-017-0132-6

Shasidhar, Y., Variath, M. T., Vishwakarma, M. K., Manohar, S. S., Gangurde, S. S.,
Sriswathi, M., et al. (2020). Improvement of Three Popular Indian Groundnut
Varieties for Foliar Disease Resistance and High Oleic Acid Using SSR Markers
and SNP Array in Marker-Assisted Backcrossing. Crop J. 8, 1–15. doi:10.1016/j.
cj.2019.07.001

Varshney, R. K., Mohan, S. M., Gaur, P. M., Gangarao, N. V. P. R., Pandey, M. K.,
Bohra, A., et al. (2013). Achievements and Prospects of Genomics-Assisted
Breeding in Three Legume Crops of the Semi-Arid Tropics. Biotechnol. Adv. 31,
1120–1134. doi:10.1016/j.biotechadv.2013.01.001

Wan, S. (2003). Chinese Peanut Cultivation. Shanghai: Shanghai Scientific and
Technical Publishers.

Wang, J., Yan, C., Li, Y., Li, C., Zhao, X., Yuan, C., et al. (2019). GWAS Discovery of
Candidate Genes for Yield-Related Traits in Peanut and Support from Earlier
QTL Mapping Studies. Genes 10, 803. doi:10.3390/genes10100803

Wang, Z., Huai, D., Zhang, Z., Cheng, K., Kang, Y., Wan, L., et al. (2018).
Development of a High-Density Genetic Map Based on Specific Length
Amplified Fragment Sequencing and its Application in Quantitative Trait
Loci Analysis for Yield-Related Traits in Cultivated Peanut. Front. Plant Sci.
9, 827. doi:10.3389/fpls.2018.00827

Yang, Y., Xu, X., Zhang, M., Xu, Q., Feng, Y., Yuan, X., et al. (2020). Genetic Basis
Dissection for Eating and Cooking Qualities of Japonica rice in Northeast
China. Agronomy 10, 423. doi:10.3390/agronomy10030423

Yu, B., Jiang, H., Pandey, M. K., Huang, L., Huai, D., Zhou, X., et al. (2020).
Identification of Two Novel Peanut Genotypes Resistant to Aflatoxin
Production and Their SNP Markers Associated with Resistance. Toxins 12,
156. doi:10.3390/toxins12030156

Yu, S. (2008). Chinese Peanut Cultivar and Pedigree. Shanghai: Shanghai Scientific
Technology Press.

Zhang, H., Chu, Y., Dang, P., Tang, Y., Jiang, T., Clevenger, J. P., et al. (2020a).
Identification of QTLs for Resistance to Leaf Spots in Cultivated Peanut
(Arachis Hypogaea L.) through GWAS Analysis. Theor. Appl. Genet. 133,
2051–2061. doi:10.1007/s00122-020-03576-2

Zhang, H., Li Wang, M., Dang, P., Jiang, T., Zhao, S., Lamb, M., et al. (2020b).
Identification of Potential QTLs and Genes Associated with Seed Composition
Traits in Peanut (Arachis Hypogaea L.) Using GWAS and RNA-Seq Analysis.
Gene 769, 145215. doi:10.1016/j.gene.2020.145215

Zhang, H., Wang, M. L., Schaefer, R., Dang, P., Jiang, T., and Chen, C. (2019).
GWAS and Coexpression Network Reveal Ionomic Variation in Cultivated
Peanut. J. Agric. Food Chem. 67, 12026–12036. doi:10.1021/acs.jafc.9b04939

Zhang, S., Hu, X., Miao, H., Chu, Y., Cui, F., Yang, W., et al. (2019). QTL
Identification for Seed Weight and Size Based on a High-Density SLAF-Seq
Genetic Map in Peanut (Arachis Hypogaea L.). BMC Plant Biol. 19, 537. doi:10.
1186/s12870-019-2164-5

Zhao, C., Qiu, J., Agarwal, G., Wang, J., Ren, X., Xia, H., et al. (2017). Genome-
Wide Discovery of Microsatellite Markers from Diploid Progenitor Species,
Arachis Duranensis andA. Ipaensis, and Their Application in Cultivated Peanut
(A. Hypogaea). Front. Plant Sci. 8, 1209. doi:10.3389/fpls.2017.01209

Zhao, J., Yu, N., Ju, M., Fan, B., Zhang, Y., Zhu, E., et al. (2019). ABC Transporter
OsABCG18 Controls the Shootward Transport of Cytokinins and Grain Yield
in rice. J. Exp. Bot. 70, 6277–6291. doi:10.1093/jxb/erz382

Zhao, Y., Ma, J., Li, M., Deng, L., Li, G., Xia, H., et al. (2020). Whole-Genome
Resequencing-Based QTL-Seq Identified AhTc1 Gene Encoding a R2R3-MYB
Transcription Factor Controlling Peanut Purple Testa Colour. Plant Biotechnol.
J. 18, 96–105. doi:10.1111/pbi.13175

Zhou, X., Guo, J., Pandey, M. K., Varshney, R. K., Huang, L., Luo, H., et al. (2021).
Dissection of the Genetic Basis of Yield-Related Traits in the Chinese Peanut
Mini-Core Collection through Genome-Wide Association Studies. Front. Plant
Sci. 12, 637284. doi:10.3389/fpls.2021.637284

Zhuang, W., Chen, H., Yang, M., Wang, J., Pandey, M. K., Zhang, C., et al. (2019).
The Genome of Cultivated Peanut Provides Insight into Legume Karyotypes,
Polyploid Evolution and Crop Domestication. Nat. Genet. 51, 865–876. doi:10.
1038/s41588-019-0402-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhao, Tian, Xia, Li, Li, Li, Zhang, Zhou, Ma, Huang, Zhang,
Thudi, Ma, Wang and Zhao. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org March 2022 | Volume 13 | Article 84560211

Zhao et al. GWAS for Peanut Agronomic Traits

6768

https://doi.org/10.1038/s41598-021-96074-4
https://doi.org/10.1371/journal.pgen.1000347
https://doi.org/10.1038/srep40577
https://doi.org/10.1038/srep40577
https://doi.org/10.3390/genes12010037
https://doi.org/10.1007/s00122-020-03592-2
https://doi.org/10.1007/s00122-020-03592-2
https://doi.org/10.1094/PHYTO-06-18-0208-RVW
https://doi.org/10.1094/PHYTO-06-18-0208-RVW
https://doi.org/10.1038/s41598-020-76230-y
https://doi.org/10.1007/s00122-018-3060-3
https://doi.org/10.1007/s41348-017-0132-6
https://doi.org/10.1007/s41348-017-0132-6
https://doi.org/10.1016/j.cj.2019.07.001
https://doi.org/10.1016/j.cj.2019.07.001
https://doi.org/10.1016/j.biotechadv.2013.01.001
https://doi.org/10.3390/genes10100803
https://doi.org/10.3389/fpls.2018.00827
https://doi.org/10.3390/agronomy10030423
https://doi.org/10.3390/toxins12030156
https://doi.org/10.1007/s00122-020-03576-2
https://doi.org/10.1016/j.gene.2020.145215
https://doi.org/10.1021/acs.jafc.9b04939
https://doi.org/10.1186/s12870-019-2164-5
https://doi.org/10.1186/s12870-019-2164-5
https://doi.org/10.3389/fpls.2017.01209
https://doi.org/10.1093/jxb/erz382
https://doi.org/10.1111/pbi.13175
https://doi.org/10.3389/fpls.2021.637284
https://doi.org/10.1038/s41588-019-0402-2
https://doi.org/10.1038/s41588-019-0402-2
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Progress of Genomics-Driven
Approaches for Sustaining
Underutilized Legume Crops in the
Post-Genomic Era
Uday Chand Jha1*, Harsh Nayyar2, Swarup K Parida3, Melike Bakır 4,
Eric J. B. von Wettberg5,6 and Kadambot H. M. Siddique7*

1ICAR-Indian Institute of Pulses Research (IIPR), Kanpur, India, 2Panjab University, Chandigarh, India, 3National Institute of Plant
Genome Research (NIPGR), New Delhi, India, 4Department of Agricultural Biotechnology, Faculty of Agriculture, Erciyes
University, Kayseri, Turkey, 5Plant and Soil Science and Gund Institute for the Environment, The University of Vermont, Burlington,
VT, United States, 6Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia, 7The UWA Institute of
Agriculture, The University of Western Australia, Perth, WA, Australia

Legume crops, belonging to the Fabaceae family, are of immense importance for
sustaining global food security. Many legumes are profitable crops for smallholder
farmers due to their unique ability to fix atmospheric nitrogen and their intrinsic ability
to thrive on marginal land with minimum inputs and low cultivation costs. Recent progress
in genomics shows promise for future genetic gains in major grain legumes. Still it remains
limited in minor legumes/underutilized legumes, including adzuki bean, cluster bean, horse
gram, lathyrus, red clover, urd bean, and winged bean. In the last decade, unprecedented
progress in completing genome assemblies of various legume crops and resequencing
efforts of large germplasm collections has helped to identify the underlying gene(s) for
various traits of breeding importance for enhancing genetic gain and contributing to
developing climate-resilient cultivars. This review discusses the progress of genomic
resource development, including genome-wide molecular markers, key breakthroughs
in genome sequencing, genetic linkage maps, and trait mapping for facilitating yield
improvement in underutilized legumes. We focus on 1) the progress in genomic-
assisted breeding, 2) the role of whole-genome resequencing, pangenomes for
underpinning the novel genomic variants underlying trait gene(s), 3) how adaptive traits
of wild underutilized legumes could be harnessed to develop climate-resilient cultivars, 4)
the progress and status of functional genomics resources, deciphering the underlying trait
candidate genes with putative function in underutilized legumes 5) and prospects of novel
breeding technologies, such as speed breeding, genomic selection, and genome editing.
We conclude the review by discussing the scope for genomic resources developed in
underutilized legumes to enhance their production and play a critical role in achieving the
“zero hunger” sustainable development goal by 2030 set by the United Nations.
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INTRODUCTION

Burgeoning pressure from the global human population, increasing
food demands, and adverse effects of global climate change are
serious concerns for global food and nutrition security (Godfray
et al., 2010; Foley et al., 2011; Ebi and Loladze 2019). In addition,
increasing outbreaks of plant diseases and pests, loss of arable land,
and increasing environmental degradation due to excessive use of
chemical fertilizers and pesticides have constrained crop yields
(Godfray et al., 2010; Lesk et al., 2016). Of the various
approaches for sustaining global food production without
deteriorating soil and environmental health, crop diversification is
needed to maintain sustainable agro-ecological systems and prevent
biodiversity losses (Hufnagel J. et al., 2020; Tamburini et al., 2020).
Legume crops remain the third most widely grown class of crops
globally (Gepts et al., 2005), providing “one third of all dietary
protein nitrogen” to the human population, enriching soil fertility by
fixing atmospheric nitrogen in association with symbiotically active
rhizobacteria in roots (Graham and Vance, 2003), and adding
rotational value to subsequent crops (Yigezu et al., 2019;
Marques et al., 2020). Likewise, legume fodder and forage
mitigate the rising global demand for dietary protein by livestock
and provide industrial raw materials (Das and Arora 1978; Elfaki
and Abdelatti 2018). Most studies have focused on major grain
legumes, such as soybean, common bean, and chickpea. However,
some legume crops (Supplementary Table S1) with high nutrient
contents are grown in limited areas on small scales in developing
countries under low input conditions and marginal land (Cullis and
Kunert 2017; Kamenya et al., 2021). Despite the enormous potential
of these legumes, they are neglected and known as “underutilized”
legumes (Cullis and Kunert 2017; Kamenya et al., 2021).
Underutilized species are rarely grown outside of a narrow
geographic area, are cultivated with low chemical inputs or
mechanization, are not broadly used outside of traditional
cuisines, and have not been the focus of major public and private
breeding companies. In the last decade, major grain legume crops
have witnessed unprecedented advances in genomic resource
development, including the development of reference genome
sequences due to rapid advances in genome sequencing
technologies, especially, next-generation sequencing (NGS).
However, underutilized legume crops are lagging behind in terms
of developing genomic resources. Thus, in this reviewwe analyze the
present global status of these underutilized legumes in terms of area,
production, major production and nutritional quality limitation and
origin (Supplementary Table S1) and discuss the available genomic
resources, including their molecular marker repertoire and genome
assemblies. We review the progress in genetic linkage maps and
identification of trait QTLs through bi-parental mapping and
genome-wide association studies of various underutilized
legumes, including the downstream application of genomic
assisted breeding (GAB). The discovery of various trait candidate
gene(s) with putative function through transcriptome sequencing
are discussed with examples. We also brief how crop wild relatives
(CWRs), whole-genome resequencing (WGRS), and pangenome
sequences could underpin novel structural variants across the whole
genome in these crops. Finally, we propose the prospects and scope
of novel breeding schemes—genomic selection, genome editing, and

speed breeding—for enhancing genetic gain to achieve “zero
hunger” in 2030.

Why Genomics and Advanced Breeding
Tools for Underutilized Legumes
Underutilized legumes generally require few inputs, are rich in
protein, vitamins, and minerals, and can often withstand harsh
environments, including drought, extreme temperature, and
waterlogging. Furthermore, these legumes replenish soil
nitrogen by fixing atmospheric nitrogen through root
nodules, ameliorate soil properties, and sustain agro-
ecosystem services (Bhartiya et al., 2015; Ditzler et al.,
2021). In addition to their role in combating nutritional and
economic security, underutilized legumes play critical roles in
various human diseases as they are rich in bioactive
compounds and nutraceutical and medicinal properties
(Prasad and Singh 2015; Bazzano et al., 2001). However,
despite these benefits, there are several constraints and
challenges related to the production and productivity of
these legumes due to biotic and abiotic stresses
(Supplementary Table S1). Furthermore, the edible seeds of
some underutilized legumes contain antinutritional elements,
constraining their use (Campbell et al., 1994; Tate and
Ennenking 2006; Kroc et al., 2017). Combining modern
genomic and traditional breeding approaches could help
develop new plant types, reduce yield losses from biotic and
abiotic stresses, add value for consumer preferences, and
eliminate antinutritional properties.

How Minor Legumes can Catch up With
Genomics
One of the aspects of the advances in DNA sequencing technology
over the past two decades has been the potential to democratize
research. Before the advent of next generation sequencing,
performing molecular genetic research outside of a handful of
species, such as fruit flies and Arabidopsis, was cost-prohibitive.
Exponential declines in the cost of sequencing havemade research in
nearly any species not only feasible, but practical. Consequently,
crops like chickpeas, pigeonpea and cowpea, once considered minor
crops, now have a rich array of genome resources (e.g., Jha 2018;
Varshney et al., 2021). However, there are still a range of crop species
that have received less attention, due to being grown over a limited
geographic extent or market demand that is mostly restricted to a
small region.

For those crop species that still trail behind others for genomic
resources, there is hope that lessons learned in other species can be
applied to others. In legumes, where there is substantial genome
synteny across the entire family [e.g., (Ren et al., 2019)], the potential
for comparative genomics to speed up research in understudied
species is particularly high. With improving databases for mining
genomic information frommore widespread cultivated legumes [e.g.,
(Bauchet et al., 2019; Berendzen et al., 2021)], this task has become
easier than in the past.

In a range of minor legume crops, one of the foci for
improvement are “domestication syndrome” traits, such as
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pod shattering, seed dormancy, seed size, and palatability. There
is growing evidence that at least some of the loci controlling these
traits are shared, such as for pod shattering (Ogutcen et al., 2018).
With shared loci and extensive genomic synteny, either finding
natural variation at these loci or using genetic modification
become much easier.

Advances in Genomic Resource
Development in Underutilized Legumes
In the last decade, rapid advances in genome sequencing
technologies have enriched the genomic resources, including
genome-wide distributed high-throughput molecular markers
especially, simple sequence repeats (SSRs) and single

TABLE 1 | Genomic resources in underutilized legumes developed during the last decade.

Common
name

Genome size Mapping populations SSRs/SNPs discovered

Adzuki bean 538 Mbp (Parida et al., 1990) ~6 (Yang et al., 2015a; Wang et al.,
2021b)

7,947 EST-SSR (Chen et al., 2015a)

— — — 143,113 SSRs (Kang et al., 2015)
Bambara 550 Mb(Lonardi et al., 2019) ~2 (Ho et al. (2017) 1292 SSR (Chapman (2015); 3,343 SNP Uba et al. (2021)
Groundnut — — —

Clusterbean 580.9 Mbp (Tyagi et al., 2019) — 5,773 (Tanwar et al., 2017); 8,687 (Rawal et al., 2017)
— — — 18,792 (Thakur and Randhawa 2018); 25,280 (Kumar et al.,

2020)
— — — 27,066 (Al-Qurainy et al., 2019); 1,859 genomic SSRs
— — — (Tribhuvan et al., 2019); 3,594 SNPs (Tanwar et al., 2017)
— — — 5,999 SNPs and 249 InDels (Thakur and Randhawa 2018)
Common 1.8 Gb (Shirasawa et al., 2021b) — 6,848 SSRs and 7,246 high quality SNPs (De la Rosa et al., 2020)
Vetch — — —

Dolichos bean — ~4 (Konduri et al., 2000; Yuan et al.,
2011)

9,320 DArT seq based SNPs and 15,719 SilicoDart markers

or hyacinth bean — Ramtekey et al., 2019) (Sserumaga et al., 2021)
— — — 2,529 SSRs (Chapman 2015)
Grasspea 8.2 Gb (Bennett and Leitch, 2012) ~2 (Santos et al., 2018) 651,827 SSRs and 288 SSRs (Yang et al., 2014);

3,204 EST-SSR
— — — (Hao et al., 2017); 146,406 SNPs (Hao et al., 2017)
Horse gram 400 Mb (Bhardwaj et al., 2013) ~1 (Shirasawa et al., 2021a) 6,195 SSRs(Bhardwaj et al., 2013)
— — — 3,942 SNPs (Mahesh et al., 2021)
Lima bean ~622 Mbp/1 C ~1 (Garcia et al., 2021) 10,497 SNPs(Garcia et al., 2021)
— (Mercado-Ruaro, P. & Delgado-Salinas

1998)
— —

Mothbean — ~1 (Yundeang et al., 2019) —

Mungbean 494–555 Mb (Liu et al., 2016b) ~19 (Wang et al., 2020) 13,134 EST-SSRs (Chen et al., 2015b)
— — — and 200,808 SSRs in mungbean
— — — (Kang et al., 2014); 775,831 high-confidence SNPs (Kang et al.,

2014)
— — — 8,966 SNPs (Ha et al., 2021); 233,799 SNPs (Bangar et al., 2021)
Narrow- 924 Mbp (Kasprzak et al., 2006) ~9 (Zhou et al., 2018; Kozak et al., 2019) 4830 SNPs (Ksiąz_kiewicz et al., 2017)
leafed lupin — — 38,948 SNPs (Mousavi-Derazmahalleh et al., 2018)
— — — 1,723 058 SNPs (Wang P. et al., 2021)
Red clover 420 Mb(Sato et al., 2005) ~3 (Riday and Krohn 2010) 264,927 SNPs (Jones et al., 2020); 69,975 SNPs (Li et al., 2019)
— — — 6,749 SSR, 343,027 SNPs (Ištvánek et al., 2017)
Ricebean 414 Mbp (Kaul et al., 2019) ~2 (Somta et al., 2006; Isemura et al.,

2010)
300 SSR (Chen et al., 2016); 261,458 SSRs (Wang et al., 2016)

White lupin 451 Mb (Hufnagel et al., 2020b) 1 2,659,837 SNPs (Hufnagel et al., 2020b)
— — — 3,527,872 SNPs (Hufnagel et al., 2021)
Yellow lupin — 1 (Iqbal et al. (2020) 13,462 SNPs in yellow lupin (Iqbal et al., 2019)
— — — 3,942 SNPs (De Vega et al., 2015)
Urd bean 574 Mbp 3 (Somta et al., 2019) 166,014 SSRs (Jegadeesan et al., 2021)
— Arumuganathan and Earle (1991) — 1,621 genic-SSR and 1844 SNPs (Raizada and Souframanien

2019)
— — — 3,675 SNPs (Somta et al., 2019)
Winged bean 1.22 Gbp/C (Vatanparast et al., 2016) — 1853 SSRs (Chapman 2015); 12,956 SSRs(Vatanparast et al.,

2016)
— — — 5,190 SNPs (Vatanparast et al., 2016)
Zombi pea — 2 (Dachapak et al., 2018; Amkul et al.,

2019)
4,044,822 SNPs in zombipea (Amkul et al., 2019)

Frontiers in Genetics | www.frontiersin.org April 2022 | Volume 13 | Article 8316563

Jha et al. Genomic Progress of Minor Legumes

7071

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


nucleotide polymorphisms (SNPs), transcriptomes, and whole-
genome assemblies, of various underutilized legumes.

Molecular Marker Resources
Hybridization-based molecular markers, such as restriction
fragment length polymorphisms (RFLP), and PCR-based

molecular markers, such as RAPD, SSR markers, have been
used to analyze, tag, and map trait gene(s) in various
underutilized legumes (Bohra et al., 2014). However, the
arrival of next-generation sequencing technology (NGS) based
high-throughput (HTP) markers, especially SNPs, has replaced
traditional PCR-based molecular markers for genotyping.

TABLE 2 | List of genome sequence assembly of underutilised legume crops.

Crop
name

Genotype Pubmed
ID

Chromosome
no.

Size
of genome

No.
of

protein
coding
genes

Genome
coverage

Sequencing
platform
used

References

Cyamopsis
tetragonoloba (L.)
Taub.

Vaviloskij 130 — — 1.2 Gb — 5× Illumina and Oxford
Nanopore

Grigoreva et al.
(2019)

Cyamopsis
tetragonoloba (L.)
Taub.

RGC-936 — — 550.31 Mbp 34680 366.73× Illumina, 10× Chromium and
Oxford Nanopore

Gaikwad et al.
(2020)

L. purpureus — 30535374 2n = 22 395.47 Mb 20,946 — HiSeq 2000 platform
(Illumina)

Chang et al. (2019)

Lupinus albus AMIGA 31980615 2n = 50 451 Mb 38258 164× PacBio Sequel platform Bárbara Hufnagel
et al. (2020)

Lupinus angustifolius Tanjil 27557478 2n = 40 609 Mb 33 076 162.8× Illumina Hane et al. (2017)
Lupinus angustifolius Tanjil 33249667 2n = 40 615.8 Mb 33907 156x PacBio Sequel II platform Wang P. et al. (2021)
Macrotyloma uniflorum HPK-4 — — 259.2 Mb — — Illumina HiSeq 2000 Shirasawa et al.

(2021a)
Macrotyloma uniflorum PHG-9 — 2n = 40 279.1 Mb 24,521 — Illumina HiSeq Mahesh et al. (2021)
Medicago polymorpha Huaiyang

Jinhuacai
33642569 — 441.83 Mb 36,087 123.89× Illumina, PacBio and Hi-C

technologies
Cui et al. (2021)

M. ruthenica — — — 904.13 Mb 50,162 — PacBio, Illumina,
10×Genomics, and Hi-C

Wang T. et al. (2021)

M. ruthenica — 33615703 — 903.56 Mb 50,268 — Illumina, PacBio, and Hi-C Mou Yin et al. (2021)
Narrow leafed lupin Tanjil 23734219 — 538 57,807 27× — Yang et al. (2013a)
Narrow leafed lupin Tanjil — — 521.2 — 25× — Kamphuis et al.

(2015)
Phaseolus lunatus L. G27455 33514713 — 512 Mbp 28,326 10× Illumina HiSeq Garcia et al. (2021)
Phaseolus acutifolis A.
Gray

Frijol Bayo — 2n = 22 684 Mb 27,538 101.28× Illumina HiSeq platforms Moghaddam et al.
(2021)

Phaseolus acutifolis A.
Gray

wild
accession

— 2n = 22 676 Mb 27,095 — Illumina HiSeq platforms Moghaddam et al.
(2021)

— W6 15578 — — — — — — —

Red clover Tatra 24500806 — 314.6 47,398 50× Illumina HiSeq 2000 Isõtvánek et al.
(2014)

Red clover Milvus B 26617401 — 309 Mb 40,868 30× Illumina HiSeq 2000 De Vega et al. (2015)
T. subterraneum L. Daliak 27545089 — 471.8 Mb 42,706 — Illumina MiSeq and HiSeq

2000
Hirakawa et al.
(2016)

T. subterraneum L. TSUd_r1.1 28111887 — 512 Mb 31,272 341× Illumina HiSeq 2000 Kaur et al. (2017)
Vigna radiata VC 1973A 25384727 2n = 22 579 Mb 22,427 — Illumina HiSeq 2000, GS

FLX +
Kang et al. (2014)

Vigna radiata VC 1973A 34275211 2n = 22 475 Mb 30,958 — PacBio RS II platform Ha et al. (2021)
Vigna angularis Jingnong 6 26460024 2n = 22 450 Mb 34,183 168× HiSeq 2000 Kai Yang et al.

(2015)
Vigna angularis var.
angularis

IT213134 25626881 2n = 22 612 Mb 26,857 — Illumina HiSeq 2000 Kang et al. (2015)

Vicia sativa KSR5 — 2n = 14 1.5 Gb 31,146 146× HiSeq2000 Shirasawa et al.
(2021b)

Vigna mungo Pant U-31 — 2n = 22 475 Mb 18655 — Illumina and Nanopore
sequencing

Jegadeesan et al.
(2021)

Vigna mungo Chai Nat 80 — 2n = 22 499 Mb 29,411 21.72× Illumina HiSeq × Ten Pootakham et al.
(2021)

V. subterranea — 30535374 — 535.05 Mb 31,707 — HiSeq 2000 platform
(Illumina)

Chang et al. (2019)

Vigna umbellata VRB3 — 2n = 22 414 Mb 31276 30× Illumina and PacBio platform Kaul et al. (2019)
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Second- and third-generation sequencing technologies have
enabled the mining of massive numbers of SSRs and SNPs
through whole-genome sequencing, WGRS, and transcriptome
sequencing efforts in various crops, including underutilized
legumes (Edwards and Batley 2010).

Likewise, the advent of NGS-based HTP genotyping
platforms, such as Illumina’s GoldenGate assay, Illumina’s
HiSeq 4000 platform, and Illumina’s Infinium SNP array,
enabled the discovery of copious SNPs across multiple
genomes that facilitate a range of investigations, including
the diversity of genebank collections (Sokolkova et al., 2020).
Aiming at comprehensive mining of SSR markers for Vigna
species including cowpea, mungbean and adzuki bean,
microsatellite database VigSatDB has been developed
(Jasrotia et al., 2019). A comprehensive list of molecular
markers, mapping populations available in various
underutilized legumes are in Table 1. Thus, these
molecular markers will provide the foundation for
implementing genomic assisted breeding for improving
genetic gain in underutilized grain legumes.

De Novo Genome Sequencing of
Underutilized Legumes
Adzuki bean (Vigna angularis var. angularis) (2n = 2x = 22) is an
important grain legume of Asiatic origin (Kang et al., 2015). The
draft genome sequence of adzuki bean was assembled on
11 pseudo-chromosomes, estimating 612 Mb or 75% of the
estimated genome and high-confidence 26,857 protein-coding
genes (Kang et al., 2015) (Table 2). Yang K. et al. (2015)
assembled a draft genome assembly of “Jingnong 6” cultivar
covering 450 Mb of the total genome.

Bambara groundnut (Vigna subterranean) (2n = 2x = 22) is an
important legume crop, rich in protein (18–26%), carbohydrate
(63%), and fat (6.5%) and having inherent drought tolerance
capacity (Shegro et al., 2013). It originated from West Africa and
is mainly grown in sub-Saharan areas, especially Nigeria (Olukolu
et al., 2012). Chang et al. (2019) assembled the genome sequence
of bambara groundnut, with a genome size of ~535.05 Mb with
31,707 protein-coding genes.

Mungbean (Vigna radiata, 2n = 2X = 22) is a warm-season
legume crop, originated from India and mostly grown in South
and Southeast Asian countries. Kang et al. (2014) first assembled
the mungbean genome sequence, estimating 421 Mb or 80% of
the total genome size and 22,427 protein-coding genes, with
scaffold length 431 Mb and N50 length 35.4 Mb covering 314 Mb.
Recently, a mungbean genome sequence was assembled with a
total scaffold size of 475 Mb and N50 scaffold value of 5.2 Mb (Ha
et al., 2021).

Urdbean (Vigna mungo, 2n = 2x = 22), native to Indian
subcontinent, mostly grown in South and Southeast Asian
countries (Kaewwongwal et al., 2015), is a rich source of
dietary protein, vitamins, folate, and iron (Kakati et al., 2010).
The genome assembly of Chai Nat 80 cultivar measured 499 Mb
with an N50 length of 5.2 Mb (Pootakham et al., 2021).
Subsequently, Jegadeesan et al. (2021) assembled a genome
assembly of urdbean, measuring 475 Mb or 82% of the

genome with scaffold N50 of 1.42 Mb and 42,115 genes with
coding sequence.

Cluster bean (Cyamopsis tetragonoloba, 2n = 2x = 14),
native to west Africa and India, an important commercial
legume crop widely grown in India and parts of Africa,
contains hetero-polysaccharide called guar gum or
galactomannan used extensively in the cosmetic and
pharmaceutical industries (Gillett 1958). Gaikwad et al.
(2020) assembled the first genome sequence of RGC-936
cultivar, measuring 550.31 Mbp with N50 length of
78.27 Mbps and 34,680 protein-coding genes.

Dolichos bean (Lablab purpureus) (2n = 2x = 22) is a versatile
legume crop of African origin, rich in seed protein and highly
tolerant to various abiotic stresses (Maass et al., 2010). It is mostly
cultivated in tropical and sub-tropical regions globally (Maass
et al., 2010). The genome assembly of Lablab purpureus was
constructed recently, with an estimated 395.47 Mb genome size
and 20,946 protein-coding genes (Chang et al., 2019).

Grass pea (Lathyrus sativus) is a climate-resilient legume of
Central Asia and Abyssinia origin, diploid (2n = 2x = 14), cool-
season legume species (Kamphuis et al., 2015; Emmrich et al.,
2020) primarily grown on the Indian subcontinent and in
northern and eastern Africa, including Ethiopia (Kumar et al.,
2011). The assembled genome size of EIv1 was measured at
8.12 Gbp with scaffold N50 value of 59.7 kbp and 33,819 high-
confidence genes (Kamphuis et al., 2015; Emmrich et al., 2020).

Horsegram [Macrotyloma uniflorum (Lam.) Verdc.], native to
tropical southern Asia, is a diploid legume (2n = 20, 22) grown in
India, Africa, and Australia (Arora and Chandel 1972). The
genome sequence of the HPK-4 genotype was assembled on
ten pseudomolecules measuring 259.2 Mb or 89% of the total
length of the assembled sequence (Shirasawa et al., 2021a).
Another genome assembly of accession PHG-9, measuring
279.1 Mb with 24,521 annotated genes has recently been
constructed (Mahesh et al., 2021).

Red clover (Trifolium pratense L.; Fabaceae, 2n = 2x = 14) is an
important forage legume of European origin, with a genome size
of 418 Mbp. Isõtvánek et al. (2014) completed a de novo assembly
of the red clover genome, comprising ~314.6 Mbp.

Likewise, subterranean clover presumed to be originated from
Southern Australia, belonging to Trifolium genus, is an annual
diploid (2n = 2x = 16) pasture legume with 540 Mbps genome size
(Kaur et al., 2017). Hirakawa et al. (2016) assembled the genome
sequence of T. subterraneum L., measuring 471.8 Mb or 85.4% of
the whole genome and containing 42,706 protein-coding genes.
Subsequently, Kaur et al. (2017) assembled an advanced genome
assembly of T. subterraneum L., estimating 512 Mb with
31,272 protein-coding genes.

Tepary bean (Phaseolus acutifolius A. Gray), native to the
Sonoran Desert and a sister species of common bean, is gaining
attention due to its inherent capacity for biotic and abiotic stress
tolerance (Moghaddam et al., 2021) and important source traits
for improving biotic and abiotic stress tolerance in common bean
(Moghaddam et al., 2021). A reference genome assembly of
cultivated landrace Frijol Bayo, possessing inherent heat
tolerance, was constructed using Illumina X10 and HiSeq
platforms and PACBIO with 101.28× sequence coverage, and
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measured 512,626,114 bp with 27,538 high-confidence genes
(Moghaddam et al., 2021).

White lupin (Lupinus albus L. 2n = 50) originated from
Mediterranean region, contains high protein content (30–40%
whole seed) (Bähr et al., 2014) and can use higher soil
phosphorus than other legume crops due to its special
“cluster root” structure (Lambers et al., 2013). However,
improving yield stability and minimizing anti-nutritional
alkaloids in white lupin seed through conventional breeding
remains challenging. Hence, to elucidate the function of
various trait gene(s) related to quality and quantitative
importance, Bárbara Hufnagel et al. (2020) assembled a
high-quality genome sequence of white lupin, scaling
451 Mb and 38,258 annotated protein-coding genes.

Likewise, narrow-leafed lupin (Lupinus angustifolious) is an
important grain legume of Mediterranean origin, enriched with
dietary protein (40–45%) and fiber (25–30%) (Lee et al., 2006).
Hane et al. (2017) assembled the draft genome sequence of Tanjil
cultivar, estimating 609 Mb and 33,076 protein-coding genes.
Subsequently, Wang et al. (2021a) constructed an improved
genome assembly of Tanjil, measuring 615.8 Mb with contig
N50 = 5.65 Mb, using a long-read whole-genome sequencing
approach.

Common vetch (Vicia sativa, 2n = 14) originated from Near
Eastern centre of diversity, is a wild and partially domesticated
legume crop with a genome size of 1.8 Gb (Shirasawa et al.,

2021b). It is used as silage and hay for livestock feeding. The
reference genome assembly has been assembled, spanning 1.5 Gb
and 31,146 genes (Shirasawa et al., 2021b).

Quantitative Trait Mapping Through
Bi-parental and Multi-Parental Schemes
As most of the traits with agricultural importance including
biotic, abiotic stress tolerance and quality traits are governed
by multiple gene(s)/quantitative trait loci (QTL). In order to
map these traits various molecular breeding approaches are
available to breeders, including family based bi-parental
mapping approach, marker-assisted backcrossing.
Subsequently, the availability of high-throughput molecular
markers has accelerated the precise mapping of various trait
QTLs through employing novel molecular breeding schemes
including MutMap, multi-parental cross (MAGIC), genome-
wide association mapping, genomic selection and QTL seq
approach (Meuwissen et al., 2001; Cavanagh et al., 2008;
Takagi et al., 2013; Takagi et al., 2015). In underutilized
legumes several bi-parental mapping populations based on
interspecific and intraspecific crosses have been developed
aiming at constructing genetic linkage map and mapping/
tagging targeted trait QTLs of agronomic importance (for
details Table 3). However, mapping resolution of detected
QTLs through bi-parental mapping approach remains low.

TABLE 3 | List of high density genetic maps developed in various underutilised legumes.

Crop Mapping population Type of
population

Size of
LG map

Number of
marker/loci assigned

Marker
density

References

Trifolium pratense L. HR × R130, NS10 × HR,
NS10×H17L

BC1F1 836.6 cM 1804 loci 0.46 cM Isobe et al. (2009)

— H17L × R130, 272 × WF1680 — — — — —

— pC × pV — — — — —

Vigna mungo BC48 × TC2210 — 1,588.7 cM 3,675 SNPs 0.57 cM Somta et al. (2019)
Vigna radiata Vigna radiata × V. umbellata RIL 1,291.7 cM 538 SNPs 2.40 cM Mathivathana et al. (2019)
Vigna angularis Ass001 × CWA108 F2(150) 1,031.17 cM 1571 SNP 0.67 cM Kai Yang et al. (2015)
Vigna angularis Vigna nipponensis: Yesheng10 × RIL,153 1,628.15 cM 2032 SLAF 0.80 cM Liu et al. (2016a)
— Jihong9218 — — — — —

Yellow lupin Wodjil cultivar × P28213 RIL(154) — 2,450 — Iqbal et al. (2020)
Yellow lupin Wodjil cultivar × P28213 RIL(154) 2,261.3 cM 2,458 2.29 cM Iqbal et al. (2019)
Lupinus angustifolius L 83A:476 × P27255 RIL(87) 2,399 cM 34,574 markers/3,508

loci
— Zhou et al. (2018)

Lupinus angustifolius L Emir × LAE-1 RIL(92) 3,042 cM 4602 markers — Kozak et al. (2019)
Lupinus angustifolius L 83A:476 × P27255 RIL(153) 2,500.8 cM 9,972 loci 0.85 cM Hane et al. (2017)
Lupinus angustifolius L Chittick × Geebung RIL(185) 781.2 cM 2,315 — Taylor et al. (2021)
Phaseolus lunatus L. UC 92 ×UC Haskell RIL 1064 cM 522 loci 2.18 cM Garcia et al. (2021)
Horsegram HPK-4 × HPKM-193 F2 980 cM 1,263 SNPs — Shirasawa et al. (2021a)
Vigna vexillata TVNu 240 × TVNu 1,623 F2(198) 1,740.9 cM 6,529 0.27 cM Amkul et al. (2019)
Vigna radiata Dahuaye × Jilyu 9–1 RIL 1,060.2 cM 1,946 bin markers 0.54 Wang et al. (2020)
Vigna angularis Vigna angularis × F2(143) 1,365.0 cM 2,904 0.47 cM Wang et al. (2021b)
— V. angularis var. nipponensis — — — — —

Vigna aconitifolia TN67 × ICPMO056 F2(188) 1,016.8 172 7.34 cM Yundeng et al. (2019)
Horsegram HPK4 × HPKM249 RIL(190) 1,423.4 cM 211 9.6 cM Chahota et al. (2020)
Vigna radiata VC 1973A × V2984 190, RIL — 1,321 — Kang et al. (2014)
Lathyrus BGE008277× BGE023542 103, RIL 724.2 cM 307 2.4 cM Santos et al. (2018)
Vigna vexillata V. vexillata (JP235863) × F2 704.8 cM 262 2.87 cM Dachapak et al. (2018)
— wild V. vexillata (AusTRCF66514) — — — — —

Bamara ground nut IITA686 × Ankpa4 263 F2 1,395.2 cM 223 markers — Ho et al. (2017)
— Tiga Nicuru × DipC 71 F3 1,376.7 cM 293 markers — —
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TABLE 4 | List of selected QTLs identified in various underutilised legume crops.

Crop Trait Mapping
population

QTL LG group Type of
marker

PV% References

Bambara
groundnut

Internode length IITA686 × Ankpa4,
F2 263

One major QTL LG2 DArTseq
markers

33.4 Ho et al.
(2017)

— — Tiga Nicuru × DipC,
F3 71

— — — — —

Lupinus
angustifolius

Gray leaf spot 83A:476 × P27255,
F8 RIL

One major QTL,
LOC109334326

LG19 Microsatellite
fragment

98 Zhou et al.
(2021)

— — — LOC109334327 — Length
polymorphism

— —

Lupinus
angustifolius

Vernalisation Chittick ×
Geebung, F2
and RIL

efl, Trimethylguanosine LG14 SNP 81.95% Taylor et al.
(2021)

— — — Synthase1-like (LanTGS1) — — — —

— — — Lup005529.1 — — — —

Lupinus
albus

Anthracnose Kiev×P27174
F8, RIL

antr04_1,antr05_1,antr04_2,
antr05_2

ALB02, ALB04 SNP 14.6–25 Rychel-
Bielska
et al.(.2020)

— — — Lalb_Chr02g0142231 — — — —

— — — Lalb_Chr02g0141611 — — — —

— — — Lalb_Chr02g0141701 — — — —

— — — Lalb_Chr04g0264801 — — — —

Lupinus
luteous

Domestication related
traits

Wodjil×P28213,
RIL(156)

Vernalisation responsiveness
locus

YL-21, YL-06 SNP,
presence

83% Iqbal et al.
(2020)

— — — Alkaloid content, flower and
seed

YL-03 and YL-38 Absence
variation

— —

— — — Colour loci — Marker — —

Lupinus
luteous

Anthracnose resistance AluProt-CGNA ×
PI385149

Anthracnose resistance QTL 4, 10, 11, 13, 23 SNP 75–83% Lichtin et al.
(2020)

— and early flowering F2 (188) Days to flowering QTL — — — —

Macrotyloma Drought and yield HPK4 × HPKM249
(RIL,190)

qDFW01, qDFW02, qDTM01 LG1,4,6 7 SSR,
RAPD, COS

7.3–55.3% Chahota
et al. (2020)

uniflorum — — qRL01, qNSPP01 — — — —

Vigna radiata Drought RIL 58 QTLs — SNP 6.40–20 Liu et al.
(2017)

Vigna radiata Plant height VC 1973A × V2984,
RIL, 187

Height4-1, Height5-1 LG4, 5 SNP 6.2–30 Ha et al.
(2021)

— Flower initiation — FI4-1, FI9-1 LG4,9 SNP 6.4–24 Ha et al.
(2021)

— No. of branches — Branch3-1 LG3 SNP 6.4 Ha et al.
(2021)

— No. of nodes — Node4-1, Node11-1 LG4, 11 SNP 6.3–20 Ha et al.
(2021)

— Synchronous maturity — SPM4-1, SPM7-1 LG4, 7 SNP 6.8–10.3 Ha et al.
(2021)

Vigna
aconitifolia

C. chinensis TN67× IPCMO056,
F2(188)

qVacBrc2.1 and qVacBrc5.1 LG2 and 5 SSR — Somta et al.
(2018)

Vigna mungo C. maculatusresistance. BC48 × TC2210,
RIL(150)

qCm_PDS2.1,
qCm_AUDPS6.1

LG2, 6 and 7 SNP 7.28–30% Somta et al.
(2019)

— — — qCm_AUDPS6.2,
qCm_AUDPS7.1

— — — —

— — — qVmunBr6.1 and qVmunBr6.2 — — — —

Vigna radiata Indented Leaflet Dahuaye × Jilyu 9–1 Indented Leaflet QTL LG3 and LG10 SNP 39.70% Wang et al.
(2020)

— — — — — — and 45.4% —

Vigna radiata C. chinensis — VrPGIP1 and VrPGIP2 LG5 — — Zhang et al.
(2021)

Vigna
angularis

Flowering time Vigna nipponensis:
Yesheng10 ×
Jihong9218

Fld3.2 and Fld3.3, Fld5.1 vs.
Fld5., and Fld5.2 vs. Fld5.5

LG03, LG05 SLAF 66–71% Mao-Sen Liu
et al. (2016)

Vigna
angularis

Seed size Vigna angularis × 12 seed size related QTLs LG2, 4,5,6 and 9 Indels 3–22% Wang et al.
(2021b)

— — V. angularis var.
nipponensis

— — — — —

50 QTLs related to LG 1, 2, 4, 7, and 10 SSR 4.26–53.66%
(Continued on following page)
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Therefore, to increase the resolution of trait QTLs novel
breeding scheme viz., genome-wide association study
(GWAS), nested association mapping and MAGIC has been
developed. We believe these approaches could be implemented
in underutilized legumes to increase the resolution of
trait QTLs.

Progress in High-Density Genetic Map
Development for Trait Quantitative Trait
Loci Discovery and Mapping
Initially, morphological-based markers, isozymes, RFLP,
amplified fragment length polymorphisms (AFLP),
randomly amplified polymorphic DNAs (RAPD), and SSR
markers were used to construct preliminary genetic linkage
maps in various underutilized legumes [for details, (Bohra
et al., 2014)]. However, the increasing ease of developing high-
throughput SNP markers derived by GBS, restriction site-
associated DNA sequencing (RAD-seq), and whole genome
resequencing has facilitated developing highly dense/saturated
consensus linkage maps in various underutilized legumes.

Several genetic maps of mungbean based on SSR markers have
been developed (Bohra et al., 2014). Later, a genetic map
measuring 1,060.2 cM was developed from an intraspecific
mapping population (Wang et al., 2020) and a denser genetic
map with 1,291.7 cM and harboring 538 SNPs was developed
from an interspecific mapping population derived from Vigna
radiata × V. umbellate cross (Mathivathana et al., 2019)
(Table 4).

A comprehensive genetic map of urd bean (V. mungo) covering
1,588.7 cM with 3,675 SNPs was developed (Somta et al., 2019).
Based on a F2 population, Kai Yang et al. (2015) developed an initial
genetic map in adzuki bean measuring 1,031.17 cM. Wang et al.
(2021b) presented a denser genetic map measuring 1,365.0 cM in
adzuki bean (Vangularis). In zombi pea (V. vexillata), a high-density
linkage map spanning 1740.9 cM harboring 6,529 SNPs with an
average distance of 0.27 cMbetweenmarkers was developed from an

F2 mapping population of TVNu 240’ × “TVNu 1,623” (Amkul
et al., 2019).

Hane et al. (2017) presented a high-density linkage map of
narrow-leafed lupin measuring 2,500.8 cM with 9,972 loci and
Iqbal et al. (2019) developed a high-density linkage map of yellow
lupin measuring 2,261.3 cM. Santos et al. (2018) developed a
genetic map of lathryus covering 724.2 cM with 307 loci. Chahota
et al. (2020) presented a genetic map for horse gram measuring
1,423.4 cM with 211 loci (Table4).

The above linkage maps can be used to identify various
traits of biotic, abiotic stress tolerance, agronomic, and
culinary importance in numerous underutilized legumes.
The selected major trait QTLs identified in the last decade
based on bi-parental mapping populations are listed in
(Table 4). Biotic stress remains the most significant yield
stress in underutilized grain legumes globally. The increased
availability of genomic resources, especially molecular
markers, has identified/tagged various disease-resistant
QTLs/gene(s); for example, one major QTL qCc_PDS6.1
against Callosobruchus chinensis (bean weevil) and another
QTL qCm_PDS6.1against Callosobruchus maculatus (cowpea
weevil) have been identified (Amkul et al., 2019). Likewise,
four major QTLs (antr04_1, antr05_1, antr04_2 and antr05_2)
controlling anthracnose resistance explaining 14–25%
(Rychel-Bielska et al., 2020) of the phenotypic variation in
white lupin. Restriction site-associated DNA sequencing
derived SNP markers were used as candidate markers for
the R gene of phomopsis stem blight disease resistance in
narrow-leafed lupin (Yang et al., 2013b). Recently, one major
QTL with LOC109334326, LOC109334327 underlying
candidate genes was deciphered for gray leaf spot disease in
narrow-leafed lupin (Zhou et al., 2021).

Like biotic stresses, abiotic stresses, particularly drought,
causes significant yield losses in underutilized legumes (Liu
et al., 2017; Chahota et al., 2020). Several QTLs contributing
to drought tolerance have been discovered in mungbean (Liu
et al., 2017), and horse gram (Chahota et al., 2020).

TABLE 4 | (Continued) List of selected QTLs identified in various underutilised legume crops.

Crop Trait Mapping
population

QTL LG group Type of
marker

PV% References

Vigna
aconitifolia

Domestication related
traits

TN67 ×
ICPMO056 F2(188)

Yundeng
et al. (2019)

— — — Domestication related trait — — — —

Vigna
vexillata

Domestication related
traits

JP235863 ×
AusTRCF66514

37 QTLs related to LGs 5, 6, 7, 8, 10
and 11

SSR,
RAD-seq

5.9–52% Dachapak
et al. (2018)

— — F2(139) Domestication related trait
Vigna
vexillata

22 domestication-
related traits

V. vexillata
(JP235863) ×

37 QTLs LG1,2,3,4,5,6,7,8,9 SSR,
RAD-seq

upto 52% Dachapak
et al. (2018)

— — wild V. vexillata
(AusTRCF66514)

— — — — —

— — F2(139) — — — — —

Vigna
vexillata

C.chinensis resistance TVNu 240 × TVNu
1,623

One major and three minor
QTLs

— SNP — Amkul et al.
(2019)

— C.maculatus resistance F2(198) one major and — — — —

— — — one minor QTLs for
C.maculatus

— — — —
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Low seed-alkaloid content (<0.02%) is a prime objective of
quality improvement in lupin. In lupin the iucundus allele is a
major gene regulating seed alkaloid content. Several mapping
populations have been developed for identifying low alkaloid
controlling QTLs and gene(s). Li et al. (2011) identified a
microsatellite-anchored fragment length polymorphism-
derived PCR marker (lucLi) linked to the low-alkaloid locus
iucundus (0.9 cM). Likewise, Lin et al. (2009) developed a
sequence-specific PCR marker (PauperM1) closely linked
(1.4 cM) to the low-alkaloid locus pauper in white lupin
(Lupinus albus L.). Moreover, of five SNP markers co-
segregating the pauper locus in a set of 140 lupin accessions,
the LAGI01_35805_F1_R1 marker was highly linked with this
gene and could be used in low seed alkaloid lupin breeding
programs (Rychel and Książkiewicz, 2019). Subsequently, Kroc
et al. (2019) developed a co-dominant derived cleaved amplified
polymorphic sequence (dCAPS) marker (iuc_RAP2-7) from the
RAP2-7 candidate gene of alkaloid locus iucundus responsible for
seed alkaloid content in narrow-leafed lupin, which could be used
in marker-assisted breeding for low alkaloid content in lupin.
Furthermore, fine mapping of this seed alkaloid controlling
genomic region unveiled four candidate gene(s)—
LOC109339893, LOC109339862, LOC109339875 and
LOC109339876—on LG7 in the interval of 20.70–20.89 Mb
(Wang et al., 2021a).

Genome-Wide Association Study Approach
for Trait Quantitative Trait Loci
Identification With Increased Resolution
GWAS is gaining popularity for uncovering genotype–phenotype
associations in various plant species, including underutilized
legumes (Huang and Han 2014; Liu and Yan 2019), by
establishing the genetic basis of the genotype–phenotype
association for the trait of interest in a large panel of diverse
accessions based on multiple crossing-over events over the recent
demographic history of a taxa (Huang and Han 2014). Due to the
unprecedented advances in NGS technology, an increasing
repertoire of HTP markers in several underutilized legumes
have helped to identify loci associated with aspects of complex
trait architecture. GWAS has been assisted by the subsequent
availability of genome-wide SNP markers for various traits,
including phenological traits, quality/nutritional traits, biotic
and abiotic stresses, and yield and yield-related traits, in many
underutilized legumes (Plewiński et al., 2020). In narrow-leafed
lupin, a GWAS incorporating massive analysis of cDNA ends
(MACE) markers in 126 gentoypes uncovered significant MTAs
related to flower initiation, maturity, plant height, and yield traits
(Plewiński et al., 2020). The underlying candidate genes were
Lup019134, Lup015264, Lup021911, and Lup021909 for flower
initiation, Lup015264 and Lup004734 for maturity,
Medtr1g030750 for plant height, and Lup021835 and
Lup022535 for yield traits (Plewiński et al., 2020).

GWAS has been used increasingly for dissecting complex
QTLs controlling various abiotic stresses in crop plants,
including underutilized legumes. To elucidate the underlying
genomic regions attributing macro- and micro-nutrients in

mungbean seeds, Wu et al. (2020) identified 43 MTAs related
to calcium, iron, manganese, phosphorus, sulfur, and zinc using
inductively coupled plasma (ICP) spectroscopy and GBS-derived
SNPs in a set of 95 global mungbean accessions. The explained
phenotypic variation ranged from 1 to 38%. Further, Reddy et al.
(2021) used a GBS-based GWAS study to dissect the molecular
basis of phosphorus uptake efficiency and phosphorus utilization
efficiency in 120 mungbean genotypes. The authors uncovered 116
SNPs in 61 protein-coding genes related to phosphorus uptake
efficiency and phosphorus utilization efficiency traits. The
significantly associated SNPs explained phenotypic variation ranging
from 17 to 20% for total phosphorus utilization (under low
phosphorus) and it ranged from 15 to 21% for phosphorus
utilization efficiency. Six candidate genes—VRADI01G04370,
VRADI05G20860, VRADI06G12490, VRADI08G20910,
VRADI08G00070 and VRADI09G09030—regulating phosphorus
uptake efficiency and phosphorus utilization efficiency were
deciphered (Reddy et al., 2021).

Recently, recruiting 5,041 SNPs in a minicore collection of 293
mungbean accessions identified four significant MTAs for
maturation and hypocotyl color within the Vradi02g04380
gene on chromosome 2 encoding zinc finger A20 and AN1
domain stress-associated protein (Sokolkova et al., 2020).
Despite the popularity of GWAS for elucidating marker-trait
associations, it has some drawbacks regarding population
structure and low-frequency causal alleles causing false
negative results (Korte and Farlow 2013). To minimize and
overcome the population structure related problems, artificially
designed populations such as MAGIC and nested association
mapping, could be used [for details (Alseekh et al., 2021)].

Crop Wild Relatives and Their Genome
Assembly for Exploring Novel Trait Genes in
Underutilized Legumes
CWRs, including those of underutilized legumes, are a hidden
reservoir of novel trait gene(s), offering scope for broadening
genetic diversity in crop breeding programs (Warschefsky et al.,
2014; Zhang and Batley, 2020). In the past, during domestication
process, several genes associated with adaptive traits conferring
abiotic stress tolerance were lost rendering modern cultivated
crop plants to adapt poorly under stress condition (Warschefsky
et al., 2014; Zhang and Batley, 2020). However, CWRs serve as
reservoir of these biotic and abiotic stress adaptive genes. Thus,
recapturing these genes from CWRs through introgression and
novel breeding tools could facilitate in increasing the fitness of
genepool (Burgarella et al., 2019). Several CWRs of underutilized
legumes. e.g., V. nakashimae, are potential sources of bruchid
resistance (Somta et al., 2006) and salinity tolerance (Yoshida
et al., 2016) in adzuki bean. Likewise, harnessing bruchid
resistance genes/genomic regions from Vigna radiata var.
sublobata can improve bruchid resistance in mungbean
(Schafleitner et al., 2016) (Table 5). In urd bean, V. mungo
var. silvestris could be promising for transferring bruchid and
mungbean yellow mosaic India virus resistance genes into high-
yielding urd bean breeding lines (Souframanien and
Gopalakrishna, 2006; Souframanien et al., 2010). Further, the
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genomic sequences of wild underutilized legumes have been
assembled to gain insight into the novel trait genes of CWRs.
Whole-genome sequencing ofM. ruthenica offered novel insights
into many genes, including the FHY3/FAR1 gene family
conferring higher drought tolerance in cultivated M. sativa
(Wang et al., 2021c). Mou Yin et al. (2021) advocated
evidence for multiple family genes and TF family genes, viz.,
C2H2, CAMTA and NAC attributing various abiotic stress
tolerances through chromosome-scale genome sequencing of
M. ruthenica. Novel SNP and InDel markers were recovered
from genome sequencing of V. radiata var. sublobata; the wild
relative accession TC1966 of mungbean could be useful for
exploring biotic and abiotic stress tolerant genomic regions
through comparative mapping of cultivated mung bean (Kang
et al., 2014). Thus, these CWR genomic resources could be used to
develop climate-resilient grain legume cultivars.

Implications of Genomic-Assisted Breeding
in Underutilized Legumes
Current advances in genomic resource development in
underutilized legumes have enabled breeders to develop
improved cultivars. For example, tagging various traits in
narrow-leafed lupin, such as LanFTc1 PCR-based INDEL
markers for vernalization responsiveness locus Ku/Julius
(Nelson et al., 2017; Plewiński et al., 2019; Taylor et al.,
2019), InDel2, InDel10, and PhtjM7 for PhtjR (Yang et al.,
2013b; Yang H. et al., 2015), Anseq3 and Anseq4 for Lanr1
(Yang et al., 2012), and TP222136 and TP47110 markers for
antr04_1/antr05_1 and TP338761 for antr04_2/antr05_2
(anthracnose resistance) (Rychel-Bielska et al., 2020), the
iucLi co-dominant marker (Li et al., 2011) and RAP2-7
PCR-based dCAPS marker for major alkaloid content locus
iucundus (Kroc et al., 2019) are available. Likewise, a
diagnostic marker LAGI01_35805_F1_R1 linked to pauper
locus controlling low alkaloid content in white lupin could
be used for practicing MAS of white lupin lines with low-
alkaloid content (Rychel and Książkiewicz 2019). Moreover,

co-dominant markers linked to the tardus (Li et al., 2010) and
lentus (Li et al., 2012) genes, attributed to low pod shattering,
could be of interest for developing zero shattering narrow-
leafed lupin using marker-assisted breeding.

Similarly, CEDG261 and DMB-SSR160 markers linked to
bruchid resistance could be used in GAB in moth bean
breeding programs (Somta et al., 2018). Downstream
application of GAB in concert with other novel breeding
approaches for enhancing genetic gain in various underutilized
legumes is depicted in Figure 1.

Transcriptomics Resources as a
Component of Functional Genomics for
Gene Discovery With Function in
Underutilized Legumes
The advent of NGS-based RNA-seq technology assessing global
gene expression has offered a platform for the discovery of
functional markers, including EST-SSRs and SNPs, capturing
gene space and shedding light on amyriad of trait candidate genes
and their plausible functions (O’Rourke et al., 2013; Yang et al.,
2017; Glazińska et al., 2019). Previously, EST markers,
microarrays, and cDNA libraries were the major functional
genomic resources for investigating the function of various
trait genes. For example, cDNA library sequencing identified
125,821 unique sequences (O’Rourke et al., 2013) in
white lupin.

Subsequently, advances in transcriptome sequencing
facilitated the discovery of many unigenes and differentially
expressed genes for various traits of importance for details (see
Table 6). Transcriptome studies have also shed light on the
functional role of various underlying candidate gene(s)
controlling seed biology, plant phenology, biotic and abiotic
stress tolerance, yield traits, and nutritional quality traits,
including alkaloid regulation in narrow-leafed lupin, β-N-
oxalyl-L-α, β-diaminopropionic acid (β-ODAP) in grass pea
and condensed tannin in winged bean (Kroc et al., 2019; Yang
et al., 2017; Xu et al., 2018).

TABLE 5 | List of CWRs source of novel trait gene in various underutilized legumes.

Crop Wild species Importance References

Adzuki bean V. nakashimae Bruchid resistance Somta et al. (2006)
Adzuki bean V. angularis var. nipponensis Domestication- and fitness-related traits Kaga et al. (2008)
Adzuki bean JP205833 of V.riukiuensis Salinity tolerance Yoshida et al. (2016)
— JP107879 of V.nakashimae — —

Grasspea L. articulatus L. (IG64782 and IG65197 Orobanche crenata Abdallah et al. (2021)
— IG116989) O. foetida Poir —

— L. aphaca L. and L. ochrus — —

Mungbean JP 2118749 Bruchid resistance and domestication related traits Isemura et al. (2012)
Mungbean Vigna radiata var. sublobata Bruchid resistance Kaewwongwal et al. (2015)
Mungbean V. radiata var. sublobata TC1966 Bruchid resistance Schafleitner et al. (2016)
Mungbean Vigna umbellata Mungbean yellow mosaic virus Sudha et al. (2015)
Wild vigna V. riukiuensis, V. trilobata, V. vexillata Salinity tolerance Yoshida et al. (2020)
— V. luteola, V. marina — —

Urd bean V. mungo var. silvestris Bruchid resistance Souframanien and Gopalakrishna (2006)
— — Mungbean yellow mosaic Souframanien et al. (2010)
— — India virus (MYMIV) —
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In association with small RNA sequencing, degradome
sequencing and transcriptome sequencing helped unravel key
molecular players, including various phytohormones and
metabolic pathways involved in floral development and organ
abscission of L. luteus (Glazinska et al., 2017; Glazińska et al.,
2019). Moreover, participation of small RNA related to seed
biology and the conglutin gene encoding seed storage protein was
demonstrated in a transcriptome study in narrow-leafed lupin
(DeBoer et al., 2019).

Transcriptome studies could improve our understanding of
the regulatory mechanisms of the complex network of gene(s),
pathogenesis-related genes, phytohormone signaling response,
and non-coding RNAs mediating plant immune responses to
attacking pathogens (Almeida et al., 2014; Dasgupta et al., 2021).
To gain insight into the molecular mechanisms involved in
conferring rust resistance in grasspea, an RNA-seq study in
rust-responsive grasspea (resistant vs. susceptible) revealed the
upregulation of salicylic acid and abscisic acid in the rust-resistant
genotype and downregulation of jasmonate and ethylene
pathways in the susceptible genotype (Almeida et al., 2014)
(Table 6). Additionally, several pathogenesis-related genes and
the mildew resistance locus O (MLO)-like resistance gene were
discovered in this study.

An RNA-seq study offered insight into the participatory role
of WRKY, NAC and MYB transcription factors, phytoene
synthase, cytochrome P450, and JAZ and LOX genes
attributing to mungbean yellow mosaic virus (MYMV)
resistance (Dasgupta et al., 2021).

Likewise, transcriptome studies can decipher the complex
molecular mechanisms and underlying possible candidate

gene(s) networks during perceiving abiotic stress signaling and
mediate various abiotic stress tolerances by activating antioxidant
mechanisms and other cellular protective mechanisms, enabling
plants to acclimate to abiotic stress (Bhardwaj et al., 2013;
Butsayawarapat et al., 2019; De la Rosa et al., 2020).

A de novo transcriptome analysis of two contrasting horse gram
genotypes for drought tolerance revealed the involvement of various
TFs (NAC, MYB, and WRKY families) in conferring drought stress
tolerance (Bhardwaj et al., 2013). De novo transcriptome sequencing
of contrasting drought tolerant and sensitive genotypes of common
vetch revealed a plethora of differentially expressed genes under
water stress (De la Rosa et al., 2020). Most of the genes mediating
drought tolerance are associated with cell wall modification,
oxidative stress response and ABA response (De la Rosa et al.,
2020). In zombi pea, a comparative transcriptome analysis revealed
up-regulatory activity of glycolysis and fermentative genes in the
waterlogging-sensitive genotype; in contrast, the waterlogging-
tolerant genotype had enhanced activity of auxin-regulated lateral
root initiation, aquaporin, and peroxidase genes (Butsayawarapat
et al., 2019) (Table 6).

Deciphering the underlying genes and molecular function of
quality parameters, including nutritional and industrially
important parameters, using transcriptomic studies could
improve these traits (Yang et al., 2017, Xu et al., 2018; Tyagi
et al., 2018). Small RNA sequencing indicated the involvement of
several miRNAs and their target genes coding for carbohydrate
metabolism, kinase, and enzymes for regulating galactomannan
biosynthesis in cluster bean (Tyagi et al., 2018) (Table 6). The
authors also discovered two novel unigenes,
mannosyltransferase/mannan synthase (ManS) and UDP-

FIGURE 1 | “Omics” and emerging novel breeding approaches for improving genetic gain in underutilized legumes.
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TABLE 6 | List of various differentially expressed genes/candidate traits genes with putative function in underutilised legumes.

Crop Trait Candidate
genes/Unigenes/DEG

Function Platform used References

Common vetch Drought stress
tolerance

2,646 transcripts are DEG Redox homeostasis, cell wall modifications Illumina HiSeq 2,500 De la Rosa et al. (2020)

Common vetch Pod shattering 1,285 DEGs and 575 upregulated unigenes Hydrolase activity HiSeq 2000 Dong et al. (2017)
— — 710 downregulated unigenes Carbohydrate metabolic process — —

Guar Root development 102,479 unigenes Root development Illumina HiSeq 2,500 Thakur and Randhawa
(2018)

— stress tolerance — Stress tolerance — —

Guar — 11,308 Carbohydrate, protein, lipid, energy Illumina HiSeq Tanwar et al. (2017)
— — — Nucleotide metabolism — —

Guar Galactomannan 187 known and 171 novel miRNAs differentially
expressed

Regulating galactomannan pathway Illumina NextSeq 500 Tyagi et al. (2018)

— Biosynthesis — — — —

Guar — 38423 DEGs Metabolic process, cellular process Illumina Rawal et al. (2017)
Guar Various abiotic stress 61,508 putative genes Biological process, cellular component and molecular

function
Illumina HiSeq 2,500 Al-Qurainy et al. (2019)

Guar Galactomannan Cellulose synthase D1, GAUT-like gene Galactomannan biosynthesis pathway Illumina HiSeq. 4000 Chaudhury et al. (2019)
— Biosynthesis

pathway
— — — —

Guar— Galactomannan 5,147 DEGs LBD, BZIP, NAC, and C2H2, BHLH, MYB Illumina Hiseq X Ten Sharma et al. (2021)
— Biosynthesis

pathway
— — — —

Horsegram Drought 21,887 unigenes Calmodulin binding factor, heat shock protein Illumina GAIIx Bhardwaj et al. (2013)
— — — DEAD-box ATP dependent RNA helicase — —

Lathyrus Rust tolerance 134,914 contigs Regulating phytohormone signalling Illumina Hiseq2000 Almeida et al. (2014)
Lathyrus Ascochyta lathyri 738 unitags Cell wall metabolism DeepSuperSAGE Almeida et al. (2015)
Lathyrus — 27,431 unigenes — llumina NextSeqTM 500 Hao et al. (2017)
Lathyrus Rust 4520 and 3,498 contigs down regulated Hormone metabolism, cell wall degradation Illumina Hiseq2000 Santos et al. (2018)
— — — Secondary metabolism, ROS production — —

Lathyrus β-ODAP 213,258 unigenes Carbohydrate and Illumina-HiSeq 3,000 Xu et al. (2018)
— — — sulfur assimilation/metabolism — —

— — — nucleic acid metabolism like purine and pyrimidine —

Lupinus albus Phosphorus 2,128 sequences differentially Cluster root development Illumina GA-IIx O’Rourke et al. (2015)
— — expressed in response to Pi deficiency — — —

Lupinus
angustifolius

— 10,240 transcripts Peroxidase and anthocyanin biosynthesis Illumina HiSeq 2000 Kamphuis et al. (2015)

— — — Basal pathogen defences — —

Lupinus
angustifolius

quinolizidine
alkaloids

12 candidate genes, RAP2-7, AP2/ERF TF Quinolizidine synthesis Illumina HiSeq 1,500 Kroc et al. (2019)

L. angustifolius quinolizidine
alkaloids

33 genes related to lupin alkaloid biosynthesis Copper amine oxidase Illumina HiSeq 2,500 Yang et al. (2017)

Medicago
ruthenica

Drought tolerance 3,905 genes and 50 miRNAs gma-miR171j-5p and mtr-miR396a-5p down regulated Illumina Hiseq4000 Shi et al. (2021)

Mungbean MYMV 1881, 1,449, 1,583 and 1,140 genes as up-
regulated

Defence related activity Illumina HiSeq 2,500 Dasgupta et al. (2021)

— — 1,423, 1,154, 1,396 and 1,152 genes as down-regulated — —

Mungbean Osmotic response 13 OSCA genes Contributes in salinity and drought tress tolerance Mou Yin et al. (2021)
Mungbean — 1,245 biological process, cellular component and molecular

function
Illumina Changyou Liu et al. (2016)
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TABLE 6 | (Continued) List of various differentially expressed genes/candidate traits genes with putative function in underutilised legumes.

Crop Trait Candidate
genes/Unigenes/DEG

Function Platform used References

Psophocarpus — 5,053 transcript have predicted functions biological process, cellular component Illumina platform Vatanparast et al. (2016)
tetragonolobus — — — — —

Trifolium
ambiguum

Rhizome
development

betaine aldehyde dehydrogenase rhizome growth and development PacBio sequencing Yin et al. (2020)

— — 276 DEGs involved in hormone signalling and transduction and Illumina sequencing —

Trifolium pratense Drought 45181 contigs Role of proline, malate and pinitol Illumina HiSeq 2000 (Illumina,
United States)

Yates et al. (2014)
Contributing to drought tolerance

Trifolium pratense Seed setting 1,196 DEGs These gene(s) involved in seed setting Illumina sequencing platform
(HISEQ 2000)

Kovi et al. (2017)

Trifolium pratense Regrowth Phytohormone related genes Gibberellin-related genes regulate regrowth in association
with other phytohormones

Illumina Hiseq2000 Herbert et al. (2021)

Trifolium pratense Iso-flavonoid 143 iso-flavonoid synthesis genes Role various genes and long non coding RNAs
contributing to iso-flavonoid synthesis

Illumina HiSeq X Ten platform Shi et al. (2021)

— — stem specific genes (TpPAL, TpC4H, and
Tp4CL)

— — —

— — Root specific genes (TpCHS, TpCHI1, and
TpIFS)

— — —

Trifolium repens Flower pigmentation 6,282 DEGs, CHS, F3′H, F3′5′H, UFGT, FLS,
LAR, ANS, and DFR)

Anthocyanin flavonoid biosynthetic pathway and flavonoid
biosynthetic pathway

Illumina Hiseq ×10 Heshan Zhang et al. (2018)

urd bean — 2,306 DEGs Cytochrome c-type biogenesis protein Illumina MiSeq Raizada and Souframanien
(2019)— — — DnaJ protein homolog 1 —

— — — Uncharac- terized protein LOC108329961 — —

Urdbean — 29564 transcript contigs Purine metabolism, pyrimidine metabolism Illumina Souframanien and Reddy
(2015)

Vigna angularis — 65,950 unigenes RING-H2 finger protein — Chen et al. (2015a)
— — — A serine/threonine protein kinase — —

— — — Lipase ROG1-like protein — —

Vigna angularis — 324,219 and 280,056 transcripts — Illumina HiSeq 2000 Jo et al. (2016)
Vigna angularis Drought 5,337 DEGs Hormone signal transduction Illumina HiSeqX Zhu et al. (2020)
— — — Transcript or translation processes — —

— — — Ubiquitin proteasome system — —

Trifolium repens Heat stress Upregulation of PIP1-1 and PIP2-7 in leaves Induction of aquaporin genes qRT-PCR Qi et al. (2021)
— — and the TIP2-1 Causing heat stress tolerance — —

Zombipea Water logging 982 and 1,133 DEGs Induction of Cell wall modification Illumina HiSeq 4000 Butsayawarapat et al.
(2019)

— — — Aquaporin, and peroxidase genes — —

— — — Auxin Metabolism — —

Frontiers
in

G
enetics

|w
w
w
.frontiersin.org

A
pril2022

|V
olum

e
13

|A
rticle

831656
13

Jha
et

al.
G
enom

ic
P
rogress

of
M
inor

Legum
es

8081

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


D-glucose 4-epimerase (UGE), targeted by Ct-miR3130, Ct-
miR3135, and Ct-miR3157 miRNAs. Likewise, an RNA-seq
study revealed preferential expression of 2,535 and 2,724 genes
in endosperm and 3,720 and 2,530 genes in the embryo involved
in guar gum biosynthesis (Hu et al., 2019).

Transcriptome assembly through RNA-seq identified several
candidate genes regulating quinolizidine alkaloids (QAs)
biosynthesis, an anti-nutritional factor in narrow-leafed lupin
(Kamphuis et al., 2015; Yang et al., 2017; Kroc et al., 2019). Short-
read sequencing using Illumina HiSeq2500 in association with
long-read sequencing using PacBio technology of high QA-
containing genotypes identified 33 candidate genes associated
with QA biosynthesis in narrow-leafed lupin (Yang et al., 2017).
Furthermore, transcriptome profiling offered insight into the
genes involved in the accumulation and degradation of β-N-
oxalyl-L-α, β-diaminopropionic acid (β-ODAP), a neurotoxin
found in grasspea (Xu et al., 2018). Similarly, RNA-seq analysis of
high- and low-tannin-containing lines of winged bean, using
Illumina Nextseq 500, revealed 1,235 differentially expressed
contigs in these two lines. Several genes related to condensed
tannin were elucidated, including anthocyanidin 3-O-
glucosyltransferase (A-3GOT), anthocyanidin synthase (ANS),
chalcone synthase (CHS) phenylalanine ammonia-lyase (PAL)
(Singh et al., 2017).

Scope of Genomic Selection/Genomic
Prediction for Increasing Genetic Gain in
Underutilized Legumes
The decoding of various underutilized legume genome sequences
and resequencing efforts have made SNP markers accessible,
providing great opportunities to perform genomic selection
(GS). This approach has been used for estimating the genomic
breeding value of tested individuals without any prior phenotypic
information by measuring the genome-wide marker effect based
on various prediction models (Meuwissen et al., 2001). Thus, the
benefits of GS could be harnessed for the selection of progenies
with known genotypic scores with high “genetic merit” for
improving genetic gain.

Assessing anthracnose resistance in white lupin using GS
based on GBS-derived SNPs in the ridge regression BLUP
model, Rychel-Bielska et al. (2020) reported a moderately high
predictive ability (0.56). Application of GS is very limited in
minor legumes; however, increasing repertoire of genome wide
SNP markers will greatly assist in implementing GS for
improving future genetic gain in these legumes.

Scope of Speed Breeding, an Innovative
Approach for Enhancing Breeding
Efficiency in Underutilized Legumes
Speed breeding could be used to increase breeding efficiency by
shortening the breeding cycle and reducing plant space, cost, and
labor resources, thereby increasing genetic gain (Watson et al.,
2018; Hickey et al., 2019). Speed breeding protocols have been
established by optimizing photoperiod, daylength, and
temperature in various legume crops, including soybean (Fang

et al., 2021), chickpea (Samineni et al., 2019), pigeonpea (Saxena
et al., 2019), and pea (Mobini and Warkentin, 2016). However,
this approach has not been implemented in any underutilized
legumes. Thus, the establishment of a speed breeding protocol
could open up new avenues for improving genetic gain in various
underutilized legumes more quickly than traditional breeding
methods.

Resequencing and Pangenome Assembly
for Capturing Novel Structural Variations
Across the Whole Genome
With the declining costs of genome assembly construction, whole
genome resequencing is gaining popularity for uncovering
genomic regions controlling traits of agronomic importance in
a large set of global crop germplasm (Hufnagel B. et al., 2020).

The WGRS approach can elucidate the causal candidate
gene(s)/genomic regions associated with traits of interest. Like
other major grain legumes, WGRS has been used in underutilized
legume crops (Yang H. et al., 2015; Hufnagel B. et al., 2020). The
resequencing of nine lupin cultivars discovered 180,596–795,735
SNP markers and 243 candidate diagnostic markers linked to the
PhtjR (phomopsis stem blight disease) gene (Yang H. et al., 2015).
Of these candidate diagnostic markers, nine were validated in
commercial cultivars, offering an opportunity to practice marker-
assisted breeding for phomopsis stem blight disease resistance in
narrow-leafed lupin.

Resequencing 11 modern cultivars, two landraces, and one
wild relative of white lupin and comparing them with the
reference genome sequence revealed the recent breeding
history of white lupin (Hufnagel B. et al., 2020). Similarly,
38 narrow-leafed lupin accessions, including 19 wild and 19
cultivated types, with 19× coverage of the genome were
resequenced to reveal the genomic signal for domestication
and genes associated with the domestication process (Wang
et al., 2021a). A selective sweep analysis in the same study
identified 303 genomic regions under strong selection, with
8.2% of the genome under selection associated with
domestication. Further, these selective sweeps harbored nine
key domestication-related traits, including early flowering,
reduced pod shattering, white flower, and low alkaloid (Wang
et al., 2021a). WGRS efforts of three mungbean accessions using
the Ion Torrent Personal Genome MachineTM (PGMTM)
platform identified 233,799 SNPs and 9,544 insertions and
deletions in coding and non-coding regions, revealing great
opportunity for future mung bean improvement using
genomic-assisted breeding (Bangar et al., 2021).

Previously, molecular biologists and geneticists have relied
mainly on the “single reference genome sequence” of a species for
genetic analyses within and across species (Sherman and
Salzberg, 2020; Della Coletta et al., 2021). However, the single
reference genome sequence does not explain all of the genomic
variation/structural variants available within and across species;
“pangenomics” studies can capture all of the genomic
information in a species. The pangenome refers to the entire
non-redundant DNA sequences existing in a species, constituting
the “core” genome common to all individuals in a species, with
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“dispensable” genome the variable fraction or “accessory”
genome (Tettelin et al., 2005; Sherman and Salzberg, 2020;
Della Coletta et al., 2021; Lei et al., 2021). In the context,
Hufnagel et al. (2021) constructed the pangenome of white
lupin using a “map to pan” approach (Hu et al., 2017) by
sequencing 39 accessions, which identified 32,068 core genes
and 14,822 dispensable genes. They also identified 333 selection
sweeps related to low alkaloid content and candidate genes
(LaDHDPS, LaHLT, and LaAT) controlling alkaloid content.
Pangenome analyses of other underutilized legumes could
provide novel insights into genomic variation for future trait
discovery.

Several legume genera have multiple domesticated species. For
example, Vigna has 10 domesticated taxa, Phaseolus seven, and
Lupinus four. Super pan-genomes across these genera might have
immense power to provide insight into similarities in
domestication syndromes, the genetic basis of traits
influencing geographic distribution, and disease and pest
resistance.

Hope and Progress of Genome Editing in
Underutilized Grain Legumes
Despite the success of transferring gene(s) of interest into high-
yielding cultivars, environmental biosafety and regulatory
governing bodies have not allowed the widespread adoption of
transgenic technology (Zhang Y. et al., 2018).

Genome editing tools, especially the CRISPR/Cas9 based
technique, has revolutionized functional genomics and plant
breeding, creating novel genetic variation in plants by editing
targeted genes of interest with precision and efficiency (Chen
and Gao, 2014). Examples of genome editing in various crops
are increasing (Chen and Gao 2014; Zhang Y. et al., 2018);
however, there has been limited success in legume species.
Notable instances of CRISPR/Cas9 mediated genome editing
have been reported in soybean (Cai et al., 2015; Sun et al.,
2015; Han et al., 2019), cowpea (Ji et al., 2019) and Medicago
trancatula (Michno et al., 2015). In case of cowpea, Ji et al.
(2019) employed CRISPR/Cas9 based genome editing tool in
the symbiosis receptor -like kinase target gene VuSYMRK
that controls nodule symbiosis in cowpea. The edited plant
exhibited complete inhibition in nodule formation and
consequently, the mutant plants were unable to synthesise
nodules in association with Sinorhizobium sp. strain
NGR234. Furthermore, complete male and female sterile
plants were generated by editing SPO11-1 gene through
CRISPR/Cas9 technology in cowpea (Juranić et al., 2020).
In the context of underutilized legume, the CRISPR/Cas9
genome engineering technique was used to edit the isoflavone
synthase gene contributing to rhizobial defense signaling in
red clover (Dinkins et al., 2021). Furthermore, gene-editing
technology in association with base editors and prime-editing
could be harnessed for de novo domestication of CWRs of
underutilized legumes and “reengineering of metabolism” to
increase resilience and enhance nutritive value (Gasparini
et al., 2021; Nasti and Voytas 2021).

Scope of de Novo Domestication of
Underutilized Legumes
Crop wild relatives are the richest reservoir of genetic diversity
for improving various biotic and abiotic stress resistance in
crop plants and could therefore be used as new crops through
“de novo domestication” or “redomestication” process (Fernie
and Yan 2019; Von Wettberg et al., 2021). Domestication of
new legume underutilized crops from their wild relatives could
strengthen crop diversity, and thus be vital for sustainable
agriculture (Zhang et al., 2018b). Among the various
underutilized grain legume species, Vigna stipulaceae could
be targeted for de novo domestication due to its inherent
capacity for drought and salinity stress tolerance and
reduced pod shattering (Takahashi et al., 2019). Likewise,
being an “incompletely domesticated species” and having
inherent stress tolerance ability against biotic and abiotic
stress, hairy vetch (Vicia villosa) is an ideal legume crop for
de novo domestication (Renzi et al., 2020).

Of the various approaches, mutagenesis and forward
screening and CRISPR/Cas9 based gene editing are
important techniques for introducing domestication-related
traits in wild relatives for de novo domestication (Shapter et al.,
2013; Li et al., 2018). Ethyl methanesulfonate mutagenesis and
forward screening enabled the domestication of Vigna
stipulacea Kuntze by selecting mutants with reduced pod
shattering and reduced seed dormancy (Takahashi et al.,
2019). Likewise, CRISPR/Cas9 genome editing technology
could be used to eliminate g-glutamyl-b-cyano-alanine
(GBCA) toxin from seeds of common vetch (Vicia sativa),
providing a zero-toxin vetch variety for
combating the rising global protein demand (Nguyen et al.,
2020).

CONCLUSION AND FUTURE
PERSPECTIVES

Given the rising demand for food, feed, and forage, there is an
urgent need to develop sustainable food resources. Underutilized
legumes are versatile crops with great potential for mitigating
global food security challenges, but they are lagging behind major
legumes in terms of genomic resource development. More
genomic sequencing of CWRs, landraces, and improved
breeding lines will provide novel insights into genomic
variations for investigating evolution, domestication events,
and the diversification of underutilized legumes. Increasing
genomic resources will allow increased genome-assisted
breeding of these legumes. Likewise, WGRS in association
with GWAS and pangenome integration with GWAS could
underpin the causal genes/haplotypes of complex traits of
interest. Emerging genome editing techniques could play a
critical role in minimizing toxins or negative parameters
associated with various nutritional quality traits, such as
editing GBCA encoding gene(s) in common vetch, BOAA
encoding gene(s) in grasspea, and genes involved in producing
QAs in white lupin. These technologies also have great potential
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for introducing de novo domestication in CWRs by removing
phenotypically undesired traits in various CWRs of underutilized
legumes.

Moreover, genomic selection and speed breeding
approaches could enhance genetic gain in underutilized
legumes. The rich diversity in these underutilized legumes
needs proper collection, conservation, and characterization
(Kamenya et al., 2021). Furthermore, the establishment of
sound varietal releases and seed distribution systems could
play a central role in popularizing these climate-smart
underutilized legumes among farmers (Bohra et al., 2020).
Disseminating knowledge on the global demand and
profitability of these legumes needs strengthening via
extension services, especially in developing countries
(Kamenya et al., 2021). Hence, collective genomics, novel
breeding knowledge, and sound seed system approaches
could improve underutilized legume productivity for
securing global food security.
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Introgressing cry1Ac for Pod Borer
Resistance in Chickpea Through
Marker-Assisted Backcross Breeding
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Satnam Singh3, Palvi Malik1, Khushpreet Kaur3, Inderjit Singh2, Shayla Bindra2,
Bidyut Kumar Sarmah4 and Jagdeep Singh Sandhu1*
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The gram pod borer Helicoverpa armigera is a major constraint to chickpea (Cicer
arietinum L.) production worldwide, reducing crop yield by up to 90%. The constraint
is difficult to overcome as chickpea germplasm including wild species either lacks pod
borer resistance or if possessing resistance is cross-incompatible. This study describes
conversion of elite but pod borer-susceptible commercial chickpea cultivars into resistant
cultivars through introgression of cry1Ac using marker-assisted backcross breeding. The
chickpea cultivars (PBG7 and L552) were crossed with pod borer-resistant transgenic
lines (BS 100B and BS 100E) carrying cry1Ac that led to the development of BC1F1,
BC1F2, BC1F3, BC2F1, BC2F2, and BC2F3 populations from three cross combinations. The
foreground selection revealed that 35.38% BC1F1 and 8.4% BC1F2 plants obtained from
Cross A (PBG7 × BS 100B), 50% BC1F1 and 76.5% BC1F2 plants from Cross B (L552 ×
BS 100E), and 12.05% BC2F2 and 82.81% (average) BC2F3 plants derived from Cross C
(PBG7 × BS 100E) carried the cry1Ac gene. The bioassay of backcross populations for
toxicity toH. armigera displayed up to 100% larval mortality. BC1F1 and BC1F2 populations
derived from Cross B and BC2F3 population from Cross C segregated in the Mendelian
ratio for cry1Ac confirmed inheritance of a single copy of transgene, whereas BC1F1 and
BC1F2 populations obtained from Cross A and BC2F2 population from Cross C exhibited
distorted segregation ratios. BC1F1 plants of Cross A and Cross B accumulated Cry1Ac
protein ranging from 11.03 to 11.71 µgg−1 in leaf tissue. Cry1Ac-positive BC2F2 plants
from Cross C demonstrated high recurrent parent genome recovery (91.3%) through
background selection using SSR markers and phenome recovery of 90.94%, amongst
these 30% plants, were homozygous for transgene. The performance of BC2F3 progenies
derived from homozygous plants was similar to that of the recurrent parent for main
agronomic traits, such as number of pods and seed yield per plant. These progenies are a
valuable source for H. armigera resistance in chickpea breeding programs.

Keywords: Cicer arietinum, Mendelian inheritance, transgene introgression, Helicoverpa armigera resistance,
marker-assisted backcross breeding

Edited by:
Nasya Borisova Tomlekova,

Maritsa Vegetable Crops Research
Institute (MVCRI), Bulgaria

Reviewed by:
Salej Sood,

Indian Council of Agricultural Research
(ICAR), India

Mohar Singh Thakur,
Indian Council of Agricultural Research

(ICAR), India

*Correspondence:
Jagdeep Singh Sandhu

js_sandhu@pau.edu

Specialty section:
This article was submitted to

Plant Genomics,
a section of the journal
Frontiers in Genetics

Received: 03 January 2022
Accepted: 09 March 2022
Published: 12 April 2022

Citation:
Kaur A, Sharma U, Singh S, Singh R,

Vikal Y, Singh S, Malik P, Kaur K,
Singh I, Bindra S, Sarmah BK and

Sandhu JS (2022) Introgressing
cry1Ac for Pod Borer Resistance in
Chickpea Through Marker-Assisted

Backcross Breeding.
Front. Genet. 13:847647.

doi: 10.3389/fgene.2022.847647

Frontiers in Genetics | www.frontiersin.org April 2022 | Volume 13 | Article 8476471

ORIGINAL RESEARCH
published: 12 April 2022

doi: 10.3389/fgene.2022.847647

9293

http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2022.847647&domain=pdf&date_stamp=2022-04-12
https://www.frontiersin.org/articles/10.3389/fgene.2022.847647/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.847647/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.847647/full
http://creativecommons.org/licenses/by/4.0/
mailto:js_sandhu@pau.edu
https://doi.org/10.3389/fgene.2022.847647
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2022.847647


INTRODUCTION

Chickpea (Cicer arietinum L., 2n = 16), belonging to the family
Leguminoseae, is an economical source of protein (18–22%),
minerals, fiber, β-carotene, and unsaturated fatty acids (Jukanti
et al., 2012). The crop is grown in nearly 57 countries with India,
Australia, Myanmar, Ethiopia, Turkey, and Russia as the major
producers (Merga and Haji 2019). The crop production is
severely affected by various biotic and abiotic stresses leading
up to 90% yield losses (Kumar et al., 2018). Among biotic stresses,
gram pod borer Helicoverpa armigera (Hübner) [Lepidoptera:
Noctuidae] causes significant crop damage annually (90%)
estimated at US $330 million worldwide (Rao et al., 2013;
Patil et al., 2017). H. armigera is difficult to control as it has
migratory behavior, numerous generations per year, adaptability
to different environmental conditions, high fecundity, and
insecticidal resistance (Fitt 1989). Furthermore, the
biopesticides used to control the insect have high production
costs coupled with poor product quality control systems (Cherry
et al., 2000; Jenkins and Grzywacz 2000). The development of pod
borer-resistant chickpea cultivars through conventional breeding
is hampered due to the narrow crop genetic base and crossability
barriers between cultivated chickpea and wild Cicer species
(Mallikarjuna et al., 2007).

The pod borer larvae have been effectively controlled through
specific insecticidal crystal proteins of Bacillus thuringiensis, and
Cry1Ac is the most effective toxin against H. armigera
(Chakrabarti et al., 1998). Cry1Ac protein acts by targeting the
insect midgut in which the prevalence of high pH solubilizes the
protein; the activated protein forms a pore complex in the insect
epithelial membrane causing lysis and eventually larval death
(Bravo et al., 2008). The pod borer attack has been countered
efficiently by transgenic chickpea plants carrying cry1Ac, cry1Ab,
cry2Aa, and cry1Aa3 (Kar et al., 1997; Sanyal et al., 2005;
Acharjee et al., 2010; Mehrotra et al., 2011; Khatodia et al.,
2014). The introgression of cry genes from transgenic plants
into elite cultivars/lines through marker-assisted backcross
breeding leads to precise trait transfer, for e.g., enhanced
resistance against striped stem borer in rice by introgression of
cry1Ab (Wang et al., 2012), improved resistance against corn
borer with cry1A.105 and cry2ab2 in maize inbred lines
(Venkatesh et al., 2015), increased tolerance to fruit/shoot
borer in eggplant following cry1Ac transfer (Ripalda et al.,
2012), and improved insect resistance in cotton via cryIA
introgression (Guo et al., 2005), etc. Marker-assisted backcross
breeding, an effective molecular breeding technique, enables the
transfer of desirable genes from an agronomically inferior donor
into an elite recipient in a few generations, without linkage drag
and in a smaller population size (Hospital and Charcosset 1997).

The introgression of cry genes from transgenic chickpea
lines to commercial chickpea cultivars for imparting resistance
against Helicoverpa following marker-assisted backcross
breeding is not reported so far. In the present study, an
attempt was made to convert two elite but pod borer-
susceptible chickpea cultivars, namely, PBG7 and L552, into
resistant cultivars by introgressing cry1Ac from pod borer-
resistant transgenic lines, namely, BS 100B and BS 100E

through marker-assisted backcross breeding. PBG7 is a
high-yielding cultivar of desi chickpea, whereas L552 is a
bold-seeded high-yielding cultivar of kabuli chickpea; both
cultivars are recommended for commercial cultivation in the
North Indian state, Punjab, and possess good cooking quality
(Sandhu et al., 2012; Singh et al., 2015). The backcross
populations were analyzed for the presence of transgene,
evaluated for Cry1Ac concentration, and bioassayed for
toxicity to H. armigera. The highlighting feature of this
study was the introgression of cry1Ac in BC1F1 populations
and its subsequent transmission to BC1F2, BC1F3, BC2F2, and
BC2F3 that displayed up to 100% H. armigera larval mortality,
and agronomic performance of selected BC2F2 and BC2F3
plants was similar to that of the recurrent parent.

MATERIALS AND METHODS

Plant Material
T5 seeds (15 in number) for each of two transgenic chickpea lines,
namely, BS 100B and BS 100E expressing cry1Ac gene under the
control of the Arabidopsis Rubisco small subunit gene promoter
and tobacco SSU terminator (Supplementary Figure S1), were
procured from the Department of Biotechnology-Assam
Agricultural University Centre, Assam Agricultural University,
Jorhat, Assam, India, during 2013. The transgenic lines carrying
cry1Ac at a single locus were used as donor (male) parents in
chickpea backcrossing program; the lines are reported to
accumulate a high level of Cry1Ac protein (˃ 50 μg g−1 leaf
tissue) that causes 80–100% neonatal H. armigera larval
mortality (Hazarika et al., 2019). The high-yielding
commercial cultivars PBG7 (desi) and L552 (kabuli) were used
as recipient (female) parents. F1 plants of PBG7 × BS 100B
(designated as Cross A), L552 × BS 100E (Cross B), and PBG7
× BS 100E (Cross C) were backcrossed with their respective
recipient parents to obtain BC1F1 seeds that were sown to
generate BC1F1 populations. F1 plants, BC1F1, BC1F2, BC1F3,
BC2F1, BC2F2, and BC2F3 populations were raised under
contained conditions (Supplementary Figure S2;
Supplementary Table S1) in a net house (30-mesh screen) at
Experimental Farms, Department of Plant Breeding & Genetics,
Punjab Agricultural University (PAU), Ludhiana. The
populations were grown in plots comprising 25 rows with 2 m
length and row-to-row distance of 40 cm following normal
agronomic practices during the month of October. The
schematic overview of marker assisted-backcross breeding of
commercial chickpea cultivars with transgenic lines is shown
in Figure 1.

DNA Extraction
Genomic DNA was extracted from tender twigs of 20-day-old
BC1F1, BC1F2, BC2F2, and BC2F3 populations, transgenic donor
parents BS 100B and BS 100E, and non-transgenic recipient
parents PBG7 and L552 according to the miniprep method.
For quantification, the extracted DNA was electrophoresed on
0.8% (w/v) agarose gel using PowerPacHC (Bio-Rad,
United States) at 50 V for 2 h; ethidium bromide-stained gel
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was visualized under UV light and photographed on a 110 V
AlphaImager HP imaging system (ProteinSimple,
United Kingdom).

Foreground Selection for cry1Ac-Positive
Plants
The foreground selection of backcross populations was carried
out through PCR using cry1Ac-specific (Accession Number
M11068, Hazarika et al., 2019), internal forward 5-TATCTT
TGGTCCATCTCAATGGG-3 and reverse 5-GTGTCCAGA
CCAGTAATACTC-3 primers to amplify 757 bp transgene.
PCR mixture (20 µl) contained 50 ng genomic DNA (2 µl),
10 µM of each primer (0.6 µl), 1 mM dNTPs (4 µl), 25 mM
MgCl2 (1.5 µl), 5 × Green GoTaq Flexi buffer (4 µl), 5 units
GoTaq DNA polymerase (1 µl) [Promega, United States] and
nuclease-free water (6.3 µl). The reaction mixtures were placed in
a GeneAmp PCR System 9700 (Thermo Fisher Scientific, United
States) programmed for an initial denaturation at 94 C for 4 min,
followed by 35 cycles of denaturation at 94 C for 50 s, annealing at
58 C for 1 min, extension at 72 C for 1 min, and concluded by a
final extension at 72 C for 7 min and held at 4 C prior to storage.
The amplicons were resolved on 1.5% (w/v) agarose gel,
visualized, and photographed. The statistical significance for
cry1Ac segregation data was determined by Chi-square
analysis using the formula: χ2 = (O-E)2/E, where O is the
observed value and E is the expected value.

Enzyme-Linked Immunosorbent Assay
Cry1Ac expression in BC1F1 plants and transgenic donor and
non-transgenic recipient parents was quantified through
ELISA using Cry1Ac QuantiPlate kit (EnviroLogix,
United States) according to the manufacturer’s instructions.
A total of two leaflets (10 mg) of each plant were homogenized
in an Eppendorf grinding tube for 20–30 s by adding 500 µl of
1 × extraction buffer. Each leaf tissue sample (50 µl) was
diluted in a 1:11 ratio by adding 550 µl of 1 × extraction
buffer; thereafter, 100 µl each of diluted sample, negative
control, and positive calibrator was dispensed in the ELISA
plate, followed by parafilm masking and incubation at an
ambient temperature for 15 min. The assay was performed
in triplicate. Cry1Ac-enzyme conjugate (100 µl) was added to
each well, and the plate was again covered with parafilm and
incubated for 1 h. After incubation, the parafilm mask was
removed and well contents were agitated vigorously to decant
the wells. The vacant wells were flooded with washing buffer
and agitated to decant; the washing step was performed thrice.
Then substrate (100 µl) was added to each well and mixed
thoroughly, followed by plate covering with parafilm and
incubation for 20 min. The reaction was terminated by
adding 100 µl of stop solution to each well. The ELISA plate
was read in a 96-well ELISA plate reader Infinite 200 Pro
(Tecan, Switzerland) at 450 and 600 nm. The optical density
(OD) values of samples and positive calibrators were analyzed
using a Microsoft Excel sheet to generate a linear scale graph of

FIGURE 1 | Schematic overview of marker-assisted backcross breeding of commercial chickpea cultivars × transgenic lines.
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the mean OD of each calibrator against its
Cry1Ac concentration (Supplementary Table S2). The
amount of Cry1Ac protein in each leaf tissue sample (µg
g−1) was determined using the formula {(OD of sample -
mean OD of negative control) - 0.425/0.127} × dilution
factor 1 (38.46) × dilution factor 2 (11)/1,000
(Supplementary Table S2). The data were analyzed for
mean ± standard deviation using Microsoft Excel 2007
software at default settings.

Background Selection for Recurrent Parent
Genome Recovery
The background selection of cry1Ac-positive BC2F2 plants was
carried out using Simple Sequence Repeat (SSR) markers. As a
preliminary step, polymorphism analysis was undertaken on
parents PBG7 and BS 100E using 210 markers belonging to the
following series: CGMM, CaM, GA, GAA, TA, TAA, TS, TR,
NCPGR, H, and CaSTMS 11 (Supplementary Table S3). The
amplified products were resolved on 6% (w/v) PAGE, and
marker data were scored based on differential separation of
amplicon(s). BC2F2 plants possessing maximum recurrent
parent genome were identified with reproducible
polymorphic SSR markers (Supplementary Table S3). The
percent recurrent parent genome recovery in a BC2F2 plant
was calculated as the sum of the number of alleles
corresponding to recurrent parent detected by polymorphic
markers divided by the total number of alleles detected by
polymorphic and cry1Ac-specific markers.

Assessment for Agronomic Traits
The agronomic performance of BC2F2 population was assessed
for plants analyzed for recurrent parent genome recovery, and of
BC2F3 population was based on three progeny plants (from each
BC2F2 plant) having phenotype similar to the recurrent parent.
The data were recorded on days to 50% flowering, number of
branches per plant, days to maturity, plant height, number of
pods per plant, number of seeds per plant, 100-seed weight,
biological yield, seed yield per plant, and harvest index, compared
with the recurrent parent and analyzed for percent phenome
recovery in BC2F2 plants and for mean ± standard deviation in
BC2F3 plants.

Bioassay for Determining Toxicity to H.
armigera
Four-month-old morphologically healthy plants were
analyzed for toxicity to H. armigera using two approaches,
i.e., detached leaf bioassay and whole plant bioassay given by
Sharma et al. (2005a), Sharma et al. (2005b) with
modifications. Detached leaf bioassay: The terminal twigs
having fully expanded leaflets were plucked from F1,
backcross population (BC1F1, BC1F2 and BC2F2), transgenic
donor parent and non-transgenic recipient parent plants, and
placed on 3% (w/v) agar (HiMedia, India) medium slants in
sterile 500 ml plastic cups and used for bioassay. H. armigera
larvae (3rd to 4th instar) collected in February from chickpea

fields were reared individually in bioassay cups and
maintained initially on non-transformed tender chickpea
twigs, followed by growth on a semi-synthetic diet (Armes
et al., 1992) until pupation. The pupae were kept on moist
sponges covered with filter paper (Whatman, United States) in
plastic containers till the emergence of adults that were paired
in oviposition chambers i.e., cell pots wrapped in black paper
on all sides and covered with muslin cloth on top. The adults
were fed on 5% (v/v) honey solution by hanging honey-soaked
cotton swab inside each oviposition chamber. Subsequently,
egg laying occurred on the muslin cloth that was shifted to
bioassay cup containing semi-synthetic diet for egg hatching,
thereafter, neonates were used for bioassay of plant twigs. Ten
neonate larvae were released in each bioassay cup and
incubated in a growth chamber (Saveer Biotech Limited,
India) maintained at 25 ± 2 C, 14 h light: 10 h dark period
and >65 ± 5 percent relative humidity. The bioassay was
replicated thrice and performed in the Pulses Entomology
Laboratory, Department of Plant Breeding & Genetics,
PAU, Ludhiana. The assayed plants were visually scored for
the damage caused by neonate larvae after 96 h of release on a
scale of 1–9 (1 = < 10% leaf area damaged, and 9 = > 80% leaf
area damaged) given by Sharma et al. (2005a) for detached leaf
assay. The larval mortality rate was compared among plants of
backcross populations and donor and recipient parents to
monitor the relationship between percent larval mortality
and Cry1Ac protein concentration. The data were analyzed
for mean ± standard deviation.

Whole plant bioassay: The assay was carried out under net
house conditions on plants grown in plots with row to row
distance of 40 cm and plant to plant spacing of 10 cm, according
to the method given by Sharma et al. (2005b) for screening
chickpea against H. armigera under greenhouse conditions with
modifications. The healthy plants at the flowering stage from
BC1F3 and BC2F3 populations and donor and recipient parents
were covered with cages sized 25 × 25 × 75 cm3. The cages made
of galvanized iron wire (2 mm in diameter) were supported by
four vertical bars and covered with a muslin cloth bag. The
experiment was performed in triplicate by caging three plants of
each population, parent individually and releasing 10H. armigera
neonatal larvae on each plant, and terminated after 120 h when
significant leaf area was damaged in recipient parents. The plants
were scored for leaf-feeding visually on a 1-9 scale (where 1 = ˂
10%, 2 = 11–20%, 3 = 21–30%, 4 = 31–40%, 5 = 41–50%, 6 =
51–60%, 7 = 61–70%, 8 = 71–80% and 9 = > 80% leaf area and/or
pods damaged). The number of surviving larvae was recorded
and individually placed in 25 ml plastic cups to express the data as
percent larval mortality that were analyzed using Microsoft Excel
2007 software. No insecticide was applied in the experiment.

Statistical Analysis
Data on Cry1Ac protein concentration, leaf-feeding, and larval
mortality in backcross populations are presented as mean ± SD of
three replicates. Statistical significance for the segregation data
was determined using Chi-square analysis; calculated Chi-square
value > table value was considered statistically significant at 5
percent level of significance.
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TABLE 1 | Bioassay on F1 plants and backcross populations raised by crossing commercial chickpea cultivars with cry1Ac transgenic lines for toxicity to H. armigera neonatal larvae.

S.
No

Plant number/
parent

Cry1Ac protein
concentration (µg G-

1 leaf tissue)

Average protein concentration (µg G-1 leaf
tissue)

Leaf feeding
scorea

Average leaf feeding
score

Leaf feeding
damage (%)

Larval
mortality (%)

Average
larval

mortality
(%)R1 R2 R3 R1 R2 R3 R1 R2 R3

F1 plants (derived from Cross A) through detached leaf bioassay

1 1 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
2 2 NA NA NA NA 1 1 2 1.33 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0
3 3 NA NA NA NA 1 1 2 1.33 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0
4 4 NA NA NA NA 1 2 1 1.33 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0
5 5 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
6 6 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
7 7 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0

BS 100B NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
PBG7 NA NA NA NA 6 6 6 6 ± 0.0 51–60 30 30 30 30 ± 0.0

F1 plants (derived from Cross B) through detached leaf bioassay

1 1 NA NA NA NA 2 1 1 1.33 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0
2 2 NA NA NA NA 2 1 1 1.33 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0
3 3 NA NA NA NA 1 2 1 1.33 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0
4 4 NA NA NA NA 1 1 2 1.33 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0
5 5 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
6 6 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
7 7 NA NA NA NA 1 2 2 1.67 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0

BS 100E NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
L552 NA NA NA NA 7 7 7 7 ± 0.0 61–70 30 20 20 23.33 ± 5.77

F1 plants (derived from Cross C) through detached leaf bioassay

1 1 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
2 2 NA NA NA NA 2 2 2 2 ± 0.0 11–20 100 100 100 100 ± 0.0
3 3 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0

BS 100E NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
PBG7 NA NA NA NA 6 6 6 6 ± 0.0 51–60 30 30 30 30 ± 0.0

BC1F1 population (derived from Cross A) through detached leaf bioassay

1 4 11.68 11.71 11.71 11.70 ± 0.02 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
2 6 11.71 11.71 11.71 11.71 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
3 7 11.27 11.28 11.27 11.27 ± 0.01 2 2 2 2 ± 0.0 11–20 100 100 100 100 ± 0.0
4 16 11.68 11.68 11.68 11.68 ± 0.0 2 2 2 2 ± 0.0 11–20 100 100 100 100 ± 0.0
5 17 11.71 11.71 11.71 11.71 ± 0.0 2 2 2 2 ± 0.0 11–20 100 100 100 100 ± 0.0
6 18 11.71 11.71 11.71 11.71 ± 0.0 2 2 2 2 ± 0.0 11–20 100 100 100 100 ± 0.0
7 21 11.57 11.61 11.61 11.60 ± 0.02 1 1 2 1.33 ± 0.58 ˂ 10–20 100 100 100 100 ± 0.0
8 22 11.27 11.38 11.31 11.32 ± 0.06 2 2 2 2 ± 0.0 11–20 100 100 100 100 ± 0.0
9 24 11.64 11.61 11.64 11.63 ± 0.02 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
10 77 11.64 11.64 11.64 11.64 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
11 81 11.34 11.34 11.34 11.34 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
12 89 11.64 11.64 11.64 11.64 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
13 90 11.04 11.01 11.04 11.03 ± 0.02 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
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TABLE 1 | (Continued) Bioassay on F1 plants and backcross populations raised by crossing commercial chickpea cultivars with cry1Ac transgenic lines for toxicity to H. armigera neonatal larvae.

S.
No

Plant number/
parent

Cry1Ac protein
concentration (µg G-

1 leaf tissue)

Average protein concentration (µg G-1 leaf
tissue)

Leaf feeding
scorea

Average leaf feeding
score

Leaf feeding
damage (%)

Larval
mortality (%)

Average
larval

mortality
(%)R1 R2 R3 R1 R2 R3 R1 R2 R3

BS 100B 11.38 11.34 11.34 11.35 ± 0.02 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
PBG7 0 0 0 0 ± 0.0 6 6 6 6 ± 0.0 51–60 30 30 30 30 ± 0.0

BC1F1 population (derived from Cross B) through detached leaf bioassay

1 1 11.61 11.61 11.61 11.61 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
2 2 11.57 11.57 11.57 11.57 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
3 4 11.51 11.51 11.51 11.51 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
4 25 11.51 11.51 11.51 11.51 ± 0.0 1 2 1 1.33 ± 0.58 ˂ 10–20 100 80 100 93.33 ± 11.55
5 34 11.68 11.68 11.68 11.68 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
6 36 11.61 11.61 11.61 11.61 ± 0.0 1 2 1 1.33 ± 0.58 ˂ 10–20 100 80 100 93.33 ± 11.55
7 41 11.68 11.68 11.68 11.68 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
8 42 11.51 11.51 11.51 11.51 ± 0.0 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
9 45 11.54 11.51 11.54 11.53 ± 0.02 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0

BS 100E 11.68 11.61 11.64 11.64 ± 0.04 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
L552 0 0 0 0 ± 0.0 7 7 7 7 ± 0.0 61–70 30 20 20 23.33 ± 5.77

BC1F1 population (derived from Cross C) through detached leaf bioassay

1 1 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
2 2 NA NA NA NA 1 2 1 1.33 ± 0.58 ˂ 10–20 100 80 100 93.33 ± 11.55
3 3 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
4 4 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
5 8 NA NA NA NA 1 2 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0

BS 100E NA NA NA NA 0 0 0 0 ± 0.0 0 100 100 100 100 ± 0.0
PBG7 NA NA NA NA 6 6 6 6 ± 0.0 51–60 30 30 30 30 ± 0.0

BC1F2 population (derived from Cross B) through detached leaf bioassay

1 1 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
2 3 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
3 9 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
4 10 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
5 12 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
6 14 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
7 15 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
8 16 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
9 17 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0

BS 100E NA NA NA NA 0 0 0 0 ± 0.0 0 100 100 100 100 ± 0.0
L552 NA NA NA NA 7 7 7 7 ± 0.0 61–70 30 20 20 23.33 ± 5.77

BC1F3 population (derived from Cross B) through whole plant bioassay

1 1 NA NA NA NA 2 3 2 2.33 ± 0.58€ 11–30b 70 40 60 56.67 ± 15.27
2 3 NA NA NA NA 2 2 2 2 ± 0.0 11–20 60 80 60 66.67 ± 11.55
3 9 NA NA NA NA 1 2 1 1.33 ± 0.58 ˂ 10–20 100 80 100 93.33 ± 11.55
4 10 NA NA NA NA 5 6 5 5.33 ± 0.58 41–60 20 10 20 16.67 ± 5.77
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TABLE 1 | (Continued) Bioassay on F1 plants and backcross populations raised by crossing commercial chickpea cultivars with cry1Ac transgenic lines for toxicity to H. armigera neonatal larvae.

S.
No

Plant number/
parent

Cry1Ac protein
concentration (µg G-

1 leaf tissue)

Average protein concentration (µg G-1 leaf
tissue)

Leaf feeding
scorea

Average leaf feeding
score

Leaf feeding
damage (%)

Larval
mortality (%)

Average
larval

mortality
(%)R1 R2 R3 R1 R2 R3 R1 R2 R3

5 12 NA NA NA NA 3 2 2 2.33 ± 0.58 11–30 60 80 80 73.33 ± 11.55
6 14 NA NA NA NA 2 1 1 1.33 ± 0.58 ˂ 10–20 80 100 100 93.33 ± 11.55

BS 100E NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
L552 NA NA NA NA 7 7 7 7 ± 0.0 61–70 30 20 20 23.33 ± 5.77

BC2F2 population (derived from Cross C) through detached leaf bioassay

1 2 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
2 8 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
3 20 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
4 33 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
5 39 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0

BS 100E NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
PBG7 NA NA NA NA 6 6 6 6 ± 0.0 51–60 0 0 0 0 ± 0.0

BC2F3 population (derived from Cross C) through whole plant bioassay

1 2 NA NA NA NA 3 4 3 3.33 ± 0.58€ 21–40b 40 60 60 53.33 ± 11.55
2 8 NA NA NA NA 3 4 3 3.33 ± 0.58 21–40 40 60 60 53.33 ± 11.55
3 20 NA NA NA NA 2 3 2 2.33 ± 0.58 11–30 80 60 80 73.33 ± 11.55
4 26 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
5 33 NA NA NA NA 3 2 2 2.33 ± 0.58 11–30 60 80 80 73.33 ± 11.55
6 39 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
7 44 NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0

BS 100E NA NA NA NA 1 1 1 1 ± 0.0 ˂ 10 100 100 100 100 ± 0.0
PBG7 NA NA NA NA 6 6 6 6 ± 0.0 51–60 0 0 0 0 ± 0.0

Data on Cry1Ac protein concentration, leaf feeding, and larval mortality are presented as mean ± SD of three replicates. Leaf feeding score and larval mortality in detached leaf bioassay were recorded after 96 h of incubation whereas in whole
plant bioassay after 120 h.
aLeaf feeding score: The plants were scored visually for the extent of damage caused on a 1–9 scale, where 1 = ˂ 10% and 9 = ˃ 80% leaf area damaged in detached leaf bioassay (Sharma et al., 2005a), and in whole plant bioassay, 1 = ˂ 10%, 2
= 11–20%, 3 = 21–30%, 4 = 31–40%, 5 = 41–50%, 6 = 51–60%, 7 = 61–70%, 8 = 71–80%, and 9 = ˃ 80% leaf area and/or pods damaged (Sharma et al., 2005b). NA, not analyzed.
bAverage leaf and/or pod feeding score.
cPercent leaf and/or pod feeding damage; Cross A: PBG7 × BS 100B; Cross B: L552 × BS 100E; Cross C: PBG7 × BS 100E.
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RESULTS

Analysis on F1 Plants for Determining
Toxicity to H. armigera
F1 plants developed from Cross A, Cross B, Cross C, and transgenic
donor parent and non-transgenic recipient parents were analyzed for
toxicity to H. armigera. F1 plants obtained from Cross A (seven in
number), Cross B (seven), Cross C (three), and donor parent
displayed 100% H. armigera neonatal larval mortality and
negligible (<10–20%) leaf-feeding damage, whereas recipient
parents exhibited 23.33–30% larval mortality on an average with
significant (51 to 70%) leaf-feeding damage (Table 1). F1 plants toxic
to H. armigera were backcrossed to generate BC1F1 populations.

Analysis on BC1F1 Populations for
Foreground Selection and Determining
Toxicity to H. armigera
The foreground selection of two BC1F1 populations derived
from Cross A and Cross B, comprising 130 and 50 plants,
respectively, was carried out through PCR using cry1Ac-
specific primers. An amplicon corresponding to cry1Ac was
detected in 46 (35.38%) BC1F1 plants obtained from Cross A
(Supplementary Figure S3; Supplementary Table S1). The
transgene segregation in a ratio of 1:1.8 deviated significantly
from the 1:1 ratio expected if transgene was inserted at a single
locus (Table 2). BC1F1 raised from Cross B segregated for the
transgene in an expected Mendelian ratio of 1:1, as 25 (50.0%)

plants were found to be cry1Ac positive (Supplementary
Figure S4).

The recombinant protein concentration was estimated in 13
healthy BC1F1 plants derived fromCross A showing amplification
of cry1Ac, nine Cross B plants along with transgenic donor
parents BS 100B and BS 100E, and non-transgenic recipient
parents PBG7 and L552 through ELISA (Supplementary
Table S2). The average Cry1Ac protein concentration in both
populations (11.03 to 11.71 μg g−1 leaf tissue) was at par with
donor parents (11.35 to 11.64 μg g−1), whereas recipient parents
did not exhibit any Cry1Ac concentration (Table 1). The BC1F1
plants (13 obtained from Cross A, nine from Cross B, and five
from Cross C) had a phenotype similar to the recurrent parent,
their bioassay for toxicity to H. armigera revealed that 13, 7, 4
plants from respective crosses, donor parents showed 100% H.
armigeramortality andminor (<10–20%) leaf-feeding damage; in
contrast, recipient parents exhibited 23.33–30% larval mortality
with significant (51 to 70%) leaf-feeding damage (Table 1;
Supplementary Figure S5). BC1F1 plants displaying toxicity to
H. armigera were advanced for raising BC1F2 populations.

Analysis on BC1F2 Populations for
Foreground Selection and Determining
Toxicity to H. armigera
The foreground selection was carried out on two BC1F2 populations:
the first comprising of 190 plants derived from Cross A, and the
second consisting of 17 plants obtained from Cross B; cry1Ac

TABLE 2 | Segregation analyses of backcross populations developed by crossing commercial chickpea cultivars with cry1Ac transgenic lines.

S.
No

Backcross population Observed number Observed
ratio

Expected number Expected
Ratio

Calculated χ2

value
p-value

cry1Ac-
positive
plants

cry1Ac-
negative
plants

cry1Ac-
positive
plants

cry1Ac-
negative
plants

1 BC1F1 (derived from
Cross A)

46 84 1:1.8 65 65 1:1 11.10a 0.000863

2 BC1F1 (derived from
Cross B)

25 25 1:1 25 25 1:1 0.0 1

3 BC1F2 (derived from
Cross A)

16 174 1:10.9 142.50 47.50 3:1 449.18a 0.00001

4 BC1F2 (derived from
Cross B)

13 4 3.3:1 12.75 4.25 3:1 0.02 0.8875

5 BC2F2 (derived from
Cross C)

10 73 1:7.3 62.25 20.75 3:1 175.43a 0.00001

6 BC2F3 (derived from Cross
C) progeny of: BC2F2 plant
no. 1

18 3 6:1 15.75 5.25 3:1 1.28 0.257,899

BC2F2 plant no. 2 7 3 2.3:1 7.50 2.50 3:1 0.13 0.718
BC2F2 plant no. 8 5 4 1.3:1 6.75 2.25 3:1 1.81 0.1785
BC2F2 plant no. 9 12 4 3:1 12 4 3:1 0.0 1
BC2F2 plant no. 12 8 5 1.6:1 9.75 3.25 3:1 1.25 0.26355
BC2F2 plant no. 20 4 1 4:1 3.75 1.25 3:1 0.07 0.791
BC2F2 plant no. 26 16 0 16:0§ - - - - -
BC2F2 plant no. 33 6 2 3:1 6 2 3:1 0.0 1
BC2F2 plant no. 39 10 0 10:0§ - - - - -
BC2F2 plant no. 44 20 0 20:0§ - - - - -

Data expressed as the number of cry1Ac-positive and -negative plants based on PCR.
aindicates significance at 0.05 level (χ2 table value = 3.84, 1 df)
bimplies homozygous nature of respective BC2F2 plants; Cross A: PBG7 × BS 100B; Cross B: L552 × BS 100E; Cross C: PBG7 × BS 100E.
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amplification was detected in 16 (8.4%) and 13 (76.5%) plants
(Supplementary Figures S6, S7; Supplementary Table S1),
exhibiting non-Mendelian (1:10.9) and Mendelian (3.3:1)
segregation ratios in the two populations, respectively (Table 2).

The insect bioassaywas performed onnineBC1F2 plants raised from
Cross B displaying phenotypic growth similar to the recurrent parent,
along with transgenic donor and non-transgenic recipient parents. In
the BC1F2 plants, donor parent displayed 100% H. armigera mortality
and negligible (<10%) leaf-feeding damage; however, recipient parent

showed 23.33% larvalmortality with significant (61 to 70%) leaf-feeding
damage (Table 1). BC1F2 plants showing toxicity to H. armigera were
used to raise BC1F3 population.

Analysis on BC1F3 Population for
Determining Toxicity to H. armigera
Six out of 26 BC1F3 plants having comparable phenotype to the
recurrent parent developed from Cross B, transgenic donor

FIGURE 2 | SSR amplification profiles of BC2F2 plants using polymorphic markers, namely, GA 6, GAA 40, TA 59, and TA 146. P1 indicates non-transgenic
recipient parent PBG7; P2 represents transgenic donor parent BS 100E; C refers to control PCR reaction without template DNA; the numbers 1, 2, 8, 9, 12, 20, 26, 33,
39, and 44 denote BC2F2 plants; and M represents 50 bp DNA ladder (Cat. No. DM1100, SMOBIO Technology, Inc., Taiwan).
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parent, and non-transgenic recipient parent were analyzed for
toxicity to H. armigera. The plants revealed 16.67–93.33% larval
mortality and variable (˂ 10–60%) leaf and pod feeding damage;
donor parent exhibited 100% H. armigera mortality with
negligible (<10%) leaf and pod feeding damage, whereas
recipient parent showed 23.33% larval mortality and
significant (61 to 70%) damage to leaves and pods (Table 1).
Two BC1F3 plants were observed to display 93.33% insect
mortality.

Analysis on BC2F2 Population for
Foreground and Background Selection and
Determining Toxicity to H. armigera.
The foreground selection of BC2F2 population derived from
Cross C and comprising of 83 plants led to the identification
of 10 (12.05%) plants showing amplification of cry1Ac
(Supplementary Table S1). The population deviated
significantly for transgene segregation (1:7.3) from the
Mendelian ratio (3:1) for a single insertion site (Table 2).

The donor and recipient parents were assessed for
polymorphism using 210 SSR markers leading to the
identification of 25 (11.9%) polymorphic markers
(Supplementary Figure S8; Supplementary Table S3). The
background selection using reproducible polymorphic markers
on cry1Ac-positive BC2F2 plants demonstrated amplification

pattern in ten BC2F2 plants (designated as 1, 2, 8, 9, 12, 20,
26, 33, 39, and 44) to be similar to recurrent parent “PBG7”
profile (Figure 2), and the average recurrent parent genome
recovery in these plants after two backcrosses was calculated
to be 91.3% (Supplementary Table S4). The comparison of
agronomic traits in BC2F2 plants with PBG7 revealed an
average recurrent parent phenome recovery of 90.94% in
BC2F2 plants (Table 3; Supplementary Table S5).

The randomly selected BC2F2 plants (designated as 2, 8, 20,
33, and 39) were bioassayed for toxicity to H. armigera. The
results revealed that the selected plants and transgenic donor
parent exhibited 100% larval mortality and negligible (<10%)
leaf-feeding damage, whereas non-transgenic recipient parent
was vulnerable to H. armigera with no larval mortality and
significant (51 to 60%) leaf-feeding damage (Table 1).
Subsequently, seeds of all ten BC2F2 plants were sown to
obtain BC2F3 population.

Analysis on BC2F3 Population for
Foreground Selection, Agronomic Traits,
and Determining Toxicity to H. armigera.
BC2F3 population obtained fromCross C, consisting of 128 plants
was subjected to foreground selection for identifying BC2F2 plants
homozygous for cry1Ac through recognition of BC2F3 plants
carrying cry1Ac gene. The results revealed that on an average,
82.81% BC2F3 plants carried cry1Ac, and three (30%) BC2F2

TABLE 3 | Agronomic traits of BC2F2 and BC2F3 populations derived from Cross C (PBG7 × BS 100E).

S.
No

Plant
number/
parent

Agronomic trait Recurrent
parent

phenome
recovery

(%)

Days
to 50%

flowering

Number
of branches
per plant

Days
to maturity

Plant
height (cm)

Number of
pods per
plant

Number of
seeds per

plant

100-seed
weight
(g)

Biological
yield
(g)

Seed
yield

per plant
(g)

Harvest
indexa

(%)

BC2F2
1 1 84 (93.33) 13 (76.47) 149 (96.13) 51.3 (86.51) 44 (73.33) 80 (70.80) 15.6 (93.97) 40.22 (77.97) 13.21 (76.36) 32.84 (97.91) 84.28
2 2 89 (98.89) 15 (88.23) 153 (98.71) 55.5 (93.59) 55 (91.67) 102 (90.26) 15.5 (93.37) 47.16 (91.43) 15.45 (89.31) 32.76 (97.67) 93.31
3 8 87 (96.67) 16 (94.12) 152 (98.06) 57.5 (96.96) 46 (76.67) 85 (75.22) 16.2 (97.59) 44.36 (86.00) 14.12 (81.62) 31.83 (94.90) 89.78
4 9 88 (97.78) 12 (70.59) 154 (99.35) 58.1 (97.98) 43 (71.67) 78 (69.03) 15.8 (95.18) 38.34 (74.33) 12.43 (71.85) 32.42 (96.66) 84.44
5 12 85 (94.44) 12 (70.59) 151 (97.42) 50.2 (84.65) 49 (81.67) 94 (83.18) 15.6 (93.97) 43.78 (84.88) 14.32 (82.77) 32.71 (97.52) 87.11
6 20 89 (98.89) 15 (88.23) 153 (98.71) 58.3 (98.31) 53 (88.33) 98 (86.72) 15.1 (90.96) 49.56 (96.08) 15.20 (87.86) 30.67 (91.44) 92.55
7 26 89 (98.89) 14 (82.35) 154 (99.35) 57.6 (97.13) 59 (98.33) 112 (99.11) 15.2 (91.57) 51.00 (98.87) 16.86 (97.46) 33.06 (97.46) 96.05
8 33 86 (95.55) 16 (94.12) 150 (96.77) 51.4 (86.68) 54 (90.00) 99 (87.61) 15.3 (92.17) 47.62 (92.32) 15.23 (88.03) 31.98 (95.35) 91.86
9 39 87 (96.67) 15 (88.23) 151 (97.42) 55.6 (93.76) 57 (95.00) 108 (95.57) 15.3 (92.17) 50.50 (97.91) 16.38 (94.68) 32.43 (96.69) 94.81
10 44 86 (95.55) 15 (88.23) 151 (97.42) 56.2 (94.77) 58 (96.67) 108 (95.57) 15.3 (92.17) 51.02 (98.91) 16.60 (95.95) 32.54 (97.02) 95.23

BS 100E 82 8 145 48.4 16 28 13.3 23.30 4.13 17.72 -
PBG7 90 17 155 59.3 60 113 16.6 51.58 17.30 33.54 -

Average recurrent parent phenome recovery = 90.94%

BC2F3
1 2 88.33 ± 0.58 14.00 ± 1.00 150.67 ± 0.58 55.70 ± 1.58 50.67 ± 2.52 97.67 ± 3.51 15.36 ± 0.21 44.34 ± 2.78 13.99 ± 1.12 31.59 ± 2.59
2 8 86.00 ± 1.00 16.00 ± 1.00 151.67 ± 1.15 55.80 ± 2.66 44.33 ± 2.08 83.33 ± 5.51 15.83 ± 0.15 44.07 ± 3.09 14.28 ± 0.16 32.50 ± 2.04
3 20 87.33 ± 1.15 15.67 ± 0.58 154.30 ± 0.58 57.47 ± 2.20 53.67 ± 1.53 99.00 ± 1.00 15.37 ± 0.49 52.08 ± 2.08 15.64 ± 0.51 30.03 ± 0.26
4 26 89.00 ± 1.00 13.67 ± 0.58 152.00 ± 0.27 58.13 ± 2.37 54.00 ± 3.00 111.00 ± 4.58 15.13 ± 0.35 52.13 ± 3.56 15.33 ± 0.98 31.35 ± 0.27
5 33 86.67 ± 1.53 14.00 ± 1.00 152.67 ± 1.15 55.30 ± 4.05 44.00 ± 3.00 79.33 ± 4.16 15.60 ± 0.26 39.42 ± 2.61 12.88 ± 0.22 32.77 ± 1.86
6 39 86.67 ± 1.53 15.33 ± 1.15 152.33 ± 1.53 53.76 ± 3.16 55.00 ± 4.00 103.67 ± 7.64 15.23 ± 0.66 48.36 ± 1.61 15.74 ± 0.62 32.55 ± 0.66
7 44 86.33 ± 1.53 14.00 ± 1.00 150.67 ± 0.58 57.03 ± 2.05 53.67 ± 3.78 102.67 ± 7.02 15.23 ± 0.55 45.20 ± 1.16 14.84 ± 0.53 32.83 ± 0.56

BS 100E 82.33 ± 1.15 8.33 ± 1.15 147.00 ± 1.00 46.50 ± 2.52 14.67 ± 2.08 25.33 ± 3.51 13.40 ± 0.43 22.71 ± 1.63 4.29 ± 0.22 18.94 ± 0.64
PBG7 88.33 ± 0.58 16.33 ± 0.58 154.00 ± 1.00 57.13 ± 2.43 54.67 ± 3.05 107.00 ± 7.00 15.93 ± 0.25 49.54 ± 1.91 15.90 ± 0.56 32.10 ± 0.22

Data on BC2F2 population are presented for the plants analyzed for recurrent parent genome recovery; Data on BC2F3 population are based on three plants phenotypically similar to PBG7
and presented as mean ± SD; figures in parentheses are recurrent parent recovery percentages for agronomic traits calculated as plant trait value/value of PBG7 for that trait × 100.
aHarvest index = seed yield per plant/biological yield × 100; recurrent parent phenome recovery percentage was calculated as the sum of recurrent parent recovery percentages for
different traits/10.
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plants designated as 26, 39, and 44 were homozygous for the
transgene as all progeny plants (16 of plant no. 26, 10 of plant no.
39, and 20 of plant no. 44) contained the transgene (Table 2:
Figure 3). On the contrary, the remaining seven BC2F2 plants
designated as 1, 2, 8, 9, 12, 20, and 33 were hemizygous for cry1Ac
with their BC2F3 progeny plants segregating in a ratio of 6:1, 2.3:1,
1.3:1, 3:1, 1.6:1, 4:1, and 3:1, respectively for transgenes that were
found to fit in Mendelian 3:1 ratio expected for a selfed
population (Table 2).

BC2F3 progeny plants belonging to seven BC2F2 plants,
namely 2, 8, 20, 26, 33, 39, and 44, were assessed for
agronomic performance. The results showed that the mean
number of pods and seed yield of BC2F3 progeny plants
derived from BC2F2 plant no. 20 and homozygous BC2F2
plants, namely 26, 39, and 44 were 53.67 ± 1.53, 54.00 ± 3.00,
55.00 ± 4.00, 53.67 ± 3.78, and 15.64 ± 0.51 g, 15.33 ± 0.98 g,
15.74 ± 0.62 g, 14.84 ± 0.53 g, respectively were statistically
similar to mean number of pods (54.67 ± 3.05) and seed yield

(15.90 ± 0.56 g) of recurrent parent (PBG 7) (Table 3;
Supplementary Table S5).

The bioassay of BC2F3 progeny plants revealed 53.33–100%H.
armigera larval mortality and variable (<10–40%) leaf and pod
feeding damage; amongst these, the progeny of homozygous
BC2F2 plants displayed 100% mortality with negligible (<10%)
leaf and pod feeding damage (Table 1; Figure 4A,B). The larval
mortality in transgenic donor parent and BC2F3 progeny plants
was similar, whereas the non-transgenic recipient parent
displayed no larval mortality and significant (51 to 60%) leaf,
pod feeding damage (Figure 4C).

DISCUSSION

The elite, commercial chickpea cultivars susceptible to pod
borer were converted into resistant by introgressing cry1Ac
from transgenic lines through marker-assisted backcross

FIGURE 3 | Foreground selection of BC2F3 population derived from Cross C (PBG7 × BS 100E) through PCR using cry1Ac-specific primers. P1 indicates non-
transgenic recipient parent PBG7; P2 represents transgenic donor parent BS 100E; C refers to control PCR reaction without template DNA; the numbers on top of each
gel represent BC2F3 progenies of a specific plant, and its identity is mentioned in the right bottom corner of each gel; the plants designated as 26, 39, and 44 were
homozygous for cry1Ac, and those designated as 1, 2, 8, 9, 12, 20, and 33 were hemizygous for the transgene; M represents 50 bp DNA ladder (Cat. No.
DM1100).
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breeding. F1 plants and their backcross populations i.e., BC1F1,
BC1F2, BC1F3, BC2F2, and BC2F3, exhibited up to 100% H.
armigera neonatal larval mortality with agronomic
performance similar to that of the recurrent parent. The
high larval mortality was a result of Cry1Ac protein
accumulation up to 11.00 μg g−1 in backcross populations;
Bt protein concentration as low as 0.9–3.1 μg g−1 is reported
to be highly insecticidal to corn earworm, Helicoverpa spp. in
backcross populations of Brassica napus lines × wild B. rapa
(Halfhill et al., 2001; Zhu et al., 2004). Zhang et al. (2012) and
Chen et al. (2018) demonstrated that an even lower Cry1Ac
concentration (0.5 to 1.2 μg g−1) in the artificial diet of H.
armigera larvae induced distinct histopathological changes in
goblet cells of larval midgut epithelial lining, such as breakage
of microvilli, endoplasmic reticulum, disorganization of
mitochondria and chromatin, 2–36 h after Cry1Ac ingestion
that eventually caused mortality.

BC1F1 and BC1F2 populations derived from Cross B
segregated in Mendelian ratios of 1:1 and 3:1, respectively,
for cry1Ac under contained field conditions; similarly, BC2F3
progenies of hemizygous BC2F2 plants raised from Cross C
also segregated in Mendelian ratio of 3:1, pointing toward
stable inheritance of cry1Ac as a single dominant gene in
plants of different backcross populations. The typical 3:1
segregation ratio in selfed population and 1:1 in backcross
population (Peng et al., 1992; Datta et al., 1998) often results
from the insertion of one copy of the foreign gene in the host
genome. The introgression of cry1Ab transgene following
marker-assisted breeding has been reported in BC2F2 and
BC1 generations of cotton and rice, respectively (Agbios-
Agriculture & Biotechnology Strategies (Canada), Inc., 2007;
Kiani et al., 2009). The recurrent parent genome recovery in
BC2F2 plants was higher (91.3%) in this study as compared to
87.5% genetic similarity to the recurrent parent obtained after

two backcrosses through conventional breeding (Venkatesh
et al., 2015). A recurrent parent genome recovery of 95.9% in
BC2F2 rice plants was reported using polymorphic SSR
markers by Chukwu et al. (2020). The marker-assisted
backcross breeding is a dynamic approach for conveniently
recognizing plants that have recovered over 98% of the
recurrent parent genome in two to three backcross
generations depending upon the availability of polymorphic
markers (Stojsin 2010). The similarity of BC2F2 plants for
agronomic traits with the recurrent parent in our study
pointed toward the recurrent parent genome recovery,
suggesting that in a situation where a limited number of
polymorphic markers is available, the phenotypic
characterization for agronomic traits is important. Joseph
et al. (2004) reported that phenotypic selection coupled
with fewer polymorphic markers between the parental lines
maximizes recurrent parent genome recovery. We observed
that the agronomic performance of BC2F3 progeny plants
(derived from homozygous BC2F2 plants 26, 39 and 44) for
main traits i.e., the number of pods and seed yield was
statistically similar to the recurrent parent. Likewise,
marker-assisted breeding between β-carotene-rich
inbred lines UMI1200β+, UMI1230β+ × HKI163 in maize
resulted in the development of improved BC2F3
lines exhibiting agronomic traits e.g., cob weight and single
plant yield similar to the recurrent parents (Chandran et al.,
2019).

The distorted segregation ratios were detected in BC1F1 and
BC1F2 populations developed from Cross A. The distorted
ratios generally arise due to transgene inactivation (Matzke
and Matzke 1995), low viability/fertilization ability of
transgenic pollen (Zhang et al., 1996), reduced germination
(Sachs et al., 1998), genetic background (Scott et al., 1998; Wu
et al., 2002), recessive lethal (Scott et al., 1998) etc. In the

FIGURE 4 | Bioassay on BC2F3 plants obtained from Cross C (PBG7 × BS 100E) expressing cry1Ac for toxicity to H. armigera through whole plant screening. (A)
Caged plants displaying healthy leaves and pods. (B) Closer view of plant showing healthy leaves and pods. (C) Non-transgenic recipient parent PBG7 exhibiting
damaged pod and surviving larva.
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present study, segregation distortion in BC1F1 and BC1F2
populations might be a result of reduced germination and
not due to 1) transgene inactivation: as cry1Ac amplicon was
observed in 46 plants from a total of 130 BC1F1 plants, and 16
out of 190 BC1F2 plants 2) low viability/fertility of transgenic
pollen: as the pollen from recipient parent PBG7 (and not from
the transgenic line) was used to pollinate F1 plants to obtain
BC1F1 plants; and further both BC1F1 and BC1F2 populations
had resulted from a cross between desi PBG7 and desi BS 100B.
Wu et al. (2002) observed that crosses between japonica and
japonica rice had no significant effect on segregation ratios of
cry1Ab, whereas japonica × indica resulted in distorted gene
segregation in F2 population, 3) genetic background: as both
PBG7 and BS 100B are desi chickpeas, or 4) recessive lethal: as
BC1F1 plants were hemizygous in nature for cry1Ac. Our
assumption of reduced germination responsible for
distorted segregation ratios draws support from
observations by Sachs et al. (1998) on non-Mendelian
segregation of cry1Ac in F2 populations derived from MON
249 × CAMD-E due to failure of a large number of F2 seeds
inheriting cry1Ac to germinate. They further suggested that
reduced germination associated with the inheritance of cry1Ac
in MON 249 plants was a result of direct insertion effect
leading to silencing of one or more native genes. In our
case, we conclude that reduced germination was possibly
associated with the inheritance of cry1Ac gene present in
BS 100B plants. cry1Ac integration in the genomes of
homozygous BC2F2 plants and BC2F3 progeny plants is
probably at the same position as backcross populations
obtained from a single transformation event are reported to
carry transgene at a constant position in the genomes (Bakó
et al., 2013).

The genetic background of BC1F1 populations raised from
Cross A and Cross B did not affect the transgene expression as
Cry1Ac protein concentration in the two BC1F1 populations
was similar to each other and transgenic donor line. This
observation is consistent with reports on hybrids of Bt maize
(Fearing et al., 1997; Bakó et al., 2013) and eggplant (Ripalda
et al., 2012) producing a similar amount of Cry protein in
backcross populations irrespective of genetic background.
However, this might not always be true as Sachs et al.
(1998) observed that cryIA gene expression in cotton lines
was influenced by the background genotype. The backcross
populations of chickpea F1 plants displayed a high degree of
resistance to pod borer as compared to PBG7 and L552,
implying stable expression of Cry1Ac throughout different
generations.

In conclusion, cry1Ac was introgressed from transgenic
chickpea lines into commercial cultivars through marker-
assisted backcross breeding for imparting pod borer
resistance; consequently, the backcross populations
exhibited up to 100% H. armigera larval mortality. The
BC2F2 plants homozygous for cry1Ac with high recurrent
parent phenome recovery were identified; their BC2F3
progeny plants displaying agronomic performance similar to
the recurrent parent are a valuable source of H.

armigera resistance and can be used in chickpea breeding
programs.
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The bZIP Transcription Factor Family
in Adzuki Bean (Vigna Angularis):
Genome-Wide Identification,
Evolution, and Expression Under
Abiotic Stress During the Bud Stage
Zhengong Yin, Xianxin Meng, Yifan Guo, Shuhong Wei, Yongcai Lai and Qiang Wang*

Crop Resources Institute of Heilongjiang Academy of Agricultural Sciences Harbin, Heilongjiang, China

Adzuki bean (Vigna angularis) is an important dietary legume crop that was first cultivated
and domesticated in Asia. Currently, little is known concerning the evolution and
expression patterns of the basic leucine zipper (bZIP) family transcription factors in the
adzuki bean. Through the PFAM search, 72 bZIP members of adzuki bean (VabZIP) were
identified from the reference genome. Most of themwere located on 11 chromosomes and
seven on an unknown chromosome. A comprehensive analysis, including evolutionary,
motifs, gene structure, cis-elements, and collinearity was performed to identify VabZIP
members. The subcellular localization results showed VabZIPsmight locate on the nuclear.
Quantitative real-time PCR (qRT-PCR) analysis of the relative expression of VabZIPs in
different tissues at the bud stage revealed that VabZIPs had a tissue-specific expression
pattern, and its expression was influenced by abiotic stress. These characteristics of
VabZIPs provide insights for future research aimed at developing interventions to improve
abiotic stress resistance.

Keywords: adzuki bean, bZIP members, analysis, relative expression, bud stage, abiotic stress

INTRODUCTION

Transcription factors (TFs), which constitute approximately 8% of the protein-encoding regulators
in eukaryotic genomes, are critical transcriptional regulatory factors (Pruneda-Paz et al., 2014).
Therefore, functional characterization of transcription factors (TFs) is critical for understanding
transcriptional regulatory networks and biological processes (Liu et al., 2014). The basic leucine
zipper (bZIP) family is one of the largest and most diverse TF families (Pérez-Rodríguez et al., 2010).
The bZIP domain is highly conserved and contains two structural features located on a contiguous α-
helix i.e., the leucine zipper composed of several heptad repeats of Leu or other bulky hydrophobic
amino acids for dimerization specificity, and the N-x7-R/K-x9 domain for specific binding (Jakoby
et al., 2002; Lee et al., 2006; Nijhawan et al., 2008). Apart from the bZIP domain, several domains of
the bZIP family have been found to function as transcriptional activators (Liao et al., 2008). To bind
DNA, half of the basic region in the N-terminal binds double-stranded DNA, and half of the Leu
zipper in the C-terminal undergoes dimerization, leading to the formation of a superimposed coiled
structure (Ellenberger et al., 1992).

Members of the bZIP transcription factor family are involved in the regulation of growth and
developmental processes such as seed germination, embryogenesis, flower and vascular
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development, hormonal control, and senescence (Jakoby et al.,
2002; Schütze et al., 2008; Toh et al., 2012; Sornaraj et al., 2016).
Overexpression of OsbZIP23, a member of bZIP in rice (Oryza
sativa), rescued the pre-harvest budding phenotype and the
decrease in expression of genes associated with ABA signaling
in transgenic plants (Song et al., 2020). CAREB1, an important
trans-acting factor of bZIP members, was found to regulate
somatic embryogenesis in carrot (Daucus carota) (Guan et al.,
2009). Eleven TabZIP genes in wheat (Triticum aestivum) were
highly expressed in anthers, suggesting that they were involved in
flower development (Li D. et al., 2015). In Arabidopsis, a bZIP
transcription factor that control monopteros (MP) output and
modulate vascular gene expression (Smit et al., 2020). The bZIP
Transcription factor PERIANTHIA interacts with a variety of
developmental pathways, including light and plant hormones,
both of which participate in meristem formation (Maier et al.,
2011). Furthermore, the bZIP members regulate response to
abiotic/biotic stresses such as drought, salt, hypoxia, cold,
pests, and diseases (Uno et al., 2000; Shimizu et al., 2005;
Zander et al., 2012; Alves et al., 2013; E et al., 2014; Amorim
et al., 2017). GmbZIP44 and GmbZIP62, the bZIP genes of
soybean (Glycine max), conferred tolerance to salt and freezing
stress in transgenic Arabidopsis plants (Liao et al., 2008).
Overexpression of CabZIP25, a member of bZIP in pepper
(Capsicum annuum), enhanced salt tolerance in transgenic
Arabidopsis and promoted salt sensitivity by decreasing virus
induced gene silencing (VIGS) expression in pepper (Gai et al.,
2020). The study by Hsieh et al. (2010) showed that SlAREB, a
member of bZIP in tomato (Solanum lycopersicum), regulated
stress-responsive genes and improved water logging deficit and
salt stress response. Elsewhere, it was reported that AREB1, an
Arabidopsis bZIP transcription factor, conferred tolerance to
water deficit (including drought and flooding stresses) in
modified soybeans overexpressing AREB1 (Fuhrmann-Aoyagi
et al., 2021). PPI1, a bZIP in pepper, regulated expression of
genes involved in defense mechanisms (Lee et al., 2002).

The application of genome sequencing has led to
identification of bZIP family members (Jakoby et al., 2002),
in Arabidopsis (Jakoby et al., 2002), rice (E et al., 2014),
Carthamus tinctorius (Li H. et al., 2020), Chinese jujube
(Ziziphus jujuba) (Zhang Q. et al., 2020), Olive (Olea
europaea) (Rong et al., 2020), common bean (Phaseolus
vulgaris) (Zhang et al., 2021), and potato (Solanum
tuberosum) (Herath and Verchot, 2020). However, few
studies have investigated bZIP family members in adzuki
bean (Vigna angularis). Adzuki bean (Vigna angularis) is an
important dietary legume crop that was first cultivated in
China (Han et al., 2005). Its grains have high protein
content, a low-fat content, and high iron content. They
contain several bioactive substances such as triterpenoids,
flavonoids, and saponins. It was traditionally used as an
iron supplement, to remove damp and swelling (Amarowicz
et al., 2008; Yang et al., 2015). Being a sensitive species, adzuki
beans are particularly vulnerable to environmental stressors
such as cold, drought, salt, and heavy metals (Srivastava et al.,
2018; Li W.-Y. et al., 2020). In this study, bZIP members in the
adzuki bean were identified, and characterized in terms of

phylogeny and evolutionary expansion in different tissues
under different stress conditions such as drought (D), cold
(C), salt (NaCl) and heavy metal (CdCl2). The findings will
provide new insights about bZIP members which can be
applied in resistance breeding.

MATERIALS AND METHODS

Identification of bZIP Members in Vigna
Angularis
The basic information for the reference genome (including
genes, cDNAs, and proteins) in adzuki bean (Vigan1.1) was
obtained from the Esembl plant’s database (https://plants.
ensembl.org/Vigna angularis/Info/Index). The bZIP domain
information was obtained from the PFAM database (http://
pfam.xfam.org/), with PF00170 as the search key. The bZIP
members in adzuki bean (Vigna angularis) were identified
using the HMMER software (Finn et al., 2015) and screened
using a database that included the ExPASy Proteomics Server
(http://www.expasy.org) (Hoogland et al., 2008) and P3DB
(http://www.p3db.org) (Yao and Xu, 2017). After
deduplication, the remaining bZIP members were
considered to be members of the bZIP family in adzuki
bean, and were named VabZIP. VabZIPs were named
according to their location in the reference genome in the
Esembl database, which was determined using the TBtools
software (Chen et al., 2020).

Analysis of VabZIP Members
Protein sequences of the VabZIP members were aligned using
MEGA X (Kumar et al., 2018) while bootstrap values (1,000
replicates) were used for the maximum likelihood analysis.
MEGA predicted the optimal model. Ten motifs from VabZIP
members were identified using the MEME tool (Bailey et al.,
2009), with an E-value of less than 1e−20 for motifs containing
10–50 amino acids. Gene structures for VabZIP members were
analyzed using GSDS (Hu et al., 2015) and Gene-wise
(Simmons et al., 2019), in which the coordinates
corresponded to DNA and protein sequences. Cis-acting
elements of VabZIP members were identified and their
functions predicted by the plantCARE software (Lescot
et al., 2002). Gene duplication events for VabZIP members
were evaluated by MCScanX (Wang et al., 2013) and circus
(Krzywinski et al., 2009) software. Subcellular locations for
VabZIP members were predicted by the CELLO database
(http://cello.life.nctu.edu.tw/) (Yu et al., 2006). Expression
data for orthologous genes of VabZIP members in
Arabidopsis and soybean (Glycine max) were obtained from
the phytozome database (https://phytozome-next.jgi.doe.
gov/).

Plant Materials, Stress Concentrations, and
qRT-PCR Analysis
Plant materials for this study were “Longxiaodou 5”, which was
provided by the Institute of Crop Resources, Heilongjiang
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Academy of Agricultural Sciences (Harbin, Heilongjiang,
China). For the seedlings to bud, they were incubated at
26 °C without light (Qi et al., 2021).

During treatment, the following stressors were prioritized:
drought, salt, cold, and heavy metals. Salt stress concentration
was 70mmol/L (Zhang Y. et al., 2020) while heavy metal stress
concentrationwas 0.5 mg/LCdCl2 (Zhao et al., 2020). A temperature
of 4 °C was used to induce cold stress (Wang et al., 2020) while 15%
PEG was the concentrate drought stress (Ahmad et al., 2020). The
stresses were separately induced on the third day, with water
treatment used as the control (CK). The hypocotyl, radicle,
cotyledon, and germs were collected as samples for tissue-specific
analysis expressions. The radicles were collected in response to these
abiotic stress treatments. The RNA Easy Fast Kit (DP452, Tiangen,
Beijing) was used for sample RNA extraction, which was used for
cDNA synthesis using HiScript SuperMix (R223-01, Vazyme,
Nanjing). The VabZIPs primers were designed using the Primer
premier5.0 software (PREMIER Biosoft, San Francisco,
United States ) while Va-actin was used as the reference control
gene (Li W.-Y. et al., 2020). qRT-PCR analyses for expressions of
three biological replicates of each VabZIP member were performed
using the Light Cycler system (Roche 480II, Roche, Switzerland) and
TransStart® Top Green qPCR SuperMix (AQ131-04, TransGen
Biotech, Beijing). Relative expressions were calculated as
described by Livak and Schmittgen (2001).

Subcellular Localization
The coding sequence (CDS) of VabZIP members (VabZIP17 and
VabZIP56) was PCR amplified from the cDNAs, which without stop
codon. The primers used for cloning the VabZIP17 and VabZIP56
was shown in Supplementary Table S2. Then, the sequence was
cloned into the vector, which had the green fluorescent protein
(GFP) tag and a CaMV35S promoter. The VabZIP17-GFP and
VabZIP56-GFP construct were transformed into Agrobacterium

competent cells and transiently expressed in the leaves of
Nicotiana benthamiana with the empty vector was used as a
control. After injection for 2 days, the leaves were observed under
a confocal laser microscope (TCS-SP8 Leica, Wetzlar, Germany) to
find fluorescence signals (A1Si, Nikon, Japan).

RESULTS

Identification of bZIP Members in Vigna
angularis
Following a HMMER-search of the bZIP domain, 72 members
of the bZIP family were identified from the reference genome
in the Esembl database (Vigna angularis), which had no
duplications. These members were located on all Vigna
angularis chromosomes. Eight of the members were located
on chromosomes 7, 8, 9, and 10 while chromosome 5 had the
fewest members (2). Seven members were located on an
unknown chromosome, which may be positioned on the
scaffold. The bZIP members were named based on their
location (VabZIP1-VabZIP72) (Figure 1). Information on
the VabZIP members is presented in Supplementary Table
S1. Protein lengths of VabZIPs ranged from 80 to 773, with
VabZIP56 having the longest protein (773) and CDS (2,322).
Isoelectric points of VabZIP members ranged from 4.76–11.56,
while their molecular weights ranged from 9,438.77 Kilodalton
(Kd) to 84105.11 (Kd) (Supplementary Table S3).

Evolutionary Analysis of the VabZIP
Members
Evolutionary history of VabZIP members was determined
using the Maximum Likelihoodphy (ML) analysis, with the
lg + g model predicted by MEGA X software used as the model

FIGURE 1 | Locations of VabZIP members. The 11 pillars correspond to the 11 chromosomes, whereas No Chr depict members lacking a chromosome. The blue
lines indicate gene density on chromosomes.
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for analysis. Findings from MEGA X analysis are presented in
Figure 2. These 72 members were divided into 14 subfamilies,
with sub-family V having the most VabZIP members (13),
while sub-families VI and VIII each had only one VabZIP
member, making them the least-membered sub-families.
There were 4, 2, and 9 VabZIP members in subfamily III,
IV, and XII, subfamily VII, X, and XIV, and subfamily XI and
XIII, respectively.

Motifs and Structure in VabZIPs
Analysis of VabZIPs using the MEME software revealed ten
motifs (Figures 3A,B and Supplementary Figure S1). Apart
from subfamilies VII and VIII, motif-1 was found in most
VabZIPs sub-families while motif-3 and motif-5 were only
found in sub-family X. Motif 9 was found only in subfamily
XII. The VabZIP members in each subfamily had similar motifs.

Gene structures for VabZIP members were assessed by GSDS,
which revealed exon and intron structures (Figure 3C). The bZIP
structure was located above all members in these VabZIPs, and
sub-families I to III members had shorter introns than members
of the other subfamilies.

Evolution of bZIP Members in Two Species
The 72 VabZIPs were compared to sequences encoded by bZIP
members from Arabidopsis to determine their evolutionary
history, motif, and gene structure (Figure 4 and
Supplementary Figure S2). MEGA X predicted the lg + g
model as the best model, and 14 subfamilies were defined
based on the results in these two species, consistent with the
evolutionary of VabZIPs (Figure 2). Each subfamily had bZIP
members of these two species. Each member of the subfamily had
comparable motifs and gene structures.

FIGURE 2 | Evolutionary analysis of VabZIPs. Different sub-families are painted in different colors.
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Cis-Elements of VabZIPs
Cis-elements of VabZIP members were analyzed using the
plantCARE software. PlantCARE predicted the functions of
the ten cis-elements (Supplementary Table S4), which were
divided into three categories: hormone responsiveness (red),
environmental stress (blue), and germination (yellow).
Hormone responsiveness elements, including TATC-box,
P-box, and GARE-motif were involved in gibberellin
responsiveness, while ABRE was the cis-acting element
involved in abscisic acid responsiveness. Environmental stress
elements, such as LTR were involved in low-temperature
responsiveness, while MBS was involved in drought-
inducibility. The RY-element and NON-box elements had
seed-specific regulation function. These findings indicate that

VabZIP family members are involved in hormone regulation,
stress resistance, and seed germination (Figure 5).

Collinearity Analysis of VabZIPs
There was collinearity between ten pairs of VabZIPs with
VABZIP05 and VABZIP22 being the most collinear with
other VabZIP members (three pairs). VaBZIP27 and
VaBZIP37 had two pairs of collinearity (Figure 6A).
Twenty five collinearity pairs were identified between
VabZIP members and Arabidopsis, with VabZIP13,
VabZIP23, VaBZIP26, VaBZIP46, and VaBZIP47 having two
collinear members in Arabidopsis, implying that the
21 VabZIP members may have the same function as
collinear Arabidopsis genes (Figure 6B).

FIGURE 3 |Motifs and gene structure of VabZIPs. (A) Evolutionary analysis of VabZIPs. Different colors represent different subfamilies (B) Themotifs of VabZIPs (C)
Gene structure of VabZIPs. Blue squares represent CDS while yellow squares represent the bZIP structure.
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Subcellular Location Analysis of VabZIPs
Subcellular locations for VabZIPs were analyzed using the CELLO
database, with locations predicted byMolecular bioinformatics center.
Almost all VabZIP members were predicted to be expressed in the
nucleus, with only VabZIP11 predicted to be located on chloroplasts
or in the cytoplasm (Supplementary Table S5).

In order to analyze the subcellular localization of VabZIP
members, two members in different subfamilies were selected
(VabZIP17 and VabZIP56) for subcellular location analysis. The
result showed that the control (GFP) was distributed on the
membrane and nuclear, while the VabZIP17-GFP and VabZIP56-
GFP fusion proteins were only found on the nuclear, which indicated
VabZIP17 and VabZIP56 were located on the nuclear (Figure 7).

Tissue-specific Expression Analysis at the
Bud Stage
During the budding stage, the germ, cotyledon, hypocotyl, and
radicle were used to investigate the expressions of bZIP members

in different tissues in the adzuki bean. The twenty VabZIP
members were selected randomly for qRT-PCR analysis which
these twenty VabZIP members covered all of the sub-families.
The VabZIP members were found to be expressed in a tissue-
specific manner.VabZIP06was abundantly expressed in the germ
and cotyledon, while VabZIP11 and VabZIP26 were highly
expressed in the germ. The radicle was highly enriched with
VabZIP17, VabZIP30, VabZIP35, and VabZIP47, compared to
the other tissues (Figure 8).

Expressions of VabZIPs Under Abiotic
Stress at the Budding Stage
Also, these twenty VabZIP members were selected randomly
for qRT-PCR analysis to determine variations in expressions in
response to abiotic stress. Expressions of the nine VabZIP
members varied in response to various stresses (Figure 9).
Expressions of some VabZIP members (such as VabZIP06,
VabZIP11, VabZIP21, VabZIP47 and VabZIP51) were up-

FIGURE 4 | Evolution of bZIP members in Arabidopsis and VabZIPs. The inner ring indicates the motifs of bZIP members while the outer ring is the gene structure of
bZIP members.
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regulated in response to drought, cold, salt, and heavy metal
stress, whereas others VabZIP members (such as VabZIP24,
VabZIP34, VabZIP35 and VabZIP56) were down-regulated.

Differences in expressions of VabZIPs in response to various
types of abiotic stress were significant, such that while
VabZIP26 and VabZIP15 did not exhibit marked changes in

FIGURE 5 |Cis-elements of VabZIPs. (A) Evolutionary analysis of VabZIPs. (B)Cis-elements of VabZIPs. The red models represent the hormone-related elements.
The blue models represent the stress-related elements. The yellow models represent the elements in germination.
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response to heavy metal stress, they did change significantly in
response to drought and cold stress, indicating that these two
members may respond to other abiotic stressors other than
heavy metals.

DISCUSSION

The bZIP members are present in various species, and the
number of members vary from one species to another. There

FIGURE 6 | Collinearity analysis of VabZIPs. (A) Collinearity of PvHsf members. The red PvHsfs indicate collinearity while the black ones have no collinearity. The
middle two rings indicate gene density. The gray background line indicates a collinear background while the green lines indicate a collinear relationship. (B)Collinearity of
VabZIPs with Arabidopsis. Red boxes are the chromosomes of Arabidopsiswhile the green boxes are the chromosomes of the adzuki bean. The gray lines indicate the
collinearity background while the red lines indicate collinearity between VabZIPs and Arabidopsis members.

FIGURE 7 | The subcellular localization of VabZIP17 and VabZIP56.
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are 78 members in Arabidopsis (Dröge-Laser et al., 2018), 80
members in potato (Solanum tuberosum) (Herath and
Verchot, 2020), 160 members in soybean (Glycine max)
(Zhang et al., 2018), 89 members in rice (Oryza sativa L.)
(Nijhawan et al., 2008) and 69 members in tomato (Solanum
lycopersicum) (Li X. et al., 2015). In this study, VabZIP
members were identified from the reference genome of the
adzuki bean, which contained 72 members. The number of
VabZIP members was found to exceed the number of bZIP
members in tomato, while the number of bZIP members was
less than in Arabidopsis, potato, soybean, and rice. These
findings suggest that the number of bZIP members may be
related to the size of the reference genome and that after
differentiation from their early ancestors, the adzuki bean
may have experienced fewer genomic replication events,
when compared to other species.

Evolutionary analysis revealed that VabZIP members could be
divided into 14 subfamilies in the unrooted Maximum
Likelihoodphy (ML) tree, and the result of evolutionary
combined with bZIP members in Arabidopsis and adzuki bean
was also revealed that bZIP members had 14 sub-families, which
was similar to the results in wheat (Triticum aestivum) (Li D.
et al., 2015) and Chinese jujube (Ziziphus jujubaMill.) (Zhang Q.
et al., 2020). With regards to motif and gene structures of VabZIP
members, motif constitutions differed in different sub-families.
Within the same sub-family, the motifs were similar and the
motif of the coded bZIP (motif-1) was highly conserved (Zhou
et al., 2017). Motif-3 and motif-5 were only found in sub-family X

while motif 9 was only found in subfamily XII, which was
similarly found in tartaty buckwheat (Fagopyrum tataricum)
(Liu et al., 2019). VabZIP members from the same subfamily
exhibited a similar gene structure, whereas VabZIPs from sub-
families I, II and, III had no more than two introns, suggesting a
relationship between the low number of introns and stress
responses in the three sub-families (Zhao et al., 2016). The
combined results of the motif and gene structure for two
species of bZIP members revealed similar results.

Cis-elements in promoter regions of VabZIP members regulate
the functions of VabZIPs that contain related cis-elements (Lescot
et al., 2002). Similarly, bZIP members have cis-elements that are
comparable across species: ABRE, TATC-box, TCA-element, and
P-box are hormone-related cis-elements in VabZIP and bZIP
members in common bean and potato (Wang et al., 2021;
Zhang et al., 2021), implying that VabZIPs may regulate
hormones involved in plant growth. Stress-related cis-elements,
such as MBS and LTR, were found in VabZIPs and sesame bZIP
transcription factor members (Wang et al., 2018), leading to the
hypothesis that VabZIPs are involved in abiotic stress responses.
Moreover, since they contain the RY element, which is similar to
that found in the common bean, VabZIP members may have had
an effect at the bud stage (Zhang et al., 2021).

Collinear analysis allows the transfer of functional information
from a well-studied taxon to a less-studied taxon (Ghiurcuta and
Moret, 2014). In this study, 25 VabZIPs pairs exhibited
collinearity with an Arabidopsis member, which was found to
be involved in plant growth regulation, abiotic stress responses,

FIGURE 8 | Tissue-specific expression analysis of VabZIPs at the bud stage. (A) Schematic illustration of tissues at the bud stage of adzuki bean. (B) Expressions of
VabZIPs in different tissues. The change in color from red to blue indicates a high to low expression.
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responses to hormones, and germination in plants. AT4G37790,
AT1G45249, and AT2G36270 were the collinearity genes for
VABZIP26, VaBZIP48, and VaBZIP18 respectively, which play
a function in salt stress responses (Lopez-Molina et al., 2001;
Nakashima et al., 2006; Liu et al., 2016). Collinearity members for
Vigna angularis such as VaBZIP23, VaBZIP46, VaBZIP18, and
VaBZIP47 inArabidopsis, have a role in the bud stage of the plant:
AT1G75390, the collinearity member for VabZIP23 and
VabZIP46, positively regulates plant seed germination rate. Its
knock-out was associated with significantly slower germination
rate (Iglesias-Fernández et al., 2013). AT2G36270 had collinearity

with VabZIP18, which increases proteins for preventing seed
germination (Piskurewicz et al., 2008); AT4G38900, the
collinearity gene for VabZIP47 was expressed in meristematic
tissues and negatively modulates Arabidopsis growth (Lozano-
Sotomayor et al., 2016). In Arabidopsis, VaBZIPs member
collinearity genes, such as AT1G22070 (VaBZIP21) were
shown to be involved in the salicylic acid (SA) signaling
pathway (Zhou et al., 2000), whereas AT1G45249 (VaBZIP48)
and AT2G36270 (VaBZIP18) were found to be involved in
abscisic acid (ABA) responses (Fujita et al., 2005). The
collinear analysis results indicate that VaBZIP members are

FIGURE 9 | Relative expressions of VabZIPs in radicles under different abiotic stress levels at the bud stage. Brown squares denote CK treatment, whereas the
blue, pink, green, and yellow squares denote drought, cold, salt, and heavy metal stress, respectively.
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involved in responses to hormones, coping with environmental
pressures, and regulating the bud stage.

The bZIP members have previously been reported to exhibit
tissue-specific expressions, including in Olive (Olea europaea) (Rong
et al., 2020), radish (Raphanus sativus) (Fan et al., 2019), and poplar
(Zhao et al., 2021). Expressions of VabZIPs at the bud stage revealed
tissue-specificity, with the radicle having higher expressions than
other tissues, indicating that the radicle could be used as a target
tissue for VabZIPs’ research. Gene expression changes under abiotic
stress conditions might lead to abiotic stress responses in plants, and
differentially expressed genes under abiotic stress can be used as
candidate genes for further research on abiotic stress responses (Qi
et al., 2021). In this study, expressions of selected VabZIPs under
abiotic stress indicated that VabZIPs are involved in abiotic stress
responses. Expressions of VabZIP06, VabZIP11, VabZIP21,
VabZIP47 and VabZIP51 were markedly up-regulates under
drought, cold, salt and heavy metal stress, implying that these
bZIP members are involved in abiotic stress responses. Moreover,
some bZIPmembers are involved in abiotic stress responses in other
plants, such as StbZIP25 in potato (Wang et al., 2021), TabZIP96 in
wheat (Liang et al., 2022) and CabZIP25 in pepper (Gai et al., 2020).
Expressions of bZIP members under abiotic stress revealed that
some bZIPs can be used in plant breeding for abiotic stress resistance,
such as in watermelon (Yang et al., 2019), sesame (Wang et al.,
2018), and apple (Zhao et al., 2016). These results indicate that bZIPs
might be useful in molecular breeding under abiotic stress and the
VabZIPs that were differentially expressed under stress can be used
for further research, particularly in stress-resistance breeding.

CONCLUSION

In this study, 72 VabZIP members were identified and divided
into 14 subfamilies. The members of each sub-family had motifs
and gene structures that were comparable. These VabZIP
members exhibited hormonal responsiveness, environmental
stress, and germination cis-elements, indicating that the
VabZIPs might be involved in plant hormone and abiotic
stress regulation. The VabZIPs, whose expressions were tissue
specific, might be involved in abiotic stress responses. And
VabZIP17 and VabZIP56 were located on the nuclear in

subcellular localization ananlysis. Furthermore, expressions of
VabZIPs under stress conditions such as drought, cold, salt, and
heavy metal stress at the bud stage revealed that some VabZIPs
(such as VabZIP06, VabZIP11, VabZIP21, VabZIP47 and
VabZIP51) might regulate abiotic stresses responses in the
adzuki bean. This study provides valuable information and
insights into the development of VabZIPs and establishes a
foundation for the use of related characteristics of VabZIPs in
adzuki beans.
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Magnesium (Mg) is the fourth most abundant element in the human body and plays the
role of cofactor for more than 300 enzymatic reactions. In plants, Mg is involved in various
key physiological and biochemical processes like growth, development,
photophosphorylation, chlorophyll formation, protein synthesis, and resistance to
biotic and abiotic stresses. Keeping in view the importance of this element, the
present investigation aimed to explore the Mg contents diversity in the seeds of
Turkish common bean germplasm and to identify the genomic regions associated
with this element. A total of 183 common bean accessions collected from 19
provinces of Turkey were used as plant material. Field experiments were conducted
according to an augmented block design during 2018 in two provinces of Turkey, and six
commercial cultivars were used as a control group. Analysis of variance depicted that Mg
concentration among common bean accessions was statistically significant (p < 0.05)
within each environment, however genotype × environment interaction was non-
significant. A moderate level (0.60) of heritability was found in this study. Overall
mean Mg contents for both environments varied from 0.33 for Nigde-Dermasyon to
1.52 mg kg−1 for Nigde-Derinkuyu landraces, while gross mean Mg contents were
0.92 mg kg−1. At the province level, landraces from Bolu were rich while the
landraces from Bitlis were poor in seed Mg contents respectively. The cluster
constellation plot divided the studied germplasm into two populations on the basis of
their Mg contents. Marker-trait association was performed using a mixed linear model (Q
+ K) with a total of 7,900 DArTseq markers. A total of six markers present on various
chromosomes (two at Pv01, and one marker at each chromosome i.e., Pv03, Pv07,
Pv08, Pv11) showed statistically significant association for seed Mg contents. Among
these identified markers, the DArT-3367607 marker present on chromosome Pv03
contributed to maximum phenotypic variation (7.5%). Additionally, this marker was found
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within a narrow region of previously reportedmarkers. We are confident that the results of
this study will contribute significantly to start common bean breeding activities using
marker assisted selection regarding improved Mg contents.

Keywords: phaseolus vulgaris, food legume, mg contents, DArTseq, GWAS

1 INTRODUCTION

Incensement of mineral contents in staple food to provide the
recommended daily intake is crucial to fight nutrient deficiencies
in the diets of humans as more than half of the world population
receives insufficient essential mineral elements (Frossard et al.,
2000; White and Broadley, 2009). Magnesium is the fourth most
abundant mineral in human body and serves as a cofactor for
more than 300 enzymes. It has a crucial role in protein synthesis,
muscle contraction nerve transmission, blood pressure
regulation, glucose metabolism, and signal transduction
(Gröber et al., 2015). Magnesium deficiency is linked with
insulin resistance, diabetes, cardiovascular diseases, stroke, and
obesity (Cakmak, 2013; Bertinato et al., 2015; Gröber et al., 2015).
The adult human body contains around 25 g Mg (Elin, 1987) and
the estimated average daily requirement (EAR) of Mg is 265 and
350 mg for adult females and males, respectively (Rude, 1998). In
plants, Mg plays many important roles in metabolism and its
deficiency causes reduction in growth and yield. Since up to 35%
of Mg is found in chloroplasts, chlorosis and yellowing in leaves is
a typical symptom of its deficiency (Farhat et al., 2016). It is also
utilized as an adaptation against aluminium toxicity where it is
released from the roots to chelate aluminium ions in the soil
(Cakmak and Yazici, 2010).

The Fabaceae or Leguminosae is one of the most important
family in the kingdom Plantae and individuals (legumes) of this
family are a great source of high quality protein, minerals, and
vitamins. Legumes are multi-benefit crops as they contribute
significantly to atmospheric nitrogen fixation, increase the high
quality organic matter content in soil, and improve water
retention. These benefits have increased the importance of
legumes for sustainable agriculture under a changing climate
(Stagnari et al., 2017). Among various legumes, common bean is
considered as a “grain of hope” due to its nutritional potential
(Nadeem et al., 2021a). Currently, this crop is cultivated all over
the world and a total of 34 mha area was under common bean
cultivation globally during 2020, resulting in a production of 27.5
mtones (FAO, 2022). Earlier studies confirmed that common
bean was originated and domesticated in Mesoamerica and
arrived in Europe through Columbian exchange (Rodiño et al.,
2006; Gioia et al., 2013; Nadeem et al., 2021a), and then to Turkey
through Ottoman traders. Turkey is considered a hotspot for
agricultural biodiversity for most of the crops we use in our
kitchen today (Nadeem et al., 2018; Nadeem et al., 2020a). Since
common bean is not native to Turkey, however, it has a unique
place in Turkish agriculture and hundreds of common bean
landraces have emerged over time in different parts of Turkey
due to variations in the agricultural practices, topography, and
taste preference of local people (Nadeem et al., 2018; Nadeem
et al., 2020a).

In Turkey, common bean is one of the important sources of
protein, minerals, and calories after cereals as Turkish people use
common bean at least once in a week either as unripe pods as
vegetables, dry seeds, or in the form of salads (Nadeem et al.,
2020a). Annual common bean production in Turkey in dry or
fresh form was around 279,518 tons, making Turkey 3rd largest
producer of the common bean in the world (Yeken et al., 2019)
and 1st largest producer in the Mediterranean region (Yeken
et al., 2019). An increase in common bean production has been
recorded in Turkey in the last decade. This increase in common
bean production can possibly be due to a good number of
breeding activities carried out in Turkey. To date, a good
number of common bean cultivars (200 fresh and 39 dry)
have been registered in Turkey (Variety registration and seed
certification center; www.tarimorman.gov.tr). As common bean
has a critical place in Turkish diets and around the world, so
breeding common bean cultivars with high Mg contents is crucial
for fighting mineral malnutrition.

Breeding methodologies developed rapidly in the last few
decades due to increasing demand of the safe foods for an
increasing population of the world. The first step for breeding
the common bean cultivars for highMg contents is to evaluate the
natural and ancestral germplasm, particularly from its area of
diversity (Baloch et al., 2014). Various agencies of the world
engaged with biodiversity have put emphasis on the collection
and characterization of the germplasm, as they harbour novel
alleles for the traits of interest (Baloch and Nadeem, 2022;
Nadeem et al., 2020a,b). Characterization of common bean
germplasm is crucial to explore the variations in order to
select the elite genotypes having high Mg contents and to
identify the genetic regions controlling the Mg contents in
common bean seed. There is plentiful variability of seed Mg
concentration in common bean. Variation of Mg contents in the
seeds of common bean germplasm from various parts of the
world is well documented in the earlier studies (Barampama and
Simard, 1993; Sangronis and Machado, 2007; Wang et al., 2010;
Akond et al., 2011; Brigide et al., 2014; Yeken et al., 2019). In our
previous study, we characterized 80 Turkish common bean
accessions to explore mineral elements diversity and identified
Mg contents in a range of 0.63–0.94 (mg kg−1). Magnesium
contents harbored by the common bean germplasm could be
utilized in common bean breeding to increase Mg concentrations
in edible parts as common bean is frequently used in the human
diet in all parts of the world (Yeken et al., 2019).

During germplasm characterization for yield and mineral
traits, environment and genotype interaction should be
considered one of the most important factors, as the same
plant can be affected hugely from its surroundings (Shrestha
et al., 2012; Misra et al., 2020). To effectively breed crops with
advanced phenotypic performances, knowledge about its
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adaptations and its reaction in different growing conditions and
environments should be elucidated (Falconer et al., 1996). Both
environmental and genetic factors affect the accumulation of Mg
concentration in dry and fresh common bean seeds (Moraghan
et al., 2006). Therefore, breeding common bean cultivars require
the characterization of the germplasm under various
environmental conditions.

Genome-wide association studies (GWAS) are a powerful
genomic tool for the identification of linked markers using
variation harbored by natural germplasm. GWAS, a strong
structural genomics technique to screen large number of
accessions using next generation sequencing (NGS) based
markers covering the whole genome of common bean, has
been used to identify the linked marker for various traits of
agricultural and nutritional importance with high resolution
(Nadeem et al., 2020b; Nadeem et al., 2021b). However very
few studies evaluated the germplasm for Mg contents variations
in common bean and identified QTLs/linked-markers. Delfini
et al. (2021) used a Brazilian germplasm, Gunjaca et al. (2021)
used a Croatian germplasm, Blair et al. (2016) and Casañas et al.
(2013) used RIL populations for the identification of QTLs/
linked-markers associated with Mg contents. Despite the
importance of the Mg for human health and crop production,
little research work is documented for breeding the common bean
for Mg concentration. Therefore, Mg is referred to as “A
Forgotten Element”. However, under a changing climate and a
rapidly increasing world population scenario, Mg deficiency is
becoming a critical limiting factor for common bean production
and indirectly for human health.

In the present research, mini core collection of 183 common
bean genetic resources collected from 19 provinces of Turkey was
established to identify the chromosomal regions associated with
seed Mg contents. This study also aimed to check whether the
markers identified in our study fall within the same genetic region
or whether new QTLs for seed Mg contents are available in the
Turkish common bean germplasm.

2 MATERIALS AND METHODS

2.1 Plant Material
During this study, a total of 177 common bean landraces collected
from 19 provinces of Turkey and six commercial cultivars were
used as plant material. The studied germplasm was collected from
a farmer’s field and the core collection was established at Bolu
Abant Izzet Baysal University. Detailed information about this
plant material can be found in Supplementary Table S1. This
material was sown at the research and implementation area of
Bolu Abant Izzet Baysal University and single plant selection was
performed for two consecutive years during 2014 and 2015. In
later years, seed multiplication was performed to get a high
enough quantity of seeds for each accession for further
genetics and breeding studies.

2.2 Field Experimentation
Field experiments were conducted at two geographical locations;
Bolu and Sivas during 2018 according to Augmented Block design.

A total of six commercial cultivars (Akman, Goynuk, Karacaşehir,
Onceler, Goksun, and Akdag) were used as control groups. These
cultivars were repeated in each block to standardize the mean of all
accession. Sowing was performed on 12th and 17th april 2018 in
Sivas and Bolu locations, respectively. All accessions were sown in a
single row of 3 m length with 50 cm row to row and 10 cm plant to
plant distance. All standard agronomic practices were followed
during this study. Detailed information about the field experiments
and applied agricultural practices can be found in our previous
work (Nadeem et al., 2020a).

2.3 Phenotypic Analysis for Mg Contents of
Common Bean Germplasm
Harvesting was performed at 90% pod maturity and seed samples
were taken from each accession in three replicates. Seed Mg
contents were investigated according to the methodology
described by Yeken et al. (2019). Firstly, seeds were grinded
and a fine powder was obtained. A total of 0.2 g seed sample from
each accession was digested with 5 ml of concentrated nitric acid
(65%) and 2 ml of hydrogen peroxide (35%) in a closed
microwave digestion system (ETHOS EASY, Milestone, Italy)
(Bremner, 1965; Seco-Gesto et al., 2007). After the completion of
the digestion process, solutions were transferred to flasks and a
final volume of 20.0 ml was maintained with ultra-pure water.
This prepared solution was used for the investigation of seed Mg
contents with Atomic Absorption Spectrophotometer (Shimadzu
AA-7000). Seed Mg contents were repeated three times for each
sample and recorded as mg kg−1.

2.4 Genotyping of Common Bean
Germplasm
DNAwas extracted from the single selected plants according to
CTAB protocol of Doyle and Doyle (1990) with a specific
protocol suggested by Diversity Arrays Technology (available
at “http://www.diversityarrays.com/orderinstructions/plant-
dnaextraction-protocol-for-dart/)” \o “http://www.
diversityarrays.com/orderinstructions/plant-dnaextraction-
protocol-for-dart/)” \h www.diversityarrays.com/
orderinstructions/plant-dnaextraction-protocol-for-dart/).
Quality and quantity of DNA was calculated on the agarose
gel (0.8%). DNA was diluted to a final concentration of
50 ng/ul and DNA samples were sent to diversity array
technology (http://www.diversityarrays.com/) for
DArTseq analysis based genotyping by sequencing
technology (GBS). The detailed information about GBS
analysis for DArTseq markers could be traced from our
previously published study (Nadeem et al., 2018).

2.5 Statistical Analysis
2.5.1 Phenotypic Analysis
In this study, the sowing of the germplasm was performed in eight
blocks, while six commercial cultivars were repeated eight times as
a control. Repetition of commercial cultivars was used in the
standardization of data and for the calculation of adjusted
means. Analysis of variance (ANOVA) was conducted to get an
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idea about the effect of genotype and genotype × environment
interaction for seedMg contents in studied germplasm. Analysis of
variance (ANOVA) was calculated utilizing these evaluated
adjusted means. Firstly, ANOVA was calculated within
environments and later ANOVA was performed across the
environments using agricolae: an R package (De Mendiburu
and Simon 2015). Mean, maximum, and minimum Mg
contents for the studied environments were investigated
through XLSTAT statistical software (www.xlstat.com).
Frequency distribution and provinces based Mg contents were
calculated through XLSTAT statistical software. The most stable
common bean accessions for Mg contents were investigated
through the online software “STABILITYSOFT” (Pour-
Aboughadareh et al., 2019). The constellation plot for common
bean accessions was constructed through JMP 14.1.0 statistical
software (2018, SAS Institute Inc., Cary, NC, United States).

2.5.2. Marker-Trait Investigation for Seeds Mg
Contents
The Q-matrix and Kinship are basic requirements while
performing bioinformatics analysis for GWAS studies as both
are used to correct the population and family structure during
the association analysis. Population structure of studied germplasm
was performed previously and has been reported in our published
study (Nadeem et al., 2018). Therefore, the required Q-matrix for
GWAS analysis was evaluated from a previous study (Nadeem
et al., 2018). Marker trait association was performed using mixed
linear model approach (MLM, Q + K). Tassel 5.2.50 (https://tassel.
bitbucket.io) program was used to investigate the kinship matrix
according to the methodology of Bradbury et al. (2007). False
discovery rate (FDR) and Bonferroni (p = 0.01) thresholds were
used in the present study to investigate the significantly associated
markers. A Manhattan plot was developed to visualize the
statistically significant markers through R 3.4.1 statistical
software (http://www.r-project.org/) by using qq-man R Package
(Turner, 2014). A physical map was constructed for the identified
linked DArTseq markers through R 3.4.1 statistical software to
confirm whether they were present or not at same chromosomal
region.

3 RESULTS

3.1 Phenotypic Diversity
The results showed that there was a plentiful and continuous
diversity for seed Mg concentrations among common bean
accessions (Supplementary Table S2). The ANOVA results

depicted that Mg concentration among common bean
accessions was statistically significant within each environment
(data now shown), however genotype × environment interaction
was non-significant (Table 1). Heritability analysis showed a
moderate level (0.60) of heritability (Table 1).

During 2018 at Bolu, Mg contents ranged from 0.32–1.49mg kg−1

for Nigde-Dermasyon and Nigde- Derinkuyu landraces respectively,
while mean Mg contents were 0.90mg kg−1 (Table 2). Similarly, at
Sivas, seed Mg contents ranged from 0.34–1.55mg kg−1 for Nigde-
Dermasyon and Nigde-Derinkuyu landraces respectively, while mean
Mg contents were 0.95mg kg−1. By taking the mean of both locations,
overall Mg contents among accessions varied from 0.33–1.52mg kg−1

for the above reported landraces, respectively. Frequency distribution of
the Mg contents among common bean accessions is shown in
Figure 1, which clearly depicted that most of the landraces with
high Mg concentration in the common bean seeds had a value above
0.90mg kg−1.

Mg contents variations were also observed at the geographical
provinces fromwhere the studied germplasm was collected. By taking
the mean of two locations, we observed that maximum Mg contents
were reflected by landraces from Bolu (1.13mg kg−1), while landraces
from Bitlis province were found poor (0.76mg kg−1) in seed Mg
contents (Figure 2). We performed the stability analysis using the
mean of two environments and succeeded in identifying eight
landraces with high Mg contents in common bean seeds
(Table 3). The constellation plot separated the studied germplasm
into twomain populationsA andB (Figure 3). PopulationA clustered
accessions with poor Mg contents compared to population B.
Population A was further subdivided into two subpopulations A1
and A2. Population B was further subdivided into B1 and B2, while
subpopulation B2 clustered accessions rich in Mg contents.

3.2 Genomic Regions and Putative Genes
Associated With Mg Contents
The mean data of two environments (Bolu and Sivas) were used
for the identification of chromosomal regions associated with
seed Mg contents and a total of 6 DArTseq markers were found
statistically significant for Mg contents in common bean seeds
(Table 4 and Figure 4). A total of two markers (DArT-3365938
and DArT-3367358) were present on chromosome Pv01, while
rest of four markers (one marker for each chromosome) were
present on chromosome Pv03, Pv07, Pv08 and Pv11. Among
these identified markers, DArT-3367607 marker contributed in
maximum (7.5%) variations. A total of five putative candidate
genes were also identified from sequences reflecting homology to
six identified DArTseq markers. Vigun01g245600 putative gene
was predicted as a putative gene for DArT-3365938 and DArT-
3367358 markers. The constructed physical map of identified
markers revealed a very narrow region for 0.00000101 Mbp for
DArT-3367358 and DArT-3365938 markers (Figure 5).

4 DISCUSSION

Despite the well-known role of Mg for human health and plant
metabolism, little or negligible research has been conducted on

TABLE 1 | Summary of analysis of variance in Turkish common bean germplasm.

Variables Df Sum Sq Mean Sq F value Pr (>F)

Genotype 182 1,089.683 5.827182 1.958887 2.13E-08
GxE 183 238.4785 1.268,503 0.426424 1
Residuals 366 1,118.503 2.974741 NA NA

Heritability 0.597895

*NA: Not available.

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 8486634

Baloch et al. Mg-A Forgotten Element

123124

http://www.xlstat.com/
https://tassel.bitbucket.io
https://tassel.bitbucket.io
http://www.r-project.org/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


this important element. As discussed earlier, Mg is considered a
“Forgotten element” and there is an utmost need to characterize
the germplasm of different crops in order to identify the

accessions with high Mg contents in the edible parts of crops
to eradicate the malnutrition of this important mineral element in
the human population. Common bean is one of the most

TABLE 2 | Minimum, maximum and mean Mg (mg kg−1) contents in Turkish common bean germplasm under multi-year/environments.

Environment Minimum Maximum Mean Std. deviation

Bolu2018 0.320 (Nigde-Dermasyon) 1.490 (Nigde-Derinkuyu) 0.90 0.172
Sivas2018 0.340 (Nigde-Dermasyon) 1.550 (Nigde-Derinkuyu) 0.95 0.209
Mean 0.330 (Nigde-Dermasyon) 1.520 (Nigde-Derinkuyu) 0.92 0.186

FIGURE 1 | Frequency distribution of Mg contents in Turkish common bean seeds.

FIGURE 2 | Variation of seed Mg contents in Turkish common bean germplasm on the basis of their collection provinces.
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important legume crops used frequently in the diets of the human
populations of the developing and least developed countries, and
therefore crops like common bean are considered as “poor man’s
meat”. Moreover, common bean is referred to as a “grain of hope”
as its seeds are rich sources of various mineral elements crucial for

human health (Nadeem et al., 2021a). The present work was done
with an objective of characterizing the mini core collection of
common bean germplasms from Turkey, an important area of
diversity for common bean, to find the promising accessions with
high Mg contents in the common bean seeds and also to unlock
the chromosomal region associated with this mineral element and
to discuss whether the genomic regions identified here are novel
QTLs or whether they fall into the same genetic region reported
earlier.

Analysis of variance (ANOVA) revealed significant differences
(p < 0.05) for Mg contents in both environments, however the
genotype x environment was non-significant (Table 1).
Heritability analysis showed a moderate level of heritability.
These results were found in line with the very recent study of
Delfini et al. (2021). They also observed significant effects within
the environment, while there was no Genotype x environment (G
x E) interactions. Moreover they also found a low range of
Heritability (0.18–0.47). During this study, plentiful variation
(0.330–1.520 mg kg−1) was seen for seed Mg contents (Table 2).

TABLE 3 | The most stable common bean accessions for Mg contents.

Landraces Mean Mg contents s2di bi CVi

Hakkari-28 0.94 0 0 0
Bitlis-35 1.05 0 0 0
Bitlis-69 1.17 0 0 0
Bursa-1 1.13 2.31E-06 0.199184 0.509427
Duzce-9 1.13 2.45E-06 0.197323 0.512441
Hakkari-69 1.05 2.31E-06 0.199184 0.548117
Van-33 1.05 2.31E-06 0.199184 0.548117
Hakkari-65 1.04 2.45E-06 −0.19732 0.553371

CVi, Coefficient of variance, s2di = Deviation from regression, bi = Regression
coefficient 691.

FIGURE 3 | Constellation plot for magnesium content in Turkish common bean germplasm.

TABLE 4 | Chromosomal regions associated with seed Mg contents in Turkish common bean germplasm.

Marker Chromosome Position (bp) p-value R2% Putative gene
(bp)

DArT-3367607 3 521,185 4.29E-04 7.5 Phvul.003G001300
DArT-3365938 1 51,520,369 4.62E-04 7.4 Vigun01g245600
DArT-3367358 1 51,520,303 5.31E-04 7.3 Vigun01g245600
DArT-22345,410 11 6,622,226 5.61E-04 6.9 Phvul.011G071900
DArT-3375642 7 45,783,153 8.19E-04 6.5 Phvul.005G079500
DArT-16652019 8 52172087 8.65E-04 6.7 Phvul.008G185200
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Moreover, frequency distribution clearly depicted that most of
the accessions have high (above than 0.9 mg kg-1) Mg contents
(Figure 1). The mean and range of Mg contents in the studied
germplasm (Table 2) were found higher than in our previous
study (Yeken et al., 2019). This could be because the germplasm
used in the present study was different from our previous studies
and the size of the germplasm in the earlier study was small
compared with the germplasm used in the current study. The
amount of the Mg contents in common bean accessions used in
this study was comparable or slightly lower than the previous
studies. Very recently, Gunjača et al. (2021) aimed to explore
marker-trait association in common bean germplasm for mineral
contents and reported Mg contents in a range of 0.13–0.24% in
dry weight (DW). Palčić et al. (2018) also reported Mg content in
a range of 0.17–0.2%DW, with the average of 0.18%. Delfini et al.,
2021 analyzed 178 Mesoamerican accessions in three different
conditions and found the Mg content to range between
164—290 mg/100 g. Augustin et al. (1981) used samples from
nine classes of common bean germplasm from United States of
America, and found that raw common beans contain 16–230 mg
magnesium whereas cooked common bean have slightly reduced
Mg content of 130–220 mg per 100 g dry weight. Ray et al. (2014)
used 10 common bean cultivars grown in Saskatchewan, Canada
in six locations and found the Mg content in a range of
184.5–238.3 mg/100 g. In another study, seven common bean
genotypes from Manitoba and Saskatchewan, Canada were
evaluated and Mg contents varied from 143.0–199.5 mg/100 g
(Wang et al., 2010). In their assay Akond et al. (2011) used 29

common bean genotypes from CIAT (International Center for
Tropical Agriculture), United States, India and Brazil and found
the Mg content 0.647–1.105 mg/100 g. Brigide et al. (2014), in
their study, used four biofortified and one control common bean
variety. The Mg content in 100 g seeds was measured
11.2–17.3 mg in the raw treatment and 16.1–17.1 mg in the
macerated/cooked treatment. Existence of good variation in
the Turkish common bean germplasm for Mg contents could
be successfully used for breeding the common bean with a higher
Mg composition of seeds.

The world is facing the disaster of climate change, and therefore
selection of the stable genotypes is one of the most important
criteria for effective breeding programs. The environment has
always had a magnificent effect on the genotypes, therefore
genotypes with maximum stability are identified with the least
environmental effect. In this study, eight common bean accessions
reflecting the highest stability for seed Mg contents were evaluated
and can be used for future common bean breeding programs
(Table 3). These stable accessions were evaluated according to
coefficient of variance, deviation from regression, and regression
coefficient as described in our previous study (Nadeem et al.,
2021b). According to Francis and Kannenberg (1978), accessions
with a low coefficient of variance have minimal environmental
variance and can be used as the most stable accessions. All of the
identified and stable accessions reflected a good range of mean Mg
contents (0.94–1.17mg kg−1). Therefore, these identified
accessions can serve as a source of genetic resource for the
biofortification of common bean regarding Mg contents.

FIGURE 4 | Manhattan plot of marker trait association for magnesium content in Turkish common bean germplasm.

FIGURE 5 | Physical map of identified DArTseq markers having association with seed Mg contents in Turkish common bean germplasm.
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The germplasm used in this research was collected from
various geographical provinces with the different topography,
climate, and agricultural practices of Turkey. Therefore, we also
analyzed the germplasm according to their geographical
provinces (Figure 2). Accessions from the Bolu province
showed the highest Mg contents while the Bitlis province
reflected the lowest Mg contents. Bolu is located in the west
Black sea region of the Turkey, while the Bitlis province is located
in the East Anatolian region of Turkey. During our previous study
regarding morpho-agronomic characterization of Turkish
common bean germplasm, we found that accessions from the
Bolu province have higher 100 seeds weight compared to
accessions from Bitlis. It is clearly understandable by making a
comparison of seed Mg contents with 100 seeds weight at the
province level from our previous study (Nadeem et al., 2020a),
most of the provinces with higher 100 seeds weight reflected
higher Mg contents. Keeping in view these findings, we can
postulate that accessions with higher seed weight may have
higher Mg contents (Nadeem and Baloch’s personal perception).

To see the pattern of variation, clustering analysis was
performed to observe the grouping of studied germplasm. The
studied germplasm was divided into two populations i.e., A and B
on the basis of their Mg contents (Figure 3). Most of the
accessions with comparatively low Mg contents were clustered
in group A. Population A was further subdivided into A1 and A2,
while the A1 subpopulation clustered those accessions with very
low Mg contents. Mean minimum Mg contents (0.330 mg kg−1)
were observed for Nigde-Dermasyon landraces that were also
present in sub-population A1. Sub-population A2 clustered
accessions had low to moderate Mg contents
(0.60–0.90 mg kg−1). Population B clustered accessions had
high Mg contents. Sub-population B1 clustered accessions had
very high Mg contents compared to B2. Most of the accession
present in B1 sub-population reflected Mg contents above
1 mg kg−1. Nigde-Derinkuyu landrace reflected maximum
mean Mg contents during this study and it was present in B1
group. Accessions present in the B2 group reflected higher Mg
contents compared to population A and lower than sub-
population B1. As accessions present in B1 sub-population
were rich in Mg contents. It is recommended to utilize the
accessions of this sub-population for the breeding perspective
of common bean.

4.1 Marker-Trait Association
A total of six DArTseq markers showed significant association
with seed Mg contents in Turkish common bean germplasm
(Table 4 and Figure 4). DArT-3367607 was the only marker
present at Pv03 and contributed in highest phenotypic variations
(7.5%). A total of two DArTseq markers (DArT- 3365938 and
DArT-3367358) showed their distribution on chromosome Pv01
and reflected 7.4 and 7.3% variations respectively. Similarly, one
statistically significant marker on each of chromosome 333 Pv07
(DArT-3375642), Pv08 (DArT-16652019) and Pv011 (DArT-
22345,410) was observed with phenotypic variation of 6.5, 6.7
and 6.9 respectively (Table 4). Very recently, Delfini et al. (2021)
performed GWAS analysis to identify quantitative trait
nucleotides (QTNs) for mineral contents in common bean

diversity panel from Brazil. They reported distribution of
QTNs for Mg contents on various chromosomes of common
bean. They reported S03_552367 as a QTN on chromosome Pv03
at the position of 552,367 bp. Similarly, DArT-3367607 marker
identified in this study was present on the chromosome Pv03 at
the position of 521185 bp. Both markers were present within a
very narrow region of 0.031182 Mbp. Similarly, Gunjaca et al.
(2021) identified only one marker on chromosome Pv08 for Mg
contents in Croatian common bean germplasm and phenotypic
variation explained by this marker was low when compared with
this study. Their marker chromosomal position was
50,916,423 bp, while our identified marker on the same
chromosome was at 52172087 bp. Both markers were present
in a region of 1.255 Mbp. Blair et al. (2016) also reported the
distribution of QTLs for Mg contents on Pv07, Pv08, and Pv10.
They stated that the identified QTL (P9DB1D) present on Pv07
chromosome was in the region of the Phs locus which has been
found to be a very important region with multiple genes that
influenced Fe and Zn concentration (Blair et al., 2009). As Blair
et al. (2016) also found QTL present on Pv08, they stated that this
QTL near the marker Bng96 aligned with a previous QTL for Fe
contents (Blair et al., 2012). Casañas et al. (2013) reported a QTL
(Mg7xc) for Mg contents in common bean on Pv07 and reported
P gene as a closest marker to this QTL. They also reported that
this P gene has association with calcium, ashes, dietary fiber, and
uronic acid contents in common bean. Some markers identified
in this study were found in the same chromosomal regions
reported by Delfini et al. (2021) and Gunjaca et al. (2021).
Therefore, it could be further studied for validation through
candidate gene association mapping. Most of the markers
found in this study could be associated with novel/new QTLs
that could be present in Turkish germplasm and can be used for
marker-assisted breeding of common bean. Additionally, the
physical map disclosed that two markers i.e. DArT-3367358
and DArT-3365938 with association for seed Mg contents in
common bean were present on the chromosomes Pv01 at
51.52 Mbp and 52.16 Mbp respectively (Figure 5). Both
markers were present in a very narrow chromosomal region
with a distance of 0.00000101 Mbp. Therefore, this region
containing both markers with association for seed Mg
contents should be considered for future common bean breeding.

During the present investigation, sequences of the identified
markers were used to BLAST-search against the common bean
genome in the legume information system (LIS: https://
legumeinfo.org/) and putative genes were investigated. Phvul.
003G001300 was identified as a putative gene for DArT-3367607
marker. This gene encodes for Pentatricopeptide repeat (PPR)
superfamily protein. This family is characterized by tandem
30–40 amino acid sequence motifs and considered one of the
largest protein families in land plants (Xing et al., 2018). Zhang
et al. (2020) stated that this family is involved in the post-
transcriptional processing of RNA in chloroplasts and
mitochondria, which is very important for plant development
and evolutionary adaption. Previous studies confirmed that
mitochondria have the capability of accumulation of Mg
and ultimately act as an important intracellular Mgstore
(Kubota et al., 2005; Shindo et al., 2011). Vigun01g245600
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present on chromosome 01 of Vigna unguiculata was found to be
a putative gene for DArT-3365938 and DArT-3367358. This gene
encodes for Ankyrin repeat family protein, which is considered to
be one of the largest protein families. This protein family is
involved in various processes like plant growth and development,
hormone response, and contributes significantly to resistance to
abiotic and biotic stresses (Lopez-Ortiz et al., 2020). Zhao et al.
(2020) revealed the role of this protein family in salt and drought
tolerance in Arabidopsis and Soybean. Verbruggen and Hermans
(2013) clearly explored the role of Mg in various physiological
and biochemical processes in plants. Phvul.011G071900 resulted
as a putative gene for DArT-22345410 that encodes for DOF zinc
finger protein. DOF is a family of transcription factors that
contributes significantly to various fundamental processes like
seed germination, seed maturation phytohormone production
and response to light (Kang et al., 2016). Zhang et al. (2020)
clearly explored the role of Mg for yield and seed germination
traits in wax gourd crop. They concluded that seeds derived from
Mg-sufficient plants were more vigorous and have earlier
emergence, better seedling establishment, and better
development compared to the seeds collected from Mg
deficient plants. Phvul.005G079500 was found to be a putative
gene for DArT-3375642 and this gene encodes for zinc finger
(Ran-binding) family protein. Zinc figure proteins comprise one
of the largest transcription factor families and play a significant
role in various abiotic stress resistances (Han et al., 2020). Phvul.
008G185200 was found as a putative gene for DArT-16652019
marker and this gene encodes for mate efflux family protein
(MATE). Members of this family are present abundantly in plants
and contribute to growth and developmental processes (Chen
et al., 2015). Transporters of this family are directly or indirectly
involved in detoxification of toxic compounds, heavy metals
resistance, disease resistance, and response to hormone
regulation (Wu et al., 2014; Santos et al., 2017). Previous
studies explored the role of this protein family against
aluminum toxicity (Liu et al., 2016; Wang et al., 2017). Bose
et al. (2011) comprehensively explored the role of Mg in reducing
aluminum toxicity in plants.

5 CONCLUSION

The present investigation provided a deep insight into the
existence of the wide range of Mg contents diversity in Turkish
common bean germplasm. genotype × environment
interaction showed non-significant effects, while a moderate
level of heritability was observed for the studied trait.
Accessions from Nigde province showed maximum range of
variation in seed Mg contents. Some stable bean accessions
were also identified which can be explored in the crossing

program as parents for developing bean varieties with stable
Mg contents under various environmental conditions. The
present investigation reported six DArTseq markers with
association for seed Mg contents. Identified markers with
association for Mg contents were found within a narrow
region in which previous markers for Mg contents have
been reported by earlier studies. Keeping this in view,
identified markers in this study should be validated along
with previously reported markers. After validating these
markers, they can be effectively used in marker assisted
selection for breeding bean with higher Mg contents. We
are confident that the information presented in this study
will be helpful for common bean breeding regarding Mg
contents.
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GmARP is Related to the Type III
Effector NopAA to Promote
Nodulation in Soybean (Glycine max)
Jinhui Wang1†, Chao Ma1†, Shengnan Ma1†, Haiyang Zheng1, Haojie Feng1, Yue Wang1,
Jiangxu Wang2, Chunyan Liu1, Dawei Xin1*, Qingshan Chen1* and Mingliang Yang1*

1College of Agriculture, Key Laboratory of Soybean Biology in Chinese Ministry of Education, Northeast Agricultural University,
Harbin, China, 2Heilongjiang Academy of Agricultural Sciences, Harbin, China

Type III effectors secreted by rhizobia regulate nodulation in the host plant and are
important modulators of symbiosis between rhizobia and soybean (Glycine max),
although the underlying mechanisms are poorly understood. Here, we studied the type
III effector NopAA in Sinorhizobium fredii HH103, confirming its secretion into the
extracellular environment under the action of genistein. The enzyme activity of NopAA
was investigated in vitro, using xyloglucan and β-glucan as substrates. NopAA functions
were investigated by the generation of a NopAA mutant and the effects of NopAA
deficiency on symbiosis were analyzed. Soybean genes associated with NopAA were
identified in a recombinant inbred line (RIL) population and their functions were verified.
NopAA was confirmed to be a type III effector with glycosyl hydrolase activity, and its
mutant did not promote nodulation. Quantitative trait locus (QTL) analysis identified 10
QTLs with one, Glyma.19g074200 (GmARP), found to be associated with NopAA and to
positively regulate the establishment of symbiosis. All these results support the hypothesis
that type III effectors interact with host proteins to regulate the establishment of symbiosis
and suggest the possibility of manipulating the symbiotic soybean–rhizobia interaction to
promote efficient nitrogen fixation.

Keywords: soybean, symbiosis, nodulation, glycosyl hydrolase, QTL

INTRODUCTION

Soybean is an important food crop, could provide rich plant protein and oil for human. With
the increasing demand for protein and oil, more and more attention has been paid to soybean
agricultural production (Li et al., 2019). In agricultural production, the yield of soybean is
increased by applying a large amount of industrial nitrogen fertilizer (Wang et al., 2020a).
However, excess application of nitrogen fertilizers has had adverse effects on the environment,
leading also to economic and health concerns (Jordan et al., 2011; Chen et al., 2017; Guo and
Wang, 2021). The use of symbiotic nodule-forming soybean maintains soil fertility and
sustainable crop production, leading to reduced requirements for chemical N fertilizers in
agricultural systems (Goyal et al., 2021). Many native Rhizobium species have been isolated and
inoculated into soybean agricultural production to reduce the amount of applied N fertilizer
(Chen et al., 2021). Rhizobia inoculations benefit the production of soybean as they promote
plant growth by producing hormones, antibiotics, vitamins, and siderophores (Roy et al.,
2020); in addition, rhizobia can enhance disease resistance (Plett et al., 2021; Zboralski et al.,
2022).
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The establishment of symbiosis system is a complex process,
which requires signal exchange between soybean and rhizobia
(Roy et al., 2020). In rhizobia, six secretion systems, namely, type I
to VI systems, have been identified and classified according to
their function (Freiberg et al., 1997; Krehenbrink and Downie,
2008; Pukatzki et al., 2009; Tampakaki, 2014; van Ulsen et al.,
2014). Each secretion system plays a different role in symbiotic
nitrogen fixation, with the type III secretion system (T3SS) being
the most widely studied (Kambara et al., 2009; Miwa and
Okazaki, 2017). The T3SS secretes nodulation outer proteins
(Nops) into host cells which play key roles in the
establishment of symbiosis. Several Nops have been identified
in Sinorhizobium fredii HH103, including NopD, NopL, NopM,
NopP, and NopT (Ausmees et al., 2004; Bartsev et al., 2004; Dai
et al., 2008). NopD and NopM have been identified by LC-
MALDI and LC-ESI (Rodrigues et al., 2007), and protein domain
prediction has shown that the C-terminal region of NopD
contains a domain homologous to the ubiquitin-like protease
Ulp1, thus suggesting that NopD may combine with SUMO
(small ubiquitin-like modifier)-conjugated proteins, leading to
the removal of the SUMO conjugate in HH103-infected soybean
(Xiang et al., 2020; Ratu et al., 2021). NopM is an E3 ubiquitin
ligase and may target the MAPK pathway in host plants during
nodule formation (Xin et al., 2012). NopL and NopP are
substrates for soybean kinases (Skorpil et al., 2005; Zhang
et al., 2011a; Ge et al., 2016). The NopL mutant was found to
inhibit nodule formation, while the NopP mutant increased
nodule numbers (Wang et al., 2018; Zhang et al., 2018; Zhang
et al., 2021a). These reports indicate that the various type III
effectors have different roles in symbiosis. The analysis and
identification of type III effector proteins in soybean could
provide a good basis for understanding the functions of these
proteins in symbiosis. The release of the soybean (Glycine max)
reference genome (Lam et al., 2010; Schmutz et al., 2010) has
allowed the identification of many novel genes based on
quantitative trait loci (QTLs) (Qi et al., 2014a; Lu et al., 2017).
The Rj2 protein was cloned and found to recognize T3SS proteins
(Yang et al., 2010). GmNNL1, an R gene that interacts with the
rhizobial effector NopP, was identified by GWAS (Zhang et al.,
2021a). NopD promotes HH103 infection of soybean by direct or
indirect regulation of GmPP2C, and different haplotypes of
GmPP2C were found to vary their expression patterns in
response to NopD (Wang et al., 2020b). GmRPK was found to
be related to NopL and to promote HH103 infection (Zhang et al.,
2018). Although many proteins related to type III effectors have
been identified in soybean, much work is still needed to uncover
the mechanisms by which these proteins function.

In this study, we aimed to identify the genes associated with
NopAA in regulating nodulation. We identified NopAA as a
glycosyl hydrolase that hydrolyzed xyloglucan and β-glucan into
glucose. Nodule tests in 13 soybean natural varieties were used to
study the effects of NopAA mutation, indicating that NopAA
positively influenced symbiosis. We identified 10 QTLs related to
NopAA using the Dongnong594 and Charleston germplasms.
Further haplotypic, genetic, and transgenic analyses showed that
Glyma.19g074200 (GmARP) responded to NopAA to regulate
nodulation. These findings thus provide useful information on

the role of NopAA in nodulation, and the identification and study
of soybean host genes can provide support for the effective
utilization of symbiotic nitrogen fixation in soybean.

MATERIALS AND METHODS

Strains, Vectors, and Primers
S. fredii HH103 and Escherichia coli DH5α and BL21 (DE3.1)
were used in this study (Supplementary Table S2). HH103 was
cultured in or on TY medium supplemented with rifampicin at
28°C, and all E. coli strains were cultured in or on LB media
supplemented with appropriate antibiotics at 37°C. The plasmids
used for the construction of mutants and the primers used for
PCT and qRT-PCR are listed in Supplementary Table S1.
Antibiotics were used at the following concentrations: 50 μg/
ml rifampicin; 50 μg/ml kanamycin; 34 μg/ml chloramphenicol;
50 μg/ml spectinomycin; 50 μg/ml streptomycin.

Construction of the NopAA Mutant
The NopAA mutant was constructed by triparental mating as
previously described (Wang et al., 2019) with the kanamycin-
resistant DNA fragment inserted into the coding sequence of
NopAA by homologous recombination. The mutant was
confirmed by PCR and Southern blotting (Chen and Kuo, 1993).

qRT-PCR and Analysis of Nodulation Outer
Proteins
HH103, the NopAA mutant, and the TtsI mutant were grown in
YM medium (Yeast Mannitol Broth) in the presence or absence
of genistein, and extracellular proteins were extracted as
previously described (Jim é nez-Guerrero et al., 2015).
Extracted RNA was subjected to qRT-PCR analysis by a Roche
LightCycler LC480 (Roche, Switzerland), and the relative
expression levels of NopAA were normalized using 16S rRNA.
All sample collections were analyzed using three independent
biological replicates as well as three technical replicates.

Enzyme Activity Assays
The NopAA genes were then independently subcloned into pET28b
as BamH I-Sal I fragments to create pET28b-NopAA. This vector
was used for active protein purifications as described (Xin et al.,
2012). The His-NopAA protein was purified from BL21 (DE3)
E. coli after inductionwith 0.1 mM isopropylthio-β-galactoside using
Ni-NTA resin beads (Qiagen, Hilden, Germany). The purified
protein was identified by western blotting with an anti-His
antibody and its enzyme activity was measured using pure
xyloglucan and beta-glucan (Megazyme, Bray, Ireland) as
substrates. Activity assays were performed by glucose as the
standard and a iMark Microplate Absorbance Reader (Bio-Rad,
United States) as previously described (Grishutin et al., 2004).

Agrobacterium Infiltration Assays
Agrobacterium-mediated transformation of tobacco leaves was
performed as described (Wang et al., 2011). A. tumefaciens
EHA105 containing pSoy1-NopAA, the empty vector pSoy1,
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and pSoy1 35S-NopM were transformed into leaves of 30-day-old
Nicotiana benthamiana. The OD600 of the A. tumefaciens culture
was adjusted to 0.2 with buffer (Ma et al., 2015). Infiltrated leaves
were harvested each day for analysis of electrical conductivity by a
conductivity meter (Lei-ci, China) (Wang et al., 2020a).

Nodulation Tests
The RILs population were planted in Xiangyang Farm, Harbin,
Heilongjiang Province (Harbin, latitude 45°450″N, longitude
126°380″E) in 2016, and nodulation tests were performed in 2017.
100 soybean germplasms used in the study came from different
ecoregions were planted in Xiangyang Farm in 2019, and nodulation
tests were performed in 2020. Sterilized soybean seeds (15 seeds from
each variety) were grown under greenhouse conditions in sterilized
vermiculite containing a low-nitrogen nutrient solution (Zhang et al.,
2018). All plants were grown in a greenhouse at 25°C with a
photoperiod of 16 h. At the Vc stage (unifoliolate leaves expand),
all the plants were inoculated with HH103 and the NopAA mutant.
Nodulation in the germplasms was evaluated by nodule number
(NN) and nodule dry weight (NDW) (28 days post-inoculation, dpi).
Three different biological replicates and 15 plants for each replicate
were conducted and the t-test was used to detect the statistical
significance of differences in NN and NDW.

Observation of Rhizobial Infection Events
DN594 and Charleston were inoculated with GFP-conjugated
HH103 and NopAA mutant strains. One-centimeter samples of
infected lateral roots were collected at 1 dpi, comprising ten lateral
roots per plant, and infection in the entire plant was evaluated using
confocal fluorescence microscopy (Zeiss LSM700, Germany). The
number of infection events was then multiplied by the length of the
roots. Infection events included foci, infection threads in epidermal
cells (ITs), and infection threads extending into the cortical cells
(rITs) (Liu et al., 2020). Ten independent lateral root segments from
each plant were used for each biological replicate and three biological
replicates were used for each condition.

Quantitative Trait Locus Mapping and
Identification of Genes in Quantitative Trait
Locus Regions
Charleston and DN594 were used to construct the RIL
population, using a genetic map that had been constructed in
a previous study (Qi et al., 2014b). We used WinQTL
Cartographer and composite interval mapping methods to
map QTLs related to nodulation in the RIL population. QTLs
for NN and NDW were defined by LOD scores greater than 3.0
(Brensha et al., 2012; Wang et al., 2020b). The reference genome
ofWilliams 82 was used to identify genes within the QTL regions,
and candidate genes were annotated according to the gene
annotation information of Williams 82 (Xin et al., 2016).

Analysis of the Expression Patterns of
Candidate Genes Related to NopAA
qRT-PCR was performed to analyze the expression patterns of
candidate genes in Charleston and DN594 inoculated with

HH103, the NopAA mutant, and the control. Roots were
harvested at several time points and rapidly submerged in
liquid nitrogen, after which the total RNA was extracted by
the TRIzol method. cDNA was synthesized using the
PrimeScript™ RT Reagent Kit (Takara Biotech Co., Beijing,
China) and qRT-PCR was performed using TB Green® Premix
Ex Taq™ II (Takara Biotech Co.). Relative expression levels of
each gene were normalized using GmUNK1 (Glyma.12g020500)
(Wang et al., 2020a).

Hairy-Root Transformation of Soybean
The A. rhizogenes strain K599 containing pSoy10-GmARP-GFP,
pSoy10-GFP, pB7GWIWG2-GmARP-DsRed, and
pB7GWIWG2-DsRed were used for hairy-root transformation
as described previously (Kereszt et al., 2007). GFP and DsRED
were used as markers to detect positive hairy roots using LUYOR-
3415RG. Hairy roots were inoculated with HH103, the NopAA
mutant, and the control to identify the influence of gene
overexpression and interference on nodulation. All nodules
were harvested at 28 dpi and transcript levels of GmARP were
measured using qRT-PCR. Three different biological replicates
and 15 plants for each replicate were conducted and the t-test was
used to detect the statistical significance of differences in NN
and NDW.

Haplotype Analysis
Haplotype analysis of GmARP was performed in 100 soybean
natural varieties. The genomic sequence ofGmARP, including the
coding sequence and the 3000-bp promoter sequence, was
obtained from the resequencing of the genomes of the 100
varieties, and the genomic sequences were subjected to local
BLAST analysis to obtain SNP information (Wang et al.,
2020a). Haploview 4.2 software (Cambridge, MA,
United States) was used for analysis using the Haps Format
module, and GraphPad Prism 8 software was used to analyze
the correlations between the GmARP haplotypes and nodule
traits in the 100 natural varieties (Li et al., 2019).

RESULTS

NopAA is Induced by Genistein and
Secreted by Rhizobia
A phylogenetic analysis was performed to study the evolutionary
relationships of NopAA in different rhizobial species. This
showed that the NopAA tree was separated into three
branches (blue, green, and pink regions in Figure 1A). The
blue region contained only four Sinorhizobium species, the
green region contained only three Bradyrhizobium species, and
the pink region contained only two Mesorhizobium species
(Figure 1A). The phylogenetic analysis showed that there is
obvious diversity in NopAA among different rhizobial genera.
Previous RNA-seq results showed that NopAA might be induced
by genistein; thus, to further study whether NopAA was a type III
effector, qRT-PCR and nodulation analyses were performed. The
qRT-PCR results showed that genistein increased NopAA
expression significantly in HH103 compared with rhizobia not
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treated with genistein but did not induce NopAA expression in
the NopAA mutant or the TtsI mutant regardless of the presence
or absence of genistein (Figure 1B). After extraction of the
nodulation outer proteins, NopAA was detected in the
supernatants after genistein treatment but not in the
supernatants of the NopAA mutant or TtsI mutant outer
proteins induced by genistein (Figure 1C). These results
indicated that NopAA could be induced by genistein and TtsI
and could be secreted into the extracellular milieu of the rhizobia.

NopAA has Glycosyl Hydrolase Activity and
Does not Induce Cell Death in Tobacco
To determine whether NopAA had glycosyl hydrolase activity,
6 × His-tagged NopAA was expressed and purified by Ni-affinity
chromatography. Themolecular weight of the His-NopAA fusion
protein was ~28 kDa (Figure 1D). Xyloglucan and β-glucan were
used as substrates to analyze hydrolase activity, showing that
NopAA hydrolyzed both xyloglucan and β-glucan directly to
sugars (Figure 1D). The Phytophthora sojae apoplastic effector
PsXEG1 and NopAA belong to the glycosyl hydrolase family,
which is known to induce cell death in tobacco leaves. To study
the effect of NopAA on tobacco leaves, we infiltrated NopAA into
tobacco leaves using Agrobacterium tumefaciens EHA105. In

contrast to PsXEG1, NopAA did not trigger cell death
(Figure 1E). These results indicated that NopAA had glycosyl
hydrolase activity and did not induce cell death in tobacco.

NopAA Mutant Does not Promote
Nodulation in Several Soybean Germplasms
In this study, we selected 13 soybean germplasms to study the
effect of NopAA on nodulation, including five cultivated, six
landrace soybean, and two wild soybean germplasms
(Supplementary Figure S1). Nodulation tests showed that
while the NopAA mutant significantly reduced the nodule
numbers in 11 of the germplasms, the nodule numbers did
not differ significantly in Dongnong594 (DN594) and
Qingdou compared with the wild strain HH103. Inoculation
with the NopAA mutant led to lower nodule dry weights in
12 of the 13 germplasms except for DN594, compared with the
wild strain HH103. Nodulation tests of DN594 and Qingdou
showed that the NopAA mutant did not influence nodule
numbers, nor did it alter the change in the dry weight of
DN594. These results indicated that NopAA did not negatively
influence symbiosis in different types of soybean germplasms,
and that differences in the genetic backgrounds of the
germplasms might be the explanation for the variations in

FIGURE 1 | NopAA is a rhizobial type III effector with glycoside hydrolase activity. (A) Phylogenetic tree analysis of NopAA proteins from different rhizobia. (B)
Relative expression of NopAA in rhizobia in the presence and absence of genistein. (C) Analysis of NopAA, a nodulation-promoting outer protein secreted by rhizobia, by
immunoassay in the presence and absence of genistein. In (B) and (C), "+" represents induction by the addition of genistein, and "−" represents the absence of genistein.
(D) Analysis of glycoside hydrolase activity of NopAA. Pure xyloglucan and β-glucan were used as substrates for measuring enzyme activity, and NopAA protein in
the reaction system was detected by immunoblotting. Data are presented as the average of three different biological replicates. (E) N. benthamiana leaves 48 h–96 h
after inoculation with EH105 carrying NopAA and positive control NopM.
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nodule traits associated with NopAA. This suggested that these
genetic differences could be used to identify genes or loci
associated with symbiosis.

The Influence of NopAA on Dongnong594
and Charleston
Based on the results of the nodule tests on various soybean
germplasms, DN594 and Charleston were selected for further
investigation of the role of NopAA in symbiosis. Compared with
the wild strain HH103, the NopAA mutants caused a significant
reduction in both the nodule number (NN) and nodule dry
weight (NDW) in Charleston but did not affect DN594
(Figures 2A,B). In the mature nodule, the infection zone and
infection cells did not differ significantly between the two
germplasms after inoculation with HH103, and inoculation
with the NopAA mutant did not change this (Figure 2A).
Because of the differences in the nodule traits of DN594 and
Charleston, we further investigated the infection events after
inoculation with GFP-labeled HH103 and the NopAA mutant.
The results showed there were more infection events in curled
root hairs in Charleston compared with DN594 3 days after
inoculation with GFP-labeled HH103 compared with the wild
strain, while the GFP -labeled NopAA mutant induced fewer
infection events in Charleston but had no significant effects on
DN594 (Figure 2C). This implied that the type III effector
NopAA might influence nodulation through involvement in

infection events and that the genetic differences between
DN594 and Charleston might result in different symbiotic
phenotypes, with some of the genetic differences being
associated with NopAA.

Quantitative Trait Locus for Nodule Number
and Nodule Dry Weight Related to NopAA in
Soybean Recombinant Inbred Line
Populations
The soybean RILs were derived from the cross and continuous
self-cross of DN594 and Charleston and were used to identify
genes related to NopAA. Nodulation tests were performed on 150
RILs after inoculation with the wild strain and the NopAA
mutant, with the results showing that the NopAA mutant
could significantly reduce both the NN and NDW in whole
RILs compared with HH103, further suggesting that NopAA
plays a positive role in symbiosis. WinQTL Cartographer was
used to identify the QTLs underlying nodule-related traits using a
composite interval mapping method. Two main-effect QTLs
underlying NDW and five QTLs underlying NN were
identified with the background inoculated with S. fredii
HH103 (Table. 1). Two QTLs, QNDW3-1 and QNDW7-1
were associated with NDW and explained 4.40% and 2.42% of
the phenotypic variation, respectively. Five QTLs, QNN9-1,
QNN13-1, QNN13-2, QNN16-1, and QNN17-1. were associated
with NN, explaining 1.84%, 0.99%, 0.39%, 5.89%, and 6.13% of

FIGURE 2 | Differences in infection events between DN594 and Charleston after inoculation with HH103 or the NopAA mutant. (A) Phenotypes of DN594 and
Charleston inoculated with HH103 and HH103ΩNopAA; root phenotype scale bars represent 0.5 cm; toluidine blue staining of nodules scale bars represent 50 μm. (B)
Boxplots of NN and NDW. (C) Boxplots of the total number of infection events per plant of Charleston and DN594 (1 dpi). Data are presented as the average of three
different biological replicates and ten root segments for each replicate, and all results were analyzed for significance using t-tests. Foci, infection foci; IT, infection
thread in an epidermal cell; rIT, infection thread extending into a cortex cell. dpi, day post-inoculation.
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the phenotypic variation, respectively. A total of 33 candidate
genes were found in these seven loci (Supplementary Table S3).
In the background inoculated with the S. fredii NopAA mutant,
two QTLs underlying NDW were located on chromosome 19,
while only one QTL underlying NN was identified on
chromosome 19 (Table 2). The QTLs QNDW19-1 and
QNDW19-2 explained 0.15% and 2.59% of the phenotypic
variation, respectively QTLs QNDW19-2 and QNN19-1 were
in the same region, with very small R2 values. Twenty genes
were identified in these loci (Supplementary Table S3). As no
comparable region was identified in the backgrounds of S. fredii
HH103 and the S. fredii NopAA mutant and as QNDW19-2 and
QNN19-1 were in the same region, we considered that this QTL
region might contain the key candidate genes for interaction with
NopAA. Gene functional annotation showed that gene
Glyma.19G074000 encoded a nodulin protein, while
Glyma.19G073900 encoded a DNA lyase, and
Glyma.19G074200 was co-expressed with genes in the root-
specific co-expression subnetwork. Glyma.19G073800 and
Glyma.19G074100 had no specific functional annotations.

qRT-PCR Verification of Candidate Genes
The candidate genes were verified by qRT-PCR to confirm their
association with NopAA, using the roots of both DN594 and
Charleston, as well as non-inoculated roots (Figure 3). Among
these genes, Glyma.19G074200 was confirmed to be upregulated
with an almost two-fold change after inoculation with S. fredii
HH103 but not with the S. fredii NopAA mutant 6 h after
inoculation. This supported the association between

Glyma.19G074200 (named GmARP) and NopAA. The
remaining genes were not significantly affected by the wild-
type and mutant rhizobial inoculations.

The Effects of GmARP Silencing and
Overexpression on Nodulation
To further investigate the role of GmARP in soybean nodulation,
the Agrobacterium rhizogenes strain K599 carrying
pB7GWIWG2(II)-Dsred-GmARP (for RNA interference),
pSoy10-GmARP-GFP (for overexpression), and the
corresponding empty vectors were used for the transformation
of soybean transgenic hairy roots. Silencing and overexpression
were confirmed by qRT-PCR after transformation
(Supplementary Figure S2). Reduced NN and NDW values
were seen after GmARP silencing compared with the controls
inoculated with HH103 and the NopAA mutant, respectively
(Figure 4A). In the silenced hairy roots, the NopAA mutant did
not induce significantly different NN or NDW compared with
HH103 (Figure 4B). In the overexpressed hairy roots, GmARP
overexpression resulted in increased NN and NDW values
compared with the controls inoculated with HH103 and the
NopAA mutant, respectively (Figure 4B). We found that
overexpression of GmARP led to elevated NN and NDW in
comparison with the control hairy roots inoculated with the
NopAA mutant. However, both the NN and NDW after
inoculation with the NopAA mutant were still lower than
HH103 in the overexpressed hairy roots, suggesting that
overexpression could partially compensate for the loss of

TABLE 1 | Nodule traits in RILs inoculated with HH103 and HH103ΩNopAA.

Strain RILs (n = 150) Parents (average)

Trait Average Standard deviation Coefficient of
variation

Charleston DN594

HH103 NN 11.4 5.6 48.95 21.0 ± 4.0 31.6 ± 5.3
NDW 14.0 17.6 125.71 12.3 ± 2.8 19.5 ± 2.1

NopAA mutant NN 8.1* 5.9 62.50 14.3 ± 4.2** 29.9 ± 6.2
NDW 6.2* 3.9 185.85 5.5 ± 1.7** 18.8 ± 3.4

Note: NN, nodule number; NDW, nodule dry weight. * indicates significant differences with different inoculations, p ≤ 0.05, ** indicates p ≤ 0.01.

TABLE 2 | Main QTLs identified in the RIL.

Strain Trait QTL Chr. Start
position

End position LOD R2(%) Putative causal genes or QTLs identified in previous study

HH103 NDW QNDW6-1 6 13,842,716 14,216,591 3.0 4.40 Nodule size 1–3 Hwang et al. (2013)
QNDW7-1 7 5, 985, 880 6, 014, 687 2.7 2.42

NN QNN9-1 9 36, 047, 415 40, 663, 169 3.3 1.84
QNN11-1 11 30,891,632 33,719,971 2.8 0.99 Nodule weight per plant, dry 1–9 Nicol á s et al. (2006)
QNN13-1 13 8, 930, 546 9, 544, 895 2.4 0.39
QNN16-1 16 8, 511, 616 9, 216, 892 3.7 5.89
QNN17-1 17 32, 105, 983 32, 555, 254 3.5 6.13

NopAA mutant NDW QNDW19-1 19 19, 068, 552 19, 533, 854 3.3 0.15
QNDW19-2 19 25, 922, 562 27, 078, 098 3.9 2.59

NN QNN19-1 19 25, 922, 286 27, 078, 098 3.6 4.19

Note: Chr., chromosome; LOD, log-of-odds; QTL, quantitative trait loci; LOD score cutoff of major QTLs was determined by permutation tests (1,000 times; p < 0.05).
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FIGURE 3 | Analysis of the relative expression levels of candidate genes in the QTL interval by qRT-PCR. Relative expression of genes was calculated by the 2−ΔΔCt

method, and the relative expression levels of each gene were normalized using GmUNK1 (Glyma.12g020500). Data are means ± SE of three replicates.

FIGURE 4 | Nodule phenotypes of EV1, OE, and KD. (A) Nodular phenotypes of hairy roots transformed with EV1, OE, EV2, and KD after inoculation with HH103
and HH103ΩNopAA (28 dpi). EV1, Empty vector for gene overexpression; OE, Overexpression ofGmARP; EV2, Empty vector for gene silencing; KD, Gene silencing of
GmARP by RNAi. Root: scale bars represent 1 cm; nodule: scale bars represent 2 mm. (B) Boxplots of nodule phenotypes. Data are presented as the average of three
different biological replicates and 15 plants for each replicate and significance was determined by t-tests.
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NopAA in HH103 during symbiotic formation. These results
indicated that GmARP may be involved in signal transduction
after recognition of NopAA by the soybean, leading to the
regulation of nodulation.

Haplotype Analysis Suggests That GmARP
Regulates Nodule Number and Nodule Dry
Weight in Soybean
Based on the observed differences in the recognition of NopAA,
haplotype (Hap) analysis of GmARP was performed in 100 soybean
natural varieties using Dnasp5.0 software. Using the results of the
resequencing of soybean natural varieties, eight Haps were identified.
Two Haps containing more than 10 accessions were considered the
dominant Haps, and only one SNP and one indel were observed in
the promoter regions of Hap1 and Hap2 (Figures 5A,B). What is
even more remarkable is that there was no difference in the NN and
NDW values in the Hap1 accessions inoculated with HH103
compared with the NopAA mutant; however, in the Hap2
accessions, the NopAA mutant induced both lower NN and
NDW than HH103 (Figure 5C). To identify whether the
difference in the promoter region caused the expression difference

between Hap1 and Hap2, qRT-PCR was used to analyze the
expression of GmARP at 12 h post-inoculation with HH103 and
the NopAA mutant in some varieties of Hap1 and Hap2. The
expression patterns suggested that the relative expression level of
GmARP did not differ between severalHap1 accessions (Heihe13 and
Suinong15) regardless of the presence of NopAA in HH103
(Figure 5D). However, in the Hap2 accessions, HH103 induced
significant expression ofGmARP comparedwith theNopAAmutant.
The haplotype analysis further confirmed that GmARP was
associated with the type III effector NopAA to regulate nodulation
in soybean.

DISCUSSION

In this study, we confirmed that NopAA was a type III effector and
could hydrolyze xyloglucan and β-glucan directly into glucose.
Nodulation tests indicated that NopAA did not have a negative
effect on nodulation, and the soybean gene GmARP was found to be
associated withNopAA in the soybean RIL population. There are few
studies on NopAA function and the mechanisms involved, and few
address the question of its role in symbiosis. Our study of NopAA

FIGURE 5 | Haplotype analysis of GmARP. (A,B) Haplotype analysis of GmARP from 100 soybean resources. (C) NN of Hap1 and Hap2 inoculated with HH103
and HH103ΩNopAA, data are presented as the average of three different biological replicates and 15 plants for each replicate. (D) Gene expression ofGmARP of Hap1
and Hap2 inoculated with HH103 and HH103ΩNopAA (12 hpi). Significance was measured by t-tests. NN, nodule number.
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provides an essential foundation for understanding the role of
NopAA and its associated signaling pathways in symbiotic
nitrogen fixation.

The type III effectors of rhizobia have obvious characteristics,
that is, they are induced and regulated by flavonoids and TtsI, and
themost important is that they can be secreted into the extracellular
of rhizobia (Teulet et al., 2022). Similar to the reported type III
effectors, such as NopD, NopL and NopM (Zhang et al., 2011b; Xin
et al., 2012; Wang et al., 2020a), NopAA can also be induced by
flavonoids and its expression can be regulated by TtsI, these
confirmed NopAA is a type III effector. In the previous study,
several type III effectors can act as enzymes and have biochemical
activities (Teulet et al., 2022), and elucidating the biochemical
functions of type III effectors, particularly those that are
conserved among different species, has greatly enhanced our
understanding of the mechanisms underlying bacterial
pathogenesis (Chen et al., 2021; Zboralski et al., 2022). By
analysis of NopAA amino acid sequence, we found that NopAA
belonged to the Glycoside hydrolase 12 (GH12) family and had the
potential to hydrolyze polysaccharides (Zhang et al., 2021b).
Nodulation requires the assistance of cell-wall degrading
enzymes, such as hemicellulases, pectinases, polygalacturonases,
glucanases, cellulases, xyloglucanases, and pectinases, which
allow root penetration by beneficial microorganisms, such as
Rhizobium, Frankia, and the arbuscular mycorrhizal (Mateos
et al., 1992; Zhang et al., 2021b; Tsyganova et al., 2021). GH12
is a cell wall-degrading enzyme that, along with the bacterial effector
Cif and the Phytophthora sojae apoplastic effector PsXEG1, have
been identified as playing pivotal roles in pathogen survival and
systemic infection processes (Ma et al., 2015; Xia et al., 2020).
Identifying the host protein interactors could elucidate the
mechanisms underlying host-microbe interactions. NopAA was
identified as a glycoside hydrolase belonging to the GH12
family. In Phytophthora sojae, PsXEG1 is also a glycoside
hydrolase 12 family member with glycoside hydrolase activity
and hydrolases the same substrates as NopAA. Because PsXEG1
is an effector of P. sojae, the replication of a P. sojae virus could be
promoted using a PsXLP1 decoy that was similar to PsXEG1 but
without its enzymatic activity. Additionally, PsXLP1 can protect
PsXEG1 from GmGIP1 binding in vitro and in planta (Ma et al.,
2015; Ma et al., 2017). We did not find any proteins similar to
NopAA in the S. frediiHH103 genome, suggesting thatHH103 does
not infect soybeans using the same decoy pattern as P. sojae by
NopAA. The investigation of the effect of NopAA on tobacco leaves
did not show any evidence of cell death. Rhizobia may be involved
in soybean immune signaling pathways during infection and the
establishment of the symbiotic relationship. However, the
establishment of an effective symbiosis does not require as
strong or prolonged an immune response as occurs against
pathogens. These results differ significantly from the actions of
PsXEG1 in tobacco leaves. Thus, we propose that the role ofNopAA
may be different from that of PsXEG1. In this study, xyloglucan and
β-glucan were found to be hydrolyzed to glucose; both xyloglucan
and β-glucan are important components of cellulose and
hemicellulose in plant cell walls, and their hydrolysis could
promote the entry of rhizobia into host cells. These results are
consistent with the observations of infection sites as fewer infection

sites were observed with the NopAA mutant, indicating that
NopAA could degrade the cell walls of soybean root hair cells,
thus promoting infection and the formation of the infection thread.

A total of 10QTLs were identified in this study, two of whichwere
related to NDW, and five were related to NN with HH103, with two
QTLs related toNDWand only oneQTL related toNN seenwith the
NopAA mutant. No overlapping QTL loci were found when
comparing inoculated HH103 and NopAA mutant, because
NopAA mutation obviously changed the NN and NDW of
DN594, Charleston and RIL populations, so no overlapping QTL
could be identified, this result was similar to previous studies of other
effectors, such NopL and NopT (Liu et al., 2021; Ni et al., 2022). Of
the 10 identified QTLs, two were found to overlap with the reported
symbiotic loci Ns1-3 (Hwang et al., 2013) and Nw1-9 (Nicol á s et al.,
2006), respectively. These results indicated the accuracy of the QTL
mapping and genetic analyses in the DN594 and Charleston RIL
populations. The NopAA mutant was derived from the wild strain
HH103 and was found to induce fewer NNs and lower NDW, as well
as to generate fewer infection sites. Analysis of the expression patterns
of several symbiotic marker genes showed that the NopAA mutant
could also change the expression pattern of genes, such as PR1. It is
possible that the interaction network might change without the
involvement of NopAA. These results suggested that the soybean
response to the NopAA mutant differed significantly from its
response to the wild strain, leading to the observed QTL
differences between HH103 and the NopAA mutant.

In the overlapped QTLs, Glyma.19G074200 was found to be
associated with NopAA using gene annotation and qRT-PCR.
Glyma.19G074200 is a root-specific co-expression gene belonging
to the uncharacterized protein At3g27210 protein family. In
Arabidopsis, the At3g27210 protein interacts with AtRKL1
(Tarutani et al., 2004) and participates in the response to
pathogen infection. Soybean RNA-seq results confirmed that
Glyma.19G074200 was involved in symbiosis during
Bradyrhizobium japonicum infection, although the function of the
gene was not determined (Libault et al., 2010). In soybean, the
function of this gene has not been studied, in this study,
overexpression of GmARP promoted nodule formation after
inoculation with either the wild strain or the NopAA mutant but,
after GmARP silencing, no significant differences in either NN or
NDWbetween plants inoculated withHH103 or theNopAAmutant
were observed. These results suggest that GmARP is a positive
regulator of nodule formation and that it mediates NopAA
signaling in plants, the mechanism of the synergistic regulation of
GmARP and NopAA in symbiosis remains to be further studied.We
demonstrated that NopAA had glycosyl hydrolase activity and may
promote rhizobia infection by hydrolyzing the host cell wall, and that
host recognition of NopAA activated the expression of symbiotic
genes. When HH103 was used for infection, NopAA induced
GmARP expression to complete the establishment of symbiosis.
We have two hypotheses concerning the mechanism of this
activated expression: the first is that NopAA induces the
expression of GmARP by activating its downstream signals while
the second is that the products resulting from NopAA hydrolysis of
cell wall polysaccharides induce signaling changes in the host cells,
which further activate the expression of GmARP. However, these
hypotheses require further experimental verification.

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 8897959

Wang et al. GmARP Promote Nodulation in Soybean

140141

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


CONCLUSION

We demonstrated that NopAA is a type III effector with glycosyl
hydrolase activity. Investigation of the effects of the NopAA
mutant on nodulation showed that the mutant did not
promote nodulation. Using QTL mapping and analysis of
soybean genes associated with NopAA, we found that the
soybean protein GmARP positively regulated nodulation
through its association with NopAA. This study provides an
essential reference for analyzing the function of NopAA and
provides support for efficient utilization of symbiotic nitrogen
fixation in soybean agricultural production.
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Genome-Wide Association Study and
Genomic Prediction for Bacterial Wilt
Resistance in Common Bean
(Phaseolus vulgaris) Core Collection
Bazgha Zia1, Ainong Shi1*, Dotun Olaoye1, Haizheng Xiong1, Waltram Ravelombola2,
Paul Gepts3, Howard F. Schwartz4, Mark A. Brick5, Kristen Otto4, Barry Ogg5 and
Senyu Chen6*

1Department of Horticulture, University of Arkansas, Fayetteville, AR, United States, 2Organic & Specialty Crop Breeding, Texas
A&MAgriLife Research, Vernon, TX, United States, 3Department of Plant Sciences/MS1, University of California, Davis, Davis, CA,
United States, 4Department of Agricultural Biology, Colorado State University, Fort Collins, CO, United States, 5Department of Soil
and Crop Sciences, Colorado State University, Fort Collins, CO, United States, 6Department of Plant Pathology, University of
Minnesota, Minneapolis, MN, United States

Common bean (Phaseolus vulgaris) is one of the major legume crops cultivated worldwide.
Bacterial wilt (BW) of common bean (Curtobacterium flaccumfaciens pv. flaccumfaciens),
being a seed-borne disease, has been a challenge in common bean producing regions. A
genome-wide association study (GWAS) was conducted to identify SNP markers
associated with BW resistance in the USDA common bean core collection. A total of
168 accessions were evaluated for resistance against three different isolates of BW. Our
study identified a total of 14 single nucleotide polymorphism (SNP) markers associated
with the resistance to BW isolates 528, 557, and 597 using mixed linear models (MLMs) in
BLINK, FarmCPU, GAPIT, and TASSEL 5. These SNPs were located on chromosomes
Phaseolus vulgaris [Pv]02, Pv04, Pv08, and Pv09 for isolate 528; Pv07, Pv10, and Pv11 for
isolate 557; and Pv04, Pv08, and Pv10 for isolate 597. The genomic prediction accuracy
was assessed by utilizing seven GP models with 1) all the 4,568 SNPs and 2) the 14 SNP
markers. The overall prediction accuracy (PA) ranged from 0.30 to 0.56 for resistance
against the three BW isolates. A total of 14 candidate genes were discovered for BW
resistance located on chromosomes Pv02, Pv04, Pv07, Pv08, and Pv09. This study
revealed vital information for developing genetic resistance against the BW pathogen in
common bean. Accordingly, the identified SNP markers and candidate genes can be
utilized in common bean molecular breeding programs to develop novel resistant cultivars.

Keywords: common bean, bacterial wilt, genome-wide association study, genomic prediction, single nucleotide
polymorphism, Phaseolus vulgaris, Curtobacterium flaccumfaciens pv. flaccumfaciens

INTRODUCTION

Common bean (Phaseolus vulgaris L.) is an important legume crop known for its edible seeds and
pods worldwide (Allen 2013). It is an important source of protein for humans and livestock. Among
legume crops, common bean is considered an outstanding source of nutrition and value in
comparison to lentils (Ganesan and Xu 2017), fava beans (Juncus 1998), and chickpeas (Allen
2013). It is called the perfect food due to its content in protein (Guzmán-Maldonado et al., 2000),
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fiber (Hughes and Swanson 1989), and carbohydrates (Celmeli
et al., 2018). It is mostly consumed as dry bean and green bean or
snap bean in different parts of the world. On average, nearly 1.5 to
1.7 million acres of common bean is produced annually in the
United States of America USDA-NASS Dry Beans (2022).

Common bean production has been affected by several seed-
borne diseases (Sendi et al., 2020). Bacterial wilt (will be
abbreviated as BW) of common bean caused by
Curtobacterium flaccumfaciens pv. flaccumfaciens (Cff), affects
production of common bean in a major way due to its seed-borne
nature and is caused by various isolates of Cff (González et al.,
2005). The pathogen is known to primarily cause disease in
legume crops such as cowpea (Vigna unguiculata), common
bean (Phaseolus vulgaris), mung bean (Vigna radiata), pea
(Pisum sativum), and soybean (Glycine max) (Osdaghi et al.,
2020). BW was first reported in South Dakota in 1926 (Hedges,
1926) and was later discovered in Mexico (Yerkes and Crispin,
1956), Canada (Hsieh et al., 2003), and in several other parts of
the world. Due to its virulent nature and economic impact on
legume crops, it is considered a high-risk pathogen that is
subjected to quarantine regulations in Europe (CABI and
Eppo, 1996).

The disease is transmitted via infected seeds (Hsieh et al.,
2006). The Cff pathogen has five different isolates based on
different color variants, that is, orange, yellow, purple, red,
and pink (González et al., 2005). The infected seeds
specifically turn to the color variant 3: making them yellow,
orange, or purple as the infection proceeds. The disease
symptoms include chlorotic areas on leaves with necrosis
leading to a yellow halo progressing to irreversible plant wilt
(Harveson et al., 2011). The leaf wilting is accompanied by
hindrance of the normal water movement within the plant
vascular system (Huang et al., 2009). The symptoms are
worsened to tearing and shredding of leaves under unfavorable
weather conditions. Young seedlings and plants are more
susceptible to disease and prone to early mortality than
mature plants (Hsieh et al., 2006; Osdaghi et al., 2020). The
disease occurrence is primarily attributed to seed discoloration as
a common symptom of BW in common bean (Hsieh et al., 2006).
Mature seeds of infected plants are discolored and show yellow,
orange, or purple seed coats (Harveson et al., 2011).

BW causes economic losses due to a substantial decrease in
crop yield and marketability of the grain produced due to the
visual appearance, size, shape, and color of the infected seeds
(Huang et al., 2009). Crop rotation coupled with the use of
pathogen-free seeds has been used to control the disease
(Harveson et al., 2011). However, a cost-effective and reliable
measure for disease management is to explore genetic resources
to develop resistant cultivars (Assefa et al., 2019). Limited
research has been conducted for BW management in common
bean (Assefa et al., 2019). Early studies, based on a segregating
population resulting from a cross between a resistant and
susceptible genotype, identified the susceptibility to BW to be
governed by two complimentary dominant genes. However the
inheritance pattern for resistance was not clearly determined
(Coyne et al., 1965). A more recent study identified a genotype
showing some degree of resistance through inoculation tests, but

it required substantial level of backcrossing to be acceptable for
open cultivation in farmer’s fields (Urrea and Harveson 2014).

More recently, resistant cultivars such as the great northern
bean “Resolute,” pinto bean “Agrinto,” pink bean “Early Rose”
(Mündel et al., 2005), and an advanced black bean line L02F132
have been identified in Canada, which are resistant to three
isolates of Cff (Mündel et al., 2005). The bean breeding
program at Alberta has also evaluated the identified resistant
lines for resistance against different diseases of common bean
(Zienkiewicz., 2016). Limited research has been conducted in the
United States, resulting in the development of a tolerant variety,
namely, great northern cv. “Emerson” (Coyne et al., 1971) as the
first cultivar, tolerant to three isolates of the BW pathogen, which
was derived by pedigree selection between a BW resistant
genotype and the great northern bean type. However, under
hot dry field conditions, the symptoms of BW were again
observed at early stages of plant growth for this tolerant
cultivar (Coyne et al., 1971). Moreover, the resurgence of BW,
specifically in Nebraska, suggests there is a need to conduct
comprehensive studies to identify genetic resistance to this
pathogen (Huang et al., 2009).

Evaluating the existing bean germplasm for the identification
of resistance to BW is vital and a cost-efficient method of disease
management. BW resistant bean cultivars can be a useful resource
in worldwide common bean breeding programs. The identified
new sources of resistance to Cff will enable breeders to develop
reliably resistant cultivars for the future. The source of genetic
resistance identified in common bean commercial cultivars can
also be transferred to susceptible, elite cultivars through
conventional breeding to enhance sources of resistance.

Molecular breeding in plants has played a vital role for crop
improvement by expediting crop breeding through the use of
molecular tools (Mammadov et al., 2012; Id, Id, andMayer 2018).
Major genes and alleles have been tagged to facilitate marker-
assisted selection (MAS) (Heffner et al., 2009; Assefa et al., 2019;
Larkin et al., 2019). Recently, genomic selection (GS) has emerged
as a valuable tool for crop improvement through predictive
breeding (Visscher et al., 2012; Chung et al., 2017; Keller
et al., 2020). GS employs the use of genomic estimated
breeding value (GEBV) to select individuals based on their
performance and has been successfully employed in the
breeding programs for crops such as soybean (Jarquin et al.,
2016; Qin et al., 2019; Ravelombola et al., 2019; Wen et al., 2019),
maize (Liu et al., 2019; Cui et al., 2020), rice (Spindel et al., 2015;
Wang et al., 2020), and wheat (Larkin et al., 2019) targeting
disease resistance (Heffner et al., 2009; Vallejo et al., 2017;
Carpenter et al., 2018) and other important agronomic traits
(Chung et al., 2017). Similarly, GS and GWAS have been
deployed to study environmental stresses affecting important
agronomic traits in common bean (López-Hernández and
Cortés, 2019; Keller et al., 2020; Delfini et al., 2021). However,
no published GWAS studies have been reported in common bean
that specifically address resistance to BW.

Historically, SNP genetic maps have been constructed in
common bean using 6K SNP BeadChips (Santos et al., 2003).
The availability of several genome assemblies of common bean
(e.g., Schmutz et al., 2014; Vlasova et al., 2016; Rendón-Anaya
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et al., 2017) has helped breeders conduct SNP studies for different
traits allowing identification of candidate genes for important
agronomic traits such as drought tolerance (Villordo-Pineda
et al., 2015; Valdisser et al., 2020).

Hence, GWAS and GS serve as valuable tools for genetic
improvement of important traits in crop species (Chung et al.,
2017). The reduced cost of genotyping and improved methods of
statistical analysis have increased the availability of valuable
genetic information in large populations for complex traits
(Visscher et al., 2012). Accordingly, this study primarily
focuses on the evaluation of BW resistance in a publicly
available USDA common bean core collection (Kuzay et al.,
2020; Shi et al., 2021), using association mapping to identify
SNP markers associated with BW resistance and conduct GS with
the associated SNPs followed by candidate gene discovery.

MATERIALS AND METHODS

Plant Materials
A subset of 168 accessions from the USDA common bean core
collection was used in this study. Around 50% (85 accessions) of
the total accessions were collected from Mexico. The remaining
83 accessions were collected from Guatemala (20), Colombia
(18), Costa Rica (10), Nicaragua (10), Ecuador (9), El Salvador
(5), Honduras (4), and Peru (7) (Supplementary Table S1).

Bacterial Wilt Isolates
Three isolates of BW were used to study resistance to the Cff
pathogen in this study. The yellow (BW_528), orange (BW_557),
and purple (BW_597) isolates of the BW pathogen were
previously recovered and maintained from infected common
beans in Nebraska (Harveson et al., 2011) or Colorado. The
purple isolate was obtained from the collection of R. Harveson at
the University of Nebraska (Harveson et al., 2011), and the other
two isolates were obtained from the collection of H. Schwartz
(Schwartz et al., 2009) at Colorado State University.

Phenotyping for Bacterial Wilt Resistance
The 168 common bean accessions were tested for the three isolates of
BW. The experiment was conducted using the cotyledonary node
inoculation method (Hsieh et al., 2003) by Howard F. Schwartz at
Colorado StateUniversity andMarkA. Brick, KristenOtto, andBarry
Ogg at Colorado State University (Schwartz et al., 2010). The data set
with disease scores is already published and available for public at the
USDA GRIN website (https://www.ars-grin.gov/Pages/Collections).

In brief, 7–8 seeds were sown at a depth of 2.5 cm using
15 cm plastic pots with a standard potting mix. The seedlings
were thinned to five plants upon emergence. The 7- to 10-day-
old seedlings were inoculated with the respective isolate using
a sterile needle. The inoculated seedlings were then incubated
at a daily temperature of 28°C/22°C for 16 h per day and 8 h
per night photoperiod in a greenhouse. A total of 9–12 plants
per accession were used for evaluation for each isolate. In
addition, ten plants for the resistant and susceptible controls
were included for each BW isolate. The symptoms were
evaluated 4 weeks post inoculations. Data were recorded as

average severity for the replicated plants for each isolate. A 2-
month cycle was used to evaluate the germplasm for each
isolate individually.

A standard rating scale from 1 to 4 was used to evaluate the
plants, with 1 as highly resistant demonstrating no wilt or
discoloration, 2 being moderately resistant with wilt or
discoloration at one of the unifoliolate leaves, 3 showing wilt
or discoloration on both unifoliolate leaves but asymptomatic on
the 1st trifoliolate leaf, and 4 as highly susceptible with wilt or
discoloration on the 1st trifoliolate leaf (Schwartz et al., 2009).

Genotyping
The common bean core set was genotyped (Kuzay et al., 2020)
using BARCBean6K_3 Infinium BeadChips (Song et al., 2013). A
total of 4,568 SNPs were obtained from the BARCBean6K_3
Infinium BeadChips (https://datadryad.org/stash/dataset/doi:10.
25338/B8KP45) for genotyping. SNP filtering was conducted with
removal of SNPs; data missing rate >20%, heterogeneous >10%,
and MAF (minor allele frequency) <5%.

Phenotypic Data Analysis and Estimation of
Plant Distribution for Bacterial Wilt Isolates
The phenotypic data for the three BW isolates resistance was
analyzed using ANOVA and GLM functions in JMP Genomics 7
(Cary 2008). The mean (X), variance (V), standard deviation
(SD), and standard error (SE) were estimated using the
“Tabulate” function in JMP Genomics 7 followed by the
“Distribution” function to graphically present the phenotypic
data for each of the BW isolates.

Estimation of Population Structure and
Genetic Diversity
The principal component analysis (PCA) and genetic diversity
were analyzed using GAPIT 3 (genomic association and
prediction integrated tool version 3) by setting PCA = 2 to 10
andNJ tree = 2 to 10, and phylogenetic trees were drawn using the
neighbor-joining (NJ) method (Lipka et al., 2012; Wang et al.,
2021; https://github.com/jiabowang/GAPIT3).

Association Analysis
The phenotypic and genotypic data obtained for the 168
common bean core collection was subjected to genome-wide
association mapping using the mixed linear model (MLM)
methods in TASSEL 5 (Bradbury et al., 2007). The compressed
mixed linear modeling (cMLM) in GAPIT (Lipka et al., 2012),
FarmCPU (Liu et al., 2016), and Bayesian-information and
Linkage-disequilibrium Iteratively Nested Keyway (BLINK)
(Huang et al., 2019) were performed using the GAPIT 3
tool (Lipka et al., 2012; Wang et al., 2021; https://zzlab.net/
GAPIT/index.html; https://github.com/jiabowang/GAPIT3).
A threshold LOD [log10(p)] value >3.0 was used to select
significant SNP markers associated with resistance to the BW_
528, BW_557, and BW_597 isolates. Squared correlation
coefficient (R2) was used to calculate the linkage
disequilibrium (LD) between the markers.
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Candidate Gene Prediction
The SNP regions were subjected to candidate gene discovery
analysis for the identification of candidate genes spanning the
50 kb (50 kb on each side of SNP) regions around the significant
SNPs. The Andean whole-genome reference sequence Pvulgaris
442_v2.1 available on the Phytozome website (https://phytozome.
jgi.doe.gov/pz/portal.html) was used to retrieve the candidate
genes from the reference annotation of the common bean
genome.

Genomic Prediction for Genomic Selection
of Bacterial Wilt Resistance
In addition to the identification of SNPs associated with BW
resistance, the effect of these SNPs markers was also evaluated by
using seven genomic prediction (GP) models. The ridge
regression (RR); best linear unbiased prediction (BLUP)
rrBLUP analysis; Bayesian models: Bayes A, Bayes B, Bayes
ridge regression (BRR), and Bayes LASSO (BL); random forest
(RF); and support vector machines (SVM) were deployed to
assess GP (Table 3).

GP were carried out using the unbiased prediction in the
rrBLUP (Wang J. et al., 2018) package to predict for GS
utilizing the GEBV (Vallejo et al., 2017) with the R
software version 3.5.0 (https://www.r-project.org). The
Pearson correlation coefficient (r) was used to estimate the
prediction accuracy (PA) using the GEBVs and observed
values (Waldmann 2019) for the resistance to each of the
three BW isolates. In addition, Bayesian models: Bayes A,
Bayes B (Barili et al., 2018), Bayes ridge regression (BRR), and
Bayes LASSO (BL) (Legarra et al., 2011); random forest (RF)
(Ogutu et al., 2011); and support vector machines (SVM)
(Maenhout et al., 2007) were deployed to assess the GP. Each
combination of GP was run hundred times to estimate the GP
statistical parameters, including variance (V), mean (X),
standard deviation (SD), standard error (SE), and (r)
values. Two approaches were used in combination with the
seven prediction models 1) using all the 4,568 SNPs and 2)
using the 14 selected SNP markers. The distribution plots
were drawn using the R package ggplot2 and Microsoft
Excel 2016.

RESULTS

Phenotypic Data Analysis and Plant
Distribution for Bacterial Wilt Isolates
The common bean core collection assessed for resistance to the three
BW isolates showed a distribution of accessions fromBW score 1 to 4
(where 1 is highest resistance and 4 is highest susceptible) skewed to
resistance (Supplementary Table S1; Figure 1) to each of the three
tested BW isolates, suggesting that BW resistant common bean
accessions existed. Among the 168 common bean accessions
inoculated with isolate BW_528, 31 accessions were resistant with
a score of 1, while 9 accessions were susceptible with a score of 4. The
distribution accessions for resistance to isolate BW_528 had a mean
value (x) of 2.29, variance (V) of 1.027, standard deviation (SD) of

1.013, standard error (SE) of 0.078, and a coefficient of variance (CV)
of 44.2% (Supplementary Table S2).

The distribution of resistance scores after inoculation of 165
accessions with the BW_557 isolate was skewed toward the left side
with score 1 of BW resistance (Figure 1). Seven accessions were
rated as highly resistant to BW_557 with a score of 1, while three
accessions were scored as 4. The ANOVA analysis indicated a
mean of 1.94 and an SD of 0.756 (Supplementary Table S2).
Similarly, the graph for BW_597 was also skewed toward the left
side. Among the 111 tested common bean accessions, nine
accessions were rated 1 for resistance and one common bean
accession imparted the highest susceptibility with a score of 3.17
(Supplementary Table S1; Figure 1). Overall, the distribution had
a mean of 1.70, a median of 1.58, and an SD of 0.6 (Supplementary
Table S2).

Based on the phenotypic analysis, PI203958 may be a good
candidate for resistance to all three BW isolates. PI310611 was
resistant to two BW isolates (BW_528 and BW_557)
(Supplementary Table S1). Similarly, PI207336, PI313429,
PI313531, PI325685, and PI451889 were potential candidates
for resistance to the BW_528 and BW_597 isolates
(Supplementary Table S1).

Genetic Diversity and Population Structure
The three subpopulations (Q1, Q2, and Q3) were well-
differentiated with red, green, and blue colors (Figure 2;
Supplementary Figure S1) in 168 common bean accessions
based on 4,568 high-quality SNPs analyzed by GAPIT 3. From

FIGURE 1 | Distribution of bacterial wilt (BW) disease scale (0–4 rate) in
168 USDA common bean germplasm accessions.
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a total of 121 genotypes 72% of the total population was
accountable for the cluster 1 (Q1); 13% of the total genotypes
comprises 22 genotypes that made up the second cluster (Q2),
and the remaining 22 genotypes makes up 13% of the total
population and the third cluster (Q3) (Figure 2;
Supplementary Figure S1).

Genetic Diversity of Bacterial Wilt Resistant
Lines
Our analysis identified a total of 21 R-lines (Table 1). The
identified R-lines for all the three BW type were assigned to
Q1 and Q2 clusters. Among the 21 R lines, 17 R-lines originated
from Mexico, two from Colombia, one from Costa Rica, and one
from Guatemala (Table 1). Here again, PI203958 from the Q1
subpopulation proved to be a good candidate with resistance to all
the three BW isolates (Table 1). Furthermore, the phylogenetic
tree also depicted a similar trend (Figure 3).

GWAS and SNP Marker Identification
Collectively, 14 SNPs were associated with resistance to BW_528,
BW_557, and BW_597, respectively, based on the four MLM
models in TASSEL 5, FarmCPU, GAPIT, and BLINK using the
4,568 SNPs (Table 2). The identified SNPs were associated with
only single isolate, respectively, and not a SNP marker was
simultaneously associated with all three isolates with an LOD
value >3.0 for one or more of the four MLMmodels for resistance
to all three isolates (Table 2). A total of 4,568 SNPs were used to
conduct LD analysis. The LD decay started at around 137 kb
(Supplementary Figure S2).

The t-tests for the 14 SNP markers are listed in Table 2,
showing their allelic association with the phenotypes in each of

the three BW isolates. Except ss715648247, ss715639596, and
ss715647928, 11 markers had a LOD value >1.6, showing
significant differences between two alleles of the 11 SNPs at a
p-value at the 0.05 level (Table 2). Highly significant difference
with a LOD >4.0 were observed at the three SNPs, ss715647803,
ss715640165, and ss715648541, for BW_528 resistance and at the
four SNPs, ss715649344, ss715647896, ss715641991, and
ss715649486, for BW_597 resistance (Table 2), suggesting that
the presence of beneficial alleles associated with BW resistance.

GWAS for Bacterial Wilt_528 Isolate
Resistance
The GWAS panel for BW_528 was subjected to four MLM
analyses in TASSEL 5; a QQ-plot distribution was obtained for
the observed vs. expected LOD values. Based on MLM, the
distribution of QQ-plot between the observed vs. expected
LOD value showed divergence from the expected distribution
(Supplementary Figure S3). A similar trend was observed for the
MLM QQ-plot with GAPIT, FarmCPU, and BLINK
(Supplementary Figure S3). The QQ-plots obtained from
GAPIT, BLINK, and FarmCPU showed the beginning of
divergence between the observed vs. expected values starting at
LOD >2 (Supplementary Figure S3).

These findings indicate the presence of SNPs at LOD scores
greater than two to be associated with resistance to the BW_528
isolates (Supplementary Figure S3).

The TASSEL analysis showed a Manhattan plot for the MLM
model with only one significant SNP (ss715648247 on
chromosome Pv (04) had LOD close to 3 (actual value of
2.97) and other four SNPs with LOD >2.0 on Pv02, Pv04,
Pv08, and Pv09, respectively, indicating a weak association for
resistance to the BW_528 (Supplementary Figure S3). On the

FIGURE 2 | Population genetic diversity analysis in the association panel consisted of 168 USDA common bean germplasm accessions. Phylogenetic trees drawn
by using the neighbor-joining (NJ) method in three subpopulation (left) and 3D graphical plot of the principal component analysis (PCA) (right) drawn by using GAPIT 3. A
large phylogenetic tree of the three subpopulation for each of the 168 common bean accessions is shown in Supplementary Table S1.
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other hand, the cMLM model in GAPIT showed a Manhattan
plot with significant SNPs (LOD values >3) for resistance on Pv02
and Pv08 (Supplementary Figure S3). The Manhattan plot from
BLINK also showed a similar trend with associated SNPs (LOD

values >3) located on chromosomes Pv04, Pv08, and Pv09
(Supplementary Figure S3). Likewise, the Manhattan plot
obtained from FarmCPU also showed similar results as BLINK
with the associated SNPs located on chromosomes Pv02, Pv04,
Pv08, and Pv09 (Table 2; Supplementary Figure S3).

The combined results from all the four models of MLM in
GAPIT, MLM in FarmCPU, BLINK, and TASSEL showed a total
of five SNPs associated with resistance to the BW_528 isolate
(Table 2). The two SNPs, ss715640165 and ss715648247, were
positioned at 12,907,955 and 38,819,373 bp, respectively, on Pv0
4 (Table 2), while another SNP, ss715647803, located on Pv02
was positioned at 3,915,879 bp. The SNP markers, ss715639596
and ss715648541, were positioned at 31,079,880 bp on Pv09 and
12,268,429 bp on Pv08, respectively (Table 2).

GWAS for Bacterial Wilt_557 Isolate
Resistance
Based onMLM in TASSEL 5, the distribution of QQ-plot between
the observed vs. expected LOD values showed divergence from
the expected distribution. A similar trend was observed for the
MLM QQ-plot obtained from the cMLM analysis from GAPIT
and the MLM analysis from FarmCPU, and BLINK. The QQ-
plots obtained from GAPIT, BLINK, and FarmCPU showed a
larger divergence between the observed vs. expected values at
LOD >2.5 (Supplementary Figure S4). This indicates the
presence of SNPs at LOD >2.5 to be associated with resistance
to the BW isolate 557 (Supplementary Figure S4).

The TASSEL analysis showed the Manhattan plot for the
MLM model with SNPs associated with BW_550 resistance,
being indicated as dots with LOD value greater than 3 to be
located on chromosome Pv11 (Supplementary Figure S4). On
the other hand, the MLM model resulted in a Manhattan plot
with significant SNPs (LOD values >3) for resistance on Pv11 and

TABLE 1 | List of 21 common bean accessions with resistance to three bacterial wilt (BW) isolates, B528, B557, and B597.

Campaign plant ID Plant name Country Cluster B528 B557 B597

PI207182 G918 Colombia Q1 1 1.25 1
PI207322 Hidalgo 48-A Colombia Q1 1 1.08 1.08
PI207336 Jalisco 31-1 Costa Rica Q1 1 1.09 1
PI309857 Col. No. 20670, lot #13 Guatemala Q1 1 1.33 1.08
PI310726 Xucu mama Mexico Q1 1.17 1.36 1
PI310778 G2031 Mexico Q1 1 1.08 1.25
PI311843 Frijol de gato Mexico Q1 1.08 1.17 1.25
PI451889 — Mexico Q1 1 1.17 1
PI201329 No. 3194 Mexico Q1 1 1.08 —

PI203958 Negro Mexico Q1 1 1 1
PI309701 Frijol rosita Mexico Q1 1.08 1.08 1.17
PI310611 Frijol de bara Mexico Q1 1 1 1.17
PI312018 Frijol negro bolito Mexico Q1 1 1.08 1.17
PI313429 Morado claro Mexico Q1 1 1.17 1
PI313501 Parraleno colorado Mexico Q1 1 1.25 1.08
PI313512 Amarillo Mexico Q1 1.25 1 1.17
PI313531 Apetito Mexico Q1 1 1.17 1
PI317350 Frijol de raton Mexico Q1 1 1.08 1.09
PI325614 G16396 Mexico Q1 1 1.17 1.17
PI325685 G12879 Mexico Q2 1 — 1
PI325687 Frijol del raton Mexico Q2 1 1.08 1.18

FIGURE 3 | Phylogenetic tree among 21 common bean accessions of
bacterial wilt resistance drawn using Mega 7. In the tree, the taxon name
consists of the accession ID and the accession original country.
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Pv10 (Supplementary Figure S4). The Manhattan plot from
BLINK also showed a similar trend with associated SNPs (LOD
value >3) on Pv07, Pv10, and Pv11 (Supplementary Figure S4).
The Manhattan plot obtained from FarmCPU showed similar
results with the associated SNPs on Pv7, Pv10, and Pv11.
However, no SNP was found to be associated with a LOD
higher than 5.5 (Supplementary Figure S4).

The combined results from all the four models of MLM in
GAPIT, FarmCPU, BLINK, and TASSEL showed a total of five
SNPs associated with resistance to the BW_557 isolate. Three
SNPs, ss715647928, ss715648425, and ss715642582, were located
on chromosome Pv07 with the latter two located closely together
on positions 14,455,236 and 14,750,979 bp, respectively
(Table 2). The other two SNPs were located at position
3,784,843 bp on Pv10 and position 2,884,160 on Pv11,
respectively (Table 2).

GWAS for Bacterial Wilt_597 Isolate
Resistance
The MLM QQ-plot distribution between the observed vs.
expected LOD, obtained using the MLM in TASSEL 5, showed
divergence from the expected distribution. A similar trend was
observed for the MLM QQ-plot obtained from the cMLM
analysis in GAPIT, and the MLM analysis in FarmCPU and
BLINK (Supplementary Figure S5). The QQ-plots obtained
from GAPIT, BLINK, and FarmCPU showed the beginning of
divergence between the observed vs. expected values at LOD >2
(Supplementary Figure S5). This indicates the presence of SNPs
at LOD >2 associated with resistance to the BW_597 isolate
(Supplementary Figure S5).

The TASSEL analysis showed the Manhattan plot for the
MLM model with only one SNP associated with resistance to
the BW_597 isolate (LOD >3) located on chromosomes Pv04 and
Pv08 (Supplementary Figure S5). The MLM model showed the
Manhattan plot indicating associated SNPs (LOD values >3) for
resistance on Pv04, Pv08, and Pv10 (Supplementary Figure S5).

The Manhattan plot obtained from BLINK showed associated
SNPs with a LOD >3 located on Pv02 and Pv10 (Supplementary
Figure S5). The Manhattan plot obtained from FarmCPU
showed associated SNPs located on Pv04, Pv08, and Pv10
(Supplementary Figure S5).

The combined results from all the four models of MLM in
GAPIT, FarmCPU, BLINK, and TASSEL showed a total of four
SNPs associated with resistance in common bean for the BW_597
isolate (Table 2). The two SNPs, ss715647896 and ss715641991,
were closely positioned at 42,837,392 and 45,046,851 on
chromosome Pv08, respectively (Table 2), while other SNPs,
ss715649344 and ss715649486, were located at position
43,584,074 on Pv04 and position 8,067,409 on Pv10,
respectively (Table 2).

Candidate Genes for Bacterial Wilt
Resistance
The candidate gene discovery was carried out for 50 kb
genomic regions upstream and downstream of the identified
significant SNPs for each isolate. A total of 14 gene models
were discovered 50 kb upstream and downstream of the
identified SNP region on chromosomes Pv02, Pv04, Pv07,
Pv08, and Pv09 (Supplementary Table S3). A total of six
genes (Phvul.002G041600, Phvul.004G076900,
Phvul.004G119800, Phvul.008G107000, Phvul.009G210400,
and Phvul.002G041000) were identified as candidate genes
for resistance to the BW_528 isolate. Out of these six genes,
five genes (Phvul.002G041600, Phvul.004G076900,
Phvul.004G119800, Phvul.008G107000 and
Phvul.009G210400) were located within the 50 kb region of
the associated SNP (ss715647803, ss715640165, ss715648247,
ss715648541, and ss715639596) region, while one gene model
(Phvul.002G041000) included the SNP itself (Supplementary
Table S3). These genes encoded the NAC domain–containing
protein 87, XB3 ortholog 3, and duplicated homeodomain-like
superfamily protein in Arabidopsis thaliana, while other

TABLE 2 | List of the selected SNPmarkers associated with resistance to three bacterial wilt (BW) isolates B528, B557, and B598 in common bean core collection obtained
from four MLM models in Tassel 5, BLINK, GAPIT, and FarmCPU and a t-test.

SNP Chr Pos LOD[-log(P-value)] R2% Beneficial
allele

(resistant)

Unbeneficial
allele

(susceptible)

MAF
%

BW
strainTassel_MLM Blink Gapit FarmCPU t-test Tassel_MLM

ss715647803 2 3915879 2.77 2.44 3.20 2.44 4.72 7.86 G T 7.2 BW_528
ss715640165 4 12907955 2.17 3.24 2.72 3.24 10.93 6.12 C T 7.8
ss715648247 4 38819373 2.97 3.47 2.97 3.47 0.93 6.54 T C 10.1
ss715648541 8 12268429 2.74 4.26 3.12 4.26 6.99 7.81 T G 37.2
ss715639596 9 31079880 2.47 3.12 2.15 3.12 0.85 5.44 G A 19.9
ss715647928 7 11939824 2.37 3.03 2.77 3.03 1.02 5.34 G A 3.0 BW_557
ss715648425 7 14455236 2.82 3.04 2.82 3.04 3.29 4.93 T C 4.8
ss715642582 7 14750979 2.82 3.04 2.82 3.04 3.29 4.93 G T 4.8
ss715648754 10 3784843 1.79 3.15 2.95 3.15 1.61 4.49 G T 26.2
ss715646271 11 2884160 3.01 3.59 3.18 3.59 2.26 6.88 T C 3.6
ss715649344 4 43584074 3.07 2.91 2.99 2.91 6.49 10.27 T G 46.1 BW_597
ss715647896 8 42837392 3.04 2.84 3.09 2.84 17.05 10.16 G A 6.5
ss715641991 8 45046851 3.06 2.58 2.89 2.57 16.96 10.25 A G 6.6
ss715649486 10 8067409 2.39 3.16 3.04 3.15 4.07 10.12 T C 36.4
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identified gene models were unclassified (Supplementary
Table S3).

Similarly, a total of four gene models, Phvul.007G104800,
Phvul.007G112100, Phvul.007G112900, and Phvul.007G104500,
were identified as candidate genes for resistance to the BW_557
isolate. Among these four gene models, three (Phvul.007G104800,
Phvul.007G112100, and Phvul.007G112900) were located within
the 50 kb distance of the identified SNPs (ss715647928,
ss715648425, and ss715642582, respectively), while one gene
model, Phvul.007G104500 include the identified SNP
(ss715647928). The Phvul.007G112100 encoded a disease-
associated Leucine-rich repeat protein kinase family protein
positioned at 14,476,334 to 14,479,522 bp on chromosome
Pv07 (Supplementary Table S3), while the other two gene
models, Phvul.007G104800 and Phvul.007G104500, encoded a
cytochrome P450, family 77, subfamily A, polypeptide 4, and
chlorophyllase, respectively.

A total of four gene models, Phvul.004G154500,
Phvul.008G166000, Phvul.004G154100, and Phvul.008G172000,
were presumed candidate genes for BW_597 resistance
(Supplementary Table S3). These genes encoded a protein
kinase superfamily protein, flavonol synthase 1, nuclease-
related domain (NERD), and thioesterase superfamily protein,
respectively. Phvul.004G154500 and Phvul.004G154100 were
located on chromosome Pv04 and included the ss715649344
SNP. The other two genes (Phvul.008G166000 and
Phvul.008G172000) were located on chromosome Pv08, within
the 50 kb region of ss715647896 and ss71564199 SNPs,
respectively (Supplementary Table S3).

Genomic Prediction for Resistance to
Bacterial Wilt Isolates
The use of all the seven models with aforementioned two
approaches predicted the overall GA between the observed
values and GEBV for the BW_528 isolate to fluctuate between
0.51 and 0.58 when 1) all the 4,568 SNPs were used and

between 0.40 and 0.53 when 2) using the 14 selected SNPs.
Similarly, the seven models resulted in a range of 0.37–0.46
when 1) all 4,568 SNPs were used for BW_557 in comparison
to the reduced range of 0.30–0.44 when 2) using the selected 14
SNPs. A slightly higher range of average “r” value from 0.41 to
0.47 and 0.43 to 0.52 were observed for BW_597 when 1) all the
4,568 SNPs and 2) the 14 selected SNPs were used, respectively,
in combination with the seven GP models (Table 3;
Supplementary Figures S6, S7). The results were also
verified to be similar through cross-validation across the
seven GP models (Supplementary Figures S6, S7).

The general trend of PA was higher when a greater number of
SNPs (4,568 SNPs) was utilized in combination with the seven
models in comparison to the use of 14 selected SNPs for BW_528
and BW_557. However, observing the PA for individual models,
the RF model indicated slightly higher PA when 14 SNPs set was
used for BW_557 resistance. Conversely, the PA followed a
general trend of higher range for the average values of (r) and
for each of the individual models when using a lower number of
SNPs (14 selected SNPs) (Table 3).

DISCUSSION

Genetic Diversity and Population Structure
for the Common Bean Germplasm
The population structure and genetic diversity analyses in this
study indicated the presence of three subpopulations (Q1, Q2,
and Q3) among the tested germplasm as examined by the tool
GAPIT 3 (Figure 2; Supplementary Table S1). Historically,
Andean and Mesoamerican pools are reported as two centers
for common bean origin (Bitocchi et al., 2013; Gepts et al.,
1986; Kwak and Gepts 2009; Mamidi et al., 2013). Our study
also confirmed the existence of two gene pools by consistent
appearance of accessions from Mexico, Guatemala, Nicaragua,
El Salvador, Costa Rica, Honduras, Colombia, Ecuador, and
Peru in our two subpopulation clusters, Q1 and G2

TABLE 3 | Genomic prediction of seven models for resistance to three bacterial wilt (BW) isolates in two SNP sets: 1) all 4,568 SNPs and 2) 14 SNP markers.

GP
model

BW_528 BW_557 BW_597 Average (model) SNP set

r�Y100 SE r�Y100 SE r�Y100 SE

rrBLUP 0.56 0.012 0.45 0.012 0.45 0.016 0.49 all 4568 SNPs
BL 0.58 0.010 0.46 0.013 0.43 0.017 0.49
BA 0.55 0.013 0.46 0.013 0.47 0.016 0.49
BB 0.55 0.010 0.44 0.013 0.45 0.016 0.48
BRR 0.56 0.011 0.45 0.013 0.43 0.016 0.48
SVM 0.54 0.013 0.47 0.013 0.44 0.018 0.48
RF 0.51 0.012 0.37 0.015 0.41 0.016 0.43
Average 0.55 — 0.44 — 0.44 — 0.48
rrBLUP 0.40 0.012 0.30 0.016 0.43 0.015 0.38 14 SNP markers
BL 0.51 0.011 0.41 0.012 0.51 0.015 0.48
BA 0.53 0.011 0.41 0.009 0.52 0.013 0.49
BB 0.53 0.010 0.39 0.013 0.52 0.015 0.48
BRR 0.52 0.011 0.44 0.010 0.51 0.015 0.49
SVM 0.49 0.013 0.39 0.012 0.44 0.015 0.44
RF 0.48 0.012 0.43 0.011 0.49 0.016 0.47
Average 0.49 — 0.40 — 0.49 — 0.46
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(Supplementary Table S1, Figure 2). Hence, we can conclude
that our tested germplasm is composed of diverse accessions
and belong to the original two gene pools.

Genome Wide Association Study and SNP
Marker Identification for Bacterial Wilt
Resistance
The current study was focused on identifying SNP markers
associated with resistance to the three isolates of BW in
common beans. The phenotypic and genotypic data from the
168 accessions of the common bean core collection was subjected
to the four MLM models in GAPIT, BLINK, FarmCPU, and
TASSEL 5 to carry out GWAS analysis for each of the BW
isolates. A total of 14 SNPmarkers were associated with resistance
to the three different BW isolates, including five SNP markers for
BW isolate 528, five SNP markers for BW isolate 557, and four
SNP markers for BW isolate 597 (Table 2). These SNP markers
were scattered on chromosomes Pv02, Pv04, Pv07, Pv08, Pv09,
Pv10, and Pv11.

Genetic studies in BW studies have been primarily limited to
other crops, such as extensive use of SSR (simple sequence
repeat), AFLP (amplified fragment length polymorphism), and
SCAR (sequence characterized amplified region) markers to map
QTLs for BW resistance (Thoquet et al., 1996; Ashrafi et al., 2009;
Wang et al., 2013) and generate a high-density genetic maps of
inbred lines for BW resistance in tomato. The major QTLs were
located on chromosomes 6 and 12 (Shin et al., 2020). Similarly,
BW resistance has been explored using GWAS in peanut (Arachis
hypogaea L.) with identification of four QTLs on chromosome 4
(Wang L. et al., 2018).

However, in common bean, studies have been limited to
the use of genetic analysis for other diseases such as SCN. Jain
et al. (2019) identified SCN resistance factors in common
bean on chromosomes Pv04, Pv07, Pv09, and Pv11 based on
the Pvulgaris v1.0_218 reference genome sequence (from
Andean accession G19833) for various races (Jain et al.,
2019). Likewise, our study also revealed that the resistance
for BW for the three isolates is scattered on multiple
chromosomes with the identification of SNPs on
chromosomes Pv02, Pv04, Pv07, Pv08, Pv09, Pv010, and
Pv011 (Table 2; Supplementary Figures S3–S5). Thus, our
study is the first to report specifically the identification of
SNPs associated with resistance to the BW isolates in
common bean.

Similarly, a recent study was conducted to phenotype 467
accessions consisting of the NPGS core collection, 8 local, and
31 experimental lines from University of Nebraska for the
orange BW isolate (Urrea and Harveson 2014). The results led
to the identification of only one cultivar resistant to the tested
BW isolate (Urrea and Harveson 2014). Likewise, our study
has successfully led to the identification of potential SNPs for
resistance to the BW isolates were identified, which can now
be employed in marker-assisted selection to develop resistant
cultivars. The identified SNPs for each BW isolate can be
pyramided to develop a single cultivar with enhanced
resistance to multiple isolates of BW.

Candidate Genes
Our results indicate the presence of a putative chlorophyllase
encoded as the gene model Phvul.007G104500 in the SNP
ss715647928 region (Supplementary Table S3). The ortholog
of the chlorophyllase gene in Arabidopsis encoded by AtCLH1 is
found to be induced following tissue damage by a bacterial
necrotrophic pathogen (Kariola et al., 2005). The
downregulation of AtCLH1 is linked to enhanced susceptibility
to the necrotrophic pathogen, which showed its role as modulator
of defense to various pathogens (Kariola et al., 2005). Our
findings also suggest that the identified chlorophyllase gene can
be a good candidate for resistance to BW_528. However, the
Phvul.007G104800 gene model encoding the cytochrome P450,
family 77, subfamily A, and polypeptide 4 protein was found to be
located 50 kb upstream and downstream of SNP ss715647928
associated with resistance to the BW_557 isolate (Supplementary
Table S3). The two genes near the ss715647928 SNP are suitable
candidates for BW_528 resistance.

Similarly, the upstream and downstream regions of SNPs
ss715648425 and ss715642582 also comprised gene models
Phvul.007G112100 putatively encoding the leucine-rich repeat
protein kinase family protein and an unclassified gene
Phvul.007G112900, respectively (Supplementary Table S3).

Interestingly, the LRR domains have been explored as vital
modulators of immunity in plant–pathogen interaction responses
(Marone et al., 2013; Song et al., 2019). Song et al. (2019) reported
a total of 348 NBS-LRR proteins and studied the loss of function
characteristic of an LRR domain resulting in increased
susceptibility to the BW pathogen in peanut (Arachis hypogea)
(Song et al., 2019). Thus, the identified gene Phvul.007G112100
for BW_557 isolate in our study can also be explored further as a
source of resistance to the Cff pathogen in common bean.

Moreover, our study identified two additional genes,
Phvul.002G041000 and Phvul.004G154100, on chromosome
Pv02 for BW_528 resistance associated with SNPs
ss715647803 and ss715649344. The Phvul.002G041000 gene
encodes a nuclease-related domain (NERD), associated with
BW resistance to BW isolate 597 in common bean. Other
reported genes (Supplementary Table S3) include the
Arabidopsis NAC domain–containing protein 87, XB3
ortholog 3 in Arabidopsis, and duplicated homeodomain-like
superfamily protein near the SNP regions for BW_528. The NAC
genes play a vital role in plant immune responses by acting as
regulators modulating the hypersensitive response and receptors
of pathogen effectors in host plants. The identified SNP with the
candidate gene Phvul.004G076900 encoding the Arabidopsis
NAC gene can be studied further to develop a deeper
understanding of the respective gene as a potential modulator
of immunity for the BW pathogen in common bean.

However, the genes associated with resistance to BW_597
encoded putative protein kinase superfamily protein cytochrome
P450, flavonol synthase 1, and thioesterase superfamily protein.
These genes are associated with the mechanism of wilting in
several plants. Reportedly, the cytochrome P450 is a major
component of the underlying resistance molecular mechanism
for verticillium wilt in cotton. The flavanol synthase 1 gene has
been reported to be a constituent of the flavonoid pathway, which
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are important regulators of biotic and abiotic stresses as an
integral component of hormone signaling pathways, such as in
Arabidopsis (Owens et al., 2008). However, its role as a modulator
of plant–pathogen interaction is not clear yet. On the other hand,
the thioesterase superfamily protein has been studied as an
enhancer of drought tolerance in tobacco (Zhang et al., 2012),
which makes it a suitable candidate as the modulator of abiotic
stress tolerance. However, our study reported a SNP encoding the
thioesterase superfamily protein. Based on our results, more
studies should be conducted to ascertain the putative role of
the respective genes for the common bean–Cff interaction.

So far, no other studies have been reported for candidate gene
discovery for BW resistance in common bean. Our study, on the
other hand, has successfully identified the presence of putative
candidate genes associated with the BW resistance in
common bean.

Genomic Prediction for Genomic Selection
In this study, GP was conducted using two approaches: 1) by
using all 4,568 SNPs and 2) by using the 14 selected SNPs, in
combination with seven GP models 1) rrBLUP, 2) Bayes A, 3)
Bayes B, 4) BL, 4) BRR, 5) RF, 6) SVM, and 7) BL for each of the
three BW isolates.

The average (r) calculated for all the SNPs and the 14 SNPs
(Table 3) indicated an overall lower value when the selected 14
SNPs were used (Table 3; Supplementary Figures S6, S7).
However, exploring PA further using the entire seven models
predicted slightly different trends for BW_557 and BW_597 in
each of the two approaches. The BW_528 followed the similar
trend of average (r) as obtained for the general PA. The
BW_557 depicted slightly higher values of PA for the 14
SNPs set with the RF model (Table 3; Supplementary
Figures S6, S7), deviating from the general trend previously
obtained. In addition, the PA has been reported to be low with
use of less number of SNPs (Ali et al., 2020). Using a SNP set of
2000 or more reportedly shows an r value of 0.85 in comparison
to the r value of 0.80 when less SNPs (1000 SNPS) were used for
a population for soybean accessions (Zhang et al., 2016).
Likewise, our study also showed a similar trend for BW_528
and BW_557, suggesting that the use of a higher number of
SNPs is more reliable for GP. On the other hand, BW_597 had a
very different trend with a higher PA for the 14 selected SNPs
set with the five models (Bayes A, Bayes B, BL, BRR, and RF)
and with lower PA for the respective SNPs set for the rrBLUP
and similar PA for the SVM model (Table 3; Supplementary
Figures S6, S7). The different trends suggest that it might be
more beneficial to perform GP using the 14 SNPs selected from
the GWAS analysis for BW_597 rather than deploying the
generic 4,568 SNPs, to estimate GP more accurately with the
seven models for BW_597. Evidently, Qin et al. (2019) reported
that the r values deviate from a higher range of 0.64–0.74 when
GWAS-selected SNPs were deployed to carry out GP rather
than using the randomly selected SNPs (Qin et al., 2019). Qin
et al. (2019) also reported the average correlation coefficient (r)
among the 15 amino acids to range from 0.18 to 0.61 when all
the 23,279 SNPs were used for GP and 0.45 to 0.68 upon using
231 SNP markers, using the rrBLUP model (Qin et al., 2019).

Accordingly, the trend for BW_597 in our study is justified and
supports the use of 14 GWAS-derived SNPs in combination
with the seven GP models to be more beneficial for genomic
prediction rather than use of all the generic 4,568 SNPs
(Table 3; Supplementary Figures S6, S7). The results
confirmed the accuracy of using the predicted models
accordingly, with similar results.

Moreover, GS, based on the estimation of PA through use of
Pearson’s correlation coefficient (r) between the observed
values and GEBV, has been employed to assess 481
common bean elite lines for resistance to environmental
stress with reported prediction abilities between 0.6 and 0.8
for various traits (Keller et al., 2020). Several other studies have
been reported for various biotic and abiotic stresses in
common beans with genomic prediction (Barili et al., 2018;
Jain et al., 2019; Shi et al., 2021), but no study has been
reported to date for BW resistance in common bean
utilizing genomic prediction. Significantly, here we report
the use of genomic prediction for BW resistance in
common bean, deploying seven prediction models under
two SNP scenarios. The changes in the values of genomic
prediction accuracies in our study indicate that the PA was
affected by the SNP population size for our set of tested
germplasm. Thus, our results indicate that the GS
prediction can be effectively used in combination with MAS
to breed for BW resistance in common bean.

CONCLUSION

Our study successfully tested 168 common bean accessions
from the USDA NPGS based on public phenotypic resistance
data for genome-wide association study (GWAS) and genomic
prediction (GP). A total of 14 SNPs, on chromosome Pv02,
Pv04, Pv07, Pv08, Pv09, Pv010, and Pv011 with 14 candidate
genes, and 21 lines with potential resistance to the BW_528,
BW_557, and BW_597 types were identified as a result of this
study. The different SNPs and candidate genes identified for
each isolate can be pyramided to enhance resistance to
multiple isolates of BW. Moreover, the identified SNPs and
candidate genes can be further explored and employed using
genome editing and breeding techniques to develop common
bean cultivars with enhanced resistance to the three BW
isolates.
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Legumes are rich in protein and phytochemicals and have provided a healthy diet for
human beings for thousands of years. In recognition of the important role they play in
human nutrition and agricultural production, the researchers have made great efforts to
gain new genetic traits in legumes such as yield, stress tolerance, and nutritional quality. In
recent years, the significant increase in genomic resources for legume plants has prepared
the groundwork for applying cutting-edge breeding technologies, such as transgenic
technologies, genome editing, and genomic selection for crop improvement. In addition to
the different genome editing technologies including the CRISPR/Cas9-based genome
editing system, this review article discusses the recent advances in plant-specific gene-
editing methods, as well as problems and potential benefits associated with the
improvement of legume crops with important agronomic properties. The genome
editing technologies have been effectively used in different legume plants including
model legumes like alfalfa and lotus, as well as crops like soybean, cowpea, and
chickpea. We also discussed gene-editing methods used in legumes and the
improvements of agronomic traits in model and recalcitrant legumes. Despite the
immense opportunities genome editing can offer to the breeding of legumes,
governmental regulatory restrictions present a major concern. In this context, the
comparison of the regulatory framework of genome editing strategies in the European
Union and the United States of America was also discussed. Gene-editing technologies
have opened up new possibilities for the improvement of significant agronomic traits in
legume breeding.

Keywords: genome-editing methods, CRISPR/Cas9, TALEN, ZFN, legumes

1 INTRODUCTION

Legumes are members of the angiosperm group and contain 19,500 species in 751 genera (Lewis
et al., 2005). In addition to their nutritional value, the legume family contains many crops that
contain essential amino acids and plant-based proteins. Additionally, legumes play an essential role
in cultivating sustainable agriculture by symbiotically fixing nitrogen and releasing high-quality
organic matter into the soil. Although legumes provide health benefits as well as ecological
significance, their cultivation is affected by lower crop yields due to stress factors. The current
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focus is on accelerating genetic gains related to yield, stress
tolerance, and nutritional quality. Most genetic improvement
of legumes has been accomplished over the past half-century
through pedigree and performance-based selection. To achieve
faster genetic gains in legumes, novel genomics techniques and
high-throughput phenomics are widely used and resulted in
improved legume varieties that possess important agronomic
traits (Varshney et al., 2018). To increase yield potential and
reliability, different approaches have been used such as genomic
selection (or marker-assisted selection) and precision breeding
(gene editing) (Bhowmik et al., 2021). With increasing access to
information on genes and haplotypes that contribute to
agronomically significant traits, genome editing has allowed
the modification of multiple SNPs without affecting the
original characteristics of a popular cultivar. Genetic barriers
such as ploidy differences prevent many legume crop species
from exchanging genetic material naturally; so, the enormous
genetic diversity they hold in their wild relatives, however,
remains unused (Varshney et al., 2018). The availability of the
complete genome sequence of organisms makes a significant
contribution to the advancement of new-generation genome-
editing studies. Compared to other family members of legumes,
there are more new-generation genome-editing studies in Lotus
japonicus (Sato et al., 2008), Glycine max (Schmutz et al., 2010),
and Medicago truncatula (Young et al., 2011), all of which have
been fully sequenced, which supports the importance of having a
complete genome. Although the availability of the whole-genome
sequences of other legume species includes common bean
(Schmutz et al., 2014), mung bean (Kang et al., 2014), lentil
(Bett et al., 2014; Bett et al., 2016), and pea (Kreplak et al., 2019),
genome-editing trials for those plants have not been conducted.

This article presents the mechanisms of new-generation
genome-editing technologies including TALEN (transcription
activator-like effector nucleases), ZFN (zinc finger nuclease),
and CRISPR/Cas9 [the clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR-associated protein 9
nuclease (Cas9)] systems, and detailed application examples of
those technologies in legume family members. Moreover, the
regulatory framework and future of genome-editing technologies
in those crops have been extensively mentioned. This current
study offers the comprehensive coverage of genome-editing
studies in plants in the legume family, making it a collective
resource.

2 GENE-EDITING TECHNOLOGIES

2.1 CRISPR/Cas9
In recent years, CRISPR/Cas9 technology has become popular for
genome editing in various organisms as well as in plants. It has
also increased the scope of agricultural research by allowing the
creation of novel plant varieties with the deletion of harmful
features or the addition of prominent characters. CRISPR is a
rapidly developing technique that can be used for a variety of
genetic manipulations, including generating knockouts, making
precise modifications, creating multiplex genome engineering, or
activating and repressing genes (Arora and Narula, 2017). In the

CRISPR/Cas9 system, there are two main elements: Cas9 protein
and guide RNA (gRNA). Cas9 is an RNA-dependent DNA
endonuclease that binds and makes a complex with gRNA
(Figure 1A). The gRNA consists of 20 nucleotides that are
complementary to the target DNA sequence and serves as a
recruiting signal for Cas9. To recognize the target DNA sequence,
CRISPR/Cas9 employs RNA–DNA interactions instead of
DNA–protein interactions, which is the major difference
between it and the other genome-editing technologies. Two
different DNA-binding domains are needed for each target site
for ZFNs and TALENs that employ DNA–protein interactions to
target their specific sequences. This method is quite troublesome.
When it comes to CRISPR/Cas9, which uses DNA–RNA
interactions, only an 18–20 base pair needs to be designed. It
is essential that Cas9 and gRNA attach to a specific protospacer
adjacent motif (PAM), a sequence that is found at the 3′ end of
target sequences (Figure 1B). The sequence 5′-NGG-3′ is the
PAM for Cas9 from Streptococcus pyogenes that is the most
frequently selected and utilized for genome editing. Through
the introduction of double-stranded breaks (DSBs) in the DNA
target, Cas9 induces DNA repair. The repair mechanism is
achieved through non-homologous end joining (NHEJ) to
make gene knockouts and homology-directed repair (HDR) to
generate gene modification and gene insertion (Huang and
Puchta, 2019) (Figure 1C). A frameshift mutation occurs
when NHEJ randomly inserts or deletes a DNA strand within
a coding region, resulting in a gene knockout. It is not necessary
to use a homologous repair template for NHEJ. Therefore, the
NHEJ repair mechanism is by far the most popular and optimized
method of repairing DNA damage in all plants including
legumes. The HDR technique, on the other hand, can exactly
insert predetermined sequences coming from a donor DNA
template. Due to the low editing efficiency of HDR, its
application in plants has been restricted (Atkins and Voytas,
2020). With the CRISPR technology, potential applications
include the analysis of gene expression, gain-of-function, and
loss-of-function. Applications for CRISPR in legume farming
have been performed, and this genome-editing technology can be
used to produce high-quality, sustainable agricultural products,
including legumes.

2.1.1 Design of gRNAs
The gRNA, one of the main components of CRISPR/Cas9, plays a
vital role in determining the specificity and efficiency of gene
editing. Because of big gene families in plants, a high amount of
sequence similarities and repetitive motifs occur and cause off-
target gRNA binding, which is the main problem. As a result,
gRNA binds unintended targets and unpredictable effects can be
observed. To avoid these concerns, there are several requirements
and preferences to take into account when selecting target motifs
(Kumlehn et al., 2018). The most important limitation for
choosing target DNA sequences arises from the availability of
PAM that is triplet uniquely attached by the Cas endonuclease. In
the case of Cas9 from S. pyogenes, PAM is composed of a flexible
nucleotide followed by two guanosines, and this is known as
NGG. To perform site-directed mutagenesis, the selection of two
or three targets that are positioned 20 nucleotides upstream of a

Frontiers in Genetics | www.frontiersin.org June 2022 | Volume 13 | Article 8594372

Baloglu et al. CRISPR-CAS in Legumes

158159

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


double G within the coding sequence of the target gene is
adequate. The activity of Cas cleavage mainly depends on the
secondary structure formation in the gRNA as there are
requirements for the 5-terminal part of the gRNA to pair with
the target DNA and the Cas endonuclease. Two-dimensional
(2D) structures form inside the gRNA 3′ terminal scaffold and
play a very important role in the function of gRNA (Ma et al.,
2015). There are numerous online tools such as RNAfold
(rna.tbi.univie.ac.at/cgibin/RNAWebSuite/RNAfold.cgi) and

MFOLD (Zuker, 2003) available for the prediction of the
secondary structure of gRNAs in silico. There are also some
software programs designing gRNAs that create or demolish
restriction enzymes following editing, allowing users to
perform a quick screening of editing events. Some of them are
listed below: For CRISPR-Cas nucleases, CRISPOR (Concordet
and Haeussler, 2018), CRISPR-P (Liu et al., 2017), RGEN Cas
designer (Park et al., 2015), and CHOPCHOP (Labun et al.,
2019). For base editors, RGEN BE-Designer (Hwang et al., 2018)

FIGURE 1 |Mechanism of CRISPR-Cas9 genome editing. (A)CRISPR-Cas9 system is composed of the Cas9 protein and gRNA and Cas9/gRNA complex occur.
(B) Cas9/gRNA complex cleave targets DNA in a binary complex, causing a double-stranded DNA break. (C) DNA breaks are repaired by non-homologous end joining
(NHEJ) and homology-directed repair (HDR). In the process, short insertion deletions, nucleotide substitutions, or gene insertion may occur.
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and PnB designer (Siegner et al., 2021). For prime editors,
PrimeDesign (Hsu et al., 2021), pegFinder (Chow et al., 2021),
and PlantPegDesigner (Lin et al., 2021). Despite the widespread
use of software to design gRNAs, experienced users design gRNAs
manually to suit specific purposes, such as detecting edits easily
by restriction fragment length polymorphism analysis (Hassan
et al., 2021).

2.1.2 Selection of the Best Cas Protein
There has been an enormous increase in the number and varieties
of CRISPR/Cas genome editing technology over the past 5 years.
As of 2015, Cas proteins were categorized into five types and 16
subtypes, under two major Cas classes that differ profoundly
based on the elements of their effector modules that process and
interfere with gRNAs (Makarova et al., 2015). As genome
engineering technologies have improved, type VI RNA-
targeting and numerous types V CRISPR/Cas subtypes were
developed to extend the class two system capabilities (Stella
et al., 2017). Later, different versions of types IV, I, and V
systems were identified to reside in mobile genetic elements
because they lack the ability to cleave targeted DNA (Klompe
et al., 2019). A recent study uncovered new proteins in the type II
system that serves functions other than adaptive immunity
(Niewoehner et al., 2017). Cas1, Cas2, Cas3, Cas5, Cas6, and
Cas7 in type 1, Cas1, Cas2, Cas9, and Csn2/Cas4 in type 2, Cas1,
Cas2, Cas6, and Cas10 in type 3, Cas5/Csf3, Cas7/Csf2, and Cas8/
Csf1 in type 4, Cas12/Cpf1/C2c1 in Type 5, and Cas13/C2c2/
CasRx in Type 6 are the samples of different CRISPR proteins.
DNA nuclease, ribonuclease, RNA cleavage, and crRNA
processing are their main functions (Makarova et al., 2020).
Despite a large number of Cas proteins, only a small portion
has been used in genome editing in plants. PAM restrictions,
codon-optimization of Cas proteins, off-side effects, and
temperature sensitivity are the main troubles to the selection
of appropriate Cas proteins. Genome editing is mediated by
various classes of CRISPR/Cas systems. Depending on their
mode of genome editing, they can be divided into four
categories: 1) point mutations, 2) deletions, 3) insertions, or 4)
a combination of them. All these mutation modes were
performed in different legume species, and the details of
strategies are discussed in Section 3.

For genome editing of crops, the type II CRISPR/Cas9 system
has been the most chosen. Because of the simple design of the
CRISPR/Cas9 system, the availability of only one single gRNA
and defined PAM sequences, Cas9 proteins are the most selected
and studied proteins in genome-editing research in plants.
Practically, the CRISPR/Cas9 system is designed for the
replacement of the tracrRNA and crRNA molecules of the
bacteria with the guide RNA (gRNA) (Cong et al., 2013; Mali
et al., 2013). It became possible to simplify the system by
containing just a gRNA to guide the Cas9 protein to the target
and resulting in cleavage of the target region on DNA. Genome
editing is accomplished by delivering both of these components to
the nucleus. As with Cas9, Cas12 works on similar principles and
in the same manner; however, Cas12 effectors prefer T*rich
PAMs instead of G-rich PAMs of Cas9. This allows it to
target specific genomic regions with greater effectiveness

(Zetsche et al., 2015; Kim et al., 2017). The Cas12 systems do
not require tracrRNA for maturation and interference. In
contrast to Cas9 gRNAs, a single molecule of RNA engineered
to a length of 44 nucleotides is utilized in Cas12 systems. Rather
than blunt ends created by Cas9 effectors, Cas12 effectors cause
double-strand breaks with staggered ends. This makes them ideal
for targeting specific genes. Cas12a/Cpf1 systems that are isolated
from Francisella tularensis novicida (FnCas12a),
Acidaminococcus sp. BV3L6 (AsCas12a), and Lachnospiraceae
bacterium (LbCas12a) are frequently selected for genome editing
in different plant species with high success rates (Zhan et al.,
2021). Cas13a has also been utilized for plant genome-editing
studies along with Cas9 and Cas12. The system has a non-specific
RNase activity and can exhibit the cleavage of ssRNA similarly to
types II and V CRISPR systems (Abudayyeh et al., 2017). For this
reason, it was suggested that RNA interference studies be replaced
with this method. According to the literature, Cas9 protein is the
most preferred and used for the development of genome-edited
plants (Kiryushkin et al., 2022). The expression of Cas9 under the
cauliflower mosaic virus (CaMV) 35S promoter (p35S) was
observed in a total of 78 plant-related genome-editing studies
(Amack and Antunes, 2020). To date, the CRISPR/Cas 9 platform
has been mainly used in legume crops for the improvement of
agronomic traits (see Section 3). It has been optimized for routine
use in legume crops. Therefore, it is suggested that the Cas9
proteins can be more suitable for legumes.

2.1.3 Vector Design
In recent years, CRISPR/Cas9—a genome-editing tool that has
achieved worldwide fame—has been successfully used to edit the
genomes of many monocot and dicot plants. To edit these genomes
effectively, CRISPR/Cas9 components must be delivered to plants
using an effective vector system that contains codon-optimized Cas9
gene and promoters for Cas9 and sgRNA. In addition, suitable target
sites, efficient regeneration, and transformation methods must be
specially optimized for the legume plants. It is necessary to deliver
and express single guide RNA (sgRNA) and cas9 protein in the
target cell for CRISPR editing (Arora and Narula, 2017). The
expression of sgRNA is usually controlled by tissue-specific RNA
polymerase III promoters such as AtU6 and TaU6. These promoters
cause the production of specific small RNAs in various legume
species. Like sgRNA, Cas9 has positioned downstream of RNA
polymerase II promoters that guide the transcription of longer
RNAs. For targeting nuclear DNA, Cas9 is mostly tagged with a
nuclear localization sequence (NLS). The selection of suitable
expression and Cas9 systems are critical factors for vector
construction. Furthermore, restriction sites for the insertion of
gRNA play a significant role. The website known as Addgene
(http://www.addgene.org/crispr/plant/) provides information on
the different types of plasmids for plant genome-editing studies.
These plasmids in Addgene are empty backbones and usually
possess three main components: sgRNA cassette, Cas9
endonuclease gene, and selection marker. RNA polymerase III
promoters such as U3 or U6 have been obtained from monocot
and dicot plants, and sgRNA has been directly expressed in plant
cells. There are some genome-editing plasmids containing U3 or U6
promoters obtained from rice (Ma et al., 2015), maize (Qi et al.,
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2018), wheat (Xing et al., 2014), and Arabidopsis (Tsutsui and
Higashiyama, 2016) and are commercially available in Addgene.
In dicots and some monocots, a codon-optimized Cas9 under the
control of the CaMV 35S promoter has been used. The maize
ubiquitin promoter has been an alternative option to obtain
homozygous, hemizygous, or biallelic mutations in the T0
generation that are passed on to subsequent generations (Shan
et al., 2013; Zhang H. et al., 2014; Zhan et al., 2021). As the
primary constituent of a CRISPR plasmid, the Cas endonuclease
affects the rate of mutation during genome editing. SpCas9 (Cas9
from S. pyogenes) is the most preferred type of endonuclease used by
researchers in plant genome-editing studies. For improvement of the
performance of Cas9 endonuclease in the plant cell, different
strategies have been developed. For example, codons of Cas9
have been optimized (Ma et al., 2015), the expression of Cas9
has been strengthened through strong promoters (Yue et al.,
2020), and translational enhancers and nuclear localization
signals have been added to the CRISPR cassette (Xie et al., 2015).
For the efficient selection of genome-edited plants, different selection
markers have been utilized. They are known as acetolactate synthase,
phosphomannose isomerase, neomycin phosphotransferase, and
hygromycin phosphotransferase (Hpt) (Yue et al., 2020). The Hpt
gene, which confers tolerance to herbicide hygromycin, is the most
frequently utilized marker selection gene in CRISPR-based plant
breeding.

2.1.4 Advanced Designs
Although HDR provides precise nucleotide substitutions in some
plants including sugar cane (Oz et al., 2021), tomato (Vu et al.,
2020), and maize (Svitashev et al., 2016), its application in plants
including recalcitrant legume species such as lentils, soybean,
chickpea, bean, and pea has limited because of low editing
efficiency (Huang and Puchta, 2019; Atkins and Voytas, 2020).
Considering these limitations in precise genome-editing
technologies and the lengthy breeding process for legume
species, agronomically significant properties may be achieved
in much less time with new alternative CRISPR-based genome-
editing tools for legumes. They are called deaminase-mediated
base editing and reverse transcriptase-mediated prime editing,
which are more efficient than HDR in plants. These new
technologies do not require DSB formation and donor DNA.
A:T > G:C and C:G > T:A transitions can be introduced directly
into targeted sites by using adenosine deaminase (adenine base
editor, ABE) and cytidine deaminase (cytosine base editor, CBE),
respectively (Zhu et al., 2020). Next-generation sequencing
technologies have led to the development of genome
assemblies for a number of legume crops even if they are
fragmented (Garg et al., 2021). These genomic information are
used to modify key regions of genes in order to increase yield and
quality, as well as other agronomic traits. Different studies
discussed in this review indicated examples of the application
of the classical CRISPR-based genome editing. All details related
to the modification of legume genomes are displayed in Section 3
as a case study for each legume species. These studies may
promote the fact that the modification of the complex nature
of the legume genomes may also be defeated by these new base-
editing and prime-editing CRISPR-based technologies.

Utilization of the base-editing technology enables precise
editing with high efficiency through both CBE and ABE
systems. Various plant species including rice and tomato
(Shimatani et al., 2017), rice, wheat, and maize (Zong et al.,
2017), and wheat, rice, and potato (Zong et al., 2018) have been
developed using different cytidine deaminase base-editing
features. In recent studies, ABE systems have also been used
in rice, wheat, Arabidopsis thaliana, and rapeseed (Kang et al.,
2018; Li et al., 2018). In reviewing the literature, no data were
found on the application of CBE and ABE systems for legume
plants. Thus, various deaminase-mediated base-editing versions
developed for model plant species may be useful for increasing
the efficiency of the base editing in various legumes. Despite CBE
and ABE systems having the ability to induct precise base
transitions, their tools for base substitutions are restricted.
Another highly promising technology known as “prime editor
or prime editing” solves this problem by allowing the precise
insertions of up to 44 bp, deletions of up to 80 bp, and
combinations of these edits (Anzalone et al., 2019). The
system has also been improved for plants and is able to
perform multiple base substitutions, insertions, and deletions
simultaneously in rice and wheat (Lin et al., 2020; Xu R. et al.,
2020; Xu W. et al., 2020). Although different strategies and
modifications such as the utilization of reverse transcriptase
with different catalytic activities, the usage of ribozymes to
obtain precise pegRNAs (prime-editing guide RNA),
increasing culture temperature to raise catalytic activities, and
modifications of the scaffold into pegRNA to augment the
binding potential of Cas9 have been performed, there have
been still limitations for the editing capacity of prime editor in
plants (Zhu et al., 2020). Currently, the plant prime-editing
technology has only been demonstrated in rice and wheat. Its
performance still needs to be examined in a variety of plant
species. Thus, plant prime-editing technology can be considered
as an untouched deep blue cove for genome editing in legumes as
well as in other significant agronomic plant species.

2.2 Transcription Activator-Like Effector
Nucleases
The origin of transcription activator-like effector nucleases
(TALENs) is quite extraordinary. Like CRISPR, TALEN is
derived from a bacterium, and interestingly, this bacterium,
called Xanthomonas, is quite pathogenic and responsible for
serious diseases in various crops. During the infection, with
the type III secretion system, Xanthomonas translocates
transcription activator-like (TAL) proteins into the host cell
cytoplasm. To enhance bacterial colonization during the
infection, TALs act as host’s-transcription factors and cause
plant developmental changes that are beneficial for the disease.
TALs mainly consist of three structures: the central domain of
tandem repeats, transcriptional activation domain, and nuclear
localization signals (Boch et al., 2009). Highly conserved repeat
domains are mostly 33–35 amino acid lengths and are responsible
for DNA binding. Specific target DNA to bind is decided by
hypervariable residues that can be found at the 12th and 13th
positions of the repeat domain. The pair of this position is named
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repeat-variable di-residue (RVD), and each RVD is associated
with one of the four bases. On the other hand, in TALENs, FokI
takes the place of the activator domain to become a target-specific
genome-editing tool (Figure 2). To obtain double-strand breaks
via FokI, TALENs are used in pairs. Each pair binds to the
opposite strands of the target sequence and is separated with a
spacer domain (Zhang X. et al., 2014). Before this groundbreaking
development, FokI nuclease was placed along with the C-terminal
activator domain on TALEN. Further studies have demonstrated
that the truncation of large C-terminal sequences that are used to
attend the FokI domain greatly increased the efficiency of TALEN
(Bedell et al., 2012; Joung and Sander, 2013). These truncations
were required due to the low efficiency of the custom TALEN
application. Moreover, Bedell et al. (2012) aimed to increase the
efficiency of TALEN by using differently truncated scaffolds.
Their specifically designed GoldyTALEN scaffold, which is
shorter due to the truncation of 215 amino acids from the
pTAL scaffold, increased the success rate by up to sixfold, and
some approaches showed 100% efficiency in zebrafish. All these
results showed that design and construction have crucial roles
and direct effects on the efficiency of the genome-editing process.

2.2.1 Vector Construction
Since the construction of TALEN cassettes depends on many
factors, researchers have invested considerable time and effort in
this step to simplify the construction and increase the efficiency of
TALENs. One of the most common molecular methods for the
plasmid construction of TALENs is the golden gate assembly.

This method enables the simultaneous assembly of multiple DNA
fragments to a single plasmid. Since type IIS restriction enzymes
take part in this method, multiple insertions to a plasmid could be
done “scarlessly” as this type of restriction enzymes cuts DNA
outside of recognition sites. Cermak et al. (2011) showed that with
two steps it is possible to construct a vector with an array of 12–31
RVDs. The first step is for the assembly of RVDs into arrays, up to
10 RVDs each array, and the second step is for inserting these
repeat arrays into the plasmid backbone. On the other hand, the
assembly of 10 RVDs together is quite challenging. To eliminate
this challenge during the cloning, Hegazy and Youns (2016)
modified this protocol. Instead of 10 RVDs, they constructed
five RVD length arrays. Even though this modification increased
the duration of the construction, it also increased the rate of the
successfully constructed plasmids from an average of 4.4%–30%.

2.3 ZFNs
The early 1990s were a critical turning point in the genome-
editing perspective of view. With a better understanding of DNA
repair systems, one of the first precise genome-editing techniques
was developed. The so-called ZFN technique was developed by
merging an engineered zinc finger domain with a nuclease
domain (ZFN). Similar to TALEN, ZFs are combined with
FokI for DNA cleavage and they are used as pairs to obtain
double-strand breaks. On the other hand, the zinc finger domain
consists of up to six proteins and is responsible for binding to the
DNA target point. Engineered Cys2–His2 residues in the
structures of these ZF proteins are stabilized by Zn+2 ions, and

FIGURE 2 |Overview of the TALEN structure (Joung and Sander, 2013). (A) Schematic view of the TALEN structure. Colored discs with two letters inside represent
the RVD. (B) Schematic view of TALEN pair binding to target site. Cleave of Fokl occurs on the spacer domain on the target site. (C) Schematic diagram of the TALEN
binding domain with an amino acid sequence. Two amino acids that represent RVD are shown in bold. (D) Amino acid sequence of a TALEN binding domain with a
nucleotide representation of each RVD.
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each one of these proteins interacts with three base pairs. For the
construction, mainly three methods have been followed: 1) the
modular assembly has been developed through the creation of
identified ZF domain pool. During the application of ZFNs, the
researchers can pick ZFs according to their target point from this
pool and design their ZFN pair (Cathomen and Joung, 2008). 2)
In context-sensitive selection strategies, the researchers have
focused on developing new ZFN combinations of ZFs from
customized libraries (Hurt et al., 2003; Durai et al., 2005). 3)
The combination of two dual ZFs “(2 + 2 strategy)” from pre-
existing libraries and optimization of these four ZFs according to
the target loci with an algorithm. However, this method can only
be used by researchers who have collaborated with Sangamo
(Scott, 2005; Urnov et al., 2005).

Several advantages of CRISPR over ZFNs and TALENs have
been pointed out in the literature, and the simplicity of the design
has been highlighted as the main reason that made CRISPR the
most widely utilized genome-editing tool. ZFN requires
tremendous time and expertise during construction. Limited
pairs have been identified so far, and optimization of zinc
fingers is challenging. Especially protein engineering and the
combination of new zinc fingers make this process impossible
to perform in most of the laboratories. Although TALEN is much
easier to construct when it is compared with ZFN, it is still far
behind CRISPR. To construct a TALEN pair that targets a gene
with 20-base pair length requires the design of 20 RVDs and the
assembly of RVDs into a plasmid. These two steps make the
process very challenging and again impossible to perform for
researchers. Less than this effort, we can construct a CRISPR
plasmid that targets 10 different genes in an organism. Even
though it raises some questions, especially ethically inquiring
questions, CRISPR became the most popular genome-editing tool
due to its simplicity, efficiency, and multiplexed targeting
potential. However, there are still some cases that make
TALENs preferable. Due to the possibility of targeting longer
DNA sequences, TALENs reduce the possibility of off-targets
during the application. Researchers thus may choose TALENs
over CRISPR to eliminate off-target mutations.

ZFNs, TALENs, and CRISPR-associated Cas9 endonucleases
are the three major generations of genome-editing tools that have
been mainly used for over a decade in plants including different
legume species. The advantages and disadvantages of these
methods have been discussed in many research articles (Gaj
et al., 2013; Malzahn et al., 2017; Ahmar et al., 2020). Plant
scientists face a major challenge in improving legume production
and quality amidst changing climates and extreme environmental
conditions. A promising option for achieving this goal is genome
editing, and CRISPR/Cas technology is the most popular option
because it is easy to use and convenient. However, no routine
method has been proposed for the most efficient genome editing
for legumes. The main reasons for this situation can be
summarized as follows. The plantlet regeneration and genetic
transformation of various legume species became a bottleneck for
them. It is, therefore, necessary to develop an optimized protocol
for the transformation and regeneration of legumes that is
reproducible and reliable across species. In addition, there are
some difficulties in CRISPR technology such as the on-target

efficiency, off-target capacity, sgRNA design, and selection of
proper Cas proteins. The next section summarizes all genetic
modifications, including genetic transformation and genome
editing, that have been done with legumes so far. At the end
of the review, some suggestions are also presented to eliminate
these problems.

3 APPLICATIONS IN LEGUMES

3.1 M. truncatula (Alfalfa)
M. truncatula is a model organism for legume crops because of its
relatively easy transformation, short life cycle, self-fertility,
diploidy nature, and small genome. Because of these features,
it is widely studied in molecular and physiological research on
legume crops. Michno et al. (2015) reported that they mutated
soybean glutamine synthase (GS1) and chalcone-flavanone
isomerase (CHI20) genes in G. max and β-glucuronidase
(GUS) gene in M. truncatula by hairy root transformation
(Table 1). Differently, Bottero et al. (2021) produced two
transgenic alfalfa events (named as 3-1 and 5-1) by using
CRISPR/Cas9 with the pBI121 binary vector containing the
GUS gene and determined an average of 55% GUS
inactivation. In the literature, many researchers prefer to study
phytoene desaturase (PDS) genes because of its easy phenotypic
observation to evaluate the success of an efficient CRISPR/
Cas9 gene-editing tool. In 2017, Meng et al. (2017) developed
an efficient CRISPR/Cas9 system for targeted MtPDS gene
mutations in M. truncatula, and they observed that 32 of
309 T0 transgenic plants exhibited the albino phenotype.
Sequencing analysis of randomly selected 16 transgenic plants
from this 32 showed that all these albino plants carry mutations at
the targeted site of the MtPDS gene. In addition, Wolabu et al.
(2020) showed that UBQ10 promoter-driven Cas9 provides high
mutation efficiency (95% in Arabidopsis and 70% in M.
truncatula). Zhang et al. (2020) also targeted MtPDS genes
using the CRISPR/Cas9 system, and all regenerated seedlings
derived from the homozygous/biallelic MtPDS mutant showed
albino phenotypes.

M. truncatula forms indeterminate nodules, which are also
found in pea (Pisum sativum L.), lentil (Lens culinaris Medik.),
faba bean (Vicia faba L.), and chickpea (Cicer arietinum L.), that
make it a good candidate plant to study nodulation in lentils
(Bhowmik et al., 2021). In 2017, Curtin and colleagues used
CRISPR/Cas9 nucleases, hairpin RNA interference constructs,
and Tnt1 (the transposable element of Nicotiana tabacum cell
type 1) retrotransposons together to evaluate the function of 10
candidate genes that exist in six clusters of strongly associated single
nucleotide polymorphisms in M. truncatula. They found three
candidate genes, ubiquitin conjugate24-like (PHO-like),
Penetration3-like (PEN3-like), and partner of NOB1-like (PNO1-
like), having statistically significant influences on nodule production.

In 2019, Trujillo et al. (2019) identified nodule-specific
polycystin-1, lipoxygenase, and alpha toxin nodule-specific
(PLAT) domain proteins (NPDs) and examined the NPD
function with its knockout lines via CRISPR/Cas9. They
created different combinations of NPD gene inactivations and
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TABLE 1 | Gene-editing technology in different legume crops.

Legume Technique Target
(gene and function)

Result References

Medicago
truncatula

CRISPR/Cas 9 MtSUP (regulates the floral organ number) MtSUP was found to be orthologous of
AtSUP

Rodas et al.
(2021)

CRISPR/Cas 9 CYP93E2 and CYP72A61 (soyasapogenol B biosynthesis) 51 CYP93E2 mutant plant lines Confalonieri et al.
(2021)

CRISPR/Cas 9 MtPDS (coding phytoene dehydrogenase/chromoplastic
protein)

70% mutation efficiency Wolabu et al.
(2020)

MtPDS (coding phytoene dehydrogenase/chromoplastic
protein)

Homozygous and biallelic mutants Zhang et al.
(2020)

CRISPR/Cas 9 NPD genes (nodulation) Smaller nodules, earlier onset of nodule
senescence, ineffective nodules

Trujillo et al.
(2019)

CRISPR/Cas 9 MtHen1 (Hua enhancer1 gene) Efficient mutation Curtin et al. (2018)
CRISPR/Cas 9 FMO1-like, RFP1-like, ERDJ2,MEL1, PEN3-like, ACRE1, HLZ1-

like, PHO2-like, PNO1-like, FBL1-like (root and nodules)
Statistically significant effects on nodule
production

Curtin et al. (2017)

CRISPR/Cas 9 MtPDS (coding phytoene dehydrogenase/chromoplastic
protein)

Albino plants Meng et al. (2017)

CRISPR/Cas 9 GmGS1, GmCHI20, MtGUS Mutated genes Michno et al.
(2015)

Lotus japonicus CRISPR/Cas 9 Lbs genes (nodule senescence) Early nodule senescence Wang et al. (2019)
CRISPR/Cas 9 CYP716A51 (triterpenoid production) Non-production of triterpenoids Suzuki et al.

(2019)
CRISPR/Cas 9 LjCZF1 and LjCZF2 (root nodule symbiosis) Decrease in nodule formation Cai, K., et al.

(2018)
CRISPR/Cas 9 SNF (symbiotic nitrogen fixation) genes CRISPR/Cas9 system can effectively

induce mutations in SNF related genes
Wang et al. (2016)

Glycine max
(Soybean)

CRISPR/Cas 9 GmPRR37 (photoperiodic flowering) Changes in flowering time Wang, L., et al.
(2020)

CRISPR/Cas 9 GmLox1, GmLox2, GmLox3 (encoding lipoxygenases) Loss of lipoxygenase activity Wang, J., et al.
(2020)

CRISPR/Cas 9 GmAGO7a and GmAGO7b (controlling leaf pattern) Inherited mutation until T2 lines Zheng et al.
(2020)

Glycine max
(Soybean)

CRISPR/Cas 9 GmFT2a and GmFT5a (flowering time) ft2a, ft5a, and ft2aft5a mutants Cai et al. (2020)
CRISPR/Cas 9 Pooled platform-102 candidate genes Multiplex mutations Bai et al. (2020)
CRISPR/Cas 9 KAS1 (conversion of sucrose to oil) Deletion and insertion mutations Virdi et al. (2020)
CRISPR/Cas 9 GmFAD2-1A, GmFAD2-2A (biosynthesis of peakoil) Increased oleic acid content Wu et al. (2020)
CRISPR/Cas 9 GmSPL9 (plant architecture) Altered plant architecture Bao et al. (2019)
CRISPR/Cas 9 FAD2-2 (seed content improvement) Increased oleic acid content Al Amin et al.

(2019)
CRISPR/Cas 9 Glyma03g36470 (eukaryotic translation initiation factor) Insertion and deletion mutations Di et al. (2019)
CRISPR/Cas 9 Glyma14g04180 (late-embryogenesis abundant protein) Insertion and deletion mutations Di et al. (2019)
CRISPR/Cas 9 Glyma06g136900 (uncharacterized protein) Insertion and deletion mutations Di et al. (2019)
CRISPR/Cas 9 GmFAD2-1A, GmFAD2-1B (biosynthesis of peakoil) Increased oleic acid content Do et al. (2019)
CRISPR/Cas 9 Conglycinin (7S) and glycinin (11S) (storage proteins) Mutations in three of nine genes Li et al. (2019)
CRISPR/Cas 9 E1 (flowering time) Early flowering Han et al. (2019)
CRISPR/Cas 9 GmDrb2a and GmDrb2b (double-stranded RNA-binding2) Biallelic double mutant Curtin et al. (2018)
TALEN Glycine max Dicer-like2 (Dicer-like protein) GmDicer-like2 mutant plants Curtin et al. (2018)
CRISPR/Cas 9 GmFT2a and GmFT5a (flowering time) Deletion mutations Cai, Y., et al.

(2018)
CRISPR/Cas 9
TALEN

GmPDS11 and GmPDS18 (coding phytoene dehydrogenase/
chromoplastic protein)

Albino and dwarf buds Du et al. (2016)

CRISPR/Cas 9 DD20 and DD43 (two genomic sites on chromosome 4) Mutations Li et al. (2015)
CRISPR/Cas 9 Glyma06g14180 (uncharacterized protein) Mutations Sun et al. (2015)
CRISPR/Cas 9 Glyma08g02290 (potassium transporter) Mutations Sun et al. (2015)
CRISPR/Cas 9 Glyma12g37050 (ethylene receptor) Mutations Sun et al. (2015)
CRISPR/Cas 9 GmFEI2 (LRR receptor-like serine/threonine-protein kinase

FEI 2)
Mutations Cai et al. (2015)

CRISPR/Cas 9 GmSHR (short root protein) Mutations Cai et al. (2015)
TALEN FAD2-1A/B (seed content improvement) Increased oleic acid content, reduced

linolenic acid content
Haun et al. (2014)

TALEN FAD3A (seed content improvement) Reduced linolenic acid content Demorest et al.
(2016)

(Continued on following page)
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observed that mutant lines showed an earlier onset of nodule
senescence and smaller or ineffective nodules in comparison to
the wild-type control.

CRISPR/Cas9 gene-editing tool has also been used in studies
focused on flowering or secondary metabolite production. Rodas
et al. (2021) edited theM. truncatula SUPERMAN (MtSUP) gene
with CRISPR/Cas 9 and determined the impairment of MtSUP
function with observing defects in floral development and
inflorescence architecture in mtsup mutant allel carrying
plants. Confalonieri et al. (2021) also used the CRISPR/
Cas9 gene-editing tool to knock out the two cytochrome P450
genes (CYP93E2 and CYP72A61) that are responsible for
soyasapogenol B production in Medicago spp. Their results
showed that 51 putative CYP93E2 mutant plant lines with an
84% editing efficiency did not produce soyasapogenols in the
leaves, stems, and roots with diverting the metabolic pathway
toward the production of valuable hemolytic sapogenins.

3.2 L. japonicus (Lotus)
L. japonicus is also a model organism for legume crops with
similar features toM. truncatula, but conversely to it, L. japonicus
organizes determinate nodules, like soybean [G. max (L.) Merr.]
and cowpea (Vigna unguiculata L.). Wang and colleagues (2016)
studied L. japonicus and proved that SNF (symbiotic nitrogen
fixation)-related gene mutations can be performed by CRISPR/
Cas9 with hairy root transformation. In 2018, Cai K. et al. (2018)
edited cytokinin receptor Lotus histidine kinaz I-interacting
protein (LjCZF1) to reveal the mechanism of cytokinin
signaling regulation of rhizobia-legume symbiosis. They
determined that the knock-out mutant lines had a significantly
reduced number of infection threads and nodules, supporting
that LjCZF1 is a positive regulator of symbiotic nodulation. Later,
Wang et al. (2019) used CRISPR/Cas9 technology to understand
the role of leghemoglobin (Lbs) in L. japonicus and they observed
that the lack of Lbs resulted in an early nodule senescence. In
another study, the gene loss-of-function analysis of CYP716A51
(which shows triterpenoid C-28 oxidation activity) was

performed and the results showed that cyp716a51-mutant L.
japonicus hairy roots did not produce C28 oxidized triterpenoids.

3.3 G. max (Soybean)
There is an ever-increasing need for soybean products since
soybean has an important economic value with its rich protein
and oil for animal and human nutrition. For this reason, genetic
development with gene-editing tools must be accelerated in order
to meet this increasing need and cope with the changing
environmental conditions (Bao et al., 2020). The initial
optimization approach was done by Curtin et al. (2011) by
targeting the green fluorescent protein (GFP) coding region in
soybean with a ZFN array that was developed via context-
sensitive selection strategies. This approach resulted in up to
71 base pair deletions on the target. With the optimization of the
process, they targeted two different RNA-dependent polymerases
in soybean. The most interesting outcome of this study was that
two independent ZFN pairs were designed, both recognizing their
specific targets and causing two base pair differences in both
genes. Another study by the same group (Curtin et al., 2015) was
focused on disturbing miRNA maturation and miRNA gene
expression regulation in 2015. For this purpose, they designed
two different ZFN pairs to target Dicer-like 1a (DCL1a) and
Dicer-like 1b (DCL1b) genes in soybean. While single mutants of
DCL genes did not give any remarkable result, double DCL
mutants expressed remarkable morphological outcomes;
additionally defective miRNA precursor transcript processing
efficiency and deregulated miRNA target gene expression were
observed. In addition, Curtin et al. (2018) also used TALENs
within the G. max Dicer-like2 gene. They revealed multiple
transgene insertion events by whole-genome sequencing and
generated a suite of combinatorial mutant plants.

In the case of CRISPR-Cas, Cai et al. (2015) targeted different
sites of two endogenous soybean genes (GmFEI2 and GmSHR).
For this, they designed an sgRNA that targeted a transgene (bar)
and six sgRNAs resulted in targeted DNA mutations in hairy
roots. Li and co-workers (2015) successfully applied CRISPR/

TABLE 1 | (Continued) Gene-editing technology in different legume crops.

Legume Technique Target
(gene and function)

Result References

TALEN GmDcl2b (generating heritable mutations) Combinatorial mutant plants Curtin et al. (2017)
ZFN RDR6a and RDR6b (process optimization) 2 bp differences on target genes Curtin et al. (2011)
ZFN DCL4a/b (Dicer-like protein) Defective miRNA precursor transcript

processing
Curtin et al., 2011,
2015

ZFN DCLb (Dicer-like protein) Increased lateral root growth Curtin et al. (2011)

Cowpea (Vigna
unguiculata)

CRISPR/Cas 9 VuSPO11-1 (cowpea meiosis gene) Mutations Che et al. (2021)
CRISPR/Cas 9 SPO11-1, REC8 and OSD1 (meiosis genes) Male and female sterilities Juranic et al.

(2020)
CRISPR/Cas 9 SNF (symbiotic nitrogen fixation) genes Blocked nodule formation Ji et al. (2019)

Chickpea (Cicer
arietinum)

CRISPR/Cas 9 4CL (4-coumarate ligase) RVE7 (Reveille 7) (drought tolerance) High efficiency in editing Badhan et al.
(2021)

Peanut (Arachis
hypogaea)

CRISPR/Cas 9 AhNFR1 and AhNFR5 (nodulation) Successfully edited genes Shu et al. (2020)
CRISPR/Cas 9 AhFAD2 (seed content improvement) G448A, 441_442insA, G451T mutations Yuan et al. (2019)
TALEN AhFAD2 (seed content improvement) Increase in the oleic acid content Wen et al. (2018)
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Cas9 and mutated two genomic sites DD20 and DD43 on
chromosome 4 with 59% and 76%, respectively, success rates.
Moreover, Sun and colleagues (2015) also constructed two
vectors using the Arabidopsis U6-26 and soybean U6-10
promoters and targeted Glyma06g14180, Glyma08g02290, and
Glyma12g37050 in protoplast efficiently. In addition,
Glyma06g14180 and Glyma08g02290 biallelic mutations were
also observed in transgenic hairy roots. Later, Du et al. (2016)
presented a comparative analysis of CRISPR/Cas9 and TAL-
effector nuclease (TALEN) gene-editing technologies for two
soybean GmPDS11 and GmPDS18 genes and they observed
albino and dwarf buds (PDS knock-out) with the
transformation of cotyledon nodes. The mutation efficiency of
TALENs was slightly higher than the Cas9/sgRNA system using
the AtU6-26 promoter but much lower when using the soybean
GmU6-16g-1 promoter in hairy roots. According to the results,
they declared that both gene-editing technologies can achieve
gene targeting in soybean. In addition to this study, Curtin and
friends (2018) also performed CRISPR/Cas9 and TALENs at the
same time in G. max and M. truncatula and created a bi-allelic
double mutant for the two soybean paralogous double-stranded
RNA-binding2 (GmDrb2a and GmDrb2b) genes and a mutation
of the M. truncatula Hua enhancer1 (MtHen1) gene.

Soybean flowering time is important due to its effect on
increasing breeding speed for yield and improving quality.
Because of this reason, many studies also focused on editing
flowering time-related genes. Cai Y. et al. (2018) developed an
efficient system using a dual-sgRNA/Cas9 to target deletions in
GmFT2a and GmFT5a genes. Their results showed 15.6% and
15.8% deletion frequencies for target fragments in GmFT2a and
GmFT5a, respectively. They also detected 12.1% exceeding 4.5 kb
in GmFT2a. In addition, they determined that these deletions can
be inherited in T2 “transgene-free” homozygous ft2a mutants that
exhibited the late-flowering phenotype. In another study (Han
et al., 2019), soybean maturity gene E1, which controls soybean
flowering, was edited and 11 bp and 40 bp deletions at the E1
coding region were generated. These deletions lead to premature
translation termination codons and truncated E1 proteins. In
addition, Wang L. et al. (2020) created knock-out and
overexpression mutations with CRISPR/Cas9 tool in soybean
Pseudo-response regulator gene (GmPRR37), encoding qFT12-2
(flowering time) protein and they demonstrated that GmPRR37
controls soybean photoperiodic flowering. Cai et al. (2020) also
studied GmFT2a and GmFT5a genes with CRISPR/Cas9 in
soybean and showed that these genes collectively regulate
flowering time by analyzing the overexpression of ft2a, ft5a,
and ft2a/ft5a mutants under short-day SD and long-day
conditions.

CRISPR/Cas9 strategy also used to target three GmLox
genes (GmLox1, GmLox2, and GmLox3) encoding three
lipoxygenases (LOX1, LOX2, and LOX3), which induce a
beany flavor that restricts human consumption (Wang
J. et al., 2020). They determined that 60 T0 positive
transgenic plants, carrying combinations of sgRNAs and
mutations (two of them triple mutant and one of them is a
double mutant), had lost the corresponding lipoxygenase
activities. Differently, Li et al. (2019) used the CRISPR/Cas9

system in editing conglycinin (7S) and glycinin (11S) storage
protein genes in soybean and detected 5.8%, 3.8%, and 43.7%
gene-editing efficiencies for Glyma.20g148400,
Glyma.03g163500, and Glyma.19g164900 genes, respectively.
Besides, plant architecture is also altered by the application of
CRISPR/Cas9 system in soybean. Bao et al. (2019) targeted
squamosa promoter binding protein-like genes (GmSPL9a,
GmSPL9b, GmSPL9c, and GmSPL9) and determined that T2
double homozygous mutant spl9a/spl9b has a shorter
plastochron length. In addition, the increased node number
on the main stem and branch number is observed in T4 mutant
plants.

The cultivation of soybean varieties with higher oleic acid
content becomes a major goal in breeding (Wu et al., 2020). In
accordance, gene-editing technologies gained an increasingly
important role in soybean studies. Although TALENs have not
been widely used in legumes, there are a few successful TALEN
applications, particularly to increase the oleic acid content and
functional studies. Since the oleic acid content is dependent on
the activity of Fatty Acid Desaturase 2 genes, which are the key
enzymes for converting oleic acid to linoleic acid that oxidizes
readily, most of the studies were focused on introducing
mutations at these genes. For instance, Haun et al. (2014)
focused on increasing the soybean oleic acid content by
targeting FAD2-1A and FAD2-1B genes. For targeting these
two genes, four pairs of TALENs were designed. Only
FAD2_T01 and FAD2_T04 were expressed by plants. The
mutation rate of FAD2_T04 at both genes was 7.2%; on the
other hand, the efficiency of FAD2_T01 was even lower than
FAD2_T04, 3.1% at FAD2-1A, and 1% at FAD2-1B. A decrease in
linoleic acid (down to 4%) together with an increase in oleic acid
content (up to 80%) was obtained. A similar study was performed
by Demorest et al. (2016), targeting FAD2-1A, FAD2-1B, and
FAD3A genes. FAD3A_T1, FAD3A_T2, and FAD3A_T3
TALENs were designed to target the FAD3A gene of the
FAD2-1A and FAD2-1B mutated lines, and they showed
11.2%, 16.0%, and 4.9% mutation rates, respectively. With
these mutations, more than 80% increase in oleic acid and a
reduction in decreased linoleic acid (2%) were obtained.
Moreover, Do et al. (2019) targeted GmFAD2-1A and
GmFAD2-1B genes and created T0 transgenic plants. The fatty
acid profile analysis showed an 80% increase in the oleic acid
content, whereas 1.3%–1.7% decrease in linoleic acid in T1 seeds
homozygous for both GmFAD2 genes. Similarly, Al Amin et al.
(2019) applied the CRISPR-Cas9 system for the mutation of the
FAD2-2 gene in soybean and observed an important level change
in oleic acid/linoleic acid ratios caused by high-frequency
deletions and insertions in the gene. In 2020, Wu and co-
workers also used CRISPR/Cas9 in GmFAD2-1A and
GmFAD2-2A genes to create single and double knock-out
mutants and showed that their function was slightly changed.
Their editing efficiency was determined as 95% for GmFAD2-1A,
55.56% for GmFAD2-2A, and 66.67% for double mutants. They
also determined that the oleic acid content increased up to
73.50%, while the linoleic acid content decreased down to
12.23% in the T2 generation. In addition, these contents
showed similar level changes in the T3 generation.
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Di et al. (2019) enhanced the CRISPR/Cas9 system by using
highly active 5 U6 promoters by targeting Glyma03g36470,
Glyma14g04180, and Glyma06g136900 genes. Results showed
that nucleotide insertion, deletion, and substitution mutations
occurred. The following year, Bai et al. (2020) constructed
70 CRISPR-Cas9 vectors to target 102 candidate genes and
they obtained 407 T0 mutant lines containing all sgRNAs with
59.2% mutagenesis frequency. In addition to this, 35.6% of lines
carried multiplex mutations. As a result, increased nodule
numbers in gmric1/gmric2 double mutants and decreased
nodulation in gmrdn1-1/1-2/1-3 triple mutant lines were
observed.

Zheng et al. (2020) presented easy-to-use binary vector
systems with Cas9 driven by egg cell-specific promoters (ECp).
They targeted two genes, GmAGO7a and GmAGO7b, coding
ARGONAUTE7 (AGO7), which are key regulators in controlling
leaf patterns in soybean. Their results showed that these
promoters can induce mutations and multiple, independent
mutations can be obtained. In another study, Virdi et al.
(2020) generated multiple knockout alleles and also one in-
frame allele for the β-ketoacyl synthase 1 (KASI) gene, which
has a role in changing sucrose to oil, by using CRISPR/Cas9
mutagenesis and their results indicated that genes lost their
function.

Due to the importance of soybean, relatively more CRISPR
studies including the modification of its nutrition value and plant
architecture (leaf patterns and nodule numbers) were carried out
in soybean among other legumes. However, the stable soybean
genetic transformation has not yet been established since the
soybean is still a recalcitrant crop to transformation. With the
improvement of the transformation efficiency, CRISPR studies
could advance future genetic studies in soybean with its efficiency,
multiplex editing, and high-throughput mutagenesis capability
(Bao et al., 2020).

3.4 V. unguiculata (Cowpea)
Cowpea (V. unguiculata (L.) Walp.) is a legume crop that has a
high nutrition content and health benefits. It has an efficient
symbiotic nitrogen fixation (SNF) capability, tolerance to low
rainfall, and low fertilization requirements. Due to these
agronomically important traits, it became one of the most
important legumes worldwide (Ji et al., 2019; Che et al., 2021).
For these reasons, interest in gene-editing approaches in cowpea
is increasing. In 2019, Ji and colleagues demonstrated CRISPR/
Cas9-mediated genome editing in cowpea in non-inheritable
mutated hairy roots by targeting SNF genes. They observed
that nodule formation was completely blocked in the mutants
with both alleles disrupted. Following them, Juranic et al. (2020)
identified three cowpea meiosis genes; SPO11-1 (encodes SPO11
protein, which is the initiator of meiotic double-stranded breaks),
REC8 (encodes meiotic recombination protein), and OSD1
(encodes Ophiostoma scytalone dehydratase protein that
promotes meiotic progression) used CRISPR/Cas9 gene editing
to induce asexual seed formation in cowpea. They determined
biallelic mutations in exon 1 and exon 3 of the SPO11-1 gene
resulting in defects in meiosis leading to complete male and
female sterilities in the T0 plants. Recently, Che et al. (2021) also

knocked out the cowpea meiosis gene VuSPO11-1 by using
CRISPR/Cas9 and observed mutations at the target.

3.5 C. arietinum (Chickpea)
Chickpea (C. arietinum) is a commercially important crop
worldwide, and gene-editing tools can be used to eliminate the
problems in its production. Badhan et al. (2021) performed a
study that targeted drought tolerance-associated genes, 4-
coumarate ligase (4CL) and Reveille 7 (RVE7), for CRISPR/
Cas9 editing in chickpea protoplast and the knock-out of the
RVE7 gene showed high-efficiency editing in vivo. These results
showed that CRISPR/Cas9 DNA-free gene editing can be used for
genes associated with drought tolerance in chickpea by utilizing
protoplast. To date, this was the first and only study that used
CRISPR/Cas9 gene editing in chickpea.

3.6 A. hypogaea (Peanut)
Peanut (A. hypogaea) is an important legume crop with a high
oleic acid content. A high oleate spontaneous mutant line (F435),
which contains 80% oleic acid, has previously been identified by
plant breeders via a peanut germplasm screening project (Norden
et al., 1987). In this line, two types of mutations were reported in
the ahFAD2A [a “G” to “A” substitution at 448 bp after the start
codon (G448A) in the ahFAD2A] and ahFAD2B [an “A”
insertion between bp 441 and 442 (441_442insA) in the
ahFAD2B] genes (Lopez et al., 2000). Yuan et al. (2019)
targeted these mutations and in addition, they observed a new
mutation, G451T, in ahFAD2B. These results suggested that the
mutations induced in ahFAD2B by CRISPR/Cas9 may be useful
in developing high oleate lines. Moreover, TALENs are also used
to create targeted ahFAD2 genes in peanut to increase the oleic
acid content (Wen et al., 2018). Two TALEN pairs were
constructed, one of them was used to inoculate 216
regenerated roots and the second one was used to inoculate
105 regenerated roots. Observed mutation frequencies were
8.33% and 12.38%, respectively. Most of the mutations
occurred as small deletions of 1–10 bps. In the mutant lines,
the oleic acid content of seeds was determined as 80.45%, which
means a 2-fold increase when compared to wild-type plants. On
the other hand, the linoleic acid content was decreased down to
3% in the mutant lines and there was no change in the total fatty
acid amount.

Nod factor receptors (NFRs) that initiate a symbiotic
relationship with rhizobia also edited with CRISPR/Cas9 to
reveal out their functions in peanut nodulation (Shu et al.,
2020). The edited mutants with two AhNFR5 genes showed
Nod-phenotype, while two selected AhNFR1 genes containing
mutants still could form nodules after inoculation.

3.7 Non-edited Legume Species
Lentil (L. culinaris) is a diploid and a self-pollinated plant in the
Fabaceae family, containing rich proteins, minerals, fibers, and
carbohydrate sources. Among developing countries and those
whose diets are not based on expensive animal protein, it can
contribute to the prevention of malnutrition and deficiencies in
micronutrients (Kumar et al., 2015). Besides, as lentils add
nitrogen to the soil, the quality of the soil improves (Kumar
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et al., 2021). A draft lentil whole genome sequence is available at
https://knowpulse.usask.ca/lentil-genome, which contains bulk
sequencing, gene prediction, and annotation of the assembled
2.6 Gbp of the genome (Bett et al., 2014; Bett et al., 2016). The
available draft genome sequences can facilitate the sequence-
based targeted candidate genes related to nutrient value, abiotic
and biotic stress responses, herbicide resistance, etc. Genomic
tools and technologies can help to improve lentil breeding. Some
gene transformation efforts are available for lentils. As a
successful example of those studies, the dehydration-responsive
element binding gene (DREB1A), which is involved in plant
responses to abiotic stresses, was transferred to lentils by
Agrobacterium, resulting in drought- and salinity-resistant
transgenic plants (Khatib et al., 2011). In vitro regeneration
after transformation is another important issue. It was
reported that using decapitated embryos than other tissues was
more effective in the generation of shoots (Sarker et al., 2003).
Those attempts supply useful tools for new genome-editing
research. Many candidate genes related to abiotic, biotic stress
factors, and agronomic features have been determined in lentils
(Kumar et al., 2021). However, up to date, there is no new
genome-editing research studying candidate genes in lentils
using ZFNs, TALENs, or CRISPR/Cas9 technologies. Genome-
editing technology can be an easy and cheap way to discover the
function of those candidate genes to provide cultivars with
desired features including stress tolerance or agronomic traits
(Bhowmik et al., 2021).

Pea (P. sativum) is an important legume crop in the world after
the common bean (Phaseolus vulgaris) and has rich components
including dietary proteins, mineral nutrients, complex starch, and
fibers (Bastianelli et al., 1998). Pea’s symbiotic nitrogen-fixing
ability makes it a valuable crop for the development of systems
that improve soil fertility (Mabrouk et al., 2018). In addition, the
pea is an original model organism used by Mendel to construct
the rules of inheritance (Ellis et al., 2011). The pea genome size is
approximately 4.45 Gb. A reference genome was published in
2019, which provides insights into legume genome evolution
(Kreplak et al., 2019). The genomic approach has an essential role
in determining genes for critical features and developing genomic
tools for crop improvement. Although significant progress has
beenmade in pea planting, improving crop yield and quality, crop
development must continue to feed the growing world
population.

Peas are affected by parasitic weeds, viruses, bacteria, and
fungi as much as abiotic stress factors including drought, salinity,
heat, and cold stresses, which result in the loss of yield and
growth. A stable transformation study was successfully applied in
pea transferring cry1Ac gene (encoding protoxin) from Bacillus
thuringiensis (Negawo et al., 2013) and alpha-amylase inhibitor
gene from P. vulgaris (Schroeder et al., 1995) for insect tolerance
via Agrobacterium-mediated transformation method. Another
transformation attempt was applied for transferring antifungal
genes against Fusarium spp. to pea, which resulted in a lack of
stable expression in 3 years of field trials (Kahlon et al., 2017).
Agrobacterium-mediated transformation efficiency and
regeneration frequency were enhanced from seed-to-seed
regeneration using longer infection time and adding zeatin to

the selection medium in a recent study (Aftabi et al., 2017). The
available genome sequence information, successful
transformation, and regeneration applications are factors that
affect the usage of genome-editing tools in vegetable crops (Cardi
et al., 2017). To date, no studies were conducted using new
genome-editing tools in pea, which may be attributed to the
insufficient regeneration (Pandey et al., 2021). The development
of new genome-editing methodologies can provide new
opportunities in breeding to increase yield and produce plants
with high nutritional value.

Common bean (P. vulgaris) is the most used up grain legume
around the world, which has rich nutritious elements including
proteins, vitamins, and minerals (Cichy et al., 2009). The
common bean whole genome sequence has been available
since 2014. In addition, researchers determined genes related
to improved leaf and seed mass in common bean (Schmutz et al.,
2014). Although successful gene transformation studies are
limited in common bean, many indirect and direct gene
transfer attempts have been done (reviewed by Nadeem et al.
(2021)). One of those attempts involved the construction of
transgenic lines that display tolerance to golden mosaic
geminivirus (BgMV-BR) via transferring Rep-TrAP-REn and
BC1 genes to common bean by the biolistic method (Aragão
et al., 1998). Xue et al. (2017) transferred the PvPOX1 gene from a
Fusarium wilt-resistant genotype to a Fusarium wilt-susceptible
genotype by Agrobacterium rhizogenes. Moreover, variable
protocols were applied to improve the regeneration
performance of the plant as other legumes (Nadeem et al.,
2021). Accordingly, Barraza et al. (2015) reported that the
manipulation of PvTRX1h gene, which is the ortholog of a
plant histone lysine methyltransferase involved in plant
hormone synthesis, can help to overcome recalcitrant
regeneration problems in the plant as it regulates somatic
embryogenesis in common bean callus. Researchers have also
tried to improve the tolerance of common bean to major biotic
diseases (white mold, bacterial blight, rust, halo blight,
anthracnose, and pests) and abiotic stresses. Besides, some
other features in the common beans including higher content
of minerals (iron and zinc), fast cooking time, canning quality,
harvest index, and market class/seed color are significant
breeding preferences (Assefa et al., 2019). Although the
availability of the whole genome information, CRISPR/Cas, or
other genome-editing tools has not been utilized up to now in
common bean genetic research, gene-editing technologies can be
applied to common bean research to obtain stress-tolerant plants
and to meet common bean breeding priorities.

Faba beans have growing advantages over other legumes in
cold temperatures; therefore, they are suitable for sustainable
farming applications (Temesgen et al., 2015). Furthermore, like
other legumes, faba beans have valuable systems to raise soil
fertility. Faba bean breeding maintains the need for food and feed,
which has a valuable source of protein, fiber, and other nutrients
(Khazaei et al., 2021). Publicly available genome sequence data of
faba bean are not available, which can be the result of the
hardness of assembling the huge genome (Cooper et al., 2017).
Faba bean is one of the legume species that transformation and
regeneration efficiency are mostly hard although the availability
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of the attempts obtained by Agrobacterium-mediated
transformation with low transformation efficiency (Cardi et al.,
2017; Maalouf et al., 2019). One of these attempts was firstly made
by Böttinger et al. (2001) who used in vitro development of
internode stem segments invaded by Agrobacterium and by
Hanafy et al. (2005) who cut out embryo axes infiltrated by
Agrobacterium to obtain stable transgenic lines. Moreover, abiotic
stress-tolerant lines were reported by Hanafy et al., 2013 by
transforming the potato PR10a gene to faba bean by the same
transformation method. Many biotic and abiotic stress factors
including heat, insects, viruses, and parasitic weeds cause
decreased faba bean yields (Cernay et al., 2015; Maalouf et al.,
2019). TALEN technology, which is one of the genome-editing
tools, has been applied to construct disease tolerance in plants. It
was achieved by upregulating resistance gene expression via an
engineered promoter site, which can bind multiple TALL
effectors (Romer et al., 2009) or by changed TALL binding
regions of promoters in sugar transporter genes, which are
targeted by pathogens to stimulate tolerance in rice (Li et al.,
2012; Xiao, 2012). Another advantageous method, namely
CRISPR/Cas9, can be used to gain plant virus resistance by
destructing the viral genome or by modifying the plant
genome for resistance (Lenka et al., 2020). Moreover, vicine
and convicine limiting faba bean consumption were defined as
pyrimidine glycosides in cotyledons of faba bean, which are toxic
effects for humans with a mutation in the enzyme of glucose-6-
phosphate dehydrogenase (Luzzatto and Arese, 2018; Khazaei

et al., 2021). Those compound levels can be controlled using new
genome-editing tools in faba bean.

Mung bean (Vigna radiata) is a rapidly growing legume in
warm climates in the Fabaceae family. Mung bean has rich dietary
protein, folate, and iron in the seeds compared to other legume
species (Keatinge et al., 2011). Also, mung bean plants can keep
atmospheric nitrogen, which provides improved soil fertility
(Maalouf et al., 2019). The whole genome sequence of V.
radiata var. sublobata published in 2014 has enabled genomic
research and molecular breeding of mung bean (Kang et al.,
2014). However, limited mungbean germplasm and
incompatibility with wild relative species affect mung bean
breeding (Aasim et al., 2019). In addition, biotic and abiotic
stresses also reduce mung bean production. Therefore, progress
in transformation technologies supports researchers to develop
lines that can cope with abiotic and biotic stress factors. Although
genetic transformation efficiency was low in mung bean, many
studies via Agrobacterium-mediated transformation are available
for different agronomic features such as insecticidal (Saini et al.,
2007), oxidative stress tolerance (Yadav et al., 2012), and salt
stress tolerance (Sahoo et al., 2016). In those studies, the selection
of the explants, transformation vectors, and selective agents are
the significant factors that affect the success of the transformation
efficiency (reviewed by Tripathi et al. (2021)). Although there are
no studies using new genome-editing tools in mung bean, the
availability of the whole genome sequence and improvement of
the in vitro regeneration and transformation procedures can

FIGURE 3 | Strategies for improving legume breeding.
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enable the usage of those more sophisticated genome-editing
tools to obtain crops with desirable features.

The availability of whole-genome data on the most common
non-edited legume species including lentil, pea, common bean,
and mung bean, which have abundant nutrients for the human
diet worldwide, may allow genome-editing approaches to be
developed. Identification and demonstration of the functions
of genes related to abiotic and biotic stress tolerance, yield and
quality, etc., represent a broad application area for new genome-
editing tools to improve those characteristics in the important
legume crops that are valuable for human nutrition. Furthermore,
legumes are indispensable to soil fertility, so symbiotic nitrogen-
fixing pathways could prove useful in genome-editing
applications that aim to improve soil quality. Although there
have been some promising attempts, the low transformation
efficiency and the recalcitrant regeneration problems in those
legumes appear to be the most significant limitations, which may
be one of the common reasons for the lack of new genome-editing
attempts. In order to realize the substantial improvement
promised by new genome-editing techniques in those legumes
with serious potential, new approaches to improve
transformation and regeneration efficiency are critical for the
adequate feeding of a large part of the world.

4 FUTURE PROSPECTS

4.1 Future of Genome-Editing Technologies
in Legumes
Crop breeding and functional genomics have progressed rapidly
with genome-editing research including the Nobel prize awarded
system, CRISPR. Recent advancements in genome-editing
research have increased the accuracy and efficiency of
modifying genes by adding or removing the genetic material.
Besides, genome-editing technologies have been performed to
facilitate the manipulation of single or multiple genetic loci in
different plants. The recently sequenced variable legume genomes
are a valuable source of information for researchers with better
applications of gene-editing tools. Therefore, a thorough
understanding of legume genomic sequences and their
functions is essential for efficient genome editing. It is possible
to develop new legume varieties with the identification of genes
that control certain traits in legumes, such as taste, size, disease
resistance, and drought tolerance.

Gene-editing technology is an efficient, precise, and crucial
way of meeting the health needs of an increasingly populous
world and helping farmers cultivate better crops. In addition to
agricultural implications, CRISPR technology could be used more
widely in the future to clarify genomic structures and their role in
all plants and legumes. For instance, CRISPR technology may
improve the understanding of transcriptional regulation of Cas9
and Cpf1, themonitoring of genetic loci andmechanisms, and the
regulation of promoter activity in plants (Ahmar et al., 2020).
Furthermore, it will cover single-nucleotide polymorphisms
(SNPs), as well as genome-wide association studies to change
and better understand the epigenetic behavior of legumes. By
creating a genome-wide association study in M. truncatula, this

technique was able to identify the nodulation-associated genes
(Curtin et al., 2017) and also the mutational research of five
different nodule-related PLAT domains (NPD1-5), and member
genes of the nitrate peptide family (NPD) have been identified
(Trujillo et al., 2019; Wang, L., et al., 2020).

Hairy root transformation is a long been used technique
that enables the production of transgenic roots in a quick and
straightforward manner. It is mainly chosen when there are no
protocols existing for stable transformation and regeneration,
or the desired traits were only seen in roots (Christey, 2001).
Recently, a study described the possibility of editing the
genomes of transgenic hairy roots using CRISPR/Cas9
(Kiryushkin et al., 2022). This study concluded that by
combining these techniques, it is possible to study gene
function quickly and efficiently. Therefore, Hairy CRISPR,
the term used in Kiryushkin’s study, can be considered as
another alternative application of genome engineering tools to
overcome genome-editing problems in recalcitrant legume
species.

CRISPR/Cas9 utilization in legume breeding programs can be
implemented in the future to improve different prominent
agronomically important features including biotic and abiotic
stress resistance, quality and nutritional value increase,
augmentation of carotenoid content, and obtaining sulfur-
containing amino acids (Figure 3). Novel studies discussed in
this review show that genome-editing technologies including
CRISPR/Cas9 have been widely used for gaining significant
traits for legumes, but it is still needed to improve efficient
regeneration and transformation systems, reliable screening
and selection strategies, and construction of multi-purpose
vector systems.

To overcome these problems, several approaches that could be
used in near future are summarized as follows:

-Since legumes still have low regenerative capacity, de novo
meristem induction (Maher et al., 2020) could be used to
eliminate tissue culture steps.
-To improve transformation efficiency, new methods could be
developed, including the delivery of transformation vectors
into germline cells (Zaidi et al., 2020).
-Using inducible promoters (i.e., heat-inducible CRISPR)
instead of constitutively active promoters could also help to
increase the efficiency of gene targeting in legumes, as it
worked well in maize (Barone et al., 2020).
-CRISPR still needs to be improved to reduce off-targeting for
its extensive use in legumes.
-Although pea is still not gene-edited, its eIF4E virus-
resistance allele (eIF4E1)-encoded N176K substitution with
base-editing of the Arabidopsis eIF4E1 gene generated clover
yellow vein virus (ClYVV)-resistant Arabidopsis plants (Bastet
et al., 2019). Biomimicking of this natural polymorphism that
existed in legumes could be used for the induction of biotic
stress tolerance in crops as well as other legumes.
-Even though CRISPR eliminates the possibility of the
presence of foreign DNA in the final product, extended
field trials should also be carried out to see the
performance of the GE plants prior to their commercialization.
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4.2 Regulatory Framework of
Genome-Edited Legume Crops
In this section, genome-editing application and regulatory
framework to all plants were examined in detail, since there is
no specific regulation for genome-edited legumes. Both public
and private breeders believe that gene editing, the latest
innovation in genetic engineering, has great potential to
develop new plant varieties. It is possible to edit the genome
in several ways resulting in different products: allele replacement,
site-directed deletions, site-directed insertions (or site-directed
nucleases-SDN-1/2/3 in the terminology of Friedrichs et al.
(2019a)), and base conversion (Marzec and Hensel, 2020).
CRISPR/Cas9 genome-editing system, one of the most widely
used genome-editing systems, has gained wide-scale adoption for
its application in biomedicine, agriculture, industrial
biotechnology, and other bioeconomy sectors (Friedrichs et al.,
2019b). According to the jurisdiction, each of these may be
subject to a different regulatory approach. Plant breeders
might need to meet different requirements for research, legal,
regulatory, and marketing when developing new genome-edited
plants using those “genome-editing techniques” (Entine et al.,
2021). In many countries, gene-editing regulation initially caused
a great deal of confusion, which has been cleared up in the past
4 years. The advent of genome editing has brought new regulatory
challenges, particularly in relation to regulatory differences and
traceability, which can lead to new types of obligations and trade
dilemmas. Across many countries and regions in the world,
different regulatory approaches were examined in this section.

GE/GM organisms are regulated in Australia, New Zealand,
Europe, and India through a process-driven regulatory trigger.
These jurisdictions are revising the content of their regulatory
definitions to reveal whether all kinds of genome editing are
covered under their existing GE/GM regulatory frameworks. The
current situation has shown that all plant varieties produced
using the gene-editing technology would have to meet the same
standards as GMOs as required by the European Union (EU). A
Technical Review of the Gene Regulations had been started by the
Office of the Gene Technology Regulator (OGTR) for Australia in
October 2016, which resulted in some proposed changes.
According to these new regulations, GMO regulations would
not apply to organisms modified with site-directed nucleases
without templates for genome repair (i.e., SDN-1). As with
organisms modified by oligonucleotide-directed mutagenesis,
organisms modified using a template to direct genome repair
(e.g., SDN-2, SDN-3, etc.) are GMOs. There is still an ongoing
discussion among regulatory agencies regarding the regulation of
all new technologies according to the existing regulatory
framework in India.

GE/GM and genome-editing products are regulated in Canada
and the United States according to a product trigger, under which
the novelty of a particular trait is evaluated on a case-by-case
basis, regardless of the technology used to develop it. Leader in the
production of GM crops, the United States has proclaimed that
any crop variety containing no foreign genes would be regarded
as a conventionally bred crop variety rather than a GM crop. A
risk-based, product-triggered regulatory approach is followed in

Canada. Biotechnology products derived from gene editing in
Canada are subject to a pre-market safety assessment only if they
are new (i.e., display a new characteristic) and could pose new
risks. Gene-edited products do not need pre-market safety
assessments in Canada if they do not exhibit a novel trait
(i.e., “novel” refers to “new to the Canadian environment or to
the food or feed supply in Canada”). Argentina was one of the first
countries to adopt a regulatory solution for new (plant) breeding
techniques (N(P)BTs) in 2015, covering the genome-editing
subcategory as part of it. If the NBT contains no new genetic
material, a non-GM regulatory classification is implemented.

Consequently, genome editing is regulated in different ways in
different countries. Because of country-specific regulations,
genome-editing regulations are not harmonized globally.
Moreover, a variety of regulatory and policy approaches to
genome editing need to be understood by different
jurisdictions. Although uniform global approaches are not
possible, a common understanding is essential for reducing the
troubles arising from the use of different regulations. There are
many potential applications of genome-editing technology, from
medicine and healthcare to food and agricultural production that
could help address many of the grand challenges facing the 21st
century society. Therefore, market acceptance of genome editing,
as well as a transparent discussion of both risks and benefits, will
be crucial to any governance activity. Due to the complexity of
genome-editing technology, regulators and risk assessors must
update their knowledge to respond to escalating information
requirements. For genome editing to become a marketable
technology, all stakeholders need to prioritize both
communication and information exchange. Both advocates
and opponents should explain risks based on science without
sensationalizing or scaring the public.

5 CONCLUSION

Emmanuelle Charpentier and Jennifer Doudna were awarded the
2020 Nobel prize in Chemistry due to the usage of the world’s most
popular genetic engineering tools, CRISPR/Cas, in medicine,
agriculture, and food industries. Although CRISPR technology
has more time for routine use in legumes, it is clear that this
new-generation genome-editing technology will make important
contributions to legume breeding studies to raise productivity and to
improve biotic and abiotic stress tolerance with the improvement of
technical (i.e., regeneration and transformation) capability of the
legumes together with a reduction of off-targets, generation of
multiple PAM site selection system, development of tissue-culture
free protocols, enhancement of HDR and viral vector efficiencies for
CRISPR, and regulatory and policy environment.
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Genome-wide Association Study for
Yield and Yield-Related Traits in
Diverse Blackgram Panel (Vigna
mungo L. Hepper) Reveals Novel
Putative Alleles for Future Breeding
Programs
Lovejit Singh1†, Guriqbal Singh Dhillon2†, Sarabjit Kaur2†, Sandeep Kaur Dhaliwal 1,
Amandeep Kaur2†, Palvi Malik2†, Ashok Kumar3, Ranjit Kaur Gill 1 and Satinder Kaur2*†

1Department of Plant Breeding and Genetics, Punjab Agricultural University, Ludhiana, India, 2School of Agricultural
Biotechnology, Punjab Agricultural University, Ludhiana, India, 3Regional Research Station, Punjab Agricultural University,
Gurdaspur, India

Blackgram (Vigna mungo L. Hepper) is an important tropical and sub-tropical short-
duration legume that is rich in dietary protein and micronutrients. Producing high-yielding
blackgram varieties is hampered by insufficient genetic variability, absence of suitable
ideotypes, low harvest index and susceptibility to biotic-abiotic stresses. Seed yield, a
complex trait resulting from the expression and interaction of multiple genes, necessitates
the evaluation of diverse germplasm for the identification of novel yield contributing traits.
Henceforth, a panel of 100 blackgram genotypes was evaluated at two locations (Ludhiana
and Gurdaspur) across two seasons (Spring 2019 and Spring 2020) for 14 different yield
related traits. A wide range of variability, high broad-sense heritability and a high correlation
of grain yield were observed for 12 out of 14 traits studied among all environments.
Investigation of population structure in the panel using a set of 4,623 filtered SNPs led to
identification of four sub-populations based on ad-hoc delta K and Cross entropy value.
Using Farm CPU model and Mixed Linear Model algorithms, a total of 49 significant SNP
associations representing 42 QTLs were identified. Allelic effects were found to be
statistically significant at 37 out of 42 QTLs and 50 known candidate genes were
identified in 24 of QTLs.

Keywords: Vigna mungo, heritability, yield, GWAS, MTA, QTL, allelic effects

INTRODUCTION

Blackgram (Vigna mungo L. Hepper), a diploid (2n = 2X = 22), short duration legume crop of
family Leguminaceae, was domesticated in Northern South Asia from progenitor Vigna mungo
var. silvestris (Lukoki et al., 1980). It is cultivated throughout Southeast Asia because of its
multiple benefits to soil and human health. It is nutritionally important crop with about 25%
protein—nearly three times that of cereals, 60% carbohydrates, 1.3% fat (Das et al., 2021) as well
as important vitamins and minerals (Ghafoor et al., 2001), making it a balanced vegan diet when
supplemented with cereals. The ability of its roots to fix atmospheric nitrogen (42 kg/ha/year)
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(Dey et al., 2020) contribute towards soil health while deep-
roots prevents soil erosion by binding soil particles. Short
duration of blackgram makes it suitable for intercropping with
corn or millet or rotation with cereals like rice or wheat
(Muthusamy and Pandiyan, 2018), adding another benefit
for farmer.

India is the largest producer and consumer of blackgram as
it is colossally grown in almost every agro-climatic zone
(Raizada and Souframanien, 2021). However, the crop
accounts for only 13% of the total area (56.02 lakh
hectares) and 10% of total pulses production (30.60 lakh
tons) in India (Muthusamy and Pandiyan, 2018) with
productivity of 5.46 quintals per hectare (Singh et al.,
2020). Moreover, around 2-3 million tons of pulses are
imported annually to fulfill the domestic consumption
requirement. Despite the economic and nutritional value
of black Gram, the sluggish growth in production is due to
lack of commercialized market setup, multiple biotic stresses
(mosaic, seedling blight, leaf blight, leaf crinkle virus, leaf
folder, Bihar hairy caterpillar, whitefly) and abiotic stresses
(drought, salinity, waterlogging). Photo- and thermo-
sensitivity of crop with indeterminate habit of flowering
and fruiting leads to competition of assimilates between
vegetative and reproductive sinks throughout the growth
period causing low harvest index and poor grain yield
(Somta et al., 2019; Sahu et al., 2020).

The expansion of the crop is constrained by lack of genetic
and genomic resources along with limited diversity (Chaitieng
et al., 2006; Gupta et al., 2008; Somta et al., 2019 A systematic
program of identification, genetic and genomic
characterization and utilization of diverse germplasm is
required for successfully decoding the genetic architecture
of agronomically important traits for blackgram
improvement. Genome and transcriptome sequencing
(Pootakham et al., 2021; Raizada and Souframanien, 2021),
developing dense molecular linkage maps, and using high-
throughput genotyping techniques can widen the horizons
improvement of this crop. Genotyping–by- sequencing
(GBS) is one of the cost-efficient genomic techniques which
includes multiplex sequencing of a subset of the genome and
generates numerous SNP markers for linkage mapping
(Varshney et al., 2009; Elshire et al., 2011; Noble et al.,
2018). Genome wide association studies (GWAS) coupled
with GBS have been promising tool for estimating the
genetic diversity in different crops of soybean (Hwang et al.,
2014), chickpea (Plekhanova et al., 2017), cowpea (Xu et al.,
2017), pigeonpea (Varshney et al., 2009), and mungbean
(Sokolkova et al., 2020) providing insights to underlying
genetic architecture of complex traits (Lorenz et al., 2010;
Scherer and Christensen, 2016).

In the present study we performed the GWAS on diverse
blackgram germplasm panel to assess its genetic diversity and
population structure, and to identify MTA (Marker trait
associations) involved in yield and yield related traits using
GBS. This study provides a unique genomic resource for the
genetic dissection of important traits aimed at blackgram
improvement.

MATERIALS AND METHODS

Plant Material and Field Trials
A panel consisting of 100 blackgram (V. mungo) genotypes was
used for the present study. These included 54 genotypes procured
fromNational Bureau of Plant Genetic Resources (NBPGR), New
Delhi, India, while, the remaining genotypes were from
germplasm collection of Punjab Agricultural University
(PAU), Ludhiana, India (Supplementary Table S1). The
genotypes were evaluated using a simple lattice design (10 ×
10), in two replications at two locations (Ludhiana and
Gurdaspur) across two seasons (Spring 2019 and Spring 2020).
The seeds were sown in a 2 m long row with 10 cm plant to plant
spacing and 30 cm row to row spacing. Ludhiana (30.9°N,
75.85°E) lies in a sub-tropical zone characterized by relatively
high temperatures and low precipitation while Gurdaspur region
(32.02°N, 75.24°E) is characterized by lower temperature and high
humidity coupled with abundant rainfall. The weekly mean
temperature, relative humidity and rainfall for Ludhiana and
Gurdaspur have been given in Supplementary Figure S1.

Phenotypic Evaluation and Statistical
Analysis
Data was collected in three replicates from five randomly selected
plants of each genotype in each replicate for plant height at 90%
pod maturity (PHM), branches per plant (BpP), nodes per plant
(NpP), internodal length (IL = PHM/NpP), clusters per plant
(CpP), pods per plant (PpP), pod length (PL), seeds per pod
(SpP), biological yield per plant (BYpP), yield per plant (YpP),
harvest index (HI) and hundred seed weight (HSW). Days to 50%
flowering (DtF) and days to 90% pod maturity (DtM) were
recorded based on the entire plot. For phenotypic analysis,
environments were designated as E1 (Ludhiana, year 2019), E2
(Ludhiana, year 2020), E3 (Ludhiana combined for years 2019 &
2020), E4 (Gurdaspur, year 2019), E5 (Gurdaspur, year 2020) and
E6 (Gurdaspur combined for years 2019 & 2020). Due to the
significant differences between two selected locations, combined
analysis over two selected locations has not been done.
Descriptive statistical analysis across all the environments was
done using Meta-R v6.0 software (Alvarado et al., 2020).
Statistical analysis for individual and multi-environment was
performed using “lme4” (Bates et al., 2015) and “Residual
Maximum Likelihood (REML)” (Laird and Ware, 1982)
methods. The linear model for analyzing individual
environments for simple lattice design was done using the
formula:

Yijk� μ + Repi+Blockj(Repi)+Genk + εijk
(across replicates, within environment)

Yijk1� μ + Year1+Repi(Year1)+Blockj(Year1Repi)+Genk+Genk

x Year1 + εijk1(across replicates, across environment)

where Yijk and Yijkl represent the trait of interest, μ is the overall
mean effect, Repi is the effect of ith replicate, Blockj (Repi) is the
effect of jth incomplete block within the ith replicate, Genk is the
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effect of the kth genotype and εijk is the error effect associated with
the ith replication, jth incomplete block and kth genotype,
assumed to be normally distributed with zero mean and
variance σ2ε (Alvarado et al., 2020). Yearl and Genl x Yeari are
the effects of the lth year and Genotype x Year (G x Y)
interactions represented by effect on the ith genotype in the
lth year in the linear model for integrated analysis for multi-
environment (across the years). The resulting analysis produced
the adjusted trait phenotypic values as BLUPs (Best linear
unbiased predictions) within and across environments. The
genotypes are considered random effects in the BLUPs model,
minimizing/eliminating the effect of the environment from
phenotypic effects. The broad-sense heritability of trait at
individual environment and across environments was
calculated as

H2 � σ2g
σ2
g + σ2

e/n reps
(Across replicates,within environment)

H2 � σ2g

σ2g+
σ2ge
n env + σ2e

(n reps × n env)
(Across replicates, across environment)

Where σ2g and σ2e are the genotype, and error variance
components, respectively, σ2ge is genotype by environment
interaction variance, n env is the number of environments,
and n reps is the number of replicates. The estimated broad-
sense heritability provides valuable insight into the breeding
program’s quality, with all effects considered as random effects
(Alvarado et al., 2020). The LSD at 5% level of significance was
calculated as

LSD � t(1 − 0.05, dfErr)XASED

where t is the cumulative Student’s t-distribution, 0.05 is the
selected α level (5%), dfErr is the degrees of freedom for error in
the linear mixed model, and ASED is the average standard error
of the differences of the means. The coefficient of variation (%)
was calculated as:

CV �
�����
MSE

√
GrandMean

X 100

where MSE is the mean squared error, and Grand mean is the
mean of the trait. BLUPs for recorded traits in all environments
were plotted using the ggplot2 v3.3.2 package (Wickham, 2016) in
R v4.0.3 (Core R Team 2019).

DNA Isolation and Genotyping
Total genomic DNA was isolated from fresh leaves of single plant
of each genotype using modified cetyl trimethyl ammonium
bromide (CTAB) method (Saghai-Maroof et al., 1984).
Genotyping-by-sequencing (GBS) of DNA samples was
outsourced to Novogene Co. Ltd., China. The GBS library was
prepared using double digest restriction enzyme DNA (ddRAD)
and sequencing was done with Illumina HiSeq 2000. The raw
FASTQ files (obtained from Illumina pipeline CASAVA v1.8.2)
were processed for quality control and filtered using
Trimmomaticv0.39 software (Bolger et al., 2014) Reads with

no matching barcode or cut sites overhangs, having more than
10% unidentified bases (N), with adapter dimers, with lower
quality reads, and with Qphred score less than 34, were excluded
from further analysis. High-quality paired end reads were aligned
using Burrows-Wheeler Aligner (BWA) (Li et al., 2009) to Vigna
radiata reference genome (ftp://ftp.ncbi.nlm.nih.gov/genomes/
all/GCF/000/741/045/GCF_000741045.1_Vradiata ver6). A
quality threshold score of 10 was applied to validate SNP loci
(Wu et al., 2020). Sorted binary alignment map (BAM) files were
converted to variant caller format (vcf) files using mpileup
function of bcftools v1.10.2 in samtools v1.10 software package
(Li et al., 2009) with minimum read depth ≥4. Haplotype map
(hapmap) format files were generated from vcf files using Tassel
v5.0 software (Bradbury et al., 2007). After SNP calling, raw
hapmap file was filtered by removing indels, minor allele
frequency (maf) > 0.05, genotype missing data less than 10%
and heterozygosity less than 30% (Torkamaneh et al., 2020). The
generated raw reads were submitted to the NCBI sequence read
archives (SRA) with accession number PRJNA802066.

Population Structure and Phylogeny
Analysis
Bayesian-based approach in STRUCTURE v2.3.4 software (Pritchard
et al., 2000) using a burn-in period of 10,000 and Markov chain
Monte Carlo iterations of 100,000 for k ranging from 1 to 8 was done
to investigate the population structure of germplasm. Evanno’s
method (Evanno et al., 2005) and cross-entropy method (Chan
and Kroese, 2012) were used to obtain an optimum number of sub-
populations. Filtered SNPs were used to calculate genetic distance
among genotypes and the phylogenetic tree was constructed using
neighbour-joining tree in TASSEL v5.0 (Bradbury et al., 2007) and
visualized in iTOL v5 (Letunic and Bork, 2016).

Genome-Wide Association Analysis
Filtered SNPs and BLUPs were used to perform association
analysis using the Mixed Linear Model (MLM) (Zhang et al.,
2010) and FarmCPU algorithms (Liu X. et al., 2016) with
GAPIT v3 (Lipka et al., 2012) in R v4.0.3 (Core R Team 2019).
The FarmCPU method was used to control false positives and
false negatives by iteratively using a fixed-effect model (FEM)
and random effect model (REM), testing marker associations
from FEM as covariates in REM. p-value of 0.001 or -log10
p-value of 3.00 was used as a threshold to determine the
significance of association (Ikram et al., 2020). The marker-
trait associations (MTAs) identified for the same trait within a
region of 100bp was considered as part of one QTL. The
phenotypic variation explained (PVE) by each significant
SNP was calculated as the squared correlation between the
phenotype and genotype of the associated SNP (Bhandari et al.,
2020). MTAs were considered stable QTLs if they were
identified across all the environments of the respective
locations with -log10 p-value ≥ 3 and PVEW ≥10%. t-test
based determination of significance based on phenotypic
data in two allelic groups was estimated at p-value ≤ 0.05
(Xiong et al., 2019).
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Postulation of Candidate Genes and KEGG
Pathway Analysis
Candidate genes were postulated using the functional gene
annotations of Vigna radiata reference genome (www.ncbi.
nlm.nih.gov/assembly/GCF_000741045.1). A window of 200-
kb region, upstream and downstream of the associated SNPs
was searched to identify already reported candidate genes related
to different traits studied (Park et al., 2019). Selected candidate
genes were subjected to Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis using Omics box 2.0.36 combined
pathway analysis plugin.

RESULTS

Phenotypic Evaluation
All the recorded traits showed high variability across the six given
environments (Figure 1). All the traits followed normal
distribution if considered in environments of each location
however if compared across the two locations, the distribution
of traits showed skewness. All the genotypes performed better in
Gurdaspur than in Ludhiana. The negative skewness of trait data

for the Gurdaspur location indicated an overall better
performance of genotypes there, as compared to Ludhiana
(Figure 1; Table 1). Since BLUPs accounted for the variation
across the years for individual locations, the phenotypic
evaluation is explained only for E3 and E6 to explain the
overall variation at a particular location, for ease of
understanding the variations (Table 1; Supplementary Table
S2). DtM, and PL at Gurdaspur, and HI at Ludhiana were
negatively skewed while all the other traits were either
positively skewed or normally distributed (Figure 1).
Genotypes sown in Gurdaspur showed delayed flowering (E6:
40.65–49.27 days) as compared to Ludhiana (E3:
39.42–47.08 days). The variation in DtM at Gurdaspur (E6:
68.88–90.73 days) were higher than at Ludhiana (E3:
63.62–73.33 ± 2.3 days) with delayed maturation at Gurdaspur.
The observed range of CpP and PpP was 5.59–17.08, and
12.07–40.43, respectively, at Ludhiana (E3) whereas
7.62–23.35, and 17–50.28, respectively, at Gurdaspur (E6),
indicating better plant phenology at Gurdaspur. The range of
PL was slightly more in Gurdaspur (E6: 03.85–05.16 cm) than
Ludhiana (E3: 03.66–04.46 cm), eventually leading to higher SpP
in Gurdaspur (E6: 05.63–07.68) than Ludhiana (E3: 05.45–07.08).
Larger variability along with higher values were observed for

FIGURE 1 | Distribution of 14 characters measured for 100 blackgram germplasm lines across all environments- Ludhiana 2019 (E1); Ludhiana 2020 (E2);
Ludhiana combined across years (E3); Gurdaspur 2019 (E4); Gurdaspur 2020 (E5) and Gurdaspur combined across years (E6).

Frontiers in Genetics | www.frontiersin.org July 2022 | Volume 13 | Article 8490164

Singh et al. Yield Related QTLs in Blackgram

180181

http://www.ncbi.nlm.nih.gov/assembly/GCF_000741045.1
http://www.ncbi.nlm.nih.gov/assembly/GCF_000741045.1
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


BYpP at Gurdaspur (E6: 14.94–45.85 g) relative to Ludhiana (E3:
13.57–30.83 g). At Ludhiana (E3), YpP ranged from 2.45 to 8.44 g
whereas it varied from 2.83 to 9.83 g at Gurdaspur (E6). HSW
ranged from 3.71 to 5.26 g at Ludhiana (E3) and 4.12–5.33 g at
Gurdaspur (E6). The five best performing genotypes representing
best of all the traits at Ludhiana and Gurdaspur are presented in
Supplementary Table S3.

Higher broad sense heritability (H2) for all traits under all
environments suggested strong genetic control (Table 1). Highest
H2 was observed for PHM (0.99 and 0.98), whereas lowest for DtF
(0.61 and 0.91) both at Ludhiana and Gurdaspur. CpP (E3—0.93;
E6—0.93), PpP (E3—0.93; E6—0.92), PL (E3—0.81; E6—0.95),
SpP (E3—0.82; E6—0.92), BYpP (E3—0.96; E6—0.97), YpP
(E3—0.96; E6—0.96), HSW (E3—0.94; E6—0.92) and HI
(E3—0.95; E4 - 0.94) also recorded high H2.

SNP Calling
A total of 35, 49,948 raw physically mapped SNPs were obtained
through GBS using the genome sequence of Vigna radiata as
reference (Kang et al., 2014). Of these SNPs, 26, 39,464 were
mapped onto 11 chromosomes while 9, 10,484 were mapped to
non - chromosomal contigs. After filtering only 6,967 SNPs were
retained of which 2,344 SNPs mapped to non-chromosomal
contigs were removed and 4,623 on chromosomal regions
used for further analysis (Supplementary Table S4, Figure 2).

The highest density of SNPs was observed in Chr 4 (18.60
markers per Mb), whereas the lowest density was observed in
Chr 3 (4.86) with an average density of 15.23 markers per Mb.

Population Structure and Phylogenetic
Analysis
Four sub-populations (K = 4) were depicted by both the
methods of second-order rate of change of the likelihood
(Figure 3A) as well as cross-entropy value (Figure 3B). The
graphical representation of four sub-populations against the
admixture coefficient showed that more than 50% of the
genotypes contributed to one sub population (Figure 3C).
The allele frequency divergence was highest between sub-
population two and four and the lowest between 3 and 4
(Supplementary Table S5). Average distances or expected
heterozygosity of individuals within the same cluster were
0.3780 (sub-population 1), 0.2719 (sub-population 2),
0.0551 (sub-population 3) and 0.0250 (sub-population 4)
(Supplementary Table S5). The mean Fst value of sub-
populations 1, 2, 3 and four were 0.0203, 0.4537, 0.8040
and 0.9098, respectively (Supplementary Table S5).
Multivariate analysis also classified the germplasm into four
clusters affirming the results of structure analysis. The
germplasm’s phylogenetic structure using an unweighted

TABLE 1 | Phenotypic evaluation of 100 V. mungo genotypes for 14 traits recorded at two locations of Ludhiana and Gurdaspur as BLUPs of 2 years.

Trait Env Mean ± SD Range Geno.Sign LSD CV H2

DtF E3 41.81 ± 1.3 39.42–47.08 2E-28 01.97 03.61 0.85
E6 44.57 ± 1.7 40.65–49.27 1E-26 01.81 02.64 0.91

DtM E3 68.22 ± 2.3 63.62–73.33 2E-39 02.56 02.78 0.92
E6 82.29 ± 4.7 68.88–90.73 1E-35 03.78 02.71 0.94

PHM E3 20.93 ± 5.7 13.70–59.37 3E-82 02.85 09.77 0.99
E6 29.90 ± 10.3 17.07–94.34 1E-73 05.66 12.60 0.98

BpP E3 02.98 ± 0.9 01.33–05.05 2E-54 05.76 07.28 0.95
E6 03.49 ± 0.7 01.82–05.86 2E-63 04.44 04.45 0.97

NpP E3 09.84 ± 1.8 07.03–16.41 3E-41 01.59 12.00 0.92
E6 12.74 ± 2.3 07.98–20.73 8E-43 02.14 11.57 0.93

IL E3 02.18 ± 0.7 01.14–06.69 8E-71 00.37 12.19 0.98
E6 02.35 ± 0.5 01.21–04.78 4E-47 00.45 13.37 0.94

CpP E3 09.19 ± 1.7 05.59–17.08 2E-47 01.53 12.28 0.93
E6 13.23 ± 3.2 07.62–23.35 6E-46 02.48 13.85 0.93

PpP E3 23.89 ± 5.4 12.07–40.43 7E-46 04.80 14.45 0.93
E6 27.43 ± 6.0 17.00–50.28 7E-46 04.93 13.32 0.92

PL E3 04.19 ± 0.1 03.66–04.46 9E-16 00.48 05.02 0.81
E6 04.53 ± 0.3 03.85–05.16 4E-55 00.32 04.94 0.95

SpP E3 06.30 ± 0.4 05.45–07.08 3E-16 00.68 06.65 0.82
E6 06.68 ± 0.5 05.63–07.68 6E-42 00.57 06.22 0.92

BYpP E3 21.08 ± 4.0 13.57–30.83 4E-52 03.54 11.48 0.96
E6 25.82 ± 5.3 14.94–45.85 2E-64 03.60 09.80 0.97

YpP E3 04.45 ± 1.3 02.45–08.44 9E-62 00.72 11.45 0.96
E6 05.28 ± 1.4 02.83–09.83 5E-57 00.82 11.35 0.96

HSW E3 04.53 ± 0.3 03.71–05.26 5E-48 00.29 04.58 0.94
E6 04.56 ± 0.3 04.12–05.33 4E-38 00.30 04.61 0.92

HI E3 21.53 ± 4.6 09.49–30.55 2E-52 02.99 09.82 0.95
E6 21.08 ± 4.3 11.92–29.62 4E-48 03.32 11.44 0.94

aSD -standard deviation, LSD- least significant difference, CV- coefficient of variation, H2
—Broad sense heritability, Geno. Sign.-Genotype Significance.

bLudhiana BLUPs, 2 years (E3); and Gurdaspur BLUPs, 2 years (E6).
cDays to 50% flowering (DtF); Days to 90% pod maturity (DtM); Plant height at 90% pod maturity (PHM); Branches per plant (BpP), Nodes per plant (NpP); Internodal length (IL), Clusters
per plant (CpP); Pods per plant (PpP); Pod length (PL), Seeds per pod (SpP); Biological yield per plant (BYpP); Yield per plant (YpP); hundred seed weight (HSW) and Harvest index (HI).
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neighbour-joining tree showed the distribution of the different
genotypes among the sub-populations (Figure 3D).

Genome Wide Association Study
A total of 49 stable MTAs contributing to 42 QTLs were found to
be significantly associated (-log10 p-value ≥ 3, PVE >10%) with 12

of the 14 traits studied, across the three environments of the each
locations (Figure 4; Table 2; Supplementary Table S6). GWAS
conducted using FarmCPU and MLM algorithms identified 31
and 27 QTLs, respectively of which 16 QTLs were common
between two methods. However, only two MTAs Q. PHM.4 & Q.
PHM.8 were significantly associated with PHM across both the

FIGURE 2 | Physical map of 4,623 SNPs identified by GBS of 100 blackgram germplasm lines showing all the 11 chromosomes. Physical position is also shown in
million of base pairs (Mb) based. SNP density is also provided in colours Dark Green (1) to Red (127) to reveal the distribution among chromosomes.

FIGURE 3 | Population structure of 100 blackgram germplasm lines using 4623 SNP markers (A) determination of number of sub-populations by DeltaK method
by Evanno et al., 2005 (B) determination of number of sub-populations using cross entropy value method by Chan and Kroese, 2012 (C) population structure at k = 4 (D)
phylogenetic analysis of 100 blackgram germplasm lines depicting four sub-populations.
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locations. The negative log10 p-value of QTLs ranged from 3.009
to 5.112, whereas the PVE ranged from 10.06–24.26%. Among 42
QTLs identified in the study, four QTLs were associated with
YpP, eight with PHM, one with BpP, two with NpP, four with IL,
five with CpP, one with PL, four with SpP two with BYpP, seven
with HI and three with HSW. However, no significant
associations were obtained for DtM and PpP. SNPs
S8.1.13991269 and S8.1.19533014, on chromosome 8, were
found to be associated with two traits each i.e., PHM, IL (Q.
PHM.8 and Q. IL.8) and YpP, HI (Q.YpP.8 and Q. HI.8.2),
respectively (Figure 5).

A few genomic regions harbored multiple significantly
associated SNPs, as Q. PHM.11.2 had four SNPs (-log10
p-value 3.0114–3.5826 and PVE 15.193–16.439%), Q. NpP.6
(-log10 p-value 3.15–4.77, PVE 15.69–23.89) and Q. CpP.10
both had three SNPs (-log10 p-value 3.11–4.66 and PVE
11.29–18.07%), whereas other QTLs were defined by a single
SNP. Two QTLs for plant height at 90% pod maturity Q. PHM.4
and Q. PHM.8 showed consistent effect across all environments
of both the locations. Among four QTLs identified for YpP, two
(QTLs Q. YpP.4.1 and Q. YpP.8) were detected at Ludhiana,
whereas Q. YpP.4.2 and Q. YpP.5 were detected at Gurdaspur.
Three QTLs for HSW were detected, two for Ludhiana and one
for Gurdaspur (Q.HSW.7) which was detected by both the
FarmCPU (-log10 p-value 4.38 and PVE 12.2%) and MLM

(-log10 p-value 3.59 and PVE 12.34%) algorithms. Out of
seven QTLs for HI, two were detected for Ludhiana (Q. HI.1
and Q. HI.8.2) and five were detected for Gurdaspur (Q. HI.5, Q.
HI.6, Q. HI.7, Q. HI.8.1 and Q. HI.10). The phenotypic variation
explained (PVE) by significant SNPs under FarmCPU method
ranged from 10.751% (Q.YpP.8) to 22.292% (Q.NpP.6) at
Ludhiana and 10.47% (Q. PHM.6.1) to 24.26% (Q. CpP.1) at
Gurdaspur, whereas under MLM method, it ranged from 10.73%
(Q.SpP.8.1) to 16.80% (Q.PHM.8) at Ludhiana and 10.08%
(Q.PHM.4) to 14.69% (Q.CpP.4) at Gurdaspur.

Allelic Effects
Out of 49 SNPs/MTAs, 44 SNPs representing 37 QTLs showed
significant difference, whereas five SNPs representing five QTLs
were found to be non-significant (using the t-test statistic) for the
respective traits (Supplementary Table S7, Supplementary
Figures S2A–I. A total of 32, 32, 32, 28, 28 and 28 SNPs were
statistically and significantly different for respective traits under
E1, E2, E3, E4, E5 and E6, respectively. A total of 15 SNPs
associated with 12 QTLs namely, Q. IL.1.1, Q. IL.8, Q. NpP.6, Q.
PHM.11.1, Q. PHM.11.2, Q. PHM.3.1, Q. PHM.3.2, Q. PHM.4, Q.
PHM.6.1, Q. PHM.6.2, Q. PHM.8, and Q. SpP.8.2 were found to
be significantly different in all of the six environments studied.
The 28 SNP associations were significant in three of the six
environments. The superior and inferior alleles along with allele

FIGURE 4 |Marker trait associations for different traits detected by genome wide association study across two different locations Ludhiana (A,B) and Gurdaspur
(C,D) as manhattan plots and QQ-plots using 4623 SNP markers. #Days to 50% flowering (DtF); Days to 90% pod maturity (DtM); Plant height at 90% pod maturity
(PHM); Nodes per plant (NpP); Internodal length (IL), Clusters per plant (CpP); Pods per plant (PpP); Seeds per pod (SpP); Biological yield per plant (BYpP); Yield per plant
(YpP); hundred seed weight (HSW) and Harvest index (HI).
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TABLE 2 |MTAs identified through Genome wide association study for 100 Vigna mungo germplasm lines in all the enviornments of two locations Ludhiana (L) or Gurdaspur
(G) using FarmCPU and MLM algorithms.

MTA Trait Loc Method SNP Chr PosMb -log10P MAF Effect PVE

Q.DtF.10 DtF L FarmCPU S10.1.9527186 10 9.5272 4.9208 0.07 1.68 17.947
DtF L MLM S10.1.9527186 10 9.5272 4.1457 0.07 1.5481 16.803

Q.PHM.3.1 PHM G FarmCPU S3.1.7993147 3 7.9931 3.6566 0.115 -6.3321 16.506
Q.PHM.3.2 PHM L FarmCPU S3.1.8219594 3 8.2196 3.2337 0.15 -3.0667 19.919
Q.PHM.4 PHM L FarmCPU S4.1.1259800 4 1.2598 3.8912 0.065 7.009 17.084

PHM G FarmCPU S4.1.1259800 4 1.2598 3.0761 0.065 10.8299 16.46
PHM G MLM S4.1.1259800 4 1.2598 3.1226 0.065 11.6496 10.076

Q.PHM.6.1 PHM G FarmCPU S6.1.23358875 6 23.3589 3.4745 0.105 8.5575 10.469
Q.PHM.6.2 PHM L FarmCPU S6.1.25029431 6 25.0294 3.4664 0.205 -3.3382 14.698
Q.PHM.8 PHM L FarmCPU S8.1.13991269 8 13.9913 4.2062 0.055 7.0402 17.697

PHM G FarmCPU S8.1.13991269 8 13.9913 4.1599 0.055 12.2652 11.234
PHM L MLM S8.1.13991269 8 13.9913 3.3945 0.055 6.216 10.728
PHM G MLM S8.1.13991269 8 13.9913 3.8356 0.055 11.9305 13.02

Q.PHM.11.1 PHM G FarmCPU S11.1.16313748 11 16.3137 3.1353 0.19 5.1138 15.263
Q.PHM.11.2 PHM L FarmCPU S11.1.16898133 11 16.8981 3.055 0.17 4.4754 15.99

PHM L FarmCPU S11.1.16898169 11 16.8982 3.0204 0.165 4.4335 16.003
PHM L FarmCPU S11.1.16898170 11 16.8982 3.0204 0.165 4.4335 16.003
PHM L FarmCPU S11.1.16898225 11 16.8982 3.4443 0.155 4.6729 15.565

Q.BpP.6 BpP G MLM S6.1.22219189 6 22.2192 3.7615 0.19 -0.6003 14.341
Q.NpP.4 NpP G FarmCPU S4.1.1343019 4 1.343 3.6303 0.065 2.2705 15.003

NpP G MLM S4.1.1343019 4 1.343 3.4822 0.065 2.2851 10.85
Q.NpP.6 NpP L FarmCPU S6.1.32970231 6 32.9702 3.5832 0.095 1.7559 18.857

NpP L FarmCPU S6.1.32970252 6 32.9703 3.8288 0.055 2.267 19.048
NpP L FarmCPU S6.1.32970258 6 32.9703 4.4295 0.085 2.0396 22.292
NpP L MLM S6.1.32970258 6 32.9703 3.4366 0.085 1.8555 12.377

Q.IL.1.1 IL G FarmCPU S1.1.2636313 1 2.6363 4.4078 0.115 0.4871 14.843
IL G MLM S1.1.2636313 1 2.6363 3.7944 0.115 0.4871 14.693

Q.IL.1.2 IL L FarmCPU S1.1.35117546 1 35.1175 3.356 0.06 0.7035 14.089
Q.IL.5 IL L MLM S5.1.15033908 5 15.0339 3.4791 0.08 0.8146 13.589
Q.IL.8 IL L FarmCPU S8.1.13991269 8 13.9913 4.3615 0.055 0.8372 14.825

IL L MLM S8.1.13991269 8 13.9913 3.6602 0.055 0.8254 14.476
Q.CpP.1 CpP G FarmCPU S1.1.25545554 1 25.5456 4.1785 0.1 -2.1507 24.26
Q.CpP.4 CpP G MLM S4.1.774872 4 0.7749 3.5768 0.07 -3.1131 10.448
Q.CpP.7 CpP L FarmCPU S7.1.36781633 7 36.7816 4.4572 0.06 1.9962 15.922

CpP L MLM S7.1.36781633 7 36.7816 3.8541 0.06 1.9962 14.712
Q.CpP.9 CpP L FarmCPU S9.1.9823250 9 9.8233 3.2717 0.065 1.6571 14.218
Q.CpP.10 CpP L FarmCPU S10.1.1346198 10 1.3462 3.5792 0.185 0.7477 12.487

CpP L MLM S10.1.1346198 10 1.3462 3.1982 0.185 0.7477 11.66
CpP L FarmCPU S10.1.1346205 10 1.3462 4.2381 0.06 1.9314 16.817
CpP L MLM S10.1.1346205 10 1.3462 3.6948 0.06 1.9314 13.959
CpP L FarmCPU S10.1.1346249 10 1.3462 3.3004 0.095 1.4055 12.019

Q.PL.1 PL L MLM S1.1.30381382 1 30.3814 3.2522 0.075 -0.1458 11.747
Q.SpP.3 SpP L FarmCPU S3.1.8767931 3 8.7679 4.1296 0.09 0.4397 15.931

SpP L MLM S3.1.8767931 3 8.7679 3.7625 0.09 0.4589 15.654
Q.SpP.6 SpP G MLM S6.1.29235889 6 29.2359 3.501 0.13 -0.4234 14.263
Q.SpP.8.1 SpP L MLM S8.1.13990816 8 13.9908 3.0808 0.165 -0.3413 12.201
Q.SpP.8.2 SpP G MLM S8.1.16767849 8 16.7678 3.1283 0.145 0.3782 12.395
Q.BYpP.8 BYpP G FarmCPU S8.1.33339056 8 33.3391 3.4848 0.15 3.7945 13.775
Q.BYpP.9 BYpP L FarmCPU S9.1.5335251 9 5.3353 3.3148 0.175 -2.0795 13.007
Q.YpP.4.1 YpP L MLM S4.1.9615705 4 9.6157 3.2364 0.07 1.3938 12.669
Q.YpP.4.2 YpP G FarmCPU S4.1.11912711 4 11.9127 3.6025 0.095 1.1945 12.541

YpP G MLM S4.1.11912711 4 11.9127 3.4516 0.095 1.214 11.667
Q.YpP.5 YpP G FarmCPU S5.1.35989113 5 35.9891 3.7002 0.08 -1.2605 11.018

YpP G MLM S5.1.35989113 5 35.9891 3.3001 0.08 -1.2365 11.032
Q.YpP.8 YpP L FarmCPU S8.1.19533014 8 19.533 3.7596 0.17 -1.0298 10.751

YpP L MLM S8.1.19533014 8 19.533 3.3417 0.17 -1.0257 13.184
Q.HI.1 HI L FarmCPU S1.1.8549788 1 8.5498 4.2388 0.095 -4.7838 11.425

HI L MLM S1.1.8549788 1 8.5498 3.8081 0.095 -4.8079 15.933
Q.HI.5 HI G FarmCPU S5.1.29623709 5 29.6237 3.5094 0.145 -3.4666 11.234
Q.HI.6 HI G MLM S6.1.16902154 6 16.9022 3.5694 0.08 4.5656 14.564
Q.HI.7 HI G FarmCPU S7.1.49416375 7 49.4164 3.6277 0.16 -3.4401 18.045
Q.HI.8.1 HI G MLM S8.1.4181215 8 4.1812 3.3758 0.095 4.5191 13.586
Q.HI.8.2 HI L FarmCPU S8.1.19533014 8 19.533 3.7094 0.17 -3.5888 12.072

(Continued on following page)
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count (%) and significantly different mean values observed at
Ludhiana (E3) and Gurdaspur (E6) and are presented in
Supplementary Table S8. The allele with SNP GG associated
with Q. SpP.8.2 was found to be superior at Ludhiana, whereas
alternative allele was found to be superior at Gurdaspur. Allelic
effects of YpP, HI and HSW are presented in Figure 6. The
significant phenotypic differences produced by superior and
inferior alleles for YpP were 1.3 g at Ludhiana (E3) by Q.
YpP.4.1; 1.38 g at Gurdaspur (E6) by Q. YpP.4.2; 1.26 g at

Gurdaspur (E6) by Q. YpP.5 and 0.94 g at Ludhiana (E3) by
Q. YpP.8; whereas significant phenotypic differences produced by
superior and inferior alleles for HI were 3.91% at Ludhiana (E3)
by Q. HI.1; 3.19% at Gurdaspur (E6) by Q. HI.5; 3.89% at
Gurdaspur (E6) by Q. HI.6; 4.38% at Gurdaspur (E6) by Q.
HI.7.1; 3.26% at Gurdaspur (E6) by Q. HI.8.1; 3.43% at Ludhiana
(E3) by Q. HI.8.2 and 3.66% at Gurdaspur (E6) by Q. HI.10.
Likewise, significant phenotypic differences produced by superior
and inferior alleles for HSW were 0.32 g at Ludhiana (E3) by Q.

TABLE 2 | (Continued) MTAs identified throughGenomewide association study for 100 Vignamungo germplasm lines in all the enviornments of two locations Ludhiana (L) or
Gurdaspur (G) using FarmCPU and MLM algorithms.

MTA Trait Loc Method SNP Chr PosMb -log10P MAF Effect PVE

HI L MLM S8.1.19533014 8 19.533 3.2618 0.17 -3.5455 13.138
Q.HI.10 HI G MLM S10.1.2365261 10 2.3653 3.1461 0.085 -4.2602 12.443
Q.HSW.6 HSW L FarmCPU S6.1.8707985 6 8.708 3.4374 0.065 -0.3472 10.822
Q.HSW.7 HSW G FarmCPU S7.1.20599131 7 20.5991 4.3788 0.08 0.2654 12.201

HSW G MLM S7.1.20599131 7 20.5991 3.5899 0.08 0.2455 12.339
Q.HSW.10 HSW L FarmCPU S10.1.20952550 10 20.9526 3.1235 0.135 0.2536 11.731

aMarker trait associations (MTAs, Environment (Env), Chromosome (Chr), Position in million basepairs (PosMb), minor allele frequency (MAF), Phenotypic variation explained in
percentage (PVE).
bDays to 50% flowering (DtF); Plant height at 90% pod maturity (PHM); Branches per plant (BpP), Nodes per plant (NpP); Internodal length (IL), Clusters per plant (CpP); Pod length (PL),
Seeds per pod (SpP); Biological yield per plant (BYpP); Yield per plant (YpP); Harvest index (HI) and Hundred seed weight (HSW).

FIGURE 5 | Physical map of QTLs of different traits detected by GWAS in the present study. Circles represent detection of across different environments at
Ludhiana and diamonds represent detection of across different environments at Gurdaspur ##Days to 50% flowering (DtF); Days to 90% podmaturity (DtM); Plant height
at 90% pod maturity (PHM); Nodes per plant (NpP); Internodal length (IL), Clusters per plant (CpP); Pods per plant (PpP); Seeds per pod (SpP); Biological yield per plant
(BYpP); Yield per plant (YpP); hundred seed weight (HSW) and Harvest index (HI).
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HSW.6, 0.25 g at Gurdaspur (E6) by Q. HSW.7 and 0.24 g at
Ludhiana (E3) by Q. HSW.10. A total of six genotypes
(MASH218, IC274597, IC370938, IC557431, KUG673 and
IC328783) were selected carrying superior alleles for all the
traits under study and respective QTLs presented in
Supplementary Table S9.

Postulation of Candidate Genes
A total of 50 genes for 24 QTLs were identified with different
functions for different traits, whereas no known gene was found
for the remaining 18 QTLs (Table 3). Maximum genes with
known function linked to the trait were identified for PHM 15)
followed by CpP (9), YpP (7), SpP (5), IL (5), HI (5), HSW (3),
and DtF (1), whereas no genes with known function for BpP,
NpP, PL and BYpP were identified.

The gene LOC106774489 was found 73 kb upstream of the Q.
DtF.10 coding PHD finger-like domain-containing enzyme 5B.
Nine genes LOC106757287 (-100.237 kb), LOC106757069
(-65.973 kb), LOC106757136 (-47.55 kb), LOC106756978
(-43.026 kb), LOC111241394 (-33.113 kb), LOC106757804
(-2.328 kb), LOC106757666 (50.731 kb), LOC106756983
(98.775 kb), LOC106756984 (118.512 kb) coding for already

known enzyme E3 ubiquitin-enzyme ligase MARCH1, bZIP
transcription factor 53, enzyme trichome birefringence-like 6,
histone-lysine N-methyltransferase EZ2-like, DELLA enzyme
RGL1-like, DEAD-box ATP-dependent RNA helicase 24,
probable WRKY transcription factor 23, gibberellin 2-beta-
dioxygenase two and transcription factor JAMYB-like for plant
height were located near Q. PHM.3.1.

For internodal length, two genes LOC106766854 (-33.322 kb) and
LOC106765724 (-33.083 kb), were found close to theQ. IL.1.1 coding
for pectate lyase-like and pectate lyase enzymes, respectively. Another
gene LOC106762425 (-99.425 kb-), with enzyme cytokinin
hydroxylase, was found in proximity with Q. IL.1.2. The QTL Q.
IL.5 was near the genes LOC106760883 (-189.1 kb) and
LOC106762422 (16.957 kb) coding for purine permease 1 and
ethylene-responsive transcription factor RAP2-4 enzymes. For
clusters per plant, three genes LOC106768944, LOC106760064 and
LOC106760083 were in proximity of Q. CpP.1 (-108.532kb, -32.774
and 68.491 kb) coding SKP1-interacting partner 15, receptor-like
protein 12 and polygalacturonase-like enzyme, respectively.

For seeds per pod, three genes LOC106757271 (71.381 kb),
LOC106757661 (95.044 kb) and LOC106756994 (100.043 kb)
were found close to the Q. SpP.3 with enzyme galactinol

FIGURE 6 | Allelic effect of QTLs associated with (A) YpP (Yield per Plant); (B)HI (Harvest Index) and (C)HSW (Hundred SeedWeight) at Ludhiana and Gurdaspur.
p-value is provided from t-test for the respective environment.
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synthase 2, Golgi apparatus membrane enzyme-like enzyme
ECHIDNA and alkaline/neutral invertase A respectively. A
gene LOC106765120 (64.962 kb) with enzyme dihydrofolate
synthetase, was found in the vicinity of Q. SpP.6. Another
ethylene-responsive transcription factor 1B-like enzyme coding
gene LOC106770299 (147.684 kb) was found close to the Q.
SpP.8.2. For yield per plant, a gene LOC106759105 (7.311kb)
with MYB-related protein 305-like enzyme was close to the QTL:

Q. YpP.4.1. Four genes LOC106761836 (-177.436 kb),
LOC106760678 (-107.67 kb), LOC106762074 (-50.026 kb) and
LOC106759995 (141.103 kb) coding CLAVATA3/ESR (CLE)-
related protein 5-like, transcription factor PCF5, sodium/
calcium exchanger NCL and basic leucine zipper 34 isoform
X1 enzymes were in vicinity of Q. YpP.5.

Two genes LOC111242272 (116.438 kb) and LOC106771274
(129.392 kb) with alpha-mannosidase-like and putative 12-

TABLE 3 | List of candidate genes with their previously reported biological pathway function obtained in the putative QTL regions.

QTL Trait Gene ID Dist (Kb) Function

Q.DtF.10 DtF LOC106774489 73.878 PHD finger-like domain-containing protein 5B
Q.PHM.3.1 PHM LOC106757287 -100.237 E3 ubiquitin-protein ligase MARCH1

LOC106757069 -65.973 bZIP transcription factor 53
LOC106757136 -47.55 protein trichome birefringence-like 6
LOC106756978 -43.026 histone-lysine N-methyltransferase EZ2-like
LOC111241394 -33.113 DELLA protein RGL1-like
LOC106757804 -2.328 DEAD-box ATP-dependent RNA helicase 24
LOC106757666 50.731 probable WRKY transcription factor 23
LOC106756983 98.775 gibberellin 2-beta-dioxygenase 2
LOC106756984 118.512 transcription factor JAMYB-like

Q.PHM.4 PHM LOC106759452 -178.201 tropinone reductase homolog
LOC106758588 -69.349 tropinone reductase homolog At5g06060

Q.PHM.6.2 PHM LOC106764341 -82.244 steroid 5-alpha-reductase DET2
Q.PHM.11.1 PHM LOC106777611 -171.802 squamosa promoter-binding-like protein 14

LOC106777237 -112.535 cytochrome P450 71D11
LOC106777539 -82.108 pentatricopeptide repeat-containing protein At3g48810

Q.IL.1.1 IL LOC106766854 -33.322 pectate lyase-like
LOC106765724 -33.083 pectate lyase

Q.IL.1.2 IL LOC106762425 -99.425 cytokinin hydroxylase
Q.IL.5 IL LOC106760883 -189.1 purine permease 1

LOC106762422 16.957 ethylene-responsive transcription factor RAP2-4
Q.CpP.1 CpP LOC106768944 -108.532 SKP1-interacting partner 15

LOC106760064 -32.774 receptor-like protein 12
LOC106760083 68.491 polygalacturonase-like

Q.CpP.7 CpP LOC106765735 -115.443 protein POLLEN DEFECTIVE IN GUIDANCE 1
LOC106766388 42.507 LRR receptor-like serine/threonine-protein kinase RPK2

Q.CpP.9 CpP LOC111242573 -79.009 eukaryotic translation initiation factor 3 subunit H-like
LOC106773784 166.402 MLO-like protein 1

Q.CpP.10 CpP LOC106775061 131.587 DDB1- and CUL4-associated factor 13
Q.SpP.3 SpP LOC106757271 71.381 galactinol synthase 2

LOC106757661 95.044 Golgi apparatus membrane protein-like protein ECHIDNA
LOC106756994 100.043 alkaline/neutral invertase A, mitochondrial

Q.SpP.6 SpP LOC106765120 64.962 dihydrofolate synthetase
Q.SpP.8.2 SpP LOC106770299 147.684 ethylene-responsive transcription factor 1B-like
Q.YpP.4.1 YpP LOC106759105 7.311 myb-related protein 305-like
Q.YpP.5 YpP LOC106761836 -177.436 CLAVATA3/ESR (CLE)-related protein 5-like

LOC106760678 -107.67 transcription factor PCF5
LOC106762074 -50.026 sodium/calcium exchanger NCL
LOC106759995 141.103 basic leucine zipper 34 isoform X1

Q.YpP.8 YpP LOC111242272 116.438 alpha-mannosidase-like
LOC106771274 129.392 putative 12-oxophytodienoate reductase 11

Q.HI.1 HI LOC106758323 -174.544 UV-B-induced protein, chloroplastic isoform X1
Q.HI.5 HI LOC106760579 -189.197 cytochrome P450 CYP72A219-like
Q.HI.7 HI LOC106769438 105.344 protein root UVB sensitive 6
Q.HI.8.2 HI LOC111242272 116.438 alpha-mannosidase-like

LOC106771274 129.392 putative 12-oxophytodienoate reductase 11
Q.HSW.6 HSW LOC106764301 -15.52 putative pentatricopeptide repeat-containing protein At1g12700, mitochondrial isoform X1

LOC106765194 12.233 peroxidase 4
Q.HSW.10 HSW LOC106776199 -175.528 bromodomain-containing protein 4B

aDistance of 5′ position of the gene from SNP, identified associated with the QTL, where–sign shows that the gene was located upstream of the SNP, and +sign shows that the gene was
located downstream of the SNP.
bDays to 50% flowering (DtF); Plant height at 90% pod maturity (PHM); internodal length (IL), clusters per plant (CpP); seeds per pod (SpP); yield per plant (YpP); harvest index (HI) and
hundred seed weight (HSW).
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oxophytodienoate reductase 11 enzymes was close to Q. YpP.8.
For harvest index, gene LOC106758323 (-174.544 kb) coding for
UV-B-induced protein At3g17800, chloroplastic isoform X1 was
related to Q. HI.1. The gene LOC106760579 (-189.197 kb) was
found in the proximity of Q. HI.5 coding cytochrome
P450 CYP72A219-like enzyme. The gene LOC106769438 with
protein root UVB sensitive six enzyme function was lying
105.344 kb of Q. HI.7. Two genes LOC111242272 (116.438 kb)
and LOC106771274 (129.392 kb), with enzymes alpha-
mannosidase-like and putative 12-oxophytodienoate reductase
11 respectively, were close to the Q. HI.8.2. Two genes
LOC106764301 (-15.52 kb) and LOC106765194 (12.233 kb)
with enzymes putative pentatricopeptide repeat-containing
protein At1g12700 and peroxidase four, respectively, were
close to the Q. HSW.6. The gene LOC106776199 (-175.528 kb)
encoding bromodomain-containing protein 4B enzyme was
related to Q. HSW.10. The nodes per plant (NpP) had two
QTLs, but no genes already known for nodes per plant around
the vicinity of 200 kb of significant QTLs were found.

KEGG Pathway Analysis
Some of the genomic regions significantly associated with the trait
loci (Supplementary Table S10) such as Gibberellin 2-beta-
dioxygenase (LOC106756983), cytochrome P450 CYP72A219
(LOC106760579) are involved in Diterpenoid biosynthesis
(ko00904) pathway (Supplementary Figure S3). PHD finger-
like domain-containing protein 5B (LOC106774489), and DEAD-
box ATP-dependent RNA helicase 24 (LOC106757804) play role
in Spliceosome (ko03040) process. Moreover, histone-lysine
N-methyltransferase EZ2 found to be involved in Lysine
degradation (Amino acid metabolism) ko0310. Besides that,
pectate lyase-like (LOC106766854), pectate lyase
(LOC106765724), and polygalacturonase-like (LOC106760083)
have been found to play important role in Pentose and
glucuronate interconversions (ko00040). LRR receptor-like
serine/threonine-protein kinase RPK2 (LOC106766388),
alkaline/neutral invertase A (LOC106756994) participates in
Starch and sucrose metabolism (k000500). Galactinol synthase
2 (LOC106757271), alkaline/neutral invertase A (LOC106756994)
have been shown to play role in Galactose metabolism (ko00052).
Peroxidase 4 (LOC106765194) was found to play role in
Phenylpropanoid biosynthesis (ko00940) (Supplementary
Figure S4).

DISCUSSION

Blackgram is one of the most popular pulses in Southeast Asia,
with India contributing 54% of world production (Singh et al.,
2016). Inspite of having high nutritional value, short duration,
and photo insensitivity the crop has not been exploited to its full
potential. Multiple biotic and abiotic stresses and narrow genetic
base of this crop is major hindrance in its expansion. Thus, a
systematic approach is required to exploit untapped genetic
diversity present within the country so that the germplasm
could be exploited for improving breeding potential. . Present

study is an effort to exploit the collection of diverse blackgram
genotypes for important yield related component traits.

Phenotypic Evaluation
Environment factors highly influence the complex traits;
therefore, the material was replicated both in time and space.
Previous studies have also reported a wide range of phenotypic
variability for traits such as PHM, BpP, IL, CpP, PpP and HI
(Panigrahi et al., 2014; Panda et al., 2017; Senthamizhselvi et al.,
2019). High heritability was observed for all the traits indicating
high genetic control and an effective phenotypic selection for
these traits. Different studies have reported high broad-sense
heritability for traits, i.e., DtF, DtM, PHM, CpP, PL and YpP
(Panigrahi et al., 2014; Kumar et al., 2015); BYpP, HI and HSW
(Rolaniya al., 2017; Kuralarasan et al., 2018). High heritability
with high selection intensity helps breeders to shorten the
breeding cycles of the program leading to faster and higher
genetic gains. Many genotypes harbored combination of
superior alleles for different yield related traits. For instance,
the genotype IC274597 for CpP, PpP, SpP and BYpP; IC370938
for PpP, YpP, HSW and HI; KUG673 for DtF, DtM and HI;
IC328783 for PHM, NpP and BYpP; These genotypes can be used
in further breeding programs to improve desirable characters.

Population Structure
Ad-hoc delta K and Cross entropy values suggested presence of
four sub-populations in the blackgram germplasm which was
further supported by phylogenetic analysis which in turn
indicated significant diversity in the panel. High Fst values in
2, 3 and 4 sub-populations indicated them to be highly
differentiated. A diverse germplasm panel can be a good
source for a wide range of traits for breeding and research
purpose (Govindaraj et al., 2015). Modelling of genetic
structures as covariates helps in controlling the false positives
while conducting GWAS. This is the first report on population
structure analysis in blackgram; however, four sub-populations in
mungbean germplasm have been reported earlier (Breria et al.,
2020).

Genome Wide Association Studies (GWAS)
GWAS for 14 yield associated traits identified 49 SNPs
contributing to 42 QTLs to be strongly associated with 12
traits except DtM and PpP. Among 42 significant genomic
regions identified in the study, the number of QTLs for each
trait were as YpP (4), DtF (1), PHM (8), BpP (1), NpP (2), IL (4),
CpP (5), PL (1), SpP (4), BYpP (2), HI (7) and HSW (3). High
-log10 p-value and PVE suggested presence of major QTLs i.e. Q.
DtF.10, Q. PHM.3.2, Q. NpP.6, Q. IL.8, Q. CpP.10, Q. SpP.3, Q.
BYpP.9, Q. YpP.8, and Q. HI.8.2 at Ludhiana, whereas Q.
PHM.3.1, Q. PHM.6.1, Q. NpP.4, Q. IL.1.1, Q. CpP.4, Q. SpP.6,
Q. BYpP.8, Q. YpP.4.2, and Q. HI.6 at Gurdaspur were found
significant for trait regulation. QTLs Q. PHM.8, and Q. IL.8 were
found to be located at same position on eighth chromosome
controlling PHM and IL, respectively. The pleiotropy of increased
PHM with increased IL has been earlier reported in faba bean
(Hughes et al., 2020).
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Allelic Effects
The significant allelic effects of MTAs suggested selection of
superior alleles could substantially lead to significant
improvement of crop. At Ludhiana, QTL Q. DtF.10 with
superior allele TT resulted in earlier flowering with a mean of
41.42 days as compared to 43.05 with alternative allele. Q.
PHM.3.1 with superior allele AA recorded higher mean plant
height of 28.54 cm, and 43.23 cm as compared to 19.21 cm, and
27.21 cm with alternative allele GG at Ludhiana, and Gurdaspur
respectively. Superior allele TT of QTL Q. IL.8 decreased
internode length with mean value of 2.01 cm, whereas
alternate allele observed higher internodal length with mean
value of 2.83 cm. For clusters per plant, Q. CpP.1 with
superior allele AA exhibited mean of 18.84 clusters, whereas
alternate allele TT exhibited mean of 12.73 clusters with The SNP
S6.1.29235837 of Q. SpP.6 having allele AA produced more
average seeds per pod of 6.71 in contrast to 6.45 by alternate
allele. Higher yield per plant with average of 5.47 g was observed
by presence of AA allele of QTL Q. YpP.5 while 4.21 g yield was
observed with alternate allele. Q. HI.1 with allele GG exhibited an
increased mean value of harvest index (22.53%) as compared to a
lower harvest index due to alternate allele (18.62%). Q. HI.8.2
with allele TT showed a higher harvest index (22.87%) as
compared to alternate allele (19.44%). Allelic effects with
superior alleles and alternative alleles have been reported for
significantly associated markers for root, nutrient uptake and
yield related traits in rice (Subedi et al., 2019), for spike ethylene
and spike dry weight in wheat (Valluru et al., 2017), and for yield
related and heat tolernce traits in wheat (Dhillon et., 2021).

Postulation of Genes
Blackgram is a highly self-pollinated crop and with the given
narrow genetic base, is expected to have large LD blocks and large
chunks of haplotypes being transferred over the generations
without recombination. Keeping this in view, the SNPs
identified for traits can be searched upstream and downstream
for candidate genes governing those traits (Dhillon et al., 2020). A
total of 50 genes for 24 QTLs were identified with different
functions with respect to different traits. The QTL Q. DtF.10
identified for days to flowering was present in the vicinity of the
gene coding plant homeodomain finger-like domain-containing
enzyme 5B can be a putative gene as PHD finger-like genes are
reported to delay flowering Arabidopsis (Greb et al., 2007).

The enzymes encoded by genes found for QTLs of PHM were
involved in controlling the plant height as supported by earlier
studies of enzyme E3 ubiquitin-enzyme ligase MARCH1 in rice
(Hu et al., 2013), bZIP transcription factor 53 in soybean (Ali
et al., 2016), enzyme trichome birefringence-like six in Rice (Gao
et al., 2017), histone-lysine N-methyltransferase EZ2-like
(https://www.uniprot.org/uniprot/O23372), DELLA enzyme
RGL1-like in Arabidopsis (Serrano-Mislata et al., 2017),
DEAD-box ATP-dependent RNA helicase 24 in rice (Wang
et al., 2016), probable WRKY transcription factor 23 in rice
(Cai et al., 2014), gibberellin 2-beta-dioxygenase two in
Arabidopsis (Rosin et al., 2003), transcription factor JAMYB-
like in rice (Zhang et al., 2017), acyl transferase four in rice (Basu
et al., 2017), tropinone reductase homolog (Stead, 1989), in

grapevine (Guillaumie et al., 2020), steroid 5-alpha-reductase
DET2 in soybean (Huo et al., 2018), squamosa promoter-
binding-like enzyme 14 in rice (Lu et al., 2013), cytochrome
P450 71D11 in cucumber (Wang et al., 2017), pentatricopeptide
repeat-containing enzyme At3g48810 in Arabidopsis (Lee et al.,
2019), and pentatricopeptide repeat-containing enzyme
At1g31430 in Arabidopsis (Lee et al., 2019).

For internodal length, genes coding for pectate lyase-like
(PLL), and pectate lyase (PL) in rice (Leng et al., 2017),
cytokinin hydroxylase in Arabidopsis (Kiba et al., 2013),
purine permease 1 in cotton (Wang et al., 2020), ethylene-
responsive transcription factor RAP2-4 enzymes Arabidopsis
(Hinz et al., 2010) have been earlier reported. For clusters per
plant, genes SKP1-interacting partner 15 (Lu et al., 2016),
receptor-like protein 12 (Wang et al., 2008),
polygalacturonase-like enzyme (Xiao et al., 2014) in
Arabidopsis, probable trehalose-phosphate phosphatase C
isoform X2 in Nelumbo nucifera (Jin et al., 2016), lysine-
specific demethylase JMJ25 isoform X1 in Arabidopsis (Jiang
et al., 2007), pollen defective in guidance 1 (Li et al., 2011), LRR
receptor-like serine/threonine-protein kinase RPK2 enzymes in
Arabidopsis (Mizuno et al., 2007), eukaryotic translation
initiation factor 3 subunit H-like in Arabidopsis (Zhou et al.,
2014), MLO-like protein 1 reported in peach (Ruperti et al.,
2002), and DDB1- and CUL4-associated factor 13 enzyme
(Bjerkan and Grini, 2013) has been earlier reported to be
involved in controlling cell elongation and flower development.

For seeds per pod, galactinol synthase two in Chickpea (Salvi
et al., 2016), Golgi apparatus membrane enzyme-like enzyme
ECHIDNA in Arabidopsis (Jia et al., 2018), 60S ribosomal protein
L28-2 in soybean (Jones et al., 2020), dihydrofolate synthetase in
Arabidopsis (Corral et al., 2018), and ethylene-responsive
transcription factor 1B-like enzyme in brassica (Kaur et al.,
2020) were known to have a role in increasing number of
seeds per pod/siliqua. For yield per plant, myb-related protein
305-like in Arabidopsis (Ambawat et al., 2013), CLAVATA3/ESR
(CLE)-related protein 5-like in Arabidopsis (Fletcher, 2018),
transcription factor PCF5 in wheat (Zhao et al., 2018),
sodium/calcium exchanger NCL in soybean (Liu Y. et al.,
2016), basic leucine zipper 34 isoform X1 enzymes in wheat
(Sornaraj et al., 2016), alpha-mannosidase-like in wheat (Dal
Cortivo et al., 2020), and putative 12-oxophytodienoate reductase
11 in wheat (Pigolev et al., 2018) were previously known for yield
improvement. For harvest index, UV-B-induced protein
At3g17800 in basil (Dou et al., 2019), cytochrome
P450 CYP72A219-like enzyme in Arabidopsis (Bak et al.,
2011), root UV-B sensitive in wheat (Agrawal et al., 2004),
alpha-mannosidase-like in wheat (Dal Cortivo et al., 2020),
and putative 12-oxophytodienoate reductase 11 in wheat
(Pigolev et al., 2018) are known for triggering reductions in
biomass, yield and harvest index.

The genes detected for HSW, pentatricopeptide repeat-
containing protein At1g80550, have been earlier reported for
kernel development in maize (Dai et al., 2018; Ren et al., 2019);
peroxidase four in soybean (Zhang et al., 2015). The clusters per
plant had several QTLs, but no known genes were identified in
200 kb genomic region.
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KEGG Pathway Analysis
KEGG analysis revealed role of candidate genes in biological
pathways related to respective traits. Gibberellins (GAs) are
endogenous phytohormones that are involved in the regulation of
the life cycle of plants. It has been identified that the locus encoding
gibberellin 2-beta-dioxygenase/GA 2-oxidase present in vicinity of
SNP S3.1.7993147 on chromosome 3 significantly associated with
plant height at 90% pod maturity participates in Diterpenoid
biosynthesis (ko00904) pathway. The role of this locus in the
regulation of plant growth in rice has been demonstrated by
Sakamoto et al., 2001. KEGG pathway established role of another
gene coding for steroid 5-alpha-reductase DET2 with QTL associated
with PHM on chromosome six to participate in Brassinosteroid
biosynthesis. Ortholog of this gene in cotton (Gossypium hirsutum
L.), GhDET2 along with BRs are known to play a crucial role in the
initiation and elongation of cotton fiber cells (Luo et al., 2007).
Similarly, DET2 steroid 5d-reductase in Arabidopsis catalyzes a
major rate-limiting in brassinosteroid (BR) biosynthesis (Nakaya
et al., 2002). Additionally, Cytochrome P450 CYP72A219-like has
also been reported to participate in Diterpenoid biosynthesis pathway
(Bathe and Tissier, 2019). Using KEGG pathway analysis, function of
only two QTLs could be established with diterpenoid pathway and
brassinosteroid biosynthesis pathway. However, the function of
remaining significant genomic regions could not be established
using this analysis.

CONCLUSION

GWAS analysis led to identification of novel MTA and few putative
candidate genes. Though candidate genes need to be examined
further and detailed investigations would validate their roles in
governing agronomically important traits but the MTA will really
help in selecting the genotypes with positive associations. The
information derived from this study can be used in the generation
of SNP based molecular markers to select traits of interest and
accelerate blackgram breeding programme with a better ideotype.

Since the blackgram is neglected crop in term of number of genetic
and genomic resources, the current study, first of its kind in this crop
will definitely open new avenues for broadening its base.
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Legume crops provide significant nutrition to humans as a source of protein, omega-3 fatty
acids as well as specific macro and micronutrients. Additionally, legumes improve the
cropping environment by replenishing the soil nitrogen content. Chickpeas are the second
most significant staple legume food crop worldwide behind dry bean which contains 17%–

24% protein, 41%–51% carbohydrate, and other important essential minerals, vitamins,
dietary fiber, folate, β-carotene, anti-oxidants, micronutrients (phosphorus, calcium,
magnesium, iron, and zinc) as well as linoleic and oleic unsaturated fatty acids. Despite
these advantages, legumes are far behind cereals in terms of genetic improvement mainly
due to far less effort, the bottlenecks of the narrow genetic base, and several biotic and
abiotic factors in the scenario of changing climatic conditions. Measures are now called for
beyond conventional breeding practices to strategically broadening of narrow genetic
base utilizing chickpea wild relatives and improvement of cultivars through advanced
breeding approaches with a focus on high yield productivity, biotic and abiotic stresses
including climate resilience, and enhanced nutritional values. Desirable donors having such
multiple traits have been identified using core and mini core collections from the cultivated
gene pool and wild relatives of Chickpea. Several methods have been developed to
address cross-species fertilization obstacles and to aid in inter-specific hybridization and
introgression of the target gene sequences from wild Cicer species. Additionally, recent
advances in “Omics” sciences along with high-throughput and precise phenotyping tools
have made it easier to identify genes that regulate traits of interest. Next-generation
sequencing technologies, whole-genome sequencing, transcriptomics, and differential
genes expression profiling along with a plethora of novel techniques like single nucleotide
polymorphism exploiting high-density genotyping by sequencing assays, simple sequence
repeat markers, diversity array technology platform, and whole-genome re-sequencing
technique led to the identification and development of QTLs and high-density trait mapping
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of the global chickpea germplasm. These altogether have helped in broadening the narrow
genetic base of chickpeas.

Keywords: broadening the genetic base, cicer, genetic diversity (GD), gene editing, multiple resistance, omics, QTL
mapping, wild chickpea utilization

1 INTRODUCTION

Grain legumes are a key component of the agricultural ecosystem.
These plants are a chief member of the most diverse and
ecologically crucial botanical families. Legumes play a vital
role in crop rotations or intercropping schemes as these plants
are capable of nitrogen assimilation through symbiotic
relationship with rhizobia. Chickpea (Cicer arietinum) is the
second most important grain legume after dry bean (Phaseolus
vulgaris L.). Chickpeas have eight pairs of homologous
chromosomes (2n = 16) with an estimated genome size of
738 Mb and 28,269 annotated genes (Varshney et al., 2013).
The cultivated chickpea is believed to be originated in the
Anatolia of Turkey (Van der Maesen, 1984). Vavilov
denominated two primary centers of origin for chickpea viz.,
southwest Asia (Afghanistan) and the Mediterranean with the
secondary center of origin as Ethiopia. Since ancient’s times,
legumes have been grown for human subsistence. Globally, India
is the largest producer and consumer of pulse crops. Pulses are the
major source of carbohydrates, proteins, lipids, vitamins, and
minerals for people across the globe (Aykroyd and Doughty,
1982). Pulses complement the nutritional quality, bioavailability
of nutrients, when consumed along with cereals. Pulses provide
22–24% of protein, which is about twice the amount of wheat and
three times the rice. Pulses are one of the cheapest sources of
protein and play a very significant role in sustaining nutritional
requirements in developing and economically poor countries.
They have a low glycemic index (GI) and elicit only a moderate
postprandial glycemic response after consumption. As a result,
incorporating legumes into one’s diet is advised for glycemic-
influenced diabetes control (Rizkalla et al., 2002).

Chickpea is themajor source of food and nutrition in the semi-
arid tropics. In comparison to other pulses, chickpeas are a rich
source of protein and carbohydrates, accounting 80% to the
whole mass of dried seeds (Geervani, 1991; Chibbar et al.,
2010). Chickpea is high in dietary fiber (DF), vitamins, and
minerals and is known to lower low-density lipoprotein
(Wood and Grusak, 2007). Chickpea has the highest quantity
of total DF amongst pulses, which ranges from 18 to 22 g/100 g of
raw seed (Aguilera et al., 2009). The soluble and insoluble DF
contents of chickpea raw seeds are about 4–8 and 10–18 g/100 g,
respectively (Dalgetty and Baik, 2003). It has been demonstrated
that chickpeas have more bioavailable protein than other legumes
(Sánchez-Vioque et al., 1999; Yust et al., 2003). The changes in
protein content of pre- and post-dehulled chickpea dried seeds
are observed which range from 17%–22% and 25.3%–28.9%,
respectively (Hulse, 1991; Badshah et al., 2003). Raw chickpea
seeds have a total fat content ranging from 2.70 to 6.48% (Kaur
et al., 2005; Alajaji and El-Adawy, 2006). On an average, raw
chickpea seeds give 5.0 mg/100 g Fe, 4.1 mg/100 g Zn, 138 mg/

100 g Mg, and 160 mg/100 g Ca. Chickpea is an inexpensive, rich
source of folate and tocopherol (Ciftci et al., 2010). The major
carotenoids, viz., β-carotene, lutein, zeaxanthin, β-cryptoxanthin,
lycopene, and α-carotene are also found in chickpea.

Globally two types of chickpea cultivars desi or microsperma
and Kabuli or macrosperma are cultivated. Generally, Kabuli
chickpea is predominantly cultivated in temperate regions like the
Mediterranean region that includes Western Asia, Southern
Europe, and Northern Africa. However, desi chickpea is raised
mainly in the semi-arid tropics (Malhotra et al., 1987;
Muehlbauer and Singh, 1987) such as Ethiopia and the Indian
sub-continent. In general, desi types are characterized by small
seeds, angular shape with a rough surface having a dark seed coat
and flowers of pink or purple color due to the presence of
anthocyanin pigment, whereas Kabuli types are bold seeded
owl shaped with smooth surface have beige seed coat and bear
white color flowers because of lack of anthocyanin pigment
(Pundir et al., 1985). Desi-type chickpeas are generally early
maturing and high yielding than the Kabuli type. The desi
chickpea is the predominant form cultivated in India
occupying approximately 80–85% and the Kabuli chickpea
occupies the remaining 15–20% of the total area and
production. The chickpea draft genome sequences are already
reported for desi (Jain et al., 2013) and Kabuli (Varshney et al.,
2013) types.

Chickpeas are majorly grown as rainfed crops since they
require less irrigation than other competitive crops such as
cereals. However, it can be grown in a wide range of soils and
agro-climatic conditions. Chickpea contributes to farming
systems’ long-term survival as it plays important roles in crop
rotation, mixed and intercropping, soil fertility maintenance
through nitrogen fixation, and the release of soil-bound
phosphorus; overall it improves the soil ecosystem. Globally,
chickpea is grown on 14.842 m ha with an annual production
volume of 15.083 m tones having a productivity average of
1,016 kg/ha. Indian contribution to the globe is 73.769%
(10.949 m ha) in terms of area and 73.456% (11.080 m tones)
production as depicted in Figures 1A,Bwith average productivity
of 1,012 kg/ha (FAOSTAT 2020). Pakistan, Turkey, Australia,
Myanmar, Ethiopia, Iran, Mexico, Canada, China, and the
United States are among the other significant chickpea producers.

Rajasthan, Maharashtra, Madhya Pradesh (MP), Uttar
Pradesh (UP), Karnataka, and Andhra Pradesh (AP) are the
major states growing chickpea and other pulses in India.
Rajasthan is also the highest producer of chickpea in India
followed by Maharashtra, MP, UP, and Karnataka; and
together contribute to 83% of production and 82% of the area
in India (Figures 2A,B).

Although the productivity is a little higher than average global
productivity, it is lesser than the estimated potential yield,
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i.e., 6 tones/ha under optimum conditions for the crop (Thudi
et al., 2016). Ever-increasing the human population linked with
climate change and limited arable land poses a challenge to meet
the demands of growing malnutrition and hunger. A lot of efforts
had been made by the national and international scientific
community to enhance the productivity of chickpeas, but
unable to enhance up to a significant level. The reasons
underlying are a narrow genetic base and as a result poor
genetic gains in the breeding of improved varieties which,
leads to the reduction in the yield and its adaptation
(Varshney et al., 2012). Devastating pests, pathogens, and
increased incidences and severity of abiotic stress amid climate
change are the major factors adversely affecting chickpea yield
and production. Therefore, diverse sources of variations

including wild Cicer species need to be explored for the
genetic enhancement of chickpeas.

Chickpea performs better in cooler areas since it is a C-3 plant,
implying that C-3 plants are better for the winter season.
However, the harvest index (HI) in pulses (15%–20%) is low
when compared to cereals (45–50%), which is a concerning issue.
It is caused by excessive vegetative growth and can be countered
by early dry matter partitioning into seeds (Saxena and Johansen,
1990). Despite continued efforts by national and international
chickpea improvement programs for the last several decades, the
production and productivity of chickpeas have not increased
significantly. Probably, this has happened due to the lack of
variability for desired plant ideotypes, resistance sources for
devastating pests and pathogens, and less responsive behavior

FIGURE 1 | (A) Area and (B) Production of chickpea during 2020 in major producing countries in the world.

FIGURE 2 | (A) Area and (B) Production of chickpea during 2020 in major producing States in India.
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of pulses toward modern agricultural practices and inputs. In
general, chickpeas and other pulses are grown as a residual or
alternative crop in marginal areas, only if the farmers have met
their food/income requirements from high productivity- high
input responsive crops such as paddy and wheat. After the onset
of the green revolution, pulses were further marginalized in their
traditional farming systems and local landrace variability in the
farmer’s field was lost. Furthermore, chickpea is subjected to
various types of biotic and abiotic stresses, which are blamed for
much of the crop’s unstable and low yields (Reddy, 2016).

In the production of chickpea, there has been a considerable
risk of abiotic stresses. Crop failure is frequently attributed to
moisture and temperature stresses, which leave the greatest
impact on grain yield. Drought and heat stresses cause forced
maturity, resulting in reduced yield. For example, the terminal
drought stress in the Mediterranean region when chickpea is
grown in the spring season. Drought along with heat stress alone
annually reduces productivity by up to 70%. Another major
problem in chickpea production is soil salinity and alkalinity.
High levels of salinity and alkalinity in both semi-arid tropics and
irrigated sections of the Indo-Gangetic plains are a major
problem, as most of the pulses are highly sensitive to salinity
and alkalinity. Another abiotic factor that limits chickpea grain
yield is cold, particularly in temperate regions. Yield is further
affected by lack of highly resistant sources in the cultivated gene
pool for many of the devastating pathogens and biotic stresses
such as dry root rot, ascochyta blight, collar rot, botrytis grey
mold (BGM) and Helicoverpa species further aggravate the
situation (Reddy, 2016). In India, more than 250 insect species
have been documented to be harmful to pulses including the
chickpea crop.

To achieve higher and stable productivity, it is crucial to breed
superior crop varieties with high yield, improved nutrition,
disease, and pest resistance to meet the rising global demands.
The genetic gains of chickpea and other legume crops are very less
as compared to other crops, the reason behind this is the narrow
genetic base. To meet the future demand, we have to accelerate
genetic gains which are a cyclic process of identifying new
variants, carrying selection, and fixing desirable traits. Further,
to sustain higher genetic gain for a longer duration, infusion of
genetic diversity in modern varieties from landraces and wild
Cicer species is required. Genomics, high throughput precision
phenotyping tools, and artificial intelligence can help in making a
desired selection, and in achieving accelerated genetic gain while
reducing genetic diversity loss (Varshney et al., 2018).

2 NARROW GENETIC BASE—A MAJOR
BOTTLENECK IN CHICKPEA

Chickpeas have an inherently narrow genetic base as the crop had
been subjected to a series of major genetic bottlenecks such as
natural selection driven by biotic and abiotic stresses, farmers’
selection pressure (domestication syndrome effect), the
introduction of a small set of variability (founder effect),
utilization of a very small proportion of variability in the
breeding of modern cultivars, etc. (Abbo et al., 2003).

Chickpea is a self-fertilization crop, which enhances the
probability of loss of variability particularly rare alleles/traits
in a population during the selection processes, leading to
further narrowing of the chickpea genetic base. Some of the
other major factors causing narrowed genetic base of chickpea are
areas given below:

• Restricted distribution of wild progenitors of chickpea (C.
reticulatum is restricted to a small area in SE turkey) (Abbo
et al., 2003), which obstructs the gene flow from the wild to
the cultivated types.

• Founder effect: similar to any other Neolithic crops,
chickpea crop is of monophyletic origin from its wild
progenitor and only a limited amount of variability is
spread to other parts of the world, causing a genetic
bottleneck and narrowed genetic base (Ladizinsky, 1985).

• Domestication syndrome: wild progenitors have ordained
to cultivated forms after passing through various genetic
modifications and acquiring a combination of traits which
might have led to the disappearance of many genes/alleles
responsible for input response and higher gain yield (Jain
et al., 2014).

• The change from autumn to spring sowing in chickpea: in
the Early Bronze Age, the shift of chickpea sowing from
autumn to spring to avoid certain biotic stresses,
i.e., ascochyta blight. This was possible through the
selection for vernalization response in chickpea wild
progenitor species; which must have caused a drastic loss
of genetic diversity (Abbo et al., 2003).

• The replacement of the land races by elite cultivars
produced by modern plant breeding methods which are
often developed by genetically similar parental lines and
most of the breeding programs shares a limited set of
parental lines (Tanksley and McCouch, 1997).

Crop improvement mainly relies on the genetic matter
available for exploration through the methods of plant
breeding, i.e., classical and molecular breeding. The repeated
use of the same germplasm has made very less contribution to
the development of the new cultivars. Hence, it could be inferred
that chickpea has a narrow genetic base and prompt measures for
the transfer of targeted traits from wild Cicer species to cultivated
one should be taken up by properly evaluating, characterizing,
identifying, and utilizing the available germplasm during
hybridization programs (Varshney et al., 2021).

In cereals, the amount of yield improvement achieved by
breeding is substantially more than chickpea and other pulses.
This is probably because the crops have not faced such a harsh
bottleneck, and have a comparative broader genetic base (Abbo
et al., 2003). The drawback of chickpea breeding programs is
their narrow genetic base and unavailability of high input
responsive cultivars. In order to develop high-yielding lines,
chickpea genetic resources are needed to be explored to broaden
the genetic base. Genetic diversity is a major contributor to
selection-induced genetic gain, therefore, poor genetic diversity
in chickpeas is the major limiting factor in enhancing chickpea
yield. As a result, expanding the genetic base of chickpeas is
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critical for enhancing breeding efficiency. Chickpea wild species
are an important genetic resource, especially for biotic and
abiotic stress resistance and nutritional quality. Chickpea
mutants with novel features like brachytic growing behavior
(Gaur et al., 2008), more than three flowers per node–the
cymose inflorescence (Gaur and Gour, 2002), determinate
(Hegde, 2011), and semi-determinate growth habit
(Harshavardhan et al., 2019; Ambika et al., 2021) with the
potential to generate futuristic plant types have been
identified. In addition, several relevant agro-morphological
features and key biotic factors in a variety of wild annual

Cicer species have been discovered and proposed for their
introgressions into the cultivated gene pool to expand the
genetic basis (Singh et al., 2014). Therefore, there is an
emergent need to strengthen research efforts for identifying
useful breeding techniques to enhance the genetic base of
chickpea for enhancing genetic gains and finally chickpea
yield. One of the greatest challenges in boosting grain legume
output is the availability of high-quality seed and other inputs,
which is lagging in the chickpea crop and only possible through
infusing more and more variability in seed chain systems (David
et al., 2002).

TABLE 1 | List of Cicer species and their distribution.

Sl. No. Cicer species Distribution

Annuals

1. C. arietinum Mediterranean region to Myanmar, Ethiopia, Mexico, Chile
2. C. bijugum Turkey, Syria, Iraq
3. C. chorassanlcum Afghanistan, Iran
4. C. cuneatum Ethiopia, Egypt, Sudan, Saudi Arabia
5. C. echinospermum Turkey, Anatolia, Iraq
6. C. judaicum Palestine, Lebanon
7. C. pinnatifidum Cyprus, Iraq, Syria, Turkey, Armenia
8. C. reticulatum Turkey
9. C. yamashitae Afghanistan
10. C. turcicum Southeast Anatolia (Turkey)

Perennials

11. C. acanthophyllum Afghanistan, Pakistan, Tadzhik SSR
12. C. anaiolicum Turkey, Iran, Iraq, Armenia
13. C. atlanticum Morocco
14. C. balcaricum Caucasus
15. C. baldshuanicum Tadzhik SSR
16. C. canariense Canary Islands, Tenerife and La palma
17. C. fedtschenkoi KirghizSSR, Tadzhik SSR, NE Afghanistan
18. C. flexuosum KirghizSSR, Tadzhik SSR: Tian-shan
19. C. floribundum Turkey
20. C. graecum Greece
21. C. grande Uzbek SSR, Naratau
22. C. heterophyllum Turkey
23. C. incanwn Former USSR
24. C. incisum Greece, Turkey, Iran, Lebanon, Georgian SSR
25. C. isauricum Turkey
26. C. kermanense Iran
27. C. Korshinskyi Tadzhik SSSR
28 C. laetum Description not traced
29. C. macracanthum Afghanistan, India, Pakistan, Tadzhik SSR
30. C. microphyllum Afghanistan, Tibet, India, Pakistan, Pamir USSR
31. C. mogoltavicum Tadzhik SSR
32. C. montbrettii Albania, Bulgaria, Turkey
33. C. multijugum Afghanistan
34. C. nuristanicum Afghanistan, India, Pakistan
35. C. oxyodon Iran, Afghanistan, Iraq
36. C. paucijugum Tadzhik SSR
37. C. pungens Afghanistan, Former USSR
38. C. rassuloviae Description not traced
39. C. rechingeri Afghanistan
40. C. songaricum Tadzhik SSR, Kazakh SSR
41. C. spiroceras Iran
42. C. stapfianum Iran
43. C. subaphyllum Iran
44. C. tragacanthoides Iran, Turkmen SSR
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3 SOURCES OF GENETIC DIVERSITY AND
BROADENING OF CHICKPEAGENETIC
BASE
In the past, crop improvement has led to narrowing down of the
genetic base resulting in low genetic gains and increased risk of
genetic vulnerability. In order to overcome the genetic
bottlenecks and create superior gene pools, broadening the
genetic base through pre-breeding is required to enhance the
utility of germplasm. To attain sustainable growth in chickpeas,
new sources of genes need to be identified and incorporated into
high-yielding cultivars. The systematic evaluation,
characterization, and utilization of wild species-specific
targeted genes, to overcome the drawbacks of the abiotic and
biotic stresses by broadening the genetic base of chickpea
cultivars, are the emergent and immediate requirements.
Broadening of the genetic base is now necessary and useful
and it is well recognized in all crops mainly in chickpeas and
other pulse crops.

The genetic base of cultivated chickpeas is limited (Kumar and
Gugita, 2004). Breeders are unwilling to employ exotic
germplasm because of linkage drag and/or loss of adaptive
gene complex, which necessitates a prolonged time for
developing cultivars. As a result, breeders prefer to focus on
adapted and improved materials; while ignoring wild relatives,
landraces, and exotic germplasm accessible in gene banks (Nass
and Paterniani, 2000); thus, further narrowing the genetic base
and expanding the gap between available genetic resources and
their use in breeding programs (Marshall, 1989). However,
substantial diversity among specified parental lines is critical
for the success of any breeding program, particularly when the
traits to be improved are quantitative, highly variable, and exhibit
high G × E interactions.

3.1 Sources for Broadening of Genetic Base
There are several sources that could be used for broadening of the
genetic base in chickpea to overcome the bottleneck of biotic and
abiotic stress in the scenario of changing climatic conditions.
Tolerance may be contained in the wild relatives, landraces,
advanced breeding materials, initial breeding material, and
high-yielding cultivars (Meena et al., 2017). Landraces and
wild progenitors have been used for the introgression of
various abiotic and biotic stress tolerant gene(s). Mini core
germplasm (Upadhyaya et al., 2013) along with several
varieties and cultivars have been screened intensively for
various biotic and abiotic stresses and used for numerous
tolerances in chickpeas.

3.1.1 Sources of Chickpea Genetic Diversity: Cicer
Wild Relatives
The genus Cicer currently comprises 44 species (Table 1)
containing 10 annuals and 34 perennials (van der
Maesenet al., 2007). C. turcicumis the recent most identified
wild Cicer species endemic to Southeast Anatolia (Turkey)
(Toker et al., 2021). This is an annual species, and with
sequence similarity based on the internal transcribed spacer
(ITS) region, it appears that C. turcicum is a sister species of

C. reticulatum and C. echinospermum, both of which gives fertile
progenies when crossed with the cultivated species. Utilization of
the new species in the chickpea improvement program will have a
great impact on the genetic base broadening. C. arietinum is the
only species that is extensively recognized as cultivated species.
Cicer reticulatum is identified as a probable ancestor of chickpea
(Ladizinsky and Adler, 1976a). The cultivated chickpea is believed
to be originated in the Anatolia of Turkey (Van der Maesen,
1984). Vavilov specified two primary centres of origin for
chickpea, southwest Asia and the Mediterranean with the
secondary center of origin as Ethiopia. The chickpea closely
associated species viz.; C. bijugum, C. echinospermum, and C.
reticulatum are widely distributed across southeastern Turkey
and neighboring Syria (Ladizinsky and Adler, 1975; Ladizinsky,
1998). However, several Cicer species are restricted to particular
geographic areas such as C. bijugum in Syria and Turkey, C.
anatolicum in Armenia and Turkey, C. macracanthum in
Pakistan, C. microphyllum in India and Pakistan, and so on.
C. arietinum is a cultivated species that can’t colonize without
human assistance. C. reticulatum and C. bijugum grow naturally
in weedy habitats (fallow lands, road sides, cultivated fields of
wheat, and other territories not grabbed by human beings or
livestock), C. pungens and C. yamashitae are found in mountain
slopes among rubbles, C. montbretia and C. floribundum are
distributed on forest soils, in broad leaf or pine forests and C.
microphyllum grows naturally in stony and desert areas of the
Himalayas in India (Chandel, 1984). Different Cicer species and
their distributions are presented in Table 1.

The primary gene pool constitutes domesticated chickpea, C.
arietinum, and the immediate progenitor, C. reticulatum, the
species which are easily crossable with regular gene exchange.
They differ either by a reciprocal inversion, a paracentric
inversion or by the location of chromosomal satellites
(Ladizinsky, 1998). The C. echinospermum represents a
secondary gene pool and is crossable with cultivated chickpea,
but gives reduced pollen fertility in the hybrids and their
advanced generations. The tertiary gene pool contained
remnant 6 annual and 34 perennial species having poor
crossing compatibility with cultivated chickpea and requiring
advanced approaches for gene transfer. Wild lines of chickpeas
are very good sources of the genes/QTLs for the development of
varieties which could be climate-resilient and tolerant to most of
the biotic and abiotic stresses (Table 2). These lines consist of
different species of chickpea of the primary, secondary, and
tertiary gene pool (Figure 3). The resistance transfer from
wild species poses several problems such as cross
incompatibility, hybrid sterility, hybrid inevitability, and
linkage of undesirable traits.

3.1.2 Sources of Chickpea Genetic Diversity: Gene
Bank Collections and Introductions
The primary goal of a germplasm collection is to capture a
significant amount of genetic variation, conserve, and enhance
utilization (Singh and Singh, 1997). The first exploration
expedition, led by the United States Department of
Agriculture’s Regional Pulse Improvement, was conducted in
India in the 1970s, collecting almost 7,000 chickpea accessions. In
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India, systematic explorations to expand chickpea germplasm
began only after the establishment of the National Bureau of Plant
Genetic Resources (NBPGR) in 1976. In India, the area surveyed
for chickpea germplasm collection included regions of Rajasthan,
Odisha, Maharashtra, Gujarat, eastern parts of Arunachal
Pradesh, Bihar, and southern parts of Tamil Nadu and
Karnataka (Singh and Singh, 1997). The awareness about the
wildCicer species as rich sources of genes/alleles not just for biotic
and abiotic stresses, but also for superior agro-morphological
features, has sparked a lot of interest in the researchers (Van der
Maesen and Pundir, 1984). Chickpea collection displays
variations in plant height, foliage color, pod size, pod bearing
habit, seed coat texture, seed coat surface, seed color, and seed size
(Singh et al., 2001; Archak et al., 2016). Madhya Pradesh
collections were double podded, large-seeded (kabuli type),

and tuberculated seeded (desi type) with short and medium
duration (Pundir and Reddy, 1989; Pundir et al., 1990).
NBPGR has introduced valuable germplasm material from
many agroecological zones throughout the world. Some of the
potential exotic Cicer arietinum germplasm exhibit significant
levels of resilience to biotic and abiotic stresses. The imports of
Cicer wild species (C. canariense, C. anatolicum, C. oxyodon, C.
bijugum, C. reticulatum, C. pinnatifidum and C. judaicuni) have
received special attention for use in breeding programs. The
majority of the introductions came from International Center
for Agricultural Research in the Dry Areas (ICARDA). Other
important introduction sources included Spain, Afghanistan, The
Former Soviet Union, Iran, United States, Morocco, and Greece.
Some of the introduced chickpea lines made significant
contributions to the genetic enhancement and pre-breeding,

TABLE 2 | Sources of desirable traits in Cicer species for introgression into elite genetic background of chickpea to broaden genetic base.

S.
No.

Trait of interest Cicer species References

Biotic stresses

1. Aschochyta blight
resistance

C. arietinum, C. judaicum, C. reticulatum, C. montbretii, C. bijugam,
C. pinnnatifidum, C. cuneatum, C. echinospermum

Vander Maesen and Pundir (1984), Singh and Reddy (1993), Singh
et al. (1994), Singh et al. (1998), Collard et al. (2001), Collard et al.
(2003), Ahmad et al. (2013), Shah et al. (2005), Pande et al. (2005),
Pande et al. (2006), Pande et al. (2010), Kaur et al. (2013), Singh
et al. (2014), Benzohra et al. (2014), Li et al. (2017)

2. Botrytis grey
mouldresistance

C. judaicum, C. bijugam, C. pinnnatifidum, C. reticulatum Singh (1982), Van der Maesen and Pundir (1984), Haware et al.
(1992), Pande et al. (2006), Basandrai et al. (2006), Basandrai et al.
(2008), Kaur et al. (2013), Singh et al. (2014), Hegde et al. (2018)

3. Cyst nematode
resistance

C. bijugam, C. pinnnatifidum, C. reticulatum Greco and Vito (1993), Singh et al. (1994), Ahmad et al. (2013),
Singh et al., 2010

4. Fusarium wilt resistance C. arietinum, C. reticulatum, C. bijugam, C. judaicum, C.
pinnnatifidum, C. echinospermum, C. cuneatum

Nene and Haware (1980), Van der Maesen and Pundir (1984),
Kaiser et al. (1994), Infantino et al. (1996), Nguyen et al. (2004),
Singh et al. (1994), Singh et al. (2005), Ahmad et al. (2013)

5. Phytophthora root rot
resistance

C. reticulatum, C. bijugum, C. pinnnatifidum, C. Echinospermum Knights et al. (2008)

6. Root-knot nematode
resistance

C. bijugum, C. judaicum, C. pinnnatifidum, C. reticulatum, C.
echinospermum

Singh et al. (2014)

7. Root-lesion nematode
resistance

C. echinospermum, C. reticulatum Thompson et al. (2011)

8. Rust resistance C. bijugam, C. reticulatum, C.echinospermum Sillero et al. (2012)
9. Stem rot resistance C. reticulatum, C. pinnatifidum, C. judaicum, C. yamashitae Kaur et al. (2008)
10. Bruchids tolerance C. reticulatum Singh et al. (2010), Eker et al. (2018)
11. Helicoverpa pod borer

tolerance
C. bijugum, C. reticulatum, C. echinospermum, C. cuneatum, C.
pinnatifidum, C. Microphyllum

Kaur et al. (1999), Sharma (2004), Sharma et al. (2006), Golla et al.
(2018)

12. Leaf miner tolerance C. reticulatum, C. judaicum, C. bijugam, C. cuneatum Singh and Weigand (1994), Singh et al. (1994)
13. Seed beetle tolerance C. cuneatum, C. judaicum, C. reticulatum, C. echinospermum Gupta and Parihar, (2015)

Abiotic stress

14. Cold tolerance C. echinospermum, C.reticulatum, C. bijugum, C. pinnnatifidum, C.
judaicum

Singh et al. (1990), Singh et al. (1995), Sandhu (2004), Toker
(2005), Berger et al. (2005), Saeed and Darvishzadeh (2017)

15. Drought tolerance C. anatolicum, C. reticulatum C. microphyllum, C. oxydon, C.
montbrettii, C. pinnnatifidium, C. songaricum, C. echinospermum

Toker et al. (2007), Canci and Toker (2009), Maqbool et al. (2017)

16. Heat resistance C. pinnatifidum, C. reticulatum Canci and Toker (2009), Devasirvatham et al. (2012)
17. Salinity resistance C. microphyllum Srivastava et al. (2016)

Yield parameters

18. High no. of seeds
plant–1

C. cuneatum, C. montbretii Robertson et al. (1995), Robertson et al. (1997), Gupta et al. (2017)

19. Yield attributes C. reticulatum, C. pinnatifidum Jaiswal and Singh (1989), Singh et al. (2005), Singh et al. (2012);
Singh et al. (2014), Gupta et al. (2017)
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FIGURE 3 | Chickpea gene pool concept and their crossing compatibility.

TABLE 3 | Ex-situ conservation of Cicer accessions in the world.

Sl.
No.

Country Gene bank name Cultivated Wild
relatives

Breeding
materials

Others Total
number of
accessions

1. Global International Crop Research Institute for the Semi-Arid Tropics
(ICRISAT)

18,842 308 1,317 297 20,764

2. Global International Centre for Agricultural Research in Dry Areas
(ICARDA)

6,816 547 5,903 2,102 15,368

3. India National Bureau of Plant Genetic Resources (NBPGR), New
Delhi

14,635 69 — — 14,704

4. Australia Australian Temperate Field Crops Collection (ATFCC) 8,409 246 — — 8,655
5. United States Western Regional Plant Introduction Station, USDA-ARS,

Washington State University
7,742 194 102 — 8,038

6. Iran National Plant Gene Bank of Iran, Seed and Plant
Improvement Institute (NPGBI-SPII)

5,700 — — — 5,700

7. Russia N.I. Vavilov Research Institute of Plant Industry 1,628 — 558 581 2,767
8. Pakistan Plant Genetic Resources Program (PGRP) 2,057 89 — — 2,146
9. Turkey Plant Genetic Resources Department, Aegean Agricultural

Research Institute (AARI)
2,047 21 — 7 2,075

10. Ukraine Institute of Plant Production nd. a. V. Ya. Yuryev of NAAS 182 24 9 1,542 1,757
11. Mexico Estacio´ n de Iguala, Instituto Nacional de InvestigacionesAgrı´

colas, Iguala
1,600 — — — 1,600

12. Ethiopia Institute of Biodiversity Conservation (IBC 1,173 — — — 1,173
13. Hungary Centre for Plant Diversity 23 5 167 972 1,167
14. Uzbekistan Uzbek Research Institute of Plant Industry (UzRIPI) 1,055 — — — 1,055

Total 71,909 1,503 8,056 5,501 86,969

Source:http://www.fao.org/wiews-archive/germplasm_query.htm?i_l¼EN.
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mainly for resistance to Fusarium wilt, Ascochyta blight, leaf
miner, cyst nematode, cold, drought, earliness, tall stature, and
bold seeds. The important chickpea germplasm collections,
including wild species that have been preserved in ex-situ
collections in various gene banks around the world (Table 3).

3.1.3 Sources of Chickpea Genetic Diversity:
Landraces and Cultivated Varieties
Landraces are locally adapted cultivars that evolved in a diverse
range of environmental conditions and are maintained
generation after generation by farmers and local seed systems.
The landraces are the goldmines for trait identification for various
biotic and abiotic stresses viz.; drought, salinity and cold. These
land races could be exploited in breeding programs for
introgression of useful genes/QTLs and enhancing the genetic
variability in the modern chickpea cultivars.

The tolerance variation depends on various factors viz.;
climatic factors, genotypes, seed attributes, and seed
compositions. The most important prerequisite is seedling
salinity tolerance since this attribute facilitates the
establishment and growth of tolerant genotypes in saline soils.
The roles of seed yield, yield components, pods per plant, number
of seeds, in vitro pollen germination, pollen viability, and in vivo
pollen tube development to assess the reproductive successful
outcome of chickpea under saline stress were investigated
(Turner et al., 2013). The increased salt tolerance, as measured
under salty ambient by relative yield, was correlated positively
with increased shoot biomass, number of pods, and seeds. Pollen
viability, in vitro pollen germination, and in vivo pollen tube
growth were uninfluenced by salty ambient in either of the
tolerant or sensitive genotypes but pod abortion was relatively
higher in salt-sensitive genotypes. Genotypes ICCV-00104,
ICCV-06101, CSG-8962, and JG-62 showed a minimum
reduction in seedling characters in salt stress conditions.
Similar findings were reported by Samineni et al., 2011, while
studying chickpea seedlings under saline stress. Flowering
terminates at temperatures below 15°C as reported in Australia
(Siddique and Sedgley, 1986), India (Savithri et al., 1980;
Srinivasan et al., 1999) and the Mediterranean (Singh and
Ocampo 1993). It was observed that, when average daily
temperature remained below 15°C, plants produced flowers
but did not set pods. However, scientists at International
Crops Research Institute for the Semi-Arid Tropics (ICRISAT)
could develop numerous breeding materials (e.g., ICCV series
88502, 88503, 88506, 88510, and 88516) that are capable to set
pods at 12°C–15°C lower average daily temperatures. A pollen
selection was applied in Australia to transfer chilling tolerance
from ICCV 88516 to chilling sensitive cultivars, leading to the
development and release of two chilling tolerant cultivars namely
Sonali and Rupali (Clarke and Siddique, 2004). Minicore
germplasm was screened for drought tolerance and a few
germplasm accessions viz.; ICC series 1356, 3512, 4872, 13523,
and 15697 with deeper root systems were identified. The
Germplasm accession ICC8261 had the highest root length
density, an extremely high root/shoot ratio and rooting depth
in both Rabi and Kharif seasons. ICC4958, which is a source used
as a deep and large root system parent or check in most drought

avoidance studies, was reported to be an extremely prolific
rooting genotype. The new genotypes identified could be used
as valuable alternative sources for diversification of mapping
populations with varying characters and growth durations to
obtain the required polymorphism for successfully mapping root
traits in chickpeas.

3.2 Approaches for Broadening the Genetic
Base
Broadening of the genetic base, up to now, has utilized the
techniques of classical breeding viz.; hybridization, segregation,
back crossing, cyclic population improvement, pedigree selection
among selfed progenies. However, wild relatives couldn’t be

FIGURE 4 | Comprehensive approach for broadening the genetic base
of chickpea.
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utilized because of inter-specific hybridization barriers, limited
data for specific traits, and linkage drag. With the advent of
molecular breeding techniques, new biotechnological methods,
which are being applied for the identification of the QTLs for the
traits of interest and needs to be incorporated through various
techniques of pre-breeding which are used in transferring useful
genes from the exotic or wild species into the high-yielding
cultivars. The halted speed of chickpea breeding due to narrow
genetic diversity could be fastened by employing wild relatives as
a valuable source of new genes and alleles to be further exploited
by breeders for allelic richness and broadening of chickpea
germplasm. Thus, comprehensive approaches could be utilized
for broadening the genetic base in chickpea and other grain
legume crops as depicted (Figure 4).

Chickpea’s limited genetic base is a major source of anxiety for
chickpea breeding programs, as genetic variability is a major
contributor to selection-induced genetic gain. As a result,
expanding the genetic base of chickpeas is critical for
enhancing breeding efficiency. Chickpea wild species are an
important genetic resource, especially for biotic and abiotic
stress resistance and nutritional quality. Chickpea mutants
with novel features like brachytic growing behavior (Gaur
et al., 2008), more than three flowers per node—the cymose
inflorescence (Gaur and Gour, 2002), determinate (Hegde, 2011),
upright peduncle podding (Singh et al., 2013) and semi-
determinate growth habit (Harshavardhan et al., 2019; Ambika
et al., 2021) with the potential to generate futuristic plant types
have been identified. In addition, several relevant agro-
morphological features and key biotic factors in a variety of
wild annual Cicer species have been discovered and proposed for

their introgressions into the cultivated gene pool to expand the
genetic basis (Singh et al., 2014). Some of the useful agro-
morphological traits including major biotic and abiotic stresses
are presented in Tables 2, 4. There is an emergent need to
strengthen research efforts for identifying useful breeding
techniques to enhance the genetic base of chickpeas.

3.2.1 Utilization of Adapted and Un-Adapted
Germplasm for Traits Discovery and Broadening the
Genetic Base
Pre-breeding offers an unparallel opportunity for the
introgression of desired genes and gene combinations from
exotic germplasm into genetic backgrounds easily employed by
breeders with minimal linkage drag (Sharma et al., 2013).
Comprehensive broadening of the genetic base through
incorporation is the most suitable method when new genetic
variabilities for quantitative traits are required, latest and most
reliable methods could be optical contribution selection (OCS)
based pre-breeding, haplotype-based genomic approaches, and
genomic predictions (Varshney et al., 2021). To achieve the
highest level of yield, the existing variability among indigenous
germplasm has been used. Wild Cicer species and exotic
germplasm lines include valuable alleles that, if discovered, can
aid in breaking yield barriers and improving resistance to various
stresses for crop yield stability (Labdi et al., 1996; Tayyar and
Waines, 1996; Ahmad and Slinkard, 2003; Ahmad et al., 2005).

Several inter-specific crosses between Cicer arietinum and its
annual wild relatives have been attempted in the context of wild
Cicer species usage. There is no evidence of successful
hybridization between a perennial Cicer species and Cicer

TABLE 4 | Sources of resistance to abiotic and biotic stresses as reported by various workers after evaluating the chickpea mini core collection.

Stress Resistant genotype References

Desi Kabuli

Drought ICC- 283, 456, 637, 708, 867, 1205, 1422, 1431, 1882,
2263, 2580, 3325, 4495, 4593, 5613, 5878, 6874,
7441, 8950, 10399, 10945, 11121, 11944, 12155,

12947, 13124, 14402, 14778, 14799, 14815, 15868,
16524

ICC- 4872, 5337, 7272,
7323, 8261, 16796

Kashiwagi et al. (2005), Kashiwagi et al. (2006b), Kashiwagi
et al. (2008), Kashiwagi et al. (2010), Parameshwarappa and
Salimath (2008), Krishnamurthy et al. (2010), Mulwa et al.
(2010), Zaman-Allah et al. (2011a), Zaman-Allah et al. (2011b)

Salinity ICC- 283, 456, 708, 867, 1431, 2263, 2580, 3325,
4495, 4593, 5613, 5878, 6279, 6874, 7441, 9942,

10399, 10945, 11121, 11944, 12155, 13124, 14402,
14778, 14799, 15868, 16524

ICC- 4872, 7272, 8261,
16796

Serraj et al. (2004), Vadez et al. (2007), Krishnamurthy et al.
(2011b)

Heat ICC- 283, 456, 637, 708, 1205, 1882, 2263, 4495,
5613, 5878, 6874, 7441, 10945, 11121, 11944, 12155,

13124, 14402, 14778, 14799, 14815, 15868

— Krishnamurthy et al. (2011a), Upadhyaya et al. (2011)

Ascochyta
blight

ICC- 1915, 7184, 11284 — Pande et al. (2006)

Botrytis gray
mold

ICC- 2990, 4533, 6279, 7554, 7819, 11284, 12028,
12155, 13219, 13599, 15606, 15610

ICC- 9848, 11764, 12037,
12328, 13816, 14199,

15406

Pande et al. (2006)

Dry root rot ICC- 1710, 2242 ICC- 2277, 11764, 12328,
13441

Pande et al. (2006)

Fusarium wilt ICC- 1710, 1915, 2242, 2990, 3325, 4533, 5135, 6279,
6874, 7184, 7554, 7819, 12028, 12155, 13219, 13599,

14402, 14831, 15606, 15610

ICC- 2277, 9848, 12037,
13441, 13816, 14199

Pande et al. (2006)

Pod borer ICC- 3325, 5135, 6874, 14402, 14831, 15606 ICC- 15406 ICRISAT (2009), Mulwa et al. (2010)
Herbicide ICC- 2242, 2580, 3325 — Taran et al. (2010)
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arietinum. Ladizinsky and Adler (1976b) reported inter-specific
crosses amongstC. arietinum, C. reticulatum andC. cuneatum for
the first time. Several researchers have successfully attempted
inter-specific hybrids between Cicer arietinum and Cicer
echinospermum (Verma et al., 1990; Singh and Ocampo, 1993;
Pundir and Mengesha, 1995). Numerous crossings between Cicer
arietinum as the female parent and Cicer reticulatum, C.
echinospermum, C. judaicum, C. bijugum, and C. pinnatifidum
as the male parent have been conducted (Verma et al., 1990). Van
Dorrestein et al., 1998 aimed to cross C. arietinum with C.
judaicum and C. bijugum. Badami et al., 1997 used an embryo
rescue strategy to successfully hybridize C. arietinum with C.
pinnatifidum. Inter-specific crosses have resulted in the
development of certain pre-breeding lines at IIPR, Kanpur,
and PAU, Ludhiana (Singh et al., 2012). Singh et al. (2015)
attempted inter-specific crosses and the results revealed a high
level of heterosis for the number of pods and seed yield per plant
in the F1 generation. Three cross-combinations viz.; Pusa 1103 x
ILWC 46, Pusa 256 x ILWC 46, and Pusa 256 x ILWC
239 demonstrated significantly increased variability for crucial
yield related characteristics.

Adoption and harmonizing conventional and modern
approaches like molecular breeding, physiological breeding,
biotechnological methods, high throughput genomics, and
phenomics will aid in the broadening of the genetic base and
release of high-yielding varieties which will be tolerant to various
biotic and abiotic stresses. Several mapping populations could be
developed for the identification of trait-specific QTLs and can be
introgressed into high-yielding cultivars for enhancing the gene
pool of chickpea.

3.2.2 Bi-Parental Populations for Broadening Genetic
Bases
Two inbred lineages are generally crossed in bi-parental
populations to generate one or more segregating progenies
(Xu et al., 2017). This is the basic approach of combining
desired traits in a genotype through ongoing breeding
programs. Parents are chosen for a trait of interest based on
their genetic and phenotypic diversity allowing the
reconstruction of progeny genomes from founder haplotypes
to find genomic areas related to the target trait (Dell’Acqua
et al., 2015). Bi-parental crosses derived populations capture
only a modest impression of the genetic determinants that
influence targeted traits in the species and suffer from a lack
of diversity owing to the limited genetic base of both parents.
Therefore, while the approach is indispensable for any breeding
program, genetic diversity must not be reduced in the selection
process, to sustain genetic gains for a longer duration. Molecular
tools such as re-sequencing technologies and other cost-effective
genotyping technologies, which can scan the whole genome, may
be useful in the identification of diverse parental lines having the
target traits of interest. The utilization of such parental lines will
enhance the genetic diversity in the released varieties without
compromising the desired yield gain. High-throughput precision
phenotyping, genomic selection, and identification of superior
haplotypes may further accelerate the breeding cycle and boost
the genetic diversity in farmers’ fields to enhance the crop

resilience toward the biotic and abiotic stresses. In addition,
the QTLs detected in the two-parent population may not be
expressed in other genetic origins (Rakshit et al., 2012).
Mallikarjuna et al., 2017, utilized F2 populations derived from
four crosses (ICCV96029 x CDC frontier, ICC5810 x CDC
frontier, BGD 132 x CDC frontier, ICC 16641 x CDC frontier)
and found major QTLs corresponding to flowering time genes.

3.2.3 Multi-Parent Populations for Broadening Genetic
Bases
Multi-parental and germplasm populations, on the other hand,
may offer solutions to bi-parental and germplasm populations’
major flaws. Throughout the history of scientific crop
improvement multi-parental populations or multi-parental cross
designs (MpCD) have been generated in a range of crop species.
Adaptation to crops that are difficult to artificially hybridize, multi-
parental populations are created by making crossings amongst
more than two inbred founder lines, which serve as a link between
association mapping (GWAS) and traditional bi-parental crosses.
While such populations are able to combine and reveal better allelic
combinations, transgressive segregants, and simultaneously genetic
diversity in the progenies are also enhanced. Multi-parent
populations also are more efficient in increasing mapping
resolution, if they are used for high-density genotyping using
advanced high-throughput genomic technologies (Rakshit et al.,
2012). This unique technique dramatically improves mapping
resolution by merging numerous founder parents with higher
phenotypic and genetic diversity. Thanks to the evolution of
more powerful techniques, multi-parental populations can now
be utilized in numerous genetic mapping studies (Mackay and
Powell, 2007; Huang et al., 2015). Here, the emphasis is onMAGIC
populations, which are RILs of fine-scale mosaic panels, although
numerous MpCD other forms are also available. Thus, MAGIC
populations are considered as a growing and next-generation
powerful resource for plant genetics mapping, combining
variation and high genetic recombination to analyze complex
traits’ structure and enhance crop improvement techniques. In
various model crop species, MAGIC populations have been
generated illustrating their potential to find polymorphisms for
underlying QTLs or genes of importance for useful complex traits.
There are already MAGIC like or MAGIC populations obtainable
in numerous crop species, viz., cereals, legumes, vegetables, fruit
trees, and industrial crops with many more in the other works and
because of their large genetic foundation, MAGIC populations
could be used for discovery of QTL(s) and gene (s), enhancement
of breeding populations, introduction and development and of
novel genotypes (Pascual et al., 2015). Multi-parent populations
such as multiparent advanced generation intercross (MAGIC)
populations have gained a tremendous popularity among
researchers and breeders. Such populations, along with
enhancing genetic diversity, also make it easier to examine the
genomic framework and their relationships with phenotypic traits.

3.2.4 Molecular Markers Based Approaches for
Broadening Genetic Bases
Since the advent of molecular markers, these tools have played an
indispensable role in understanding genetic diversity,
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phylogenetic relationship, background, and foreground selection
in molecular and conventional breeding programs. Recent
advances in genomics, coupled with high throughput and
precise phenotyping, have made it easier to identify genes that
regulate important agronomic attributes. Genetic variability such
as multiple podding per peduncle, multiple seeds per pod, upright
podding, tall and erect genotypes, and several other traits for
biotic stress tolerance are rare, and incorporating these traits to
the major cultivars helps in enhancing the variability in the gene
pool. These traits could be used in combination with tools for
genomics to expedite the generation of crops with higher genetic
variability with better agronomic traits, improved resilience to
climate change, and nutritional values (Pourkheirandish et al.,
2020). Exploring the marker-assisted selection (MAS) technique
along with other biotechnological tools can boost genetic
diversity and simultaneously enhancing the yield in chickpeas
(Varshney et al., 2005; Varshney et al., 2009).

Genomic advancements have aided in understanding the
complex trait’s mechanisms affecting chickpeas economically
important characters’ genetic architecture as well as
productivity in order to speed up breeding programs
(Roorkiwal et al., 2020). In chickpea, a number of markers
and trait relationships and dense genetic maps have allowed
MAS to become a routine practice in crop breeding programs
(Kulwal et al., 2011; Madrid et al., 2013; Ali et al., 2016; Caballo
et al., 2019). Single nucleotide polymorphism (SNP) allelic
variants on 27 ortholog candidate genes were utilized for the
GWAS study, and potential candidate genes such as PIN1, TB1,
BA1/LAX1, GRAS8, and MAX2 were identified for branch
number in chickpea utilizing highly diverse chickpea
germplasm (Bajaj et al., 2016). The gene for double podding
per peduncle was linked to Tr44 and Tr35 on linkage group 6
(Cho et al., 2002). Saxena et al. (2014) has mapped four traits viz.
100-seed weight, pod, number of branches per plant and plant
hairiness, using simple sequence repeats (SSRs) and SNPmarkers.
There are several other examples of utilization of molecular
makers for the identification of traits and underlying genes/
QTLs in chickpea such as 100-seed weight (Das et al., 2015;
Kujur et al., 2015b), resistance to Helicoverpa armigera (Sharma
et al., 2005), pod number (Das et al., 2016), flowering time
(Srivastava et al., 2017), plant height (Parida et al., 2017),
photosynthetic efficiency traits (Basu et al., 2019), etc.
Furthermore, comprehending the chickpea developmental
processes’ regulations has been facilitated by the framework
offered due to discoveries of new microRNAs (miRNAs) and
their expression patterns (Jain et al., 2014).

For genomic investigations and crop improvement, numerous
polymorphic molecular markers that could be exposed to high-
throughput analysis are sought. On the basis of isozyme analysis,
Cicer arietinum is most closely related to C. reticulatum, followed
by C. echinospermum, C. bijugum, C. pinnatifidum, C. judaicum,
C. chorassanicum, C. yamashitae and C. cuneatum (Ahmad et al.,
1992). Cicer reticulatum and Cicer echinospermum were grouped
together in the same cluster; Cicer chorassanicum and Cicer
yamashitae were grouped together in another cluster; Cicer
bijugum, Cicer judaicum, and Cicer pinnatifidum were grouped
together in the third different cluster; and Cicer cuneatumalone

formed the fourth different cluster based on the analysis of RAPD
markers (Ahmad, 1999; Sudupak et al., 2002). An AFLP analysis
for the same Cicer species also confirmed the same pattern
(Sudupak et al., 2004). RAPD and ISSR fingerprinting
demonstrate that C. arietinum cultivars had the narrowest
genetic variation while its wild C. reticulatum accessions had
much greater genetic variation, which could be used in chickpea
improvement (Rao et al., 2007). The widespread use of molecular
markers in chickpea genetics and breeding began with the
introduction of SSR markers. The draft genome sequence of
chickpea identified approximately 48,000 SSRs appropriate for
PCR primer design for use as genetic markers (Varshney et al.,
2013), whereas a draft sequence of C. reticulatum (PI 4889777)
spanning 327.07 Mb was assembled to the eight linkage groups
with 25,680 protein-coding genes (Gupta et al., 2017).

A variety of comparatively new marker systems have recently
been introduced including sequence-based SNP and
hybridization-based diversity array technology (DArT)
markers which offer medium to high-throughput genotyping
and are simple to automate. Two sets of Axiom®CicerSNP
array have been developed in chickpea, one was including
50,590 probes distributed on all eight linkage groups as
described by Roorkiwal et al. (2014) and the second
multispecies SNP chip includes chickpea along with other
pulses using markers that can be imputed up to whole-
genome (800,000 markers) was developed by AgriBio, Centre
for AgriBioscience Melbourne, Australia (personal
communication).

To date, several studies have been published using DArT and
SNP chips. We highlight the 5397 polymorphic DArT markers
identified from a pool of 15,360 developed markers utilizing
94 different chickpea genotypes (Thudi et al., 2011). The low
genetic diversity was unraveled between wild Cicer and cultivated
species through DArT markers (Roorkiwal et al., 2014). Although
transcriptome investigation of chickpea and its wild progenitors
detected thousands of SNPs (Coram and Pang, 2005; Varshney
et al., 2009; Gujaria et al., 2011; Agarwal et al., 2012; Bajaj et al.,
2015b; Kujur et al., 2015a). These SNPs and markers can be
utilized by chickpea breeders in MAS-assisted breeding
programs.

3.2.5 Trait Identificationin Legumes for Broadening
Genetic Bases
3.2.5.1 Trait Identification Through Sequencing
With the advancement in the next-generation sequencing (NGS)-
based approaches, trait mapping has become an easy job to do.
Not only are these technologies time-saving but also cutting the
cost at basal levels. The genetic mapping is based on
recombination (the exchange of DNA sequence between sister
chromatids duringmeiosis) and the distance between the markers
measured by cM representing approximately 1% of the
recombination frequency, while the physical map is based on
the alignment of the DNA sequences, with the distance between
markers measured in base pairs. However, the high-resolution
physical maps serve as the scaffold for genome sequence assembly
to identify the most accurate distance between the markers and
the genes linked in addition to exploring the potential candidate
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gene(s) linked to desired traits. The trait mapping through
sequencing approaches may be categorized into two classes 1)
Sequencing of complete populations for trait mapping and 2)
Sequencing of pooled samples for trait mapping. Using composite
interval mapping a high-density genetic map consisting of
788 SNP markers spanning through 1125cMalong with the
identification of 77 QTLs for 12 traits was reported (Jha et al.,
2021). Similarly, several QTLs were mapped for several other
traits like flowering time (Mallikarjuna et al., 2017; Jha et al.,
2021), plant height (Kujur et al., 2016; Barmukh et al., 2021), and
primary branches (Barmukh et al., 2021).

3.2.5.2 Trait Identification Through Sequencing of Complete
Populations
It primarily consists of the genotyping by sequencing (GBS) and
whole-genome re-sequencing (WGRS) mapping populations,
both of which yield genome-wide SNPs. GBS is popular
because it is inexpensive and provides a lot of genetic data.
The discovery of a large number of genome-wide SNPs has
facilitated rapid diversity assessment, trait mapping, GS and
GWAS in a variety of crop by employing GBS—a potential
strategy. A chickpea genetic variation map was developed
using whole-genome sequencing technique and genomes were
characterized at the sequence level, observing variations in
3,171 cultivated and 195 wild accessions and construction of a
pan-genome to explain the genomic diversity across wild
progenitors and cultivated chickpea (Varsheny et al., 2021).
The 16 mapping populations segregating for different abiotic
(drought, heat, salinity), biotic stress (Fusarium wilt, Aschochyta
blight, BGM & Helicoverpa armigera) and protein contents along
with their 35 chickpea parental genotypes were re-sequenced in
order to exploit the genetic potential for chickpea improvement
(Thudi et al., 2016). Genetic analysis, fine-tuning of genomic
areas, and production of genetic maps are facilitated by re-
sequencing (Kujur et al., 2015b; Li et al., 2015). Chickpea is
one of the best examples of crops in which GBS was used to
identify 828 SNPs in addition to the previously mapped SSRs. The
creation of these detailed genetic maps aids in the discovery of
QTLs in chickpea that controls yield, drought tolerance, and seed
weight. It is quite useful for locating QTL hotspots. Moving on to
the second promising strategy, WGRS has been found to be more
useful in finding candidate genes than GWAS (Jaganathan et al.,
2015; Varshney et al., 2014).

3.2.5.3 Trait Identification Through Pooled Sequencing
The analysis is done on the basis of the pooled population
through the inclusion of BSR-Seq, Indel-Seq, Mut-Map, QTL-
Seq, and Seq-BSA the five major approaches. The “QTL-Seq” is
the first and foremost promising technique to have been
successfully employed with larger crop plant genomes. This
strategy has been used to pinpoint the blast resistance and
seedling vigor governing genomic areas in rice, flowering
QTLs in cucumber, fruit weight and locule number loci in
tomatoes and successfully applied for localization of QTLs/
candidate genes for 100 seed weight in chickpea (Takagi et al.,
2013; Li et al., 2015). The “MutMap” is a robust and simple NGS-
based approach, first of all which was applied for the

identification of EMS-induced interesting candidate genes in
rice. Crossing of selected mutant plants with wild types, which
reduces background noise—the fundamental benefit, is the
necessity of mapping the population created for the MutMap
experimental strategies. Consequently, using extreme pool
samples derived from segregating populations coupled to a
wild parent the genome-wide SNP index is calculated. The
third method, known as “Seq-BSA,” is a straightforward and
reliable NGS-based strategy for identifying potential SNPs in
specific genomic regions (Takagi et al., 2013). Employing QTL-
seq pipelines utilizing parent with high-value trait as reference
parent assemblage, genome-wide SNP indexes of both extreme
bulks are calculated in the third method. The fourth strategy,
“Indel-Seq” which is mostly focused on insertions and deletions,
has also emerged as a potential trait mapping approach. To date,
the proposed methodologies for identifying genomic regions have
relied on the discovery of SNPs followed by the use of various
statistical approaches to recognize candidate genomic gene/
regions. However, in all approaches, the relevant genomic
region-specific existing Indels have not been targeted for trait
mapping but ignored. The fact that the Indels reported in the
candidate genes are found in most of the cloned genes in rice and
other crops and makes this strategy more practicable. The
strength of the RNA-seq and BSA were combined for
enhancing the strength to find candidate genes for the targeted
characteristic—a novel genetic mapping approach as the fifth
strategy, dubbed as “Bulked segregant RNA-Seq (BSR-Seq)”. This
method has been used to successfully identify the glossy3 genes in
maize. RNA-seq-based investigations will be cheaper thanWGRS
at higher coverage; hence, this strategy has more cost savings. We
believe that, given the benefits of RNA-Seq, this approach will be
effective for legumes with larger genomes (Liu et al., 2012; Trick
et al., 2012). Thus, chickpea breeders utilize these generated
informations in chickpea MAS-assisted breeding programs.

3.2.6 Transcriptomics Utilization for Broadening the
Genetic Bases
Work on legumes focused on building libraries of cDNAs, gene
expression profiling, the manufacture of expressed sequence tags
(EST), and in silico extraction of EST data sets’ functional
information even before sequences of the genome
achievability. Transcriptome sequencing has been employed in
other functional genomics methodologies, viz., genome
annotation, gene expression profiling, and non-coding RNA
identification employed transcriptome sequencing (Morozova
and Marra, 2008). In recent years, for generating a large
number of transcript reads from a variety of developing and
distress-responsive tissues in several leguminous crops through
several low-cost sequencing systems has already been established,
viz., an improved transcriptome assembly, utilizing FLX/
454 sequencing together with Sanger ESTs comprised
103,215 Transcript Assembly Contigs (TACs) with an average
contig length of 459 base pairs in chickpea (Hiremath et al., 2011).
Employing various sequencing technologies or a combination of
two or more sequencing technologies created by transcriptome
assemblies provides useful transcriptomic resources such as
functional markers, EST-SSRs, Spanning Regions (ISRs), SNPs,
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Introns, and so on in soybean and common bean 1,682 and
4,099 SNPs, respectively (Deschamps and Campbell, 2012), ESTs
comprising of 103,215 Transcript Assembly Contigs (TACs) in
chickpea (Hiremath et al., 2011) can be utilized by the breeders to
achieve a better grasping of the molecular underpinnings of
distress tolerance and as a result more stress-tolerant beans as
well chickpea cultivars may be produced and narrow genetic base
may be broadened.

3.2.7 Proteomics and Metabolomics for Broadening
the Genetic Bases
New datasets for crop plants can be created by exploiting the
opportunities of advancement in “omics” technologies. The
advancements will result in a greater integrated association of
“omics” data and crop improvement resulting in the evolution
from genomic assisted breeding (GAB) to omics assisted breeding
(OAB) in the future (Langridge and Fleury, 2011) that can also be
utilized for broadening the genetic bases in chickpea.

3.2.7.1 Proteomics Approaches
Increased proteome coverage and advancements in quantitative
evaluations have benefitted plant proteome composition,
modulation, and alterations of developmental phases including
stress–responsemechanisms. Proteomic pipelines are rapidly being
used in crop research notably to investigate crop-specific features
and stress response mechanisms. Proteome mapping, comparative
proteomics, discovery of post-translational modifications (PTMs),
and protein–protein interaction networks are key topics of plant
proteomics (Vanderschuren et al., 2013). In chickpea the
comparative root proteomic analysis for the effect of drought
and its tolerance in hydroponics using 2D gel electrophoresis
coupled with MALDI-TOF revealed eight categories of protein-
based on their functional annotation viz.; proteins involved in
carbon and energy metabolism, proteins involved in stress
response, ROS metabolism, signal transduction, secondary
metabolism, nitrogen and amino acid metabolism (Gupta and
Laxman, 2020). High-throughput protein quantification has
benefited from advancements in accuracy, speed, mass
spectrometry (MS) utilizations in terms of sensitivity, and
software tools. Gel-based or gel-free, shot-gun, and label-based
(isotopic/isobaric) or label-free quantitative proteomics platforms
have emerged as a result of developments in MS technology for
high-throughput protein quantifications (Abdallah et al., 2012; Hu
et al., 2015). In legume crops, comparative proteomics approaches
and differential expression analyses have given understanding of
distress responses including dehydration, and early phases of cold
stress in chickpeas (Pandey et al., 2008) and can be effectively
integrated into genomic-assisted breeding programs for
broadening the narrow genetic bases.

3.2.7.2 Metabolomics Approaches
In plant metabolic engineering, targeted reverse genetic methods
and high-throughput metabolite screening have the advantage of
providing a better understanding of metabolic networks on a
larger scale in relation to developmental stages of phenotypes and
the ability to screen out undesirable traits (Fernie and Schauer,
2009). The literature describes two major metabolomics profiling

methodologies that use nuclear magnetic resonance (NMR) and
MS. A combination of many analytical techniques generated from
one of the MS was frequently used to obtain a larger range of
numerous metabolites in plants (Arbona et al., 2013). Flow
injection-based analysis with Fourier Transform Infrared
spectroscopy and MS (FIA/MS) are two further approaches.
The identification of new metabolic QTLs and candidates for
the desired traits are made possible by combining metabolomics
data, transcriptomics data, high-throughput phenotypes, and
bioinformatics platforms to profile large genetically varied
populations and increase the accuracy of targeted gene
identification. To boost yields and broaden the narrow genetic
bases, metabolomics is utilized in conjunction with a genomic-
assisted selection and introgression techniques, minimizing the
time spent in uncovering new characteristics and allelic
mutations (Fernie and Schauer, 2009).

3.2.8 Pan Genomics
Recent developments in genome sequencing technologies have
revolutionized the crop improvement programs. Now the whole-
genome sequencing (WGS) is not limited to one or two individuals,
but a large set of accessions of a species (pangenome) including their
crop wild relatives (super-pangenome) are the whole genome
sequenced to unravel the full potential of the species for the
crop improvement programs. Once the pangenome information
is available, the genomic segments/genes lacking in cultivated
germplasm can be identified and introgressed in cultivated
germplasm to enhance the genetic variability. The total number
of genes of a species are collectively known as its pan-genome. It was
observed from several evidences that a sole organism can’t contain
all the genes of a species due to variability present in the genomic
sequences. The desirable features of an ideal pan-genome are
completeness (i.e., contains all functional genes), stability
(i.e., unique catechistic features), comprehensibility (i.e., contains
all the genomic information of all the species or individuals), and
efficacy (i.e., organized data structure). Pangenome information of a
species helps in the identification of desired alleles, rare alleles,
presence or absence of a traits in a species. Recently a chickpea
pangenome of 592.58Mb was constructed which containsa total of
29,870 genes (Varshney et al., 2021). The pan-genome was
constructed using whole-genome sequencing using
3,366 comprising 3,171 cultivated and 195 wild accessions.
Assembly was done by combining the CDC frontier reference
genome including 53.60Mb from cultivated chickpea inclusive of
2.93Mb from ICC 4958 and 5.28Mb from 28 accessions of C.
reticulatum. This pan-genome analysis revealed useful information
on genomic regions more often selected during the domestication
process, superior haplotypes, and targets for purging deleterious
alleles. The new genes identified encoding responses to oxidative
stress, response to stimuli, heat shock proteins, cellular response to
acidic pH, and response to cold, which could have a possible
contribution to the adaptation of chickpea.

3.2.9 QTL Mappings, Their Introgression and
Utilization for Broadening the Genetic Bases
The utility of the fundamental assumption of locus finding by co-
segregation of characteristics with markers is enhanced by new
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TABLE 5 | List of QTLs for various traits in chickpea.

S. No. Trait Linkage group QTL Position Reference

Phenological traits

1. Plant height LG01 qPH1.1 56.984–57.223 Kujur et al., 2016
2. Plant height LG02 qPH2.1 24.496–29.852
3. Plant height LG03 qPH3.1 26.358–26.536
4. Plant height LG04 qPH4.1 28.738–28.796
5. Plant height LG07 qPH7.1 28.738–28.796
6. Plant height LG08 qPH8.1 44.194–44.882
7. Plant height LG04 qPLHT4.1 216.23–223.07
8. Plant height LG01 qPLHT1.1 12.70–13.40 Barmukh et al., 2021
9. Plant height LG04 qPLHT4.1 216.23–223.07
10. Plant height LG05 qPLHT5.1 1.07–7.62
11. Plant height LG08 qPLHT8.1 13.74–14.30
12. No of primary branches LG02 qPB.2.1 111.10–111-40
13. No of primary branches LG03 qPB.3.1 14.3014.40
14. Flowering time LG03 Qefl1-1 0.00 Mallikarjuna et al., 2017
15. Flowering time LG04 Qefl1-2 41.00
16. Flowering time LG01 Qefl2-1 15.00
17. Flowering time LG03 Qefl2-2 21.00
18. Flowering time LG04 Qefl2-2 55.00
19. Flowering time LG08 Qefl1-3 15.00
20. Flowering time LG03 Qefl2-4 5.00
21. Flowering time LG03 Qefl3-1 31.00
22. Flowering time LG08 Qefl3-2 2.00
23. Flowering time LG06 Qefl4-1 9.00
24. Days to flowering initiation (DFI) LG06 CaDFI_LS6.1 37.11 Jha et al., 2021
25. DFI LG08 CaDFI_LS8.1 42.71
26. DFI LG06 CaDFI_LS6.1 37.11
27. DFI LG08 CaDFI_LS6.1 42.71
28. Days to maturity (DM) LG01 CaDMI_LS1.1 7.11
29. DM LG01 CaDMI_LS1.2 152.61
30. DM LG01 CaDMI_LS1.3 154.81

Yield and related traits

31. Days to pod initiation (DPI) LG07 CaDPI_LS7.2 98.01 Jha et al., 2021
32. DPI LG07 CaDPI_LS7.1 97.01
33. DPI LG06 CaDPI_LS6.1 37.11
34. DPI LG06 CaDPI_LS6.1 37.11
35. DPI LG06 CaDPI_LS6.1 37.11
36. DPI LG01 CaDPI_LS1.1 153.61
37. Days to pod filling (DPF) LG08 CaDPF_LS8.1 67.41 Jha et al., 2021
38. DPF LG04 CaDPF_NS4.2 136.61
39. DPF LG04 CaDPF_NS4.1 138.11
40. No of filled pods (FP) LG06 CaFP_NS6.1 141.40
41. 100 seed weight (g) LG06 Ca100SW_LS7.1 97.01 Jha et al., 2021
42. 100 seed weight (g) LG01 Ca100SW_LS1.1 46.21
43. 100 seed weight (g) LG04 Ca100SW_LS4.1 159.71
44. 100 seed weight (g) LG07 Ca100SW_LS7.1 97.01
45. 100 seed weight (g) LG06 Q100SW6.1 43.66–43.70 Barmukh et al., 2021
46. 100 seed weight (g) LG07 Q100SW7.1 47.61–47.77
47. 100 seed weight (g) LG03 Q100SW3.1 153.40–167.6
48. 100 seed weight (g) LG06 Q100SW6.2 87.91–88.02
49. 100 seed weight (g) LG07 Q100SW7.2 139.78–140.04
50. 100 seed weight (g) LG04 Q100SW4.1 216.23–223.07
51. Seed yield/plant (g) LG02 CaSYPP_LS2.1 22.51 Jha et al., 2021
52. Seed yield/plant (g) LG06 CaSYPP_LS6.1 12.21
53. Seed yield/plant (g) LG06 CaSYPP_NS6.2 52.31
54. Seed yield/plant (g) LG06 CaSYPP_NS6.3 53.01
55. Seed yield/plant (g) LG04 qYPP4.1 86.44–87.52 Barmukh et al., 2021
56. Seed yield/plant (g) LG01 qYPP1.1 15.00–46.80
57. Pods per plant LG06 qPPP6.1 0.75–1.27 Barmukh et al., 2021
58. Biological yield/plant CaBYPP_NS6.1 52.31 Jha et al., 2021
59. Biological yield/plant LG06 CaBYPP_NS6.1 52.31

(Continued on following page)
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permutations of QTLmapping (Table 5). However, the definition
of a trait can now be expanded beyond whole-organism
phenotypes to include phenotypes like the amount of RNA
transcript or protein produced by a specific gene because these
phenotypes have more typical organismal characteristics viz.;
yield in corn are polygenic and QTL mapping works in these
situations. Transcript abundance is regulated not only by cis-
acting regions like the promoter but also by Transacting
transcription factors that may or may not be related. Similarly,
local variation at the coding gene and distant variation mapping

to other areas of the genome control protein abundance. Local
variation is most likely made up of cis variations that regulate
transcript levels. Polymorphisms for the protein’s stability or
control could be another local mechanism. Distant variation, on
the other hand, could comprise upstream regulatory control areas
(Upadhyaya et al., 2016).

Quantitative trait loci (QTLs) conferring resistance to biotic
and abiotic stresses have been applied in chickpeas in the last
2 decades and the molecular markers closely associated with these
loci are also located (Santra et al., 2000). For example, several

TABLE 5 | (Continued) List of QTLs for various traits in chickpea.

S. No. Trait Linkage group QTL Position Reference

60. Biological yield/plant LG06 CaBYPP_LS6.3 114.01
61. Biological yield/plant LG02 CaBYPP_LS2,1 55.91
62. Biological yield/plant LG06 CaBYPP_LS6.4 115.01
63. Biological yield/plant LG06 CaBYPP_LS6.5 115.31
64. Biological yield/plant LG06 CaBYPP_NS6.2 58.71
65. Harvest index (HI %) LG05 CaHI_NS5.1 42.11
66. HI % LG07 CaHl_NS7.1 35.81
67. HI % LG06 CaBYPP_NS6.3 170.81
68. HI % LG06 CaHl_LS6.2 100.21
69. HI % LG08 CaHl_LS8.1 43.11
70. HI % LG07 CaHl_NS7.2 142.71
71. HI % LG06 CaHI_NS6.1 84.21
72. HI % LG07 CaHl_NS7.1 35.81

Physiological traits

73. Chlorophyll Content (CHL, ng/mm2) LG04 CaCHL_NS4.3 151.51
74. LG04 CaCHL_NS4.3 151.51
75. LG02 CaCHL_LS2.1 38.31
76. CHL, ng/mm2 LG05 CaCHL_LS5. 1 44.01
77. CHL, ng/mm2 LG05 CaCHL_LS5.2 44.31
78. CHL, ng/mm2 LG04 CaCHL_NS4.1 142.91
79. CHL, ng/mm2 LG04 CaCHL_NS4.2 150.11
80. Cell membrane stability (CMS %) LG04 CaCMS_NS4.1 133.61 Jha et al., 2021
81. CMS % LG06 CaCMS_LS6.1 67.21
82. CMS % LG03 CaCMS_NB3.1 0.01
83. Nitrogen balance index (NBI) LG08 CaNBl_LS8.3 3.81 Jha et al., 2021
84. NBI LG08 CaNBl_LS8.1 0.01
85. NBI LG08 CcNBI_LS8.2 1.01
86. NBI LG07 CaNBI_LS7.2 97.01
87. NBI LG07 CaNBI_LS7.1 34.61
88. NBI LG08 CaNBI_LS8.2 1.01
89. NBI LG06 CaNBI_LS6.1 69.71
90. NBI LG08 CaNBI_LS8. 1 0.01
91. NBI LG06 CaNBI_LS6.2 70.71
92. NBI LG07 CaNBI_LS7.1 34.61
93. Normalized difference vegetation index (NDVI) LG02 CaNDVI_LS2.2 66.01 Jha et al., 2021
94. NDVI LG04 CaNDVI_NS4.1 68.31
95. NDVI LG04 CaNDVI_NS4.2 69.21
96. NDVI LG02 CaNDVI_LS2.1 65.41
97. NDVI LG02 CaNDVI_LS2.2 66.01
98. NDVI LG03 CaNDVI_NS3.1 48.41
99. NDVI LG08 CaNDVI_NS8.1 18.61
100. NDVI LG08 CaNDVl_NS8.2 18.91
101. NDVI LG03 CaNDVI_NS3.1 48.41
102. NDVI LG06 CaNDVI_NS6.1 20.01
103. NDVI LG01 CaNDVI_LS1.2 44.21
104. NDVI LG01 CaNDVI_LS1.1 42.21
105. NDVI LG05 CaNDVI_NS5.2 36.11
106. NDVI LG05 CaNDVI_NS5.1 35.11
107. NDVI LG04 CaNDVI_NS4.1 68.31
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QTLs conferring Ascochyta blight resistance are identified, and
several MAS (SCY17 and SCAE19) were reported as the best
markers linked to AB-resistant genes. These two markers were
validated on different populations (Iruela et al., 2006; Imtiaz et al.,
2008; Madrid et al., 2014). More recently, three major conserved
quantitative trait loci (QTLs) that confer AB resistance have been
reported, two on chromosome Ca2 and one on chromosome Ca4.
These QTLs explained a maximum of 18.5%, and 25% of the total
variation. In total, 27 predicted genes were located in
chromosome IV close to these QTL (Hamwieh et al.,
Unpublished data).

The 20 QTLs and candidate genes associated with seed traits
were also identified in chickpeas using the GBS approach (Pavan
et al., 2017). In pigeon pea, the GBS-based mapping of two RIL
populations led to the identification of QTLs and candidate genes
for resistance to fusarium wilt (FW) and sterility mosaic disease
(SMD) (Saxena et al., 2017) in addition to restoration of fertility
(Rf) (Saxena et al., 2018), using GWAS drought tolerance-related
traits in chickpea (Kale et al., 2015), flowering time control, seed
development and pod dehiscence in pigeon pea (Varshney et al.,
2017) have been mapped. The GBS has been utilized in the fine
mapping of the “QTL-hotspot” region for drought tolerance-related
traits in chickpeas (Kale et al., 2015). In the case of chickpea, QTL
seq approach has successfully identified a major genomic region
(836,859–872,247 bp) on Ca1 chromosome which was further
narrowed down to a 35-kb region harboring six candidate genes
for 100 seed weight (Das et al., 2015).

Plant breeding can help in solving the global problem of
micronutrient deficiencies in a cost-effective and long-term
manner. The development of biofortified chickpea varieties is
aided by evaluating cultivars for micronutrient contents and
identifying quantitative trait loci (QTLs)/genes and markers.
The F2:3 derived population resulting from a cross between
MNK-1 and Annigeri-1 was dissected employing the GBS
technique and concentrations of Fe and Zn were examined with
the goal of determining the responsible genetic areas (Vandemark
et al., 2018). The researchers mapped 839 SNPs on an intra-specific
genetic linkage map covering a total distance of 1,088.04 cMwith a
marker density of 1.30 cM. By combining linkage map data with
phenotypic data from the F2:3 populations a total of 11 QTLs for
seed Fe concentration on CaLG03, CaLG04, and CaLG05 with
phenotypic variance varying from 7.2% (CaqFe3.4) to 13.4%
(CaqFe3.4; CaqFe4.2). On CaLG04, CaLG05, and CaLG08 along
with eight QTLs for seed Zn concentration with explained
phenotypic variances ranging from 5.7% (CaqZn8.1) to 13.7%
(CaqZn4.3) were discovered (Pandey et al., 2016).

The identification of marker-trait association between a genetic
marker and a trait of interest is the initial stride in crop breeding
utilizing molecular breeding/genomics assisted breeding. For initial
experiments, linkage maps were created employing F2 populations.
The inter-specific cross C. arietinum (ICC 4958) x C. reticulatum
(PI 489777) was employed to create the first recombinant inbred
lines (RILS) mapping population which is now being used as a
chickpea reference mapping population for genome mapping
(Nayak et al., 2010). Maps created from intra-specific mapping
populations have a smaller number of markers (<250markers) and
poorer genome coverage (<800 cM) due to minimal variation in

the cultivated chickpea. Consensus genetic maps were also created
utilizing both inter and intra-specific mapping populations.

The genetic mapping of QTLs affecting resistance to various
diseases, and also vital agronomical traits, in chickpea are
extensively documented. Santra et al. (2000) identified two
quantitative trait loci (QTL1 and QTL2) that give resistance to
Ascochyta blight. These QTLs were predicted to be responsible
for overall phenotypic variance (34.4%, 14.6%), respectively
(Santra et al., 2000; Tekeoglu et al., 2002). Comparative
protein profiling of wild chickpeas and induced mutants was
carried out in order to measure genetic diversity between mutants
and parental genotypes (Patil and Kamble, 2014). Kujur et al.
(2016) reported candidate genes and natural allelic variations for
QTLs determining plant height, which was followed by the
discovery of QTLs for heat distress response (Paul et al., 2018)
as well as photosynthetic efficiency attributes for boosting seed
yield in chickpea using GWAS and expression profiling (Basu
et al., 2019). These discoveries have opened up new paths for
analysis and comprehensive characterization of wild Cicer
species, which will help in harnessing unidentified allelic
variations to extend the genetic foundation of cultivars.

Molecular markers have been discovered for gene(s)/QTL(s)
linked to abiotic stress resistances, viz., drought tolerance (Molina
et al., 2008; Rehman et al., 2012), salinity resilience (Vadez
et al.,2012), biotic stresses, viz., Ascochyta blight (Milla´n
et al., 2003; Iruela et al., 2006; Aryamanesh et al., 2010; Garg
et al., 2019), Fusarium wilt (Cobos et al., 2005; Gowda et al., 2009;
Sabbavarapu et al., 2013) and botrytis gray mold (Anuradha et al.,
2011) along with seed characteristics (Gowda et al., 2009) in
chickpea. These technologies can be employed to improve
chickpea genetics and breeding as well as to explain the
variety of the chickpea genome and domestication events.
Furthermore, genomic selection has been presented as a
promising strategy for enhancing traits that are influenced by
a large number of gene (s)/QTL (s) (Bajaj et al., 2015a; Bajaj et al.,
2015b). Both phenotypic and genotypic data sets are employed in
this approach to determine genomic estimated breeding values
(GEBV) of improved progenies.

3.2.10 Genome-Wide Association Studies for
Broadening the Genetic Bases
GWAS have become one of the most important genetic methods for
analyzing complicated trait QTLs and underlying genes. Many
studies have shown that GWAS can be used to map more
authentically new genes implicated in complex agronomic
variables in plants. Given this, linkage disequilibrium (LD),
population substructure, and imbalanced allele frequencies are the
key drawbacks of GWAS.Manymarkers associated with tolerance to
abiotic stresses have been also reported in chickpea. In brief, the
germplasm of 186 chickpea genotypes has been genotyped with
1856 DArTseqmarkers. The association with the salinity tolerance in
the field (Arish, Sinai, Egypt) and the greenhouse by using
hydroponic system at 100mM NaCl concentration indicated one
locus on chromosome Ca4 at 10,618,070 bp associated with salinity
tolerance, in addition to another locus-specific to the hydroponic
system on chromosome Ca2 at 30,537,619 bp. The gene annotation
analysis revealed the location of rs5825813 within the
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Embryogenesis-associated protein (EMB8-like), while the location of
rs5825939 is within the Ribosomal Protein Large P0 (RPLP0)
(Ahmed et al., 2021). Utilizing such markers in practical breeding
programs can effectively improve the adaptability of current chickpea
cultivars in saline soil.

Besides the above-mentioned reports, GWAS has also been
conducted for yield and related traits in chickpea (Li et al., 2021),
root morphological traits (Thudi et al., 2021), nutrient content
(Diapari et al., 2014; Sab et al., 2020) and abiotic tolerance traits
(Thudi et al., 2014; Samineni et al., 2022). Thus, the associated
genomic regions identified through GWAS could be used for

breeding programs to improve yield-related traits, nutrient content,
and biotic and abiotic stress tolerance in chickpea. Recently, in other
studies, we have accomplishedGWAS for nodule numbers in chickpea
by conducting multi-locational phenotypic evaluations and have
identified seven significant SNP IDs (Kumar et al. unpublished data).

3.2.11 Genetic Engineering for Broadening Genetic
Bases
Genetic engineering has been widely utilized to select resistant
gene(s) (Table 6) from various resources and transmit them to
selected plants to introgress resistance to various abiotic as well as

TABLE 6 | List of engineered genes/traits in chickpea.

Crops Genotype Explant Transgene Promoter Gene delivery
system

Aim References

Chickpea C 235, BG 256,
Pusa 362 and
Pusa 372

Cotyledonary node cry1Ac CaMV35S Agrobacterium-
mediated

Insect resistance
against H. armigera

Sanyal et al.
(2005)

ICCC37 Epicotyl cryIAc CaMV35S Agrobacterium-
mediated

Insect resistance
against H. armigera

Indurker et al.
(2007)

Annigeri Cotyledonary node P5CS CaMV35S Agrobacterium-
mediated

Salinity tolerance Ghanti et al.
(2011)

P-362 Cotyledonary node cry1Ab and cry1Ac CaMV35S and synthetic
constitutive expression
promoter (Pcec)

Agrobacterium-
mediated

Insect resistance Mehrotra et al.
(2011)

DCP 92–3 Embryonic axis cry1Ab/cry1Ac Rice actin1 and
soybean msg

Agrobacterium-
mediated

Insect resistance Ganguly et al.
(2014)

Gokce Mature embryo miR408 CaMV35S Agrobacterium-
mediated

Drought tolerance Hajyzadeh et al.
(2015)

ICCV 89,314 Single cotyledon
with half embryo

cry1Ac RuBisCO small subunit
and ubiquitin

Agrobacterium-
mediated

Insect resistance to
target H. armigera

Chakraborty
et al. (2016)

DCP 92–3 Axillary meristem cry1Aabc CaMV35S Agrobacterium-
mediated

Insect resistance Das et al. (2017)

PBA HatTrick Half-embryonic
axis

nicotianamine
synthase 2 and
ferritin

CaMV35S and nopaline
synthase

Agrobacterium-
mediated

Iron biofortifcation Tan et al. (2018)

TABLE 7 | Genetic transformation of chickpea.

Genotype Explant Transgene Promoter Gene delivery
system

Aim References

C 235, BG 256, Pusa
362 and Pusa 372

Cotyledonary node cry1Ac CaMV35S Agrobacterium-
mediated

Insect resistance
against H. armigera

Sanyal et al.
(2005)

ICCC37 Epicotyl cryIAc CaMV35S Agrobacterium-
mediated

Insect resistance
against H. armigera

Indurker et al.
(2010)

Annigeri Cotyledonary node P5CS CaMV35S Agrobacterium-
mediated

Salinity tolerance Ghanti et al.
(2011)

P-362 Cotyledonary node cry1Ab and cry1Ac CaMV35S and synthetic
constitutive expression
promoter (Pcec)

Agrobacterium-
mediated

Insect resistance Mehrotra et al.
(2011)

DCP 92–3 Embryonic axis cry1Ab/cry1Ac Rice actin1 and soybean msg Agrobacterium-
mediated

Insect resistance Ganguly et al.
(2014)

Gokce Mature embryo miR408 CaMV35S Agrobacterium-
mediated

Drought tolerance Hajyzadeh et al.
(2015)

ICCV 89,314 Single cotyledon
with half embryo

cry1Ac RuBisCO small subunit and
ubiquitin

Agrobacterium-
mediated

Insect resistance to
target H. armigera

Chakraborty
et al. (2016)

DCP 92–3 Axillary meristem cry1Aabc CaMV35S Agrobacterium-
mediated

Insect resistance Das et al. (2017)

PBA HatTrick Half-embryonic axis nicotianamine
synthase 2 and ferritin

CaMV35S and nopaline
synthase

Agrobacterium-
mediated

Iron biofortification Tan et al. (2018)
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biotic challenges. Various genes are now being deployed in pulses
using Agrobacterium-mediated (Eapen et al., 1987;
Krishnamurthy et al., 2000; Sharma K. K. et al., 2006), particle
gun bombardment (Kamble et al., 2003; Indurker et al., 2007),
electroporation of intact axillary buds (Chowrira et al., 1996)
electroporation and PEG mediated transformation using
protoplasts (Köhler et al., 1987a; Köhler et al., 1987b). The
most widely used method for developing transgenics in pulse
crops is Agrobacterium mediated explant transformation. To
generate transgenic plants, numerous transgenes from various
sources have been introduced into pulse crops.

Transgenic chickpea is developed either by gene gun (Kar
et al., 1997; Husnain et al., 2000; Tewari-Singh et al., 2004;
Indurker et al., 2007) or Agrobacterium-mediated method (Kar
et al., 1997; Sanyal et al., 2005; Biradar et al., 2009; Acharjee et al.,
2010; Asharani et al., 2011; Mehrotra et al., 2011; Ganguly et al.,
2014). Important target traits for transgenic plant development in
chickpea are insect pest resistance including α amylase inhibitor
genes and lectin genes (Dita et al., 2006), Cry genes from Bacillus
thuringiensis, protease inhibitor genes, disease resistance
including transfer of genes such as chitinase gene, antifungal
protein genes or stilbene synthase gene for fungal resistance, coat
protein genes of viruses for viral resistance and bacterial
resistance from T4 lysozyme gene (Eapen, 2008), various
abiotic stresses like salinity, drought, mineral toxicities, cold,
temperature, etc., seed proteins, plant architecture, and RNA
interference technology could be used to increase carotenoids and
flavanoids by engineering metabolic pathways to decrease the
effect of endogenous genes (Eapen, 2008).

As presented in Table 7 transformation through
Agrobacterium with the cry1Ab/Ac gene in chickpea has
resulted in resistance to Helicoverpa armigera (Lawo et al.,
2008; Ganguly et al., 2014). Bombardment of calli with DNA-
coated tungsten particles resulted in somatic embryogenesis and
the subsequent generation of transgenic chickpea (Husnain et al.,
2000). Other researchers have also reported on the use of
transgenic chickpea as a drought-tolerant and pest-resistant
cultivar (Bhatnagar-Mathur et al., 2009; Khatodia et al., 2014;
Kumar et al., 2014).

3.2.12 Bioinformatic Molecular Data Bases/Resources
for Broadening Genetic Bases
The recent data reports on leguminous genomics and
transcriptomics have forced the creation of an exhaustive
model of legume genomics and transcriptomics databases.
Readily available data through online database portals are
playing a significant role in research and development.
LegumeIP (http://plantgrn.noble.org/LegumeIP/), an integrative
database for comparative genomics and transcriptomics of model
legumes, for use in studying gene function and genome evolution
in this center-stage plant family including the genome sequences
ofM. truncatula,G. max and L. japonicas and two reference plant
species, i.e., A. thaliana and Populus trichocarpa were employed
(Li et al., 2012). The Legume Information System (LIS; https://
legumeinfo.org) (Dash et al., 2016) gives users access to genetic
and genomic data for model legumes. KnowPulse (https://
knowpulse.usask.ca) for chickpea, common bean, field pea,
fababean, and lentil, focuses on diversity data and gives

TABLE 8 | Bioinformatics resources for chickpea.

Bioinformatics resources for
chickpea

Description

1. CicArMiSatDB (https://cegresources.icrisat.org/CicArMiSatDB/) CicArMiSatDB is a web resource for learning about Chickpea microsatellite (Simple Sequence
Repeat) markers. It gives the chickpea breeding community useful marker information. This database
can be used to find marker information and examine it using the BLAST and Genome Browser
implementations

2. PulseDB (https://www.pulsedb.org/organism/641) The Pulse Crop Database (PCD), formerly the Cool Season Food Legume Database (CSFL), is being
developed by Washington State University’s Main Bioinformatics Laboratory in collaboration with the
USDA-ARS Grain Legume Genetics and Physiology Research Unit, the USDA-ARS Plant Germplasm
Introduction and Testing Unit, the United States Dry Pea and Lentil Council, Northern Pulse Growers,
and allied scientists in the United States and around the world, to serve as a resource for (GAB). By
providing relevant genomic, genetic, and breeding information and analysis, GAB provides tools to
find genes associated with features of interest, as well as other approaches to increase plant breeding
efficiency and research

3. ACPFG Bioinformatics TAGdb (http://sequencetagdb.info/tagdb/
cgi-bin/index)

This service performs BLAST alignment between a single query and short pair reads of selected
species

4. The chickpea portal (http://www.cicer.info/) In collaboration with partners in India (ICRISAT), this AISRF-funded project is focused on the
development of efficient selection methods for tolerance to abiotic stress and the application of
molecular tools to assist chickpea breeding

5. LIS ChickpeaMine (https://mines.legumeinfo.org/chickpeamine/
begin.do)

This mine integrates data for chickpea varieties desi and kabuli. It is developed by LIS/NCGR and
sourced from LIS datastore files

6. Chickpea Transcriptome Database (CTDB) (http://nipgr.res.in/
ctdb.html)

It provides a full web interface for visualizing and retrieving chickpea transcriptome data. Many tools
for similarity searches, functional annotation (putative function, PFAM domain, and gene ontology)
searches, and comparative gene expression analyses are included in the database. The latest version
of CTDB (v2.0) contains transcriptome datasets from farmed (desi and Kabuli kinds) and wild
chickpea with high-quality functional annotation
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information on germplasm, genetic markers, sequence variants,
and phenotypic traits (Sanderson et al., 2019).

The construction of bioinformatics databases (Table 8) for the
chickpea gene pool, according to recent breakthroughs in
computational genomics, will permit users to visualize and
extract chickpea genomics data in order to learn comparative
genomics, annotate gene function, and investigate novel
transcription factors (Doddamani et al., 2015; Verma et al.,
2015; Gayali et al., 2016). Many databases have been built for
chickpea, including CicArMiSatDB (https://cegresources.icrisat.
org/CicArMiSatDB/) for SSR markers (Doddamani et al., 2014),
CicArVarDB (https://cegresources.icrisat.org/cicarvardb/) for
SNPs and QTLs, and Chickpea Transcriptome Database
(Verma et al., 2015). Furthermore, a few years ago, the
PLncPRO tool was developed to acquire unique insights into
the rising importance of long noncoding RNAs in response to
various abiotic challenges in chickpea (Singh et al., 2017).

There are also othermolecular databases developed in other pulse
crops which are useful in comparative genomics studies. Some of the
important databases are highlighted as further. The PIgeonPEa
Microsatellite DataBase (PIPEMicroDB) program (http://cabindb.
iasri.res.in/pigeonpea/) stores a catalogue of microsatellites retrieved
from the pigeon pea genome (Sarika et al., 2013). The adaptation of
this program for chromosome-based searchmay be utilized for QTL
markers for crop improvement and mapping of genes. With the fast
development of publicly available Affymetrix GeneChip Medicago
Genome Array Gene Chip data from cell types, a wide range of
tissues, growth conditions, and stress treatments, the legume
research group is in need of an efficient bioinformatics system to
assist efforts to analyze the Medicago genome through functional

genomics. The MtGEA (Medicago truncatula Gene Expression
Atlas) website (http://bioinfo.noble.org/gene-atlas/) now includes
additional gene expression data and genome annotation (He
et al., 2009). The Medicago truncatula Genome Database (http://
www.medicagogenome.org) houses a diverse collection of genomic
data sets (Krishnakumar et al., 2015). RNA-Seq Atlas (Seq-Atlas) for
Glycine max (http://www.soybase.org/soyseq) gathers RNASeq data
from a variety of tissues and offers new techniques for analyzing
huge transcriptome data sets produced from next-generation
sequencing (Severin et al., 2010). SoyBase (https://www.soybase.
org/), the USDA-ARS soybean genetic database, is a
comprehensive library of professionally maintained soybean
genetics, genomics, and related data resources (Grant et al.,
2010). The Lotus japonicus Gene Expression Atlas (LjGEA: http://
ljgea.noble.org/) provides a global picture of gene expression in
organ systems of the species including roots, nodules, stems, petioles,
leaves, flowers, pods, and seeds. It enables versatile, multifaceted
transcriptome analysis (Verdier et al., 2013).

3.2.13 Genome Editing for Broadening Genetic Bases
Genome editing promises giant leaps forward in broadening the
genetic bases research. Targeted DNA integration into known
locations in the genome has potential advantages over the
random insertional events typically achieved using conventional
means of genetic modification. The gene of interest is positioned
near the T-DNA left border which is responsible for the insertion
of plant cell. Molecular biologists can now more accurately target
any gene of interest because advances in genome editing tools such
as zinc-finger nucleases (ZFNs), homing endonuclease and
transcription activator-like effector nucleases (TALENs) could

FIGURE 5 | Integrating various approaches for broadening the genetic base.
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possibly be exploited for genomics-assisted selection toward
accelerated genetic gains (Shan et al., 2013; Bortesi and Fischer,
2015), while more advancements in chickpea enhancement using
these cutting-edge approaches are still awaited. In chickpea, the 4-
coumarate ligase (4CL) and Reveille 7 (RVE7) genes were selected
as genes associated with drought tolerance for CRISPR/
Cas9 editing in chickpea protoplast. The knockout of these
selected genes in the chickpea protoplast showed high-efficiency
editing was achieved for RVE7 gene in vivo compared to the 4CL
gene (Badhan et al., 2021). These methods, however, are costly and
time-consuming since they need complex procedures that require
protein engineering. Unlike first-generation genome editing
techniques, CRISPR/Cas9 genome editing is straightforward to
design and clone and the same Cas9 can theoretically be used with
various guide RNAs targeting many places in the genome. Several
proof-of-concept demonstrations in crop plants using the primary
CRISPR-Cas9 module, and numerous customized Cas9 cassettes
have been used to improve target selectivity and reduce off-target
cleavage. Thus, the applications of genome editing techniques in
chickpea research have great potential (Mahto et al., 2022).

4 INTEGRATING VARIOUS OMICS
APPROACHES FOR BROADENING THE
CHCKPEA GENETIC BASE
The technological advances that transformed chickpea from an
orphan crop to a genomic resource enriched crop in the post-
genomics era, Re-sequencing efforts using WGRS have led to the
dissection of genetic diversity, population structure, domestication
patterns, linkage disequilibrium and the unexploited genetic
potential for chickpea improvement (Varshney et al., 2019).
Modern genomics technologies have the potential to speed up
the process for trait mapping, gene discovery, marker
development and molecular breeding, in addition to enhancing
the rate of productivity gains in chickpea. Integration of genome-
wide sequence information with precise phenotypic variation allows
capturing accessions with low-frequency variants that may be
responsible for essential phenotypes such as yield components,
abiotic stress tolerance, or disease resistance (Roorkiwal et al.,
2020). NGS technology has resulted in the development and
application of a wide variety of molecular markers for chickpea
improvement (Kale et al., 2015; Varshney et al., 2018). Over the past
decade, more than 2000 simple sequence repeat (SSR) markers,
15,000 features-based diversity array technology (DArT) platform,
and millions of SNP markers have been developed for chickpea
(Varshney 2016). The revolution in NGS technologies has enabled
sequencing to be performed at a higher depth (whole-genome re-
sequencing), mid-depth (skim sequencing), or lower depth
(genotyping by sequencing, RAD-Seq). Integrating omics data
from multiple platforms such as transcriptomics, proteomics and
metabolomics are paramount to bridging the genome-to-phenome
gap in crop plants and ultimately identifying the phenotype based on
their genetics. applications of genomic technologies for bridging the
genotype–phenotype gap in chickpea (Figure 5). With the
availability of the reference genome, these genetic resources can
be subjected to whole-genome re-sequencing (WGRS) or high- to

low-density genotyping, based on the objective of the study, using
the available genotyping platforms (e.g., genotyping by sequencing,
GBS; array-based genotyping). Analysis at the transcriptome,
proteome, and metabolome levels can be performed to gain novel
insights into the candidate genes and biological processes involved.
Using a genomics approach Fusarium wilt resistance WR
315 Annigeri 1 foc4 has been Released as “Super Annigeri 1′ for
commercial cultivation in India Mannur et al. (2019).

5 CONCLUSION AND FUTURE
PERSPECTIVE

With the employment of modern “Omics” technologies in
combination with traditional methods, it is now possible to
overcome yield limits, and achieve higher genetic gains ensuring
high output for chickpea production and quality features. Chickpea
land races and wild Cicer species are the goldmines of beneficial
genes influencing desired traits of interest for biotic, abiotic, and
yield component features. Identification of novel sources of desired
traits, QTLs or alleles through extensive evaluation and utilization
of landraces and wild Cicer species will have a greater impact on
developing chickpeas for better climate resilience and higher yield.
Many desirable features from primary and secondary gene pools in
wild Cicer species have been successfully transmitted into
cultivated cultivars using both traditional and modern
procedures. The wealth of new omics approaches and growing
resources offer great potential to transform chickpea breeding in
the near future. An integrated application of chickpea “Omics”,
classical and modern breeding methods, marker-assisted selection,
and biotechnological application promises for the broadening of
the chickpea genetic base and introgression of new genes for crop
traits for higher productivity will lead to next-generation chickpea
varieties.
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Multilocation Yield Trials and Yield
Stability Evaluation by GGE Biplot
Analysis of Promising Large-Seeded
Peanut Lines
Nipatcha Pobkhunthod1,2, Jetsada Authapun2, Songyos Chotchutima2,
Sarawut Rungmekarat 2, Piya Kittipadakul2, Jaungjun Duangpatra2 and Tanapon Chaisan2*

1Agricultural Research and Technology Transfer Center, Faculty of Agriculture, Kasetsart University, Bangkok, Thailand,
2Department of Agronomy, Faculty of Agriculture, Kasetsart University, Bangkok, Thailand

The demand by industries for large-seeded peanuts is increasing in Thailand and
Southeast Asia. New large-seeded peanut lines were recently developed in Thailand to
respond to the demand. In this study, a multilocation yield trial was performed to identify
the best genotype(s) in Thailand’s central region and investigate the
genotype–environment interaction (GEI) on peanut production. Twelve promising large-
seeded peanut lines and two check varieties (KU50 and KK6) were planted at 12 different
planting locations during the dry and rainy seasons of 2018 and the dry season of 2019.
This study found significant yield potential variability in the promising lines of peanuts
evaluated at different planting locations. A combined analysis of variance presented that
the environment and genotypes had a considerable impact (p < 0.001) on the pod and
seed yield. The GEI showed a high impact (p < 0.01) on pod yield and an effect (p < 0.05) on
seed yield. The environment presented the most significant influence on pod and seed
yield variations, followed by genetics and GEI. The total variation in seed yield was 64.22%,
composed of PC1 and PC2 values at 45.71% and 18.51%, respectively. The GGE biplot
analysis of the yield potentials at each location indicated that KUP12BS029-1-1-3 was the
ideal genotype, with a high yield potential and most stability at multilocations, followed by
KUP12BS030-3-4-1 and KUP12BS030-1-4-3. These promising lines will be released as
new peanut varieties in central Thailand and are recommended as parental lines in
breeding programs for large-seeded and yield potential in Thailand and Southeast Asia.

Keywords: yield stability, GGE biplot, GEI, pod yield, seed yield

INTRODUCTION

Peanut (Arachis hypogaea L.) is an important legume crop in Southeast Asia. The market demand for
large-seeded peanuts has been increasing, and better quality large-seeded peanut varieties are needed
for peanut products, particularly by farmers. Therefore, breeding for yield has been the primary
strategy to improve peanut productivity in peanut-growing countries (Nigam et al., 1991).

The peanut seed size is essential for the processed industry and can be used to measure the quality
and price of peanuts. The size of the peanut seed indicates the quality of the peanut product. Peanut
products made of large seeds taste better than those made of small seeds (Haruthaithanasan, 2002).
The standard for grading peanut seeds are the following—1) large-seeded: 100-seeds weight of over
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60 g, 2) medium-seeded: 100-seeds weight between 35 and 60 g,
and 3) small-seeded: 100-kernels weight of less than 35 g
(Waranyawat, 1999).

Most large-seeded peanut varieties have a late harvesting date,
which is unsuitable for Thailand’s cropping system. The new
large-seeded peanut varieties with resistance to peanut bud
necrosis virus and early maturity date and suitable for the
central region of Thailand were developed in 2010 under a
peanut breeding program conducted by the Department of
Agronomy, the Faculty of Agriculture, Kasetsart University,
Thailand. Several large-seeded peanut genotypes were selected
and evaluated at the research station in this peanut breeding
program. A yield trial for the selected large-seeded peanut
genotypes is required to determine their yield potential and
stability at various planting locations (Authapun et al., 2016).
This process is conducted in different environments over many
years to measure the adaptability of the plants, identifying those
that are potentially adaptable to specific environments and those
that are generally adaptable (Yan and Hunt, 2001).

Selection for high yield and stability with critical economic
traits, such as yield and adaptability, is essential in successful
breeding programs. The necessary factors for consideration in
breeding studies are variety, location, season, and environment
(De lacy, 1981). Multi-environment or multilocation yield trials
conducted in plant breeding programs are essential in evaluating
genotypes and hybrids for yield and stability (Alwala et al., 2010).
An essential factor in the stability studies of peanuts is the yield
potential at multiple locations (Shorter and Norman, 1983).
Generally, the yield of plants is influenced by the environment
(E) more than the genotype–environment interaction (GEI) and
genotype (G). Different peanut lines therefore show the highest
yield potential at different locations (Tai and Hammons, 1978;
Oliveira and Godoy, 2006; Kasno and Trustinah, 2015; De Moura
et al., 2017). Testing plant varieties in different testing
environments, where the responses would reflect the
adaptability of the peanut genotypes to the inherent and
persistent natural environmental factors of the different peanut
production areas, provides valuable information for cultivar
selection and final release (Banterng et al., 2006). Determining
the most promising multilocation lines based on the findings of a
preliminary yield trial, demonstrating yield potential and
stability, is vital for selecting and releasing new varieties.

Different methods of analysis have been proposed to
determine GEI, such as using a regression coefficient (Finlay
andWilkinson, 1963), calculating the sum of squared deviations
from the regression (Eberhart and Russel, 1966), and the
additive main effects and multiplicative interaction (AMMI)
(Gauch and Zobel, 1988; Annicchiarico, 1997). Yan et al. (2000)
proposed a method known as genotype plus genotype by
environment interaction (GGE) or a multi-environment
experiment in which the G + GE graph (GGE biplot) is
displayed as a graph to facilitate the evaluation of the visible
traits and the mega-environment identification of each
genotype. The GGE biplot identifies the winning genotypes
by crop every year. Therefore, using the GGE graph
compares genotypes in different environments according to
the best genotype and environmental performance, such as

genotype grouping and environment. The polygon view of a
GGE biplot explicitly displays the “which-won-where” pattern
and hence provides a succinct summary of the GE pattern of a
multi-environment trial data set. The polygon is formed by
connecting the markers of the genotypes that are further away
from the biplot origin such that all other genotypes are
contained in the polygon (Yan, 2002).

The GGE biplot presents a graphic illustration of the data
collected and aids in evaluating the comparative results. This
biplot provided highly reliably graphical results to identify high
yields and stability in genotypes in hybrid maize (Alwala et al.,
2010). The biplot identified the mega-environment that
influenced the variability of grain yield in barley (Jalata, 2011).
It was used to select peanut germplasm for development as a
specific genotype depending on environmental and management
conditions (Zurweller et al., 2018). The objective of the current
study was to apply a multilocation evaluation of large-seeded
peanuts for yield stability. Specifically, the goals were to identify
large-seeded peanut line(s) with high yield potential and stability
suitable for multilocations.

MATERIALS AND METHODS

Plant Materials
The peanut genotypes used in this study were 12 promising lines
with a 100-seeds weight of more than 60 g. These lines were
crossed from the Khon Kean 5 (KK5) variety (a Virginia-type
peanut of medium seed size, high yield, a decumbent type canopy,
and low incidence of bud necrosis virus disease) and Khon Kean 6
(KK6) variety (a Virginia-type, large-seeded peanut, with large
pods, an erect plant type canopy, dark green leaves, and resistant
to bud necrosis virus disease).

The two large-seeded check varieties were KK6 and Kasetsart
50 (KU50), recommended by the Thailand Department of
Agriculture and often used by Thai farmers. KU50 is resistant
to drought and foliar diseases and has a high yield and high seed
dormancy.

Multilocation Yield Trials
Twelve promising large-seeded peanut lines and two check
varieties (KU50 and KK6) (Supplementary Table S1) were
planted at twelve locations in central Thailand during the dry
and rainy seasons of 2018 and the dry season of 2019
(Supplementary Table S2). The experiment at each location
was conducted using a randomized complete block design with
three replications. Crop management in this experiment
included planting date, plant spacing, and irrigation at each
location; each plot consisted of six rows and was 4 m long.
Preemergent herbicides were used to control weeds in the
experiments in all fields. All plots were fertilized during
flowering at 156.25 kg·ha−1 of NPK (13-13-21). Gypsum
(CaSO4·2H2O) was applied at early pegging at
312.50 kg·ha−1. The peanut fields were irrigated under
drought conditions (Supplementary Table S2). The pod
yield and seed yield were collected and reported at 8%
moisture content.
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Weather and Soil Fertility
In the dry season of 2018, the average temperature ranged from
30.5°C to 30.9°C, and the total rainfall was approximately
166.3–380.6 mm. During the rainy season of 2018, the average
temperature ranged from 27.7°C to 28.5°C, and the total rainfall
was approximately 459.0–732.1 mm. During the dry season of
2019, the average temperature ranged from 30.7°C to 30.9°C, and
the total rainfall was approximately 166.6–262.5 mm
(Supplementary Table S2).

The planting area trials were conducted at 12 locations with
known environmental differences, namely, 1) plains, 2) river
plains, 3) piedmont plains, and 4) upland (Supplementary
Table S2). The soil series in the planted areas were Nakhon
Sawan, Lop Buri, Khok Samrong, Choke Chai, and Mae Sai. The
Nakhon Sawan soil series is a shallow soil group to the rock wall
layer. The soil reaction is acidic to neutral, with good drainage
and low fertility. The Lop Buri soil series is an intense black clay
soil group with deep and wide cracks when dry. The soil reaction
in this soil series is neutral to alkaline, with moderate to good
drainage and moderate to high fertility. The Khok Samrong soil
series is an enthusiastic fine loam soil group. The soil reaction of
this soil series is neutral to alkaline, drainage is quite inadequate
to worse and fertility is moderate to low. The Choke Chai soil
series is a deep to intense clay soil group produced from the fine
mass parent material. The soil reaction of this soil series is
strongly acidic and the drainage quite bad, with low fertility.
The Maesai soil series is siltstone sandy soil that has risen from
distributary sedimentation. The soil reaction of this soil series is
neutral or basic, and drainage is quite bad and fertility is moderate
to low.

Data Collection
The pod and seed yields were determined based on sampling in
the two center rows of each plot, excluding plants at the head and
end of each row. The pod yield was based on sun-dried
measurements to reduce the moisture content. Dry pod and
seed weights were measured and recorded at 8% moisture
content.

Statistical Data Analysis
The collected data were analyzed using the R program version
3.6.1 [R Core Team (2019). R: A language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL https://www.R-project.org/] for pod and
seed yield variance at multiple locations. The analysis of
variance was used to compare the means in each
environment. Significant differences among the means of
yields were compared using Fisher’s protected least
significant difference (LSD) at the 5% level of probability.
Evaluation for the yield potential and stability was performed
based on a GGE biplot graphical user interface package (GGE
biplot GUI) using principal component 1 (PC1) and PC2 scores.
Visualization of “which-won-where/what” patterns for the
multilocation yield trials was used to study genotypes (G)
and genotype–environment interactions (GEI).

RESULTS

Combined Analysis of Variance for Pod
Yield and Seed Yield
The results showed that environment (E), genotype–environment
interaction (GEI), and genotype (G) significantly affected pod
and seed yields (Table 1). In particular, GEI highly affected the
pod yield (p < 0.01) and had a significant effect on the seed yield
(p < 0.05). The highest variations based on the percentage of total
variability represented by the total sum of squares in pod and seed
yields were 55.19% and 64.97%, respectively. The E factor had the
most significant influence on pod and seed yield variations. The
GEI variation had the second greatest significance with 15.07%
(pod) and 10.17% (seed). The G variation was the least influential,
with 4.31% (pod) and 2.81% (seed).

Correlation Coefficient Analysis
Correlations of yield components on the pod and seed yields were
analyzed for the 12 planting locations. All characteristics
significantly affected the yield. The number of seeds per plant
and pods per plant showed a high correlation with the pod yield
(r = 0.73, 0.70) and seed yield (r = 0.70, 0.53), respectively.
However, the number of seeds per pod had a low correlation with
the pod yield and seed yield (r = 0.04, 0.05). Similarly, 100-seeds
weight had a low correlation with the pod yield (r = 0.03)
(Table 2).

Yield Performance at Multilocations
The number of pods, seeds, 100-seeds weight, pod yield, and seed
yield of the 14 large-seeded peanut lines in the 12 planting
locations differed significantly (Table 3). The average pod
yield differed significantly, ranging from 2.62 to 3.89 t·ha−1.
The average pod yield of 14 large-seeded peanut lines at each
planting location ranged from 0.90 [Wang Thong (WT)] to
4.95 t·ha−1 [Chon Phrai (CP)] (Table 4). The pod yield of the
14 large-seeded peanut lines was significantly different for 5 out of
the 12 planting locations. The pod yield of KUP12BS029-1-1-3
(5.92 t·ha−1) was higher than that of KU50 (2.42 t·ha−1) at Lam
Sonthi (LST). The pod yield of the KUP12BS030-4-2-1
(1.42 t·ha−1) peanut line was higher than that of KK6
(0.82 t·ha−1) and KU50 (0.53 t·ha−1) at WT.

KUP12BS029-1-1-3 showed a high performance for the
number of pods, number of seeds, pod yield, and seed yield.
The average seed yields from the 12 planting locations were
significantly different, ranging from 1.45 to 2.17 t·ha−1. The
averaged seed yield of the KUP12BS029-1-1-3 line was higher
than for that of KK6 (20.70%) and KU 50 (26.80%) (Table 3). At
each planting location, the average seed yield ranged from 2.19
(WT) to 3.64 t·ha−1 (CP) (Table 5). The seed yield of the 14 large-
seeded peanut lines in each planting area was significantly
different in 3 out of the 12 planting locations at WP, Sa Bot
(SB), and Wang Phloeng (WP). The seed yield of KUP12BS030-
1-4-3 (1.26 t·ha−1) was higher than that for KU50 (0.82 t·ha−1)
and KK6 (0.53 t·ha−1) at SB. The seed yield of KUP12BS030-4-2-1
(0.48 t·ha−1) was higher than that for KU50 (0.18 t·ha−1) and KK6
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(0.25 t·ha−1) atWT. However, the seed yield of KUP12BS029-1-1-
3 was not different from that of KK6 and KU 50 at each location.

Genotype Plus Genotype by Environment
Interaction Biplot Analysis
The results of the GGE biplot showed that the total variation of
the pod yields was 70.96%, composed of PC1 (47.04%) and PC2
(23.92%) (Figure 1A). The PC1 score indicates the yield of the
lines: PC1 > 0 indicates the high yield lines, whereas PC1 <
0 indicates the low yield lines. The PC2 score derived from the
multilocation tests indicates a line’s stability. If the PC2 score
approaches zero, the lines are stable. Based on the GGE biplot
analysis, the peanut lines showed PC1 > 0 and low PC2 scores
were KUP12BS030-1-4-3 (G7) and KUP12BS029-1-1-3 (G6),
indicating high yield and high stability.

The total variation in the seed yield was 64.26%, composed of
PC1 and PC2 values of 45.73% and 18.53%, respectively
(Figure 1B). The lines that showed high stability and stable
seed yield (PC1 > 0 and low PC2 score) were KUP12BS029-1-
1-3 (G6), KUP12BS030-1-4-3 (G7), and KUP12BS030-3-4-1
(G8). KUP12BS029-1-1-3 (G6) had the highest mean pod
yield and seed yield. Identification of the ideal genotype for
pod and seed yields showed that KUP12BS029-1-1-3 (G6) was
positioned the closest to the ideal pod and seed yield lines
(Figure 2). Then, the KUP12BS029-1-1-3 (G6) was indicated
as the ideal large-seeded peanut line for high stability and high
pod and seed yields.

The analysis for the pod yield of the peanut lines studied at
multilocations was facilitated using a “which-won-where”

pattern, showing the interaction of genotype to the data sets of
different environments at the multilocation yield trials (Yan,
2002). The polygon view of this biplot showed the test
locations in six sectors, where the lines at the corner of each
section had the highest yield. The polygon view showed that the
KUP12BS029-1-1-3 (G6) was the highest pod yield in Tak Fa
(TF), Wang Phloeng (WP), Si Thep (ST), and Lam Sonthi (LST).
KUP12BS030-4-2-1 (G9), KUP12BS001-3-4-3 (G3),
KUP12BS014-3-4-1 (G4), and KK6 (G2) had the highest pod
yields in Sa Bot (SB) and Tha Luang (TL), Phatthana Nikhom
(PN), Wang Muang (WM), and Chon Phrai (CP), respectively
(Figure 3A).

Considering the seed yield of the lines at each location, the
KUP12BS029-1-1-3 (G6) had the highest seed yield at Lam
Sonthi (LST), Si Thep (ST), Wang Phloeng (WP), and Khok
Charoen (KC) locations (Figure 3B). KUP12BS030-4-2-1 (G9)
produced the highest seed yield in Tha Luang (TL), Tak Fa (TF),
Wang Thong (WT), Phatthana Nikhom (PN), and Sa Bot (SB).
KUP12BS014-3-4-1 (G4) showed the highest seed yield in Wang
Muang (WM). Of the 12 testing locations, Lam Sonthi (LST) and
Khok Samrong (KS), which had long vectors, were the most
discriminating in pod yield, followed by Si Thep (ST) and Khok
Charoen (KC) (Figure 4A), whereas Si Thep (ST) and Lam
Sonthi (LST) were the most discriminating in seed yield
(Figure 4B).

The average environment axis (AEA) of the biplot (Figure 4)
is the line that passes through all locations represented by the
circles and the center of the circles. The angle between the vectors
at each location and AEA can be used to identify the
representative location. A tested location with the smallest
angle between its vector and AEA is the best representative of
the test location (Yan and Tinker, 2006). Thus, ST (Si Thep) was
the most representative location for both the pod yield and seed
yield (Figure 4).

DISCUSSION

The combined analysis of variance showed significant effects for
all sources of variation for both pod and seed yields, indicating
the differential behavior of genotypes that were not consistent
with the different environments. These results were consistent
with other published reports of peanut yield trials (Dos Santo
et al., 2012; Kasno and Trustinah, 2015). In the current study,

TABLE 1 | Combined analysis of pod yield and seed yield of 14 peanut lines tested across 12 locations.

Source of variation Df Pod yield (t·ha−1) Seed yield (t·ha−1)
SS MS %SS Pr (>F) SS MS %SS Pr (>F)

Environment (E) 11 799.24 72.658*** 55.19 <2.2e-16*** 363.43 33.039*** 64.97 <2.2e-16***
Rep: E 12 49.70 4.141*** 3.43 6.096e-06*** 19.75 1.645*** 3.53 6.647e-08***
Genotype (G) 13 62.43 4.802*** 4.31 1.558e-07*** 15.75 1.212*** 2.81 101e-05***
G×E 143 208.18 1.456** 14.38 0.004446** 56.94 0.398* 10.17 0.04893*
Pooled error 324 328.58 1.014 22.69 103.52 0.320 18.51
Total 503 1448.13 559.39

***, **, *: significant at 0.001, 0.01, and 0.05 probability levels, respectively.
Df, degrees of freedom; SS, sum of squares; MS, mean square.

TABLE 2 | Correlation coefficients of yield components with pod yield and seed
yield of 14 peanut lines testing across 12 locations.

Yield component Correlation coefficient

Pod yield Seed yield

No. of pods per plant 0.70*** 0.53***
No. of seeds per pod 0.04*** 0.05***
No. of seeds per plant* 0.73*** 0.70***
100-seeds weight (g) 0.19*** 0.19***
Shelling percentage (%) 0.03*** 0.15***

*; significant at 0.001 probability level.
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the location influenced the large-seeded peanut lines. The pod
yield and seed yield were the most critical factors affecting
peanut yields. The influence of environmental variation on yield
was more significant than GEI and genotype variations.
Variations in the pod and seed yields of lines at the
12 locations were influenced mainly by the E effect, with
minor influences by GEI and G. These results are consistent
with reported GEIs in peanuts (Oliveira and Godoy, 2006;
Kasno and Trustinah, 2015; De Moura et al., 2017). The
variation of GEI is three times greater than the variation of
G. Compared to G, the magnitude of GEI suggests that different
environments might exist, which makes the breeder’s work with
a selection more difficult. This result is consistent with earlier
reports from a study of grain yield variation in barley caused by
GEI (Jalata, 2011).

As the primary target for breeding in peanuts, the yield
received more attention than the other examined traits.
Correlation analyses revealed a pattern of association of
traits and their direct contributions to yield. The correlation
showed that the number of pods per plant and the number of
seeds per plant had the most substantial positive direct effects
on pod yield and seed yield, indicating that improvements in
these traits should improve the total yield. These results follow

reports regarding the number of pods per plant (Nandini and
Savithramma, 2012; Thirumala et al., 2014). The 100-seeds
weight and shelling percentage trait had a positive direct effect
on yield, with weaker effects observed for the number of pods
per plant and the number of seeds per plant trait. This
information suggests that special attention should be paid
to these traits when selecting high-yielding genotypes of
large-seeded peanuts. The 100-seeds weight, based on the
test planting data at 12 locations, found that some lines had
100-seeds weight less than 60 g, indicating the additive genetic
effects and an opportunity to improve this trait via selection.
Similar results were found for the peanut pod weight (Patil
et al., 2014).

The current study identified that the rankings of the
genotypes, based on yield, were changed for specific locations.
For example, the pod yield of KUP12BS029-1-1-3, KUP12BS030-
4-2-1, and KUP12BS036-4-2-3 presented the highest pod yield at
LST, WT, and KS, respectively. These results presented the
influence of GEI on the pod yield. GEI reduced the usefulness
of lines by reducing their yield performance (Pham and Kang,
1988). Moreover, the pod and seed yield evaluations under
multilocations showed different peanut lines presenting the
highest pod yield at different locations. These results indicate

TABLE 3 | Yield and yield components of 12 peanut lines and 2 check varieties.

Code Line/variety No.
pods

per plant

No.
seeds

per plant

100-
Seeds
weight
(g)

Pod yield
(t·ha−1)

Relative to check Relative
to mean

(%)

Seed
yield
(t·ha−1)

Relative to check Relative
to mean

(%)
KK6 (%) KU50

(%)
KK6 (%) KU50

(%)

G1 KU50 30bc 47bc 56.14d 3.19def 92.78 100.00 95.15 1.41b–e 95.19 100.00 96.38
G2 KK6 27cd 40cd 64.81bc 3.41a–e 100.00 107.79 102.56 KK6 100.00cd 105.05cd 101.25bc

G3 KUP12BS001-3-
4-3

31b 48ab 53.44d 3.00efg 87.35 94.15 89.59 1.62cde 90.19 94.75 91.32

G4 KUP12BS014-3-
4-1

25d 41cd 55.37d 2.79fg 81.12 87.44 83.20 1.45e 80.54 84.61 81.55

G5 KUP12BS014-5-
1-3

29bc 44bcd 52.71d 2.62g 76.32 82.26 78.27 1.50de 83.28 87.48 84.32

G6 KUP12BS029-1-
1-3

35a 53a 63.64bc 3.89a 113.11 121.92 116.01 2.17a 120.70 126.80 122.21

G7 KUP12BS030-1-
4-3

30bc 46bc 64.61bc 3.66abc 106.45 114.73 109.17 1.92ab 106.72 112.11 108.06

G8 KUP12BS030-3-
4-1

30bc 43bcd 68.88a 3.52a–d 102.38 110.35 105.00 1.89bc 103.79 109.03 105.09

G9 KUP12BS030-4-
2-1

30bc 45bcd 66.97ab 3.64a–d 105.82 114.06 108.53 1.95ab 108.59 114.07 109.94

G10 KUP12BS031-2-
4-2

29bc 41cd 63.96bc 3.72ab 108.22 116.65 111.00 1.86bc 103.44 108.67 104.74

G11 KUP12BS031-5-
2-1

26cd 39d 65.58abc 3.29b-e 95.59 103.03 98.04 1.73bcd 96.25 101.11 97.45

G12 KUP12BS036-4-
2-3

30bc 39d 65.72abc 3.64a-d 105.77 114.00 108.48 1.75b–e 95.26 100.07 96.45

G13 KUP12BS050-2-
4-2

29bc 42bcd 66.71ab 3.25c–f 94.49 101.84 96.91 1.78bc 99.37 104.39 100.61

G14 KUP12BS054-2-
4-3

31b 45bcd 61.88c 3.29b–e 95.65 103.10 98.10 1.78bc 98.83 103.82 100.07

Mean 29.43 43.79 62.17 3.35 97.50 105.09 100.00 1.77 98.73 103.71 100.00
F-test ** *** ** *** ***
CV (%) 31.04 34.74 15.57 32.84 34.31
LSD (0.05) 4.48 5.66 4.07 0.46 0.26

***, **: significant at 0.001 and 0.01 probability levels.
Means with the different lowercase superscripts (a–g) in the same column represent significant differences.
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that the influence of GEI had a crossover effect on pod and
seed yields of these peanut lines. These results are consistent
with earlier published reports of peanut yield trials (Banterng
et al., 2006; Abhinandan et al., 2018; Zurweller et al., 2018;
Okori et al., 2019). The mean yields observed in Chon Phrai
were higher than in other sites. This result is not surprising
when we consider that the Maesai soil series in the north of

Chon Phrai is naturally more advantageous for this promising
population.

The GGE analysis was performed to examine the performance
and stability of promising lines and standard checks. This analysis
was designed to provide an insight into the effect of G and GEI on
yield and identify genotypes that are particularly well suited for a
particular environment. It has been valuable for characterizing

TABLE 4 | Pod yield (t·ha−1) of 12 peanut lines and 2 check varieties planted in 12 locations.

Code Line/variety Location

CP KC KS LST PN SB ST TF TL WM WP WT Mean

G1 KU50 4.67 3.73abc 5.96a–d 2.42c 3.25 1.56 3.83 3.42 2.83 2.37 2.89a–d 0.53d 3.16
G2 KK6 6.04 5.38ab 7.05ab 3.88abc 2.05 1.58 3.77 3.62 1.35 2.82 3.40ab 0.82bcd 3.48
G3 KUP12BS001-3-4-3 5.65 4.38abc 5.20-e 2.43c 2.75 1.33 3.11 3.73 3.16 2.36 1.29e 0.69cd 3.01
G4 KUP12BS014-3-4-1 3.88 2.38c 3.30a–e 2.56c 2.53 2.49 2.64 3.56 2.81 2.97 2.00cde 0.42d 2.63
G5 KUP12BS014-5-1-3 4.87 3.13bc 3.99de 2.83c 2.62 1.27 3.82 2.77 2.71 2.87 1.78cde 0.87bcd 2.79
G6 KUP12BS029-1-1-3 5.26 4.71abc 6.18abc 5.92a 2.87 2.16 6.44 3.64 3.15 2.59 2.91a–d 0.89bcd 3.89
G7 KUP12BS030-1-4-3 5.18 3.67bc 6.11a-d 4.83abc 2.72 3.69 4.51 3.67 2.14 2.83 3.42ab 1.20abc 3.66
G8 KUP12BS030-3-4-1 4.79 5.05ab 5.22a-e 5.85a 2.26 1.89 4.21 3.06 3.30 2.46 2.96a-d 1.25ab 3.52
G9 KUP12BS030-4-2-1 4.95 4.58abc 4.23de 5.70ab 2.38 1.91 5.20 4.84 3.26 2.18 3.07abc 1.42a 3.64
G10 KUP12BS031-2-4-2 4.90 6.07a 7.06ab 3.46c 2.55 1.73 5.35 4.08 2.84 2.29 3.58a 0.80bcd 3.73
G11 KUP12BS031-5-2-1 5.41 4.56abc 4.84b–e 3.03c 2.36 2.18 4.27 3.64 2.97 2.15 3.40b 0.69cd 3.29
G12 KUP12BS036-4-2-3 5.06 5.11ab 7.46a 4.49c 2.79 2.29 4.49 3.49 2.64 2.85 2.09cde 0.94a–d 3.64
G13 KUP12BS050-2-4-2 4.29 4.62abc 4.84b–e 3.99c 2.50 1.93 3.97 4.35 2.88 2.40 2.47a–e 0.78bcd 3.25
G14 KUP12BS054-2-4-3 4.35 3.91abc 4.42cde 4.58c 2.44 2.53 4.72 3.77 2.73 2.53 2.25b–e 1.27ab 3.29

Mean 4.95 4.38 5.42 4.00 2.58 2.07 4.31 3.69 2.77 2.55 2.69 0.90
F-test ns * * * ns ns ns ns ns ns * *
CV (%) 9.34 32.60 25.01 37.14 18.83 43.79 32.86 24.75 31.54 16.3 26.75 34.27
LSD (0.05) 1.39 2.35 2.25 2.45 0.71 1.59 2.33 1.58 1.57 0.69 1.59 0.50

*: significant at 0.05 probability level; ns, not significant.
Means with the different lowercase superscripts (a–e) in the same column represent significant differences.
CP, Chon Phrai; KC, Khok Charoen; KS, Khok Samrong; LST, Lam Sonthi; PN, Phatthana Nikhom; SB, Sa Bot; ST, Si Thep; TF, Tak Fa; Tl, Tha Luang; WM, Wang Muang; WT, Wang
Thong; WP, Wang Phloeng.

TABLE 5 | Seed yield (t·ha−1) of 12 peanut lines and 2 check varieties planted in 12 locations.

Code Line/variety Location

CP KC KS LST PN SB ST TF TL WM WP WT Mean

G1 KU50 4.06 1.59 3.57 2.32 1.15 0.53b 2.40 2.12 0.81 0.82 1.40ab 0.25bcd 1.75
G2 KK6 2.69 2.18 3.30 1.42 1.57 0.82b 2.46 2.05 1.66 1.56 1.25abc 0.18cd 1.76
G3 KUP12BS001-3-4-3 3.10 1.72 2.83 1.64 1.41 0.50b 1.92 2.03 2.05 1.49 0.57d 0.24bcd 1.62
G4 KUP12BS014-3-4-1 2.93 0.81 1.90 1.67 1.40 0.73b 1.70 2.16 1.78 1.41 0.92bcd 0.13d 1.46
G5 KUP12BS014-5-1-3 3.04 1.37 2.21 1.38 1.72 0.55b 2.49 1.60 1.44 1.23 0.67d 0.29a–d 1.50
G6 KUP12BS029-1-1-3 3.64 2.03 3.62 3.22 1.72 0.63b 4.36 2.30 1.92 1.15 1.22abc 0.29a–d 2.18
G7 KUP12BS030-1-4-3 3.13 1.46 3.18 2.68 1.65 1.26a 2.78 2.52 1.19 1.36 1.49a 0.38abc 1.92
G8 KUP12BS030-3-4-1 3.49 1.89 2.82 2.92 1.29 0.72b 2.76 1.75 1.91 1.26 1.31abc 0.33a–d 1.87
G9 KUP12BS030-4-2-1 3.05 1.74 2.23 3.17 1.52 0.54b 3.19 2.93 2.04 1.27 1.31abc 0.48a 1.96
G10 KUP12BS031-2-4-2 3.42 2.05 3.19 1.75 1.44 0.68b 3.14 2.42 1.52 1.11 1.40ab 0.24bcd 1.86
G11 KUP12BS031-5-2-1 3.74 1.65 2.10 1.61 1.09 0.70b 2.90 2.28 1.73 1.28 1.56a 0.17cd 1.73
G12 KUP12BS036-4-2-3 2.67 1.70 3.22 2.20 1.70 0.51b 2.66 2.01 1.55 1.32 0.80cd 0.24bcd 1.72
G13 KUP12BS050-2-4-2 3.02 1.76 2.88 2.49 1.53 0.72b 2.39 2.68 1.52 1.19 1.07a–d 0.22bcd 1.79
G14 KUP12BS054-2-4-3 2.99 1.64 2.40 2.54 1.40 0.84b 3.06 2.27 1.57 1.29 0.95bcd 0.42ab 1.78

Mean 3.21 1.69 2.82 2.21 1.47 0.70 2.73 2.22 1.62 .1.27 1.14 0.28
F-test ns ns ns ns ns * ns ns ns ns ** *
CV (%) 14.85 34.47 29.63 38.27 18.83 27.36 35.28 20.50 32.71 28.10 26.99 46.42
LSD (0.05) 0.80 0.95 1.49 1.46 0.54 0.36 1.53 0.77 0.93 0.58 0.36 0.21

**, *: significant at 0.01 and 0.05 probability levels; ns, not significant.
Means with the different lowercase superscripts (a–d) in the same column represent significant differences.
CP, Chon Phrai; KC, Khok Charoen; KS, Khok Samrong; LST, Lam Sonthi; PN, Phatthana Nikhom; SB, Sa Bot; ST, Si Thep; TF, Tak Fa; Tl, Tha Luang; WM, Wang Muang; WT, Wang
Thong; WP, Wang Phloeng.
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the broadly suitable locations for growing a specific line or group
of genotypes. These GGE results indicated that the peanut lines
KUP12BS029-1-1-3, KUP12BS030-4-2-1, and KUP12BS031-2-4-
2 had the highest pod yields, whereas KUP12BS030-1-4-3 was the
most stable peanut line. These results revealed that the line with
the highest pod yield was not always the most stable line at each
location. Thus, some large-seeded peanut lines showed high
stability, but not all highly stable genotypes had a high mean
pod and seed yield. Stability is only significant to farmers when

this trait is associated with high mean performance (Jompuk,
2016).

Reviewing the biplot graph, KUP12BS029-1-1-3 had the
highest yield at LST, ST, WP, TF, and WT, but
KUP12BS029-1-1-3 had the highest yield at Lam Sonthi
(LST) and Si Thep (ST) (Table 4). These results indicate that
considering the multilocation data analysis using the GGE
biplot method was more reliable than considering the data
collected at each location (Yan, 2002). Lam Sonthi (LST) had

FIGURE 1 | Average environment coordination views of the GGE biplot based on location-focused scaling of mean performance and stability of genotypes. (A) Pod
yield. (B) Seed yield.

FIGURE 2 | GGE biplot based on genotype-focused scaling comparing tested genotypes with ideal genotypes. (A) Pod yield. (B) Seed yield.
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long vectors and was the most discriminating for pod and seed
yields. The nonrepresentative location can be considered a suitable
testing location for selecting specifically adapted genotypes.
However, the other locations with short vectors were not suitable
for identifying peanut lines with high pod or seed yield (Yan and
Tinker, 2006). For regional yield trials, the GGE biplot is an excellent
analytical data tool for identifying the best genotypes at each location

and the most stable genotypes for production. Moreover, this study
reveals that the genetic and environment interaction (G×E) is the
major barrier for increasing the yield of peanuts. According to the
high effect of G×E, it is not easy to breed a new variety for use at
different locations. For increasing the yield of large-seed peanuts, the
breeder should focus on breeding a specific peanut variety for large-
seed and high yields in a specific area.

FIGURE 3 | Polygon views of the GGE biplot of the “which-won-where/what” pattern of genotypes and locations. (A) Pod yield. (B) Seed yield.

FIGURE 4 | GGE biplot showing discriminating ability and representativeness of test locations. (A) Pod yield. (B) Seed yield.
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CONCLUSION

This study shows the variability of yields in large-seeded peanut lines
at multiple locations. Locational variations influenced yield more
than variations of GEI and G. For the testing locations, Si Thep (ST)
was both discriminating and a representative location that can be
considered a suitable testing location for selecting genotypes. The
KUP12BS029-1-1-3 line presented a high yield at multilocations.
Therefore, the KUP12BS029-1-1-3 line is the large-seeded peanut
genotype that is most suitable and should be introduced to farmers
because its genotype shows high yield and high stability at multiple
locations. These promising large-seeded peanut lines are released as
new peanut varieties and used as parental lines in breeding programs
for large-seeded yields in Thailand and Southeast Asia.
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Development of High Yielding
Fusarium Wilt Resistant Cultivar by
Pyramiding of “Genes” Through
Marker-Assisted Backcrossing in
Chickpea (Cicer arietinum L.)
C. Bharadwaj1†*, J. Jorben1†, Apoorva Rao1, Manish Roorkiwal2,3, B. S. Patil 1, Jayalakshmi4,
S. Khayum Ahammed4, D. R. Saxena5, M. Yasin5, J. E. Jahagirdar6, P. L. Sontakke6,
M. S. Pithia7, M. K. Chudasama7, Indu Swarup8, R. K. Singh8, S. D. Nitesh9,
Annapurna Chitikineni 2,10, Sarvjeet Singh11, Inderjit Singh11, Aditya Pratap12, G. P. Dixit 12,
A. K. Srivastava12 and Rajeev K. Varshney2,10*

1Division of Genetics, ICAR- Indian Agricultural Research Institute, New Delhi, India, 2Center of Excellence in Genomics and
Systems Biology, International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, India, 3Genomic
Breeding Lead, Khalifa Center for Genetic Engineering and Biotechnology (KCGEB), UAE University, Al Ain, United Arab Emirates,
4Regional Agricultural Research Station, Kurnool, India, 5RAK College of Agriculture, RVSKVV, Sehore, India, 6Agricultural
Research Station, Badnapur, India, 7Pulse Research Station, Gujarat Agriculture University, Junagadh, India, 8AICRIP on
Chickpea, College of Agriculture Indore, Indore, India, 9Department of Plant Breeding and Genetics, CSAUAT, Kanpur, India,
10State Agricultural Biotechnology Centre, Centre for Crop and Food Innovation, Food Futures Institute, Murdoch University,
Murdoch, WA, Australia, 11Department of Plant Breeding and Genetics, Punjab Agricultural University, Ludhiana, India, 12Crop
Protection Division, Indian Institute of Pulse Research, Kanpur, India

Pusa 391, a mega desi chickpea variety with medium maturity duration is extensively
cultivated in the Central Zone of India. Of late, this variety has become susceptible to
Fusarium wilt (FW), which has drastic impact on its yield. Presence of variability in the wilt
causing pathogen, Fusarium oxysporum f.sp. ciceri (foc) across geographical locations
necessitates the role of pyramiding for FW resistance for different races (foc 1,2,3,4 and 5).
Subsequently, the introgression lines developed in Pusa 391 genetic background were
subjected to foreground selection using three SSRmarkers (GA16, TA 27 and TA 96) while
48 SSR markers uniformly distributed on all chromosomes, were used for background
selection to observe the recovery of recurrent parent genome (RPG). BC1F1 lines with
75–85% RPG recovery were used to generate BC2F1. The plants that showed more than
90% RPG recovery in BC2F1 were used for generating BC3F1. The plants that showed
more than 96% RPG recovery were selected and selfed to generate BC3F3. Multi-location
evaluation of advanced introgression lines (BC2F3) in six locations for grain yield (kg/ha),
days to fifty percent flowering, days to maturity, 100 seed weight and disease incidence
was done. In case of disease incidence, the genotype IL1 (BGM 20211) was highly
resistant to FW in Junagarh, Indore, New Delhi, Badnapur and moderately resistant at
Sehore and Nandyal. GGE biplot analysis revealed that IL1(BGM20211) was the most
stable genotype at Junagadh, Sehore and Nandyal. GGE biplot analysis revealed that
IL1(BGM 20211) and IL4(BGM 20212) were the top performers in yield and highly stable
across six environments and were nominated for Advanced Varietal Trials (AVT) of AICRP
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(All India Coordinated Research Project on Chickpea) in 2018–19. BGM20211 and BGM
20212 recorded 29 and 28.5% average yield gain over the recurrent parent Pusa 391, in
the AVT-1 and AVT-2 over five environments. Thus, BGM20211 was identified for release
and notified as Pusa Manav/Pusa Chickpea 20211 for Madhya Pradesh, Gujarat and
Maharashtra, Southern Rajasthan, Bundhelkhand region of Uttar Pradesh states by the
Central Sub-Committees on Crop Standards, Notification and Release of Varieties of
Agricultural Crops, Ministry of Agriculture and Farmers Welfare, Government of India, for
commercial cultivation in India (Gazette notification number S.O.500 (E) dt. 29-1-
2021).Such pyramided lines give resilience to multiple races of fusarium wilt with
added yield advantage.

Keywords: Fusarium Wilt, MABC, Pusa 391, GGE biplot analysis, recurrent parent genome recovery

INTRODUCTION

Chickpea (Cicer arietinum L.) is a rich source of nutrition and is
ranked second amongst food legumes after common bean
(Bharadwaj et al., 2010). It is a self-pollinated diploid crop
with genome size 740 Mbp (Varshney et al., 2013), 2n = 2x =
16 and is grown extensively in about 57 countries under varied
environmental conditions. Globally it is grown in an area of
13.72 million hectares (M ha) with an annual production of
14.25 million tons (MT) (Faostat, 2020). South and South-East
Asia dominate in chickpea production contributing 80% of global
contribution. The largest share of chickpea production (65%,
9.0 MT) is by India followed by Australia (14%) (Merga and Haji,
2019). To attain self-sufficiency by 2050, the total pulse
production in the country needs to reach 39 MT (Vision 2050;
IIPR) and amongst all pulses, chickpea production alone needs to
reach about 16–17.5 MT from a limited area of about 10.5 m ha
with an average productivity of 15–17 q/ha (Dixit et al., 2019).

The productivity of chickpea has progressively increased from
1961, although its vulnerability to biotic and abiotic stresses has
also steadily decreased, mostly because of the repeated cultivation
of limited number of cultivars and use of only a few prominent
donor parents in breeding programmes (Muehlbauer and Sarker,
2017). In case of biotic stresses, wilt caused by Fusarium
oxysporum (Schlechtend.: Fr.) f. Sp. ciceris (Padwick) Matuo
and K. Sato is a serious problem in most of the chickpea
growing regions of India. The pathogen is a soil-borne,
facultative fungus and leads to vascular wilting leading to an
average annual yield loss of 10–30%, which can sometimes even
cause complete yield loss (Sunkad et al., 2019).

Multi environmental trials are less effective to select stable
genotypes across locations, especially under the effect of genotype
X environment interaction (G x E x I), leading to the development
of wide and specifically adaptable lines. This understanding is
even more important owning to race complexity of FW in
multiple-environmental trails. Management strategy for FW
using chemical formulations as well as the biological control
techniques is challenging as the pathogen is harbored in seed and
soil. Also, cost involvement and the hazardous nature of
chemicals make their use ineffective. Therefore, there is a need
for cost effective management strategies which involve

developing wilt resistant lines that are widely adapted (Haware
and Nene, 1982; Sharma et al., 2005). Conventional breeding
methodology takes a long time and is considered less effective to
pyramid multiple genes conferring resistance against various
races of same pathogen in a single variety. The availability of
sufficient genomic information in terms of the physical map,
genetic, and draft sequencing of kabuli chickpea genotype CDC
Frontier has improved the marker-assisted backcrossing (MABC)
breeding approach. Mapping studies revealed that all foc
resistance genes (1, 3,4 and 5) are present on LG02, and
tightly linked markers to these races have been identified
(Millan et al., 2006; Gowda et al., 2009). Successful application
of the MABC approach in chickpea for introgressing resistance/
tolerance to drought (Bharadwaj et al., 2021), FW (Varshney
et al., 2014a; Pratap et al., 2017), and Ascochyta blight (Varshney
et al., 2014b) into popular chickpea varieties have immensely
proved the application of MABC in developing elite varieties.
Thus, MABC can quickly aid in developing wilt-resistant varieties
and pyramid numerous genes in a single introgression line by
using foreground and background selection using genome-wide
SSR markers (Bharadwaj et al., 2021).This will help in developing
multi-race resistant introgression lines that can be widely
cultivated across the country.

Pusa 391, a mega variety that is widely grown in central
India for its excellent grain quality, has become susceptible to
FW since past few years and subsequently its yield had reduced
drastically. Thus, in the present study, pyramiding of multiple
races against foc 1,2,3,4 and 5 was undertaken at ICAR-Indian
Agricultural Research Institute (IARI) in collaboration with
International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT). We also report the release of Pusa
Chickpea 20211, a variety developed by molecular breeding,
which is highly resistant to FW and is superior to national
check (JG 16).

MATERIALS AND METHODS

Pusa 391, a high yielding desi chickpea variety with high grain
quality and market preference, was released in 1997 for Central
zone of India, was chosen as the recurrent parent for
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introgression of FW resistance by using WR 315 as donor
parent, which harbors resistant genes foc1, 3, 4 and 5. It has a seed
size of about 20–25 g per 100 seeds, matures in 110–120 days, and
has an average yield of 17–18 Q/ha (http://farmer.gov. in/
imagedefault/pestanddiseasescrops/pulses.pdf). Each introgression
line was planted in two replications comprising two rows of 4m
length and planted at 30 × 10 cm spacing.

DNA Extraction and Marker Analysis
DNAwas isolated from tender leaf tissues of 18–20 days old seedlings
of parents, F1 and backcross generations, using the protocol described
by Tapan et al. (2013). A total of six SSR markers, namely TA110,
TA37, TR19, GA16, TA27, and TA96 reported to be in the cluster
containing genes for conferring FW resistance on the linkage group
CaLG02 (Millan et al., 2006) were subjected to parental
polymorphism to identify polymorphic markers. PCR was carried
out in the Chickpea Molecular Breeding Laboratory, Division of
Genetics, ICAR-IARI using a G-STORM thermal cycler (Labtech,
France). The PCR amplicons were resolved on a 1.2% agarose gel or
with an ABI 3730 (Applied Biosystems). Polymorphic markers with
donor and recipient cross-combinations from the hotspot region of
the LG02 were used for foreground selection (Supplementary
Table S1).

Based on previous studies, a panel of 365 highly polymorphic
SSR markers (Thudi et al., 2011; Bharadwaj et al., 2021) were
tested at the Centre of Excellence in Genomics and Systems

Biology (CEGSB), ICRISAT for parental polymorphism between
the donor and recurrent parents for potential use in background
selection. Background selection was based on polymorphic
markers identified for each donor and recipient parent cross-
combination (Supplementary Table S1). Recurrent parent
genome (RPG) recovery was calculated for selection using the
formula suggested by Sundaram et al. (2008).

Phenotypic Screening for Fusarium Wilt
Resistance at Multiple Locations
Ten advanced MABC lines (BC3F3 progenies) were sown in wilt
sick plot, along with parent Pusa 391, resistant check (WR 315),
susceptible check (JG 62) and National check (JG 16) in RCBD
(randomized complete block design) with two replications in the
years 2017–18 across six diverse locations viz., Indore (22.7196°

N, 75.8577° E), Badnapur (19.8682° N, 75.7256° E), Junagadh
(21.52° N, 70.45° E) Nandyal (15.47° N, 78.48° E), Sehore (23.2032°

N, 77.0844° E) and IARI-New Delhi (28°70′N, 76°58′E) during
2017-18for morphological characters such as yield (per hectare),
days to 50% flowering (DFF), days to maturity (DM), and
hundred seed weight (HSW) (Table 1). There was sufficient
inoculum load (spore concentration of 5–6 × 106 conidia/ml/g
of soil) in the wilt sick plot as manifested by the 100%mortality of
susceptible check JG 62. Visual observations were taken at
seedling to flowering stage of crop based on mortality rate as

TABLE 1 |Mean yield- Yield performance (Kg/ha), days to Fifty percent Flowering (DFF), days to maturity (DM), 100 SeedWeight (HSW) and disease Index (DI) of chickpea at
six locations during 2017–2018.

Genotype Plant number Yield (kg/ha) DFF(d) DM(d) 100SW(g) DI (%)

IL1 P391*WR315-3 2,717.42 56.25 106.58 20.33 8.67
IL2 P391*WR315-5 2,512.25 57.33 108.08 20.23 9.93
IL3 P391*WR315-7 2,691.42 57.08 107.17 20.46 9.33
IL4 P391*WR315-9 2,705.42 57.00 107.08 20.77 8.99
IL5 P391*WR315-10 2,410.92 58.42 108.75 19.62 11.10
IL6 P391*WR315-12 2,385.42 58.92 108.75 19.77 12.18
IL7 P391*WR315-15 2,369.83 59.08 109.25 20.04 10.79
IL8 P391*WR315-17 2,474.50 57.00 109.58 20.33 10.84
IL9 P391*WR315-20 2,414.25 58.00 109.33 19.90 9.77
IL10 P391*WR315-22 2,386.17 58.33 108.83 20.14 12.11
WR 315 — 2,173.58 58.25 110.50 18.03 5.70
Pusa 391 — 1993.92 59.42 112.50 24.81 29.57
JG 16 (National Check) — 2,274.83 57.17 112.33 18.34 17.26

TABLE 2 | Analysis of joint variance for the trait yield (Per hectare), days to fifty per cent flowering (DFF), days to maturity (DM), 100 seed weight (100SW) and disease
incidence (DI) evaluated in 13 genotypes in a different environment (**, significant at p ≤ 0.01; ***, significant at p ≤ 0.001.)

Mean sum of square

Sources of
var

DF Yield DFF DM 100SW DI

E 5 19,252,199.94*** 1808.88*** 1,346.41*** 113.36*** 321.04***
G 12 523,189.506*** 11.17*** 36.75*** 14.19*** 6.61***
GE 60 38,466.062 *** 9.11*** 15.90*** 4.12** 416.05***
RESID 72 6,581.482*** 1.92*** 1.26*** 3.05*** 28.66***
CV(%) 3.34 2.40 1.03 8.72 21.52
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per the classification of Sharma et al. (2019), designated as highly
resistant (less than 10% plant mortality), moderately resistant
(10.1–20.0% plant mortality), susceptible (20.1–40.0% plant
mortality), and highly susceptible (more than 40.0% plant
mortality).The superior introgression lines (IL1, IL3 and IL4)
having yield superiority and reaction to FW across locations were
recommend for AICRP trials. BGM20211 (IL1) and BGM 20212
(IL4) were tested in AVT-1 and AVT-2 along with checks in
2018–2019 and 2019-2020, respectively, for adaptability and yield
advantage and BGM 20213 (IL 3) was recommended for AVT-1
in 2019–20.

% Disease incidence calculated as per Sharma et al. (2017) as,

%Disease incidence � Total number of infected plants

Total number of plants
× 100

Statistical Analysis
All analyses were performed in the R software. A preliminary
variability study was conducted using TraitStats:R package,
developed by Nitesh et al. (2021), while the GGE Biplots were
performed with the metan: R package, developed by Olivoto and
Lucio (2020).

RESULTS

Analysis of Variance (ANOVA)
Joint ANOVA results revealed significant differences (p < 0.05)
for all five traits among the genotypes under the study in each of
the environments tested (E1, E2, E3, E4, E5, and E6) (Table 2).

Foreground and Background Marker
Analysis
Based on parental polymorphism, three markers viz., GA16,
TA27 and TA96 were polymorphic and used for foreground
selection between Pusa 391 and WR 315. For background
selection, among the 365 SSR markers analysed on both
parents, 141 were observed to be polymorphic. 48 of these
markers that covering the whole genome uniformly, so that
each chromosome contains six polymorphic markers
distributed evenly were identified for background selection.

Marker-Assisted Introgression
At ICAR-IARI, New Delhi and IARI-Regional Station, Dharwad,
marker-assisted backcrossing was carried out during 2014–18.
The detailed description used for introgression for FW resistance

FIGURE 1 | Detailed representation of marker assisted back cross bred lines of Chickpea for Fusarium wilt at ICAR-IARI.

Frontiers in Genetics | www.frontiersin.org August 2022 | Volume 13 | Article 9242874

Bharadwaj et al. MABC for Fusrium Resistance in Chickpea

236237

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


from WR 315 to Pusa 391 is provided in Figure 1. Crosses were
carried out between Pusa 391 (recurrent parent) and WR 315
(donor) in crop season 2014-15 to develop F1s. A total of 44 F1s
were obtained, out of which 40 germinated and 15 were
confirmed as true hybrids using polymorphic foreground
markers (TA27, TA96, GA16). These F1s were utilized to
make backcross with Pusa 391, and 20 BC1F1 seeds were
generated during the off-season in 2015–16 at Dharwad. Out
of 20 BC1F1 seeds produced, eight positive plants for foreground
marker and had the higher genome recovery of 75–85% were
selected for backcrossing to generate 124 BC2F1 seeds during the
main season IARI, New Delhi in 2015–16. From the 124 BC2F1
plants, 56 were heterozygous for foreground markers, of which
ten plants with more than 90% genome recovery were used for
generation of backcrossing at IARI regional station Dharwad to
generate 134 BC3F1.Then upon foreground selection, 70 plants
were observed to be heterozygous. These 70 plants were subjected
for background selection using 48 SSR markers, and 24 BC3F1
plants showing more than 96% RPG recovery were selected and

selfed. Finally, with two rounds of selfing, 28 best BC3F3 plants
were analysed with foreground and background markers with
90–97% RPG recovery and showing agronomic superiority were
selected. The top ten high yielding, highly disease resistant lines
(<10% disease incidence) with plant type similar to Pusa 391
(recurrent parent) were evaluated at multiple locations.

Phenotypic Performance of Pusa 391MABC
Lines in Multi-Location Trails
Introgression lines (BC3F3) were phenotyped at six diverse
environments, Indore, Badnapur, Junagadh, Nandyal, Sehore
and IARI-New Delhi, in the crop season 2017–2018 and
transgressive segregants were identified by morphological
superiority and with high wilt resistance (Table 1). IL1, IL4,
and IL3 were the top performers in the multi-location trial with a
mean yield advantage of 20, 19 and 18%, respectively, over the
national check JG 16 and mean yield gain of 36, 35 and 35% over
recurrent parent Pusa 391. Disease incidence index over multiple
locations of IL1, IL2, IL3, IL4, and IL 9 were 8.66, 9.93, 9.33, 8.99
and 9.76, respectively, which showed a highly resistant reaction.
On the other hand, IL5, IL6, IL7, IL8 and IL10 were 11.1, 12.1,
10.8, 10.8 and 12.1 respectively, which showed moderately
resistant reactions.

The hundred seed weight (HSW) of IL1 (BGM 2011) across
locations was 20.33 g, IL4 (BGM 20212) was 20.77, and IL3 (BGM
20213) was 20.46, as compared to recurrent parent Pusa391,
which recorded 24.81 g IL1 (BGM 20211) had early flowering
(56 days) and early maturity (107days) compared to the parent
Pusa 391 flowered in 59 days and matured in 112 days. Variation
in genotype for different traits studied is presented as descriptive
statistics in Table 3. IL1 (BGM 20211) and IL4 (BGM 20212)
were the top two performers in multilocation trials conducted,
and they were nominated for AICRP trials in 2018–19 (AVT-1)
and 2019-20 (AVT-2). The next top performer, IL3 (BGM
20213), was nominated for AICRP trials in 2019–20 (AVT-1).

National Advanced Varietal Trial Evaluation
Advanced varietal trial data of BGM 20211 and BGM
20212 indicated that they were early flowering (51 and
53 days, respectively) as well as early maturing (106 and
107 days, respectively) lines. Under ICAR-AICRP on chickpea,
special trials were conducted in known as “Wilt resistance
introgression lines” (WRIL) trials that can assess lines
performance in multiple locations. There was a 23 and 35%
overall weighted percentage increase in AVT-1 and AVT-2
respectively with overall mean of 29% over recurrent parent
Pusa 391. In the case of IL2 (BGM 20212), the overall
weighted percentage increased over the mean of 28.5%, with
24% in AVT1 and 33% in AVT 2, respectively, over the recurrent
parent Pusa 391 (Tables 4, 5). Disease incidence in multiple
locations as per AICRP trials are presented in Supplementary
Table S2.

GGE biplot analysis: GGE biplot analysis explained 66.11% of
the total variation, where PC1 (wilt incidence) and PC2
(resistance stability) accounted for 51.64 and 14.47% variation,
respectively.

TABLE 3 | Descriptive statistics involving Maximum (Max), Mean, Minimum (Min),
standard deviation (Sd) and Standard error (Se).

Variable Max Mean Min Sd Se

DFF 78 57.87 43 7.95 0.64
DMM 124 109.13 93 7.28 0.58
DI 57 12.02 2.1 7.53 0.6
100 GW (UNIT) 26.9 20.14 14.8 2.79 0.22
Yield (UNIT) 3,902 2,423.82 1,082 822.19 66.04

FIGURE 2 | Average-environment coordination (AEC) view showing the
mean yield performance and stability of different genotypes based on
genotype and genotype interaction (GGE)-biplot analysis.
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1) Mean vs. Stability

As illustrated in Figure 2, GGE biplot analysis explained a
total of 89.34% variation, the horizontal axis (PC1) accounted for
79.15% of the total variation. It represented the main effect of
genotypes, whereas the vertical axis (PC2) accounted for 10.19%
of total variation and showed the impact of G X E interaction
(Yan and Kang, 2002). The average environment coordinate
(AEC) axis is a single arrow line passed from the biplot origin
to the average environment, depicted by a dotted circle. On the
vertical axis, ILs located to the right of the AEC indicated higher
yield than average yield and vice versa. Thus, the biplot organized
the yield performance as IL1>IL4>IL3>IL2>IL8 in that order.
However, the recurrent parent Pusa 391 and national check JG
16 showed a lower yield than ILs. The AEC vertical axis displayed
the stability of genotype yield, which was considered stronger if
the horizontal AEC axis line length was shorter (Lakew et al.,
2014; Harish et al., 2020). The IL1, IL4 and IL3 were the most
stable and high yielding as they were farthest from origin and
shortest vector length.

2) Which-Won-Where pattern analysis

The polygon view was generated by interconnecting the
markers of the ILs that were farthest from the biplot origin
with straight lines, resulting in markers of all cultivars being
contained in the polygon (Figure 3). To divide the biplot into
various sectors, lines perpendicular to each side of the polygon or
their extensions were drawn from the biplot origin. The peak

cultivar in each sector was the top cultivar for traits found in that
section; on the other hand, genotypes found inside the polygon
and near the biplot’s origin were not sensitive to changing

TABLE 4 | AVT-1 Comparison of yield (kg ha−1) performance of BGM 20211 and BGM 20212 introgression line developed in the genetic background of Pusa 391, with the
recurrent genotype at six locations in the Advanced Varietal Trials−1 of ICAR–All India Coordinated Research Project on Chickpea conducted during 2018–2019
(Source: AICRP Chickpea Annual Report 2018–2019).

Entry Indore Junagadh Sehore Badnapur Nandyal Mean Freqa

BGM 20211 2078 3,526 1,671 1,584 1,131 1998 5/5
BGM 20212 2,156 3,718 1,659 1,437 1,121 2018.2 5/5
Pusa 391(Recurrent parent 1,648 3,064 1,123 1,337 961 1,626.6 —

Critical difference at 5% 75 370 114 188 301 — —

CV(%) 2.7 7.9 5.9 9.5 16.7 — —

General mean (kg/ha) 1921 3,197 1,319 1,358 1,237 1806.4 —

state avg. yield (kg/ha) 1,165 1,244 1,165 782 1,051 1,081.4 —

aFrequency, the ratio of a number of locations in which the introgression line performs higher than the recurrent parent to the total number of locations evaluated.

TABLE 5 | AVT-2 Comparison of yield (kg ha−1) performance of BGM 20211 and BGM 20212 introgression line developed in the genetic background of Pusa 391, with the
recurrent genotype at six locations in the Advanced Varietal Trials−2 of ICAR–All India Coordinated Research Project on Chickpea conducted during 2019–2020
(Source: AICRP Chickpea Annual Report 2019–2020).

Entry Indore Junagadh Sehore Badnapur Nandyal Mean Freqa

BGM 20211 2000 3,915 2,182 2,343 1,428 2,373.6 5/5
BGM 20212 2,162 3,699 2,148 2,136 1,539 2,336.8 5/5
Pusa 391 1,643 3,286 1,530 1,494 826 1755.8 —

Critical difference at 5% 368 598 142 473 263 — —

CV(%) 13.7 11.8 6 16.7 12 — —

General mean (kg/ha) 1854 3,507 1,649 1963 1,513 2097.2 —

State avg. Yield (kg/ha) 1,165 1,244 1,165 782 1,051 1,081.4 —

aFrequency, the ratio of number of locations in which the introgression line performs higher than the recurrent parent to the total number of locations evaluated.

FIGURE 3 | “Which-won-where” view for the primary component of
interaction (PC1) and second principal component (PC 2).
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environmental conditions (Dimitrios et al., 2008).The genotypes
positioned at the greatest distance from the biplot origin were the
best or worst ILs in particular or every environment.
IL1 performed superior under E2 (Junagadh), E3 (Sehore) and
E6 (Nandyal) and IL3 performed superior in E1 (Indore), E4
(Badnapur) and E5 (New Delhi) from the which won where
pattern analysis.

3) Evaluation of testing locations based on discrimination power
vs. representativeness

An ideal location needs to be highly distinctive and represent
the target location simultaneously (Yan, 2010). The ability of a
place to maximise the diversity among potential cultivars in a
study is referred to as discrimination (Blanche and Myers, 2006).
The ability to represent, reveals that the study included an
environment that was indicative of the conditions in the other
locations (Mohammadi and Amri, 2012). An ideal environment
will identify genotypes with high and stable yield. The small circle
in the GGE-biplot display represents a perfect position
determined by the mean coordinates of all testing locations
(Figure 4). There was a positive association between the
length of the location vector and the ability to discriminate
between locations, but a negative correlation between the angle
of the location vector with the ideal location and the location’s
representativeness of the target environment (Yan, 2010). The
observed angle between E1, E4, E5 and E2, E3, E6 was less than
900, indicating a positive correlation among environment sets,
and similar results can be expected in these regions. Following
analysis, it was observed that E5 (New Delhi)

>E2>E3>E4>E6>E1 had the longest environmental vectors
among the test environments, making it the most
“discriminating location” with the potential to distinguish
different genotypes. The ranking of environments in terms of
being the best representative locations was E6>E1>E4>E2,E3,
E5 were in the order, and thus E6 (Nandyal) can be considered
the most representative environment.

DISCUSSION

Fusarium wilt has been a widely distributed disease that can cause
upto 100% yield loss based on varietal susceptibility and changing
climatic conditions that have resulted in the shift of large
chickpea growing area from cool long Northern India to warm
short central and southern India (Patil et al., 2015). The presence
of eight physiological races of foc (0,1A,1B/C, 2, 3, 4, 5 and 6) has
been reported across different countries (Haware and Nene,
1982). FW is prevalent in dry and warm semi-arid tropic
(SAT) regions of Asia, Africa and South America (Nene and
Sheila, 1996). Race 1 is typical in Central and Peninsular India,
race 2 in Northern India and 3 and 4 in Punjab and Haryana
(Haware et al., 1992). Also, some of the cultivars are susceptible
with time, which could be attributed to variability in wilt
incidence and genetic differences among genotypes and
genotype x environment interactions (Sharma et al., 2012).

The “5Gs” breeding technique (genome assembly, germplasm
characterization, gene function identification, genomic breeding,
and gene editing) has recently been proposed for obtaining
precision and boosting crop improvement to satisfy future
demands for nutritious food (Varshney et al., 2019). MABC
using genome-wide SSR markers for foreground and
background selection for recovery of recurrent parent genome
is an environment-independent, precise, and rapid strategy for
developing disease-resistant cultivars (Bharadwaj et al., 2021).
Deploying resistant variety is one of the key sustainable strategies
that breeders can adopt as it is most effective and environmentally
safe for integrated disease management (Sharma et al., 2017).

Genetic inheritance studies reveal that resistance to race
0,1A,2 and 4 are either digenic or trigenic, but races 3 and
5 were monogenic (Tullu et al., 1999; Tekeoglu et al.,
2000).Based on several inter- and intra-specific crosses, it was
reported that wilt resistance genes foc1, foc3, foc 4 and foc 5 (Races
1, 3, 4 and 5) are mapped on two gene clusters, i.e., GA16 and
TA96 (foc 1 and 4 clusters), TA 96 and TA 27 (foc 3 and
5 clusters) (Millan et al., 2006). However, resistance genes per
se and proteins that were reported to be involved in pathogen
defense were localized in between the region or in close vicinity of
the gene cluster. Also, resistance loci ar1 and ar2a against
Ascochyta blight were localized on LG02 and near foc gene
clusters. Thus, LG02 is considered a hot spot for pathogen
defense (Millan et al., 2006).

The major hindrance in chickpea breeding for FW is variation
in pathogen races over multiple locations and their interaction
with different weather conditions over space and time (Sharma
et al., 2014). Stable high yielding lines with high disease resistance
are required to develop widely adaptable varieties. (Srivastava

FIGURE 4 | GGE-biplot environment view for yield that shows the
correlation between test environments and correlation coefficient between
any two environments is approximated by the cosine angle between their
vectors.
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et al., 2021). Thus, GGE Mean vs. Stability analysis recorded
IL1>IL4>IL3 were most stable and high yielding introgression
line in the order and the worst performing genotype was Pusa
391 > WR 315 > JG16. Which-won-where analysis revealed
IL1 performed best under Junagadh, Sehore and Nandyal
region and IL3 performed best in Indore, Badnapur and New
Delhi from the which-won-where plot. The New Delhi
environment was considered the most discriminating location
because this location is subjected to distinct climatic conditions
compared to other environments. Discrimination and
representativeness analyses reveal that E6 (Nandyal) is the
most representative location. The genotypes were highly stable
in this location, as was reported by Sharma et al. (2019) while
screening for wilt-resistant genotypes in wilt sick plot over ten
locations. The top three best performing introgression lines (IL1,
IL4 and IL3) with more than 30% yield advantage over recurrent
parent Pusa 391 were nominated for AVT trials based on the
multi-location studies.

MABC approach was used to pyramid races1, 2, 3,4 and 5 for
FW and RPG recovery. In the current study, BC2F1 and BC3F1
generation achieved 90 and 96% RPG recovery for selected
MABC lines in the genetic background of Pusa 391. Similar
genome recovery was reported by Mannur et al., 2019and
Bharadwaj et al., 2021 in chickpea. Thus, MABC reduces the
time taken to develop a variety and such genome recovery is
usually possible inBC4F1 and more generations in conventional
breeding.

The introgression line IL1 (BGM 20211) is highly resistant to
FW and moderately resistant to stunt, collar rot, dry root, pod
borer and possesses excellent grain, colour and shape, as per
AICRP report, 2020. The grain protein content was found to be
18.92%. In the case of 100 SW, parent Pusa 391 had a higher
100 SW than introgression line BGM 20211. Also, it is an early
flowering and early maturing IL (57 days to flowering and
107 days to maturity), that can fit in the double cropping
system and is ideal for the sustainability of the rice-wheat
cropping system (Bharadwaj et al., 2021).Further, it can also
escape heat stress at harvest in central India compared to Pusa
391, which matures in 112 days.

In the case of disease incidence, BGM 20211 was highly
resistant for FW in Junagadh, Indore, IARI-New Delhi and
found moderately resistant at Sehore and Nandyal. BGM
20212 was highly resistant in Junagarh and New Delhi and
moderately resistant in Indore, Sehore and Nandyal. BGM
20213 was highly resistant in Junagarh, Indore, New Delhi
and found to be moderately resistant at Sehore and Nandyal.
National check (JG 16) was moderately resistant in Junagarh,
Indore, New Delhi and Nandyal and susceptible in Sehore. Also,
recurrent parent Pusa 391 was moderately resistant in Badnapur,
susceptible in New Delhi, Nandyal, Junagarh and Indore, highly
susceptible in Sehore. Superior performance across locations
confirms the molecular basis of pyramiding with
morphological and wilt sick studies.

In the case of FW, introgression for foc1 (Varshney et al.,
2014a), foc2 (Pratap et al., 2017) and foc 4 (Mannur et al., 2019)
were developed on the elite genetic background of C214, Pusa
256 and Annigeri, respectively. Mannur et al., 2019 reported a

125%mean yield advantage of superior introgression line over the
recurrent parent JG 74 and Super Annigeri 1 reported a8% mean
yield advantage over recurrent parent Annigeri 1. In our study,
BGM 20211 outperformed parent Pusa 391 by 29% (average over
five regions in AVT-1 and AVT-2) and national check (JG16) by
28% (average over 6 locations in multi-location trials), which
include southern India (Nandyal), Central India (Badnapur,
Indore and Junagarh) and North India (New Delhi).This
variety profusely branches and possesses a large number of
pods per unit area and has demonstrated an overall weighted
mean yield of 2,186 kg/ha and the highest yield potential reported
was 3,915 kg/ha in a wilt stress environment, compared to
1,691 kg/ha in case of recurrent parent Pusa 391.

This is the first report in pulses where FW genes are pyramided
in recurrent parent background and released for commercial
cultivation using the MABC approach.Marker assisted back
cross breeding approach was utilized for pyramiding of FW
resistance for different races (foc 1,2,3,4 and 5). Foreground
selection was performed using three SSR markers (GA16, TA
27 and TA 96) and background selection for recovery (RPG) of
recurrent parent genome was done using 48 SSR markers that
were uniformly distributed on all chromosomes. Multi-location
evaluation of advanced introgression lines (BC2F3) was done in
six locations for grain yield parameters and wilt screening along
with GGE biplot analysis. IL1 (BGM 20211) and IL4 (BGM
20212) were the top performers in yield and were highly
stable across all environments and were nominated for
Advanced Varietal Trials (AVT) of AICRP (All India
Coordinated Research Project on Chickpea). BGM 20211 was
identified for release and notified as Pusa Manav for Madhya
Pradesh, Gujarat and Maharashtra states by the Central Sub-
Committees on Crop Standards, Notification and Release of
Varieties of Agricultural Crops, Ministry of Agriculture and
Farmers Welfare, Government of India, for commercial
cultivation in India. High yielding pyramided lines for FW are
important to avoid economic losses and for improving Chickpea
production across India.
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Most plant traits are governed by polygenes including both major and minor

genes. Linkage mapping and positional cloning have contributed greatly to

mapping genomic loci controlling important traits in crop species. However,

they are low-throughput, time-consuming, and have low resolution due to

which their efficiency in crop breeding is reduced. In this regard, the bulk

segregant analysis sequencing (BSA-seq) and its related approaches, viz.,

quantitative trait locus (QTL)-seq, bulk segregant RNA-Seq (BSR)-seq, and

MutMap, have emerged as efficient methods to identify the genomic loci/

QTLs controlling specific traits at high resolution, accuracy, reduced time span,

and in a high-throughput manner. These approaches combine BSA with next-

generation sequencing (NGS) and enable the rapid identification of genetic loci

for qualitative and quantitative assessments. Many previous studies have shown

the successful identification of the genetic loci for different plant traits using

BSA-seq and its related approaches, as discussed in the text with details.

However, the efficiency and accuracy of the BSA-seq depend upon factors

like sequencing depth and coverage, which enhance the sequencing cost.

Recently, the rapid reduction in the cost of NGS togetherwith the expected cost

reduction of third-generation sequencing in the future has further increased the

accuracy and commercial applicability of these approaches in crop

improvement programs. This review article provides an overview of BSA-seq

and its related approaches in crop breeding together with their merits and

challenges in trait mapping.
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Introduction

Identification and dissection of genetic loci determining a

particular trait is a regular process in genetics. Most of the

complex quantitative traits are regulated by multiple loci

distributed across the genome of a species. So to precisely

detect the specific genetic elements linked with the trait of

interest, one has to link all the loci with that trait (Bhat and

Yu, 2021). A quantitative trait locus (QTL) is defined as a region

within the genome that is associated with the genetic variation of

a quantitative trait. QTL mapping is a widely accepted and

applied approach to identify the genes/QTLs determining a

complex quantitative trait. Moreover, positional cloning and

QTL mapping are the two powerful approaches to dissect the

genetic basis of phenotypic variation of important agronomic

traits. Both these approaches investigate the genomes for

polymorphic markers, followed by linking the polymorphic

markers with a particular trait to identify the most likely

candidate genomic regions controlling that trait. At the next

level, increasing the marker density across these candidate

regions would ensure further refinement of their physical

interval (fine-mapping), followed by the evaluation of their

actual physical position on the chromosomes (physical

mapping). Diverse QTLs and underlying genes for numerous

traits across a myriad of species have been successfully

deciphered using these approaches. The major limitation to

these approaches, however, is that they usually are low-

throughput and time-consuming (Song et al., 2017).

The bulk segregant analysis is a high-throughput QTL

mapping approach to rapidly identify genomic loci regulating

the trait of interest. In contrast to individual segregant analysis

(ISA), which classifies segregants according to their marker

genotypes, the BSA pools segregants according to their

phenotypes. When the former compares trait values of

different classes, the latter compares marker allele frequencies

in different classes (Huang et al., 2020). Although ISA is more

commonly used, however, due to more precision and power of

BSA and its simplicity, quickness, and cheaper nature than ISA, it

provides additional advantages as compared to ISA. The brisk

evolution of sequencing technologies along with the rapid

downfall of sequencing costs has put the BSA approach to a

newer level by integrating the traditional BSA approach with

NGS. The basis of BSA is to generate two phenotypically

contrasting groups or populations by crossing two extreme

phenotypes. This is followed by creating two bulks from the

segregating populations, i.e., F2 by selecting individuals with

contrasting phenotypes; for example, tall and short plants,

tolerant and susceptible plants, etc. (Zhang and Panthee,

2020). The key to this approach is that the alleles of a locus

controlling the trait would be enriched in either bulk; for

example, the allele “A” can occur frequently in the tolerant

plants, and the allele “a” frequently exists in the susceptible

plants, whereas those not affecting the trait would segregate

randomly in both bulks (Zhang and Panthee, 2020). BSA was

initially targeted to develop genetic markers for trait dissection at

earlier stages (Giovannoni et al., 1991; Michelmore et al., 1991).

Both marker development and genetic mapping were time-

consuming and labor-intensive. However, the rapid

advancement of sequencing technologies has greatly facilitated

marker discovery and their associations with traits of interest.

Integrating BSA with sequencing has dramatically enhanced the

speedy detection of marker-trait association by eliminating the

time-consuming marker detection step in the traditional BSA

approach. This hybrid approach of BSA combined with

sequencing was subsequently termed BSA-seq (Zhang and

Panthee, 2020). BSA-seq can be regarded as a selective

genotyping in which only the tails (individuals with extreme

phenotypes) from a population are selected for genotyping. The

tailed concept, originally proposed by Darvasi and Soller (2013),

reduces the cost and simplifies the analytical process without

compromising the statistical power. Rather than analyzing each

individual, bulking all the individuals from each tail to create two

pools significantly reduces the sequencing cost. BSA-Seq is

comparatively an expeditious approach to accomplish the bulk

segregant analysis by NGS. BSA conjugated with NGS ensures

the rapid identification of both qualitative and quantitative trait

loci (Zhang et al., 2021) and speeds up the recognition of

candidate genes controlling relevant agronomic traits in

diverse crop species (Liang et al., 2020). It can be applied to

any population with significant phenotypic differences (Dakouri

et al., 2018). For BSA-seq to be more efficient and fruitful,

comparatively high sequencing depth and coverage are needed

to distinguish significant SNP-trait associations. This results in a

sharp rise in the sequencing cost (Zhang et al., 2021), which curbs

the application of BSA-Seq to species with large genomes (Tang

et al., 2018). However, BSA-seq requires only two sequencing

reactions for two pools, thus compensating for high depth and

coverage. Nevertheless, for an efficient and productive BSA-seq

experiment, the sequencing must be performed to the deepest

affordable level, rather than to construct a large pool.

General overview of the BSA-seq
technique

Creation of bulks

For the fast-track identification of QTLs linked with a

particular trait of interest, a mapping population has to be

constructed from a cross between parents encompassing

contrasting attributes (Figure 1A). From the progeny of this

cross, the individuals exhibiting contrasting phenotypes for a

particular trait are initially identified. These contrasting

individuals would form two different groups/bulks. For

example, some individuals may be resistant to a disease,

thereby forming one group/bulk, whereas the other
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individuals showing susceptibility to the disease form another

contrasting group/bulk. Then, the DNA of the individuals from

each group is extracted, and all the DNA samples of one group

are pooled to create one bulk, and those of the other group are

pooled separately to create a second bulk (Song et al. (2017)).

After that, sequencing libraries are prepared from the pooled

DNA samples of each group/bulk, followed by sequencing of the

libraries using an appropriate sequencing platform (Yuexiong

et al., 2020; Zhan et al., 2020).

Sequencing and variant calling

There are diverse variant calling approaches, with no

constraints for appraising a single technique, to call SNPs.

Usually, the application of a variant calling technique depends

on the organism and the depth and coverage of the sequencing

data. The differences in the depth and breadth of sequencing

coverage have implications on variant calling. Researchers have a

choice to use a particular sequencing strategy, depending on their

budget. The bulked samples can be sequenced by using different

approaches like whole-genome sequencing, genotyping by

sequencing (GBS), restriction site-associated DNA sequencing

(RAD-seq), etc. The outcome of the SNP calling depends on the

sequencing strategy used.Whatever the sequencing strategy used,

the downstream analysis of the sequenced reads, in the fastQ/

fasta format, involves aligning them with a reference genome or a

de novo genome assembly. A standard reference genome of a

species is used for this purpose; however, owing to the fact that a

single reference genome could not cover all the diversities present

within a species, a pangenome concept has emerged to resolve

this issue. Therefore, it would be more advantageous to sequence

the genome of at least one parent and use it for aligning the reads

of two bulks (Luo et al., 2019; Bayer et al., 2020; Kumar et al.,

2020). Read alignment represents a critical step of data analysis.

Common alignment tools include BWA (Li and Durbin, 2010),

Bowtie2 (Langmead and Salzberg, 2012), and Minimap2 (Li,

2018). The resulting alignments are stored and sorted in the

FIGURE 1
Representation of BSA-seq and general data analysis approach for marker trait associations. (A) depicts the creation of opposite bulks and their
sequencing. (B) depicts variant identification and their association with the trait. This figure was created through Biorender https://biorender.com.
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SAM/BAM format. BAM is preferred and has become the

standard format due to its compressed size and indexed

nature. Manipulation of the BAM file is mostly performed

through the SAMtools package (Li et al., 2009). After read

alignment with the reference genome, the next step is to

identify and remove the duplicated reads, i.e., the reads

originating from the same genomic region. The duplicated

reads may arise due to the amplification of the same fragment

several times during library preparation. Picard (http://

broadinstitute.github.io/picard), Sambamba (Tarasov et al.,

2015), etc., are used to identify and mark these PCR

duplicates in the BAM file for downstream exclusion. Before

variant calling, some SNP calling pipelines utilize additional

processing steps; for example, the GATK Best Practices

workflow (Van der Auwera et al., 2013) performs adjustments

to base quality scores of sequencing reads (base quality score

recalibration (BQSR)) to remove the alignment artifacts and to

reduce false positives through local realignment. However,

BQSR/realignment has been found to marginally improve the

variant calling accuracy; therefore, these steps may be considered

optional (Koboldt, 2020). A myriad of tools have been developed

for variant calling accurately like FreeBayes (Garrison andMarth,

2012), GATK HaplotypeCaller (DePristo et al., 2011), Platypus

(Rimmer et al., 2014), SAMtools/BCFtools (Li, 2011), TASSEL

(Bradbury et al., 2007), etc. Studies have shown that different

callers produce similar results (with 90% concordance), and the

differences arise only around the low coverage and low

confidence regions. Despite these low differences, the

differently called genome-wide variants by different callers

could amount to 1,000s, necessitating the need for

benchmarking and fine-tuning the variant caller (Koboldt,

2020). Choosing a single tool is usually sufficient; however,

variants called through different callers can be integrated for

sensitive advantage. Various tools like BCFtools are used for this

purpose. Whatever the tools used, variant calling can be

performed in two ways: individual variant calling (IVC) and

joint variant calling (JVC). In IVC, variants are called to create a

VCF file for each sample separately, followed by the merging of

individual VCF files through BCFtools or other packages. One of

the main problems with IVC is that since VCF files contain

positional information of variants only, it is not possible to

distinguish whether a variation absent in some samples is a

wild type or just has low coverage to be called a variant (Koboldt,

2020). In JVC, all the samples are called simultaneously and

produce genotypes at each variant position for all samples, which

has the potential to resolve the above problem of the IVC. The

JVC can also infer the likely genotype of a sample based on the

information from the other, which provides a sensitive advantage

around low coverage regions (DePristo et al., 2011; Koboldt,

2020). Errors during short-read alignment can produce artifacts

during variant calling (Li, 2014). In addition, artifacts may arise

due to low-quality base calls, local misalignment around indels,

erroneous alignments around low complexity regions, and

paralogous alignments of reads not well represented in the

reference. These artifacts have been excellently described by

Koboldt (2020). Such false positives usually skip during

automated filtration, so a visual cross-check using genome

browsers is needed to review the alignment of variants.

Approaches for downstream data analysis

When the principle of BSA-seq for the mapping of QTLs is

simple, a myriad of statistical methods have been developed to

analyze BSA-seq data (Figure 1B). A more convenient and robust

pipeline called PyBSASeq was developed by Zhang and Panthee

(2020). Once the SNPs are generated by the variant caller,

generally, the next step is to filter them based on certain

criteria. The unmapped SNPs, missing SNPs, SNPs with more

than one alternate (ALT) allele, and the SNPs with low-quality

scores are excluded (Zhang and Panthee, 2020). The filtered

SNPs are then subjected to Fischer’s exact test to obtain a set of

significant SNPs. Identification of SNPs is accomplished by

matching the bases from sequencing data to the reference

genome. Each identified SNP is compared with the reference

genome and designated as REF (reference SNP) if identical with

the reference genome or ALT (alternate SNP) if not identical with

the reference genome. Now, after dividing the number of ALT

SNPs by the total number of SNPs (REF + ALT), an allele

frequency measure termed the SNP index is obtained. The

difference in SNP indices between the two bulks is termed the

Δ SNP index. For any SNP, the greater the value of its Δ SNP

index, the higher is the probability that SNP is associated with the

trait of interest (Zhang and Panthee, 2020). In BSA, the alleles

associated with a trait get enriched in either bulk. Therefore, if a

gene contributes to a trait, its alleles and, therefore, the SNPs

within that gene are enriched in either bulk. For example, in one

bulk, there may be more REF allele-containing reads, whereas the

other bulk may contain more ALT allele-containing reads. Due to

the phenomenon of linkage disequilibrium (LD), the SNPs

flanking this gene are also enriched, depending on their

closeness to the gene. Based on the quantification of

enrichment values of these trait-associated flanking SNPs, a

recent python algorithm has been developed to analyze the

BSA-seq data more simply and effectively (Zhang and

Panthee, 2020). The pipeline can also calculate a G-statistic

value for each SNP through the G-test using both REF and

ALT SNPs in each bulk. The higher the G-statistic value, the

more likely the SNP is linked with the trait. After the calculation

of the Δ SNP index or the G-statistic, a sliding window algorithm

is utilized to aid the visualization. The sliding windows may

contain 100s to 1000s of SNPs among which only a few can be

significant. The pipeline developed by Zhang and Panthee (2020)

uses the ratio of significant SNPs and the total number of SNPs

within a sliding window as an indicator of the trait-associated

gene within the sliding window. The greater the ratio, the higher
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is the probability of the sliding window containing the trait-

associated gene. This approach is referred to as the significant

SNP method. When using the Δ SNP index or the G-statistic

values during window sliding, the higher Δ SNP index and

G-statistic values indicate that the window under observation

contains the trait-associated gene (Zhang and Panthee, 2020).

Based on the plots derived from the sliding window approach,

candidate genomic regions can be distinguished. The candidate

genomic regions would be the windows containing the trait-

associated gene. These candidate regions or QTLs associated with

a particular trait can then be validated using diverse polymorphic

markers (Arikit et al., 2019). Next, the SNPs within the candidate

regions can be annotated using distinct bioinformatics tools.

PyBSASeq is simple, effective, and highly sensitive. It performs

better at low sequence coverage; therefore, it has the potential to

significantly reduce the sequencing costs. It can calculate

significance levels of the detected associations; however, it

suffers from the deficiency of the estimation of confidence

intervals for the detected QTLs. It may be resolved in future

versions.

Block regression mapping (BRM) is another robust approach

developed to analyze BSA-seq data comprehensively. This

method was developed by Huang et al. (2020). The authors

developed this algorithm to solve two key issues in analyzing

BSA-seq data: 1) to accurately determine the significance

threshold and 2) to determine the confidence interval of the

QTLs. These two issues remain associated with QTL-seq, as

claimed by Huang et al. (2020). Through the BRM approach, the

users can also integrate the results from the BRM pipeline with

the Pooled QTL Heritability Estimator (PQHE) (Tang et al.,

2018) to estimate the heritability. The method is based on a null

hypothesis (Ho), which if an allele is not associated with the trait,

the frequency of that allele in two pools is equal. Conversely, the

difference in frequencies of an allele between the two pools is

equal to zero if the allele is not associated with the trait. However,

under this condition, both the pools should be a random sample

from the population for the marker. At Ho

f 1 � f 2 � f orΔf � f 1 − f 2 � 0

where f = frequency of an allele in a population, f1 = frequency of

an allele in pool-1, and f2 = frequency of an allele in pool-2. If an

allele is linked with a trait, then

Δf � f 1 − f 2 ≠ 0

The larger the value of Δf for an allele, the more strongly the

allele is associated with the trait (Huang et al., 2020). After

calculating the Δf value for each marker, a continuous Δf curve
can be plotted across the genome. QTLs can be identified from

this curve as their peaks. The local regression method LOESS

(Jacoby, 2000) is used to fit the Δf, f1, and f2 curves, followed by

block regression. To calculate the significance levels, the method

relies on the fact that Δf approximately follows a normal

distribution under the central limit theorem. Therefore, the

significance level of the Δf is calculated using a two-tailed test.

If it is significant, the alternative hypothesis is accepted, i.e., there

is QTL present in this peak. Then, the confidence interval is

derived as the region between the left and right intersection

points of a horizontal line (calculated mathematically) with the

curve. This region represents the 95% confidence interval of the

QTL (Huang et al., 2020). Bonferroni correction is used for

multiple testing. Here, f1 and f2 are equivalent to SNP indices,

and Δf is the ΔSNP index of the QTL-seq method of Takagi et al.

(2013a) and PyBSASeq of Zhang and Panthee (2020). The main

advantage of the BRM approach is that it can calculate

significance levels through multiple testing and determine the

confidence intervals.

Among the other statistical approaches developed to analyze

BSA-seq data, a G-statistic-based approach developed by

Magwene et al. (2011) is well known. It calculates the

G-statistic value for each SNP through a smoothed version of

the G-test using both REF and ALT SNPs in each bulk. The

higher the G-statistic value, the more likely the SNP is linked with

the trait. This method takes into consideration the allele

frequency variation due to bulks and variation due to

sequencing of bulks. Larger bulk sizes and enough sequencing

depth have the potential to detect even weak effect QTLs

(Magwene et al., 2011). Although this approach is simple,

Huang et al. (2020) have asserted that the method of

calculating FDR for multiple testing is not concretely devised,

confidence intervals cannot be estimated through this method,

and it is less effective under low sequencing depth.

The MULTIPOOL method was developed by Edwards and

Gifford (2012) for genetic mapping through the utilization of

pooled genotyping. This approach was focused on experiments

with model organisms, where the progeny of a cross is grouped

and pooled based on phenotypes. Its theme is simple: a marker

not linked with a trait shall segregate with equal frequency in

both pools, whereas the marker linked with a trait shall be

enriched in either pool. It was developed to handle larger data

sets containing 1000s of markers. It uses the dynamic Bayesian

network (DBN) approach for estimating confidence intervals and

statistical accuracy of QTLs. The method can be used for any

number of replicates and multiple experimental designs

(Edwards and Gifford, 2012). It uses a probabilistic multi-

locus dynamic Bayesian network model, wherein a single

chromosome is considered at a time to model the influence of

pool size and recombination on the frequency of neighboring

alleles and describes the allele frequency change across the

chromosome. Although MULTIPOOL does not rely on a

specific read aligner or SNP calling strategy, however, it

suffers from the problem of estimating the LOD threshold

and judging the significance of signals accurately.

A simpler and widely accepted method known as QTL-seq

was developed by Takagi et al. (2013b) to identify the QTLs in

rice recombinant inbred lines (RIL) and F2 populations but can

be applied to any population for detecting genomic regions that
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underwent artificial or natural selection. It can also be applied to

populations under different environmental conditions like high

and low temperatures. However, this method is not suitable for

detecting minor effect QTLs as replicated measurements are not

possible for each genotype. The approach uses the Δ SNP index

method. It first calculates k (number of reads having an allele

different from the reference); then, the SNP index is calculated

using the formula

SNP − index � k 1/n,

where n = total number of reads.

QTL-seq estimates the contribution of each parent to the

variation. If SNP index = 0, there is no variation and all SNPs are

the same as reference. If SNP index = 1, all SNPs belong to either

parent and if SNP index = 0.5, each parent contributes equally to

the variation. Generally, only the SNPs with SNP index > 0.3 in

either bulk are retained for downstream analysis. A sliding

window is then applied to visualize the graphs based on the

SNP index. After that, the Δ SNP index is calculated for all

genomic regions, and the regions exhibiting a higher Δ SNP index

than the background genome represent the regions associated

with the trait of interest. These regions correspond to peaks or the

valleys of the SNP index plot (Takagi et al., 2013a). Depending on

the type of genotyping, i.e., whether analysis involves allele

frequencies of both tails of the phenotypic distribution of a

targeted trait (bidirectional selective genotyping) (Zhang et al.,

2003) or the allele frequencies from only one tail (unidirectional

selective genotyping) (Foolad et al., 2001), the QTL-seq can be

termed as bidirectional and unidirectional QTL-seq, respectively.

Although this selective genotyping of one or both phenotypic

extremes has the potential to detect effective QTLs, a simulation

study evaluating the power and precision of unidirectional and

TABLE 1 Key characteristics of different statistical approaches and pipelines used to analyze BSA-seq data.

Method Key statistics
used

Citations Limitation Advantage

1 G-statistic G-test 200 Based on estimating the G′ threshold; the
method for calculating FDR for multiple
testing has not been concretely devised;
significantly affected by sequencing depth
and is less suitable under low sequencing
depth; no estimation of confidence
intervals

Simplicity

2 MULTIPOOL Probabilistic multi-locus dynamic
Bayesian network model

70 Based on estimating the LOD threshold,
judging the significance of signals

Non-reliance on a particular aligner and
SNP calling strategy

3 QTL-Seq SNP index, Δ SNP index 780 Significance threshold estimated in QTL-
seq is inappropriate; no estimation of
confidence interval

Simplicity and intuition

4 EXPLoRA Hidden Markov model (HMM),
Linkage disequilibrium (LD)

45 Nomultiple testing correction, sometimes
maps a single QTL as two or more
adjacent QTLs, no confidence interval
estimation

Robust even at a low signal-to-noise ratio

5 Hidden Markov
model

HMM 9 Does not take into account that co-
segregation of SNPs is affected by the
distance between them

6 Non-homogeneous
hidden Markov
model

HMM 16 Takes the effect of distance between SNPs
during co-segregation into account

7 QTG-Seq smooth LOD test, Euclidean distance,
and G-statistic

49 Large pool size and high sequencing
coverage required

Time- and cost-saving strategy for fine-
mapping, suitable for minor-effect QTLs,
mapping resolution up to the gene level,
and requires only four generations from
the first cross of any parent lines for fine-
mapping

8 PyBSASeq Fischer’s exact test, Δ SNP index or
G-statistic, significant
SNP method

4 No estimation of confidence intervals for
detected QTLs

Simple and effective, calculates
significance, can detect SNP-trait
associations at lower sequencing
coverage so can reduce up to 80%
sequencing cost, high sensitivity

9 Block regression
mapping

Δf or Δ SNP index, Δf curve LOESS
analysis, block regression, central limit
theorem, and Bonferroni correction

10 Not apparent yet Calculates significance, uses multiple
testing, estimates confidence intervals

10 QTLseqr Δ SNP index and G-statistic 93 Not apparent Calculates significance, uses multiple
testing, and options for better
visualization
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bidirectional approaches revealed that the latter is more powerful

than the former (Navabi et al., 2009). QTL-seq has been

successfully used in a myriad of species like tomato (Illa-

Berenguer et al., 2015; Wen et al., 2019), capsicum (Park

et al., 2019), groundnut (Pandey et al., 2017; Clevenger et al.,

2018), watermelon (Branham et al., 2018; Cho et al., 2021), bottle

gourd (Chanda et al., 2018; Song et al., 2020), pear (Xue et al.,

2017), radish (Hu et al., 2022), rice (Lei et al., 2020), soybean

(Zhang et al., 2018), etc. QTL-seq is the most popular and widely

used tool for BSA-seq analysis and has the most citations

(Table 1). However, Huang et al. (2020) opine that the

significance threshold estimated in QTL-seq is inappropriate,

and there is no estimation of confidence interval.

Several approaches have also been developed that rely on the

hidden Markov model (HMM) concept to link SNPs with the

phenotype. The HMM is used to explain or derive the

probabilistic characteristic of any random process. It is used

to describe the observed events that depend on hidden events.

HMMs capture the hidden information from observed sequential

events. In HMM, the system being modeled is assumed to be a

Markov process with unknown parameters, and the observed

parameters are used to determine the hidden parameters. The

latter is used for further analysis (Hundal et al., 2016; Lan et al.,

2017). The EXPLoRA method was developed by Duitama et al.

(2014) to precisely distinguish between true and spurious linked

regions for a trait of interest. This algorithm relies on linkage

disequilibrium and uses HMM to model the relationships

between neighboring markers. This algorithm is robust and

performs better under a low signal-to-noise ratio. This tool is

claimed to give better results when the true linkage signal is

diluted by the availability of few segregants, sampling, and

screening errors (Duitama et al., 2014). EXPLoRA is effective

even at a low signal-to-noise ratio, but no multiple testing

correction and confidence interval estimation are carried out.

Another approach named the hidden Markov model (HMM)

was developed by Calaesen and Burzykowski (2015) to analyze

the BSA-seq data. The model assumes different states of a

nucleotide, and each state in an offspring being same or

different compared to the parent. Transition of nucleotides

implies transition in states. By calculating the probabilities of

transitions and states, the most probable state of each SNP is

selected, which indicates the most probable genomic regions

associated with the trait (Calaesen and Burzykowski, 2015).

Through this method, each identified SNP is classified into

one of the several predefined states having their specific

biological interpretation. The HMM identified states allow the

identification of genomic regions containing genes governing the

trait. This method is based on the assumption that the identified

SNPs are equally spaced across the whole genome, whichmay not

always be the case. Furthermore, the co-segregation of SNPs is

affected by the distance between them. Taking these two issues

into consideration, an extended method of the HMM known as

the non-homogeneous hidden Markov model (NH HMM) was

developed by Ghavidel et al. (2015), which takes the distance

between SNPs into account.

The quantitative trait gene sequencing (QTG-Seq) method

was developed by Zhang et al. (2019) to accelerate QTL fine-

mapping. The method partitions QTLs to convert a quantitative

trait into a near-qualitative trait. The partitioning is performed

by selfing the individuals heterozygous for the target QTL and

homozygous for other QTLs. This is followed by mining, in

which bulked pools are sequenced. In addition to the Euclidean

distance and G-statistic, a new statistic called smooth LOD was

used to delimit the QTL to a small interval (Zhang et al., 2019).

For the determination of minor-effect QTLs and fine-mapping,

QTG-Seq is cost-effective and time-saving but at the cost of a

large pool size and high sequencing coverage required. The

details and key features of these approaches are presented in

Table 1.

BSR-Seq approach

SNPs can be deduced from the transcriptomic data also;

therefore, it is also possible to use the RNA-sequencing

technology to efficiently identify SNPs from bulks. This

integration of BSA and transcriptome is known as bulked

segregant analysis RNA-seq (BSR-Seq). The fundamental

principles of BSR-Seq would remain the same as that of the

traditional BSA-seq, with the difference that only the transcribed

genome is used as a data source. BSR-Seq has been applied for the

elucidation of important genomic regions and SNPs associated

with different traits in both plants and animals. For example,

Wang et al. (2013) identified 1,255 and 56,419 differentially

expressed genes (DEGs) and SNPs, respectively, between

resistant and susceptible pools against enteric septicemia in

catfish. By pooling the RNA samples from 12 homozygous F3
resistant lines to the stem rust pathogen (strain Ug99 F3) and

11 susceptible homozygous lines, Edae and Rouse (2019) could

map the stem rust resistance to a 3.2-Mbp region on

chromosome 2U of Ae. umbellulata, with two nucleotide-

binding and leucine-rich repeat (NLR) genes as the potential

candidate genes (Edae and Rouse, 2019). Moreover, BSR-Seq was

used to clone the glossy3 (gl3) gene of maize (Liu et al., 2012). In

addition, the molecular details of wheat powdery mildew

resistance through BSR-Seq revealed that a single dominant

gene on chromosome 5DS conferred resistance (Zhu et al.,

2020). BSR-seq was also used to identify DEGs and SNPs

associated with waterlogging tolerance (Du et al., 2017).

Through the BSR-seq technique, the regulatory network of

melon color was identified by Chayut et al. (2015). The cold

tolerance response of Actinidia arguta through BSR-Seq revealed

that soluble sucrose and β-amylase activity were enhanced in

tolerant population compared to susceptible population (Lin

et al., 2021). Through BSR-Seq, in addition to the QTL

regions, the differential expression of candidate genes is also
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achieved. However, for traits affected by the environment and the

traits determined by many minor genes, BSR-Seq may not be

very effective (Edae and Rouse, 2019).

MutMap approach

With the advent of the sequencing technologies, there has

been a rapid progress in deciphering the causative alleles for a

particular trait more quickly than traditional QTL mapping

approaches. Spontaneous mutations and activation of natural

mutagens like transposons and viruses, etc., are the main sources

of variation in the natural populations. If variations are not

sufficient in a natural population, then artificial mutagens like

EMS, acridine dyes, base analogs, and UV, X-, and gamma-rays

can be used to induce mutation (Raina et al., 2016, 2020). The

mutations caused by these agents lead to altered phenotypes

through the generation of SNPs, indels, or segmental breaks

(Tribhuvan et al., 2018). The phenotypic variations either

existing spontaneously or induced artificially are exploited to

map the causative genes/QTLs using an appropriate marker

system. When the phenotypic variation is artificially induced

to create a mutant phenotype, then the causative mutation can be

analyzed and identified through MutMap methods. These

methods include MutMap, MutMap+, SHOREmap

(SHOrtREad map), MutMap-Gap, and NGM (next-generation

mapping). First, a mutant phenotype is created through

mutagenesis which is then crossed with the parent to create

F1 and F2 populations. With the aid of a marker system like SNPs,

the mutant phenotype is screened for segregation in the filial

generations and thus mapped on the genome. The key to these

approaches is the utilization of traditional BSA to generate SNP

data. They exploit the power of NGS technologies to map

inherited traits across any plant species where the generation

of an F2 mapping populations is possible. SHOREmap was

developed by Schneeberger et al. (2009) to identify the

causative gene mutation for slow growth and pale green leaves

in Arabidopsis. The authors first generated mutant lines and

crossed it with distant parent to dilute the distribution pattern of

non-causal SNPs present throughout the genome. Next, they

created a bulk of 500 mutant individuals, and their DNA was

pooled and sequenced. SNPs were identified between the parent

and mutant. The basic idea of this technique is that among the

progenies of mutant x parent, those with the mutant phenotype

are assumed to have SNP distribution similar to mutants at the

loci controlling the mutant phenotype, whereas other loci have a

random distribution. NGM mapping was developed by Austin

et al. (2011) to identify the cell wall biosynthesis andmaintenance

genes in Arabidopsis. NGM is similar to SHOREmap except that

it utilizes less mutant lines (10) to create a bulk, without

compromising the power to detect causal mutation. Like

SHOREmap and NGM, the MutMap technique, which was

developed by Abe et al. (2012), also uses the creation of bulks

from mutant F2 progenies (Etherington et al., 2014). MutMap,

however, differs from the aforementioned two techniques in the

sense that while the latter utilizes distantly related mapping lines,

the former relies on the crossing between the mutant and its wild

type itself. This approach of MutMap directly targets the causal

SNPs generated during mutagenesis (Tribhuvan et al., 2018). The

SNPs, which are associated with the mutant phenotype, would

show 0% wild type and 100%mutant reads, whereas the unlinked

SNPs would show 50% each. Abe et al. (2012) developed an SNP

index as the number of mutant SNP reads divided by the total

number of SNP reads. If this index =1, it means that the SNP is

highly linked to the mutant phenotype. This method is more

likely to map recessive mutations. An advancement to MutMap

known as MutMap+ was developed by Fekih et al. (2013) to

tackle the lethal or sterile mutations, wherein F2 cannot be

developed. Bulks of around 20–30 individuals for mutant and

wild type are created at M3 generation, sequenced at ~10x

coverage followed by SNP identification in both bulks. Then,

the SNP index for both is calculated, and the Δ SNP index is

derived by subtracting the wild-type SNP index from the mutant

SNP index. The positive Δ SNP index values indicate that SNP is

linked with the phenotype. A further extension of MutMap, to

map a causal mutation with the gaped region of the genome, was

developed and named MutMap-Gap (Takagi et al., 2013a, b).

Here, if an SNP with index = 1 remains undetected in the

reference genome, there is a possibility that such SNPs are

present within the gaped regions. Then, the unassembled

reads are de novo assembled, and the casual SNP is identified

using the de novo assembly. The key advantages of MutMap

include 1) no need of large mapping populations, 2) no need of

genetic linkage maps, 3) no need of natural variation in the

population, 4) time-saving and labor-effective, and 5) direct

identification of casual SNPs. Key disadvantages include 1)

availability of a reference genome, 2) artificial mutagenesis

required to develop mutant lines, 3) maintenance of mutant

lines, and 4) not applicable if a phenotype cannot be scored

(Tribhuvan et al., 2018).

Successful application of BSA-Seq in
elucidation of trait-associated QTLs

A myriad of studies on diverse species have proven the

applicability of BSA-seq in mapping QTLs for different traits

of agronomic importance. The details of some important studies

on important crop plants are presented in Table 2. BSA-Seq

successfully identified the genomic regions controlling the locule

number and fruit weight in tomatoes (Illa-Berenguer et al., 2015)

that may lead to significant breakthroughs in fruit development

in tomatoes. Breeding heat-tolerant cultivars of tomatoes seems

appealing. In order to identify the heat stress-responsive QTLs in

tomato, Wen et al. (2019) used an integrated approach of

conventional QTL mapping, BSA-Seq, and RNA-Seq and

Frontiers in Genetics frontiersin.org08

Majeed et al. 10.3389/fgene.2022.944501

250251

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.944501


TABLE 2 Details of the studies utilizing BSA-Seq for the elucidation of trait-specific genomic regions in different crop species.

S.No. Species Pop type Pop size Pool
size

Sequencing
strategy

Number
of SNPs

Bioinformatics
approach
used

Trait Key findings Reference

1 Rice NIL-F2 176 35 individuals from
extreme
phenotypes

Whole-genome
sequencing (WGS)

455,262 QTL-seq method Grain length and
weight

One major QTL, 15–20 Mb on
chr 5, for grain length and
weight identified

Yaobin et al. (2018)

2 Rice F3 10,800 385 tolerant pools
and 430 sensitive
pools

Paired-end
Illumina
sequencing on
Hiseq
2000 platform

450,000 G′ statistic method Cold tolerance Six QTLs were mapped on
chromosomes 1, 2, 5, 8, and 10

Yang et al. (2013b)

3 Rice F2 940 20 extreme
phenotypes for
heading time (HT)
and plant
height (PH)

WGS on the
Illumina HiSeq X
Ten platform

511,393 for HT
and
543,319 for PH

ΔSNP-index method Heading time and
plant height

Four QTLs for HT on
chromosomes 3, 6, 9 and 10.
Three QTLs for PH on
chromosomes 1 and 8

Zhang et al. (2021)

4 Rice RILs 190 20 extreme
phenotypes were
used for bulking

Paired-end
sequencing using
the Illumina MiSeq
platform

184,917 Euclidean distance and
ΔSNP-index method

Cold tolerance One major QTL on chr6 was
identified, which spans 1.81 Mb
and harbors 269 genes

Sun et al. (2018)

5 Rice RILs 151 ---------- Paired-end
sequencing using
Illumina HiSeq
2500

116,993 Euclidean distance and
ΔSNP-index method

Grain shape One major QTL on chr9 was
identified, which spans 0.8 Mb
and harbors 101 genes

Wu et al. (2020)

6 Cucumber F2 258 10 individuals from
extreme
phenotypes

Illumina paired-end
sequencing

234,393 Δ (SNP index) Early flowering One major QTL around 890 kb
on chr 1 for early flowering. The
gene Csa1G651710 was
identified as the main flowering
switch

Lu et al. (2014)

7 Cucumber F3 135 15 resistant and
15 susceptible

Paired-end
sequencing using
Illumina HiSeq
2000

933,846 and
915,524 for
susceptible and
resistant bulk

ΔSNP-index method Vein yellowing
virus resistance

A unique region in chromosome
5 containing 24 annotated genes
was identified for resistance

Pujol et al. (2019)

8 Maize RILs 224 46 more extreme
plants formed two
pools

Paired-end
sequencing using
Illumina HiSeq
2000

3,301,371 Customized R-script Flowering time
and plant height

Two major QTLs found for FT
on chr 5 and chr 8 were 10.8 Mb
and 18.9 Mb in size, respectively.
Two major QTLs on chr 4 and
chr 6 found for PH were 21.2 Mb
and 9.7 Mb in size, respectively

Haase et al. (2015)

9 Maize ILs 400 10 tolerant and
10 sensitive
extreme
phenotypes

BSR-seq 114,580 Bayes’ theorem Waterlogging In tolerant and sensitive bulks,
354 and 1,094 genes were
differentially expressed,
respectively.
GRMZM2G055704 on
chromosome 1 was identified as

Du et al. (2017)

(Continued on following page)
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TABLE 2 (Continued) Details of the studies utilizing BSA-Seq for the elucidation of trait-specific genomic regions in different crop species.

S.No. Species Pop type Pop size Pool
size

Sequencing
strategy

Number
of SNPs

Bioinformatics
approach
used

Trait Key findings Reference

a candidate gene responsive to
waterlogging

10 Wheat RILs 244 six low- and six
high-TGW

SLAF-seq 132,530 ΔSNP-index method 1,000 grain
weight (TGW)

One candidate gene associated
with TGW was identified on
chr 7A

Hu et al. (2016)

11 Hessian fly
(HF), a wheat
galling
parasite

Non-
structured
Louisiana
field
population

--- 23 virulent and
19 avirulent

WGS 1.5 million Fisher’s exact test using
PoPoolation2

Hessian fly (HF)
virulence to wheat
R genes H6, Hdic,
and H5

One 1.3-Mb region for HF
virulence was mapped to HF
autosome 2

Navarro-Escalante
et al. (2020)

12 Chickpea F4 221 10 individuals of
each low and high
seed weight
forming two pools

Paired-end WGS
using the Illumina
HiSeq
2000 platform

118,321 Δ (SNP index) 100 seed weight One major QTL of 35 kb on
chromosome 1 containing six
genes

Das et al. (2015)

13 Chickpea RILs 92 and
139 for two
populations

10 and 14 extreme
phenotypes for two
populations

WGS 77,938 in one
population and
106,907 in the
other

G-statistic and ΔSNP-
index method

Ascochyta blight
resistance

17 QTLs identified and mapped
on chromosomes Ca1, Ca2, Ca4,
Ca6, and Ca7

Deokar et al. (2019)

14 Tomato F2
populations

549 10 individuals of
each extreme
phenotype

Paired-end WGS
using the Illumina
HiSeq
2000 platform

---------- Δ (SNP index) Fruit weight (FW)
and locule
number (LC)

Three highly significant and
newly mapped FW QTLs on chr
1 and chr 11. 66 candidate genes
for FW. Three LC QTLs of low
significance

Illa-Berenguer et al.
(2015)

15 Groundnut RILs 266 25 individuals with
extreme
phenotypes

Paired-end WGS
using Illumina
HiSeq 2000

259,621 for rust
and 243,262 for LS

Δ (SNP index) Rust and late leaf
spot disease

One 3.06-Mb region on the
A03 pseudomolecule of
A-genome harboring
3,136 SNPs was identified for
rust resistance. A 2.98 Mb
region on A03 pseudomolecule
harboring 66 SNPs was
identified for LS resistance

Pandey et al. (2017)

1F6 Groundnut RILs 366 20 individuals with
extreme
phenotypes

WGS 10,759 ΔSNP-index method Fresh seed
dormancy

Two genomic regions on the
B05 and A09 pseudomolecules
control seed dormancy

Kumar et al. (2020)

17 Potato Diploid
mapping
population

90 10 individuals with
extreme
phenotypes

Paired-end
Illumina HiSeq
2000

6,766,8,152,000 Pearson’s chi-squared
test

Steroidal
glycoalkaloids
(GAs)

One region located on
chromosome 1 ranging from
63.1 to 73.5 Mb was found the
most confident

Kaminski et al.
(2016)

18 Pepper F2 249 30 individuals with
extreme
phenotypes

SLAF-seq 106,848 Euclidean distance first flower node One QTL on chr 12 was
detected, followed by 393 high-

Zhang et al. (2018)

(Continued on following page)
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found five major QTLs determining the trait of interest. Their

results have significance in breeding for improved

thermotolerance in tomatoes. A major QTL on chromosome

1 regulating capsaicinoid biosynthesis in the pericarp of

capsicum was identified by Park et al. (2019) using BSA-Seq

in integration with RNA-Seq. Significant yield losses and

deteriorated fodder quality in groundnut are caused due to

rust and late leaf spot fungal diseases. To address this issue,

Pandey et al. (2017) identified three QTL loci for rust resistance

and one for late leaf spot resistance using the BSA-Seq approach.

Furthermore, Clevenger et al. (2018) also mapped late leaf spot

resistance QTLs in groundnut by BSA-Seq. Identification of these

genomic regions controlling rust and late leaf spot resistance and

their introgression into elite groundnut cultivars would bring

revolution in groundnut breeding. In the case of watermelon,

Fusarium wilt, caused by the fungus Fusarium oxysporum f.

sp. niveum (Fon) leads to significant losses in yield. Using BSA-

seq coupled to QTL mapping, the genomic region controlling

resistance to this fungus was fine-mapped to around the 315-kb

region (Branham et al., 2018). In order to map loci determining

semi-dwarfism in watermelon, Cho et al. (2021) identified a

single recessive gene through BSA-Seq.Watermelons are severely

affected by heat stress. Grafting watermelon to heat-tolerant

bottle gourd rootstocks is one solution to this problem (Yang

Y. et al., 2013a). So understanding of the inheritance and

identification of loci controlling heat tolerance in bottle gourd

may lead to significant breakthroughs in watermelon breeding

for heat tolerance. Using BSA-Seq, seven heat-tolerant QTLs with

one as a major effect QTL for heat tolerance in bottle gourd were

determined (Song et al., 2020). In addition, bottle gourd

rootstock is used to improve cold tolerance and disease

resistance in cucurbits. The aphid-transmitted papaya ringspot

virus watermelon strain (PRSV-W) and zucchini yellow mosaic

virus (ZYMV) are the two most common viruses infecting bottle

gourd. Through BSA-seq, fine-mapping of the Prs locus and

identification of the candidate resistance gene for PRSV-W were

elucidated (Chanda et al., 2018). The red peel of pears is more

attractive and also provides health benefits to consumers. So

genes controlling the skin coloration aid in cultivar selection and

enhance pear breeding. Using BSA-seq, a 582.5-kb candidate

genomic region associated with red/green skin (R/G) locus,

harboring approximately 81 predicted protein-coding genes,

was identified (Xue et al., 2017). Further fine-mapping and

elucidation of the specific casual genes would enhance the

commercial value of pears. An important commercial attribute

of radish is its root shape, measured as the ratio of the root length

to root diameter. Hu et al. (2022) identified seven QTLs

distributed on five chromosomes controlling the root shape.

The results of this study are significant for fine-mapping and

functional analysis of root-shaped QTLs and cultivar breeding

for the root shape in radish (Hu et al., 2022). Among the abiotic

stresses, salt stress negatively affects all crop species, leading to

compromised plant performance and significant losses in cropT
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yield. Seedling survival and overall yield in rice are directly

affected by salt tolerance at the bud burst stage. Using BSA-

seq, a major candidate region on chromosome 7 was identified,

which was further narrowed down to a 222-kb genomic interval.

Furthermore, five differentially expressed genes (DEGs) were

identified in this candidate region through the RNA-seq

approach at the bud burst stage under the salt-treated

condition. In addition, the expression of one gene, (OsSAP16),

was enhanced under drought stress, implying thatOsSAP16 is the

strong candidate gene (Lei et al., 2020). These results are

significant for improving the salt tolerance of rice varieties.

Grain size and weight are important traits that determine the

overall yield in cereal crops. In order to identify the candidate

genomic regions controlling the grain size and weight in rice,

Yaobin et al. (2018 used BSA-seq and identified a 15–20 Mb

region on chromosome 5. Plant height is closely related to

soybean yield. Using QTL-seq, Zhang et al. (2018) identified a

1.73-Mb region on chromosome 13. Linkage mapping was used

to confirm this region in the mapping population. Candidate

gene analysis revealed that Glyma.13 g249400 showed

significantly higher expression in soybean plants with greater

plant height; therefore, it can be a strong candidate gene for this

trait (Zhang et al. (2018).

In addition to its importance in crop plants, BSA-seq is also

widely used in other species as well like yeast (Wenger et al., 2010;

Hu et al., 2015), Tilapia fishes (Gu et al., 2018), etc. Using

MULTIPOOL, Vogel et al. (2021) was able to dissect the

genomic regions controlling the root and crown rot resistance

against phytophthora in squash fish, whereas De Witt et al.

(2019) and Wang et al. (2019) were successful in elucidating the

unique alleles involved in lignocellulosic inhibitor tolerance and

genomic variants linked to high-temperature fermentation

performance in yeast, respectively. Furthermore, Trindade de

Carvalho et al. (2017) successfully used BSA-seq in yeast through

EXPLoRA that relies on the hidden Markov model (HMM).

Potential of BSA-seq in medicinal
plant genomics

Medicinal plants are less explored at the genomic level as

compared to staple crop plants. Even the breeding programs for

the genetic improvement of medicinal plants are at the pioneering

stage, and the development of trait-specific homogeneous lines is far

away from reality. However, BSA-seq can greatly speed up and

facilitate their breeding programs by making the use of F2
generations. Thus, medicinal plant breeders can get a general idea

about the nature of the progenies in the context of a specific trait by

integrating BSA with NGS technologies. This information can then

be used to develop trait-specific homogeneous lines through selfing of

the selected lines. Practically, this approach is feasible for only those

medicinal plants that have less generation time and flower early in

life. Some examples of such medicinal plants that are best suited for

which reference genome is available and hence BSA-seq can serve

their breeding purpose effectively may include stevia, tea, and tulsi.

For longer generation time inmedicinal plants, especially tree species,

the creation of F2 generation is almost impossible.

Conclusion and future prospects

BSA-seq and its related approaches have the potential to quickly

identify the trait-specific genomic regions/QTLs in a high-

throughput manner. It takes the advantage of traditional BSA in

integration with rapidly evolving NGS technologies. The most

admirable attribute of this approach is that it takes only F2
generations to precisely identify trait-specific genomic regions/

QTLs, thereby saving much time. However, this is achieved at

the cost of additional capital investment for deep sequencing.

Therefore, there is a trade-off between time and capital

investment in using BSA-seq. With the rapid advancement of

NGS technologies and a steep decrease in the cost of sequencing,

it is expected that in near future, the sequencing depth would not be

a matter of concern while estimating the overall cost of BSA-seq.
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Market class, cooking time, quality, and milled grain yield are largely influenced

by the seed size and shape of the lentil (Lens culinaris Medik.); thus, they are

considered to be important quality traits. To unfold the pathways regulating

seed size in lentils, a transcriptomic approach was performed using large-

seeded (L4602) and small-seeded (L830) genotypes. The study has generated

nearly 375 million high-quality reads, of which 98.70% were properly aligned to

the reference genome. Among biological replicates, very high similarity in

fragments per kilobase of exon per million mapped fragments values (R >
0.9) showed the consistency of RNA-seq results. Various differentially

expressed genes associated mainly with the hormone signaling and cell

division pathways, transcription factors, kinases, etc. were identified as

having a role in cell expansion and seed growth. A total of 106,996 unigenes

were used for differential expression (DE) analysis. String analysis identified

various modules having certain key proteins like Ser/Thr protein kinase, seed

storage protein, DNA-binding protein, microtubule-associated protein, etc. In

addition, some growth and cell division–related micro-RNAs like miR3457 (cell

wall formation), miR1440 (cell proliferation and cell cycles), and miR1533

(biosynthesis of plant hormones) were identified as having a role in seed size

determination. Using RNA-seq data, 5254 EST-SSR primers were generated as a

source for future studies aiming for the identification of linked markers. In silico
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validation using Genevestigator
®
was done for the Ser/Thr protein kinase,

ethylene response factor, and Myb transcription factor genes. It is of interest

that the xyloglucan endotransglucosylase gene was found differentially

regulated, suggesting their role during seed development; however, at

maturity, no significant differences were recorded for various cell wall

parameters including cellulose, lignin, and xylose content. This is the first

report on lentils that has unfolded the key seed size regulating pathways and

unveiled a theoretical way for the development of lentil genotypes having

customized seed sizes.

KEYWORDS

RNA-seq, transcription factors, signal transduction pathway, Lens culinaris, seed
parameters

Introduction

Lentil (Lens culinaris ssp. culinarisMedik.) orMasur (n = x =

7) is a self-pollinated, annual legume crop with a genome size of

4.2 Gbp (Arumuganathan and Earle, 1991; Dikshit et al., 2022).

In 2019, the global lentil yield recorded was 5.73 million tons

from a 4.8 million hectare area, and Canada was the largest

producer (2.17 mt from 1.49 mha), followed by India (1.23 mt

from 1.36 mha). Compared to the global productivity (1194.6 kg/

ha), the lentil productivity of India is very poor (901 kg/ha) (FAO

2022). Madhya Pradesh and Uttar Pradesh are the largest lentil-

producing states in India and are followed by West Bengal and

Bihar (Mishra et al., 2022). For a very large section of the

population residing mostly in developing countries, lentil is

considered an inexpensive nutrition source, especially for

proteins, carbohydrates, vitamins, dietary fibers, and

micronutrients (Mishra et al., 2020a; Priti et al., 2021; Priti

et al., 2022).

The lentil industry always tries to maintain the quality of the

lentil, and seed size and shape is considered the key trait for obtaining

the optimum quality. Cooking time and dehulling efficiency, which

significantly govern the market preference are greatly influenced by

the seed size and shape (Wang, 2008; Singh et al., 2022). Moreover,

seed size and seed number govern the overall seed yield of any crop,

which is mainly determined at the early seed developmental stages

(Ruan et al., 2012; Mishra et al., 2020b) and is very precisely

controlled by maternal and filial tissues (Weber et al., 2005).

Advancements in understanding the seed development-associated

pathway–related genes in lentils have been attributed to the

availability of several markers, genomic resources, and cost-

effective next–generation sequencing (NGS) tools. At present, the

latest version (version 2) of lentil genome has been released (Ramsay

et al., 2021). Thus, comparative RNA-seq analysis was aimed to

identify theDEGs (differentially expressed genes) and pathways from

the lentil genotypes differing significantly for the seed size during

their early seed developmental stage.

Many reports demonstrating DE of various genes in the

genotypes differing for the seed size in crops like peanut (Li et al.,

2021), soybean (Du et al., 2017; Lu et al., 2017), etc. are available.

Moreover, several complex regulatory networks including

transcription factors, sugar, hormone signaling, and metabolic

pathways regulating seed development are known in various plant

species (Ruan et al., 2012; Du et al., 2017). In addition, molecular

markers like EST-SSRs can be developed using the RNA seq data

derived from the genotypes differing in the seed size. These novel

markers can be used for the identification of linked markers using

some mapping population for its application in the marker-assisted

selection for seed size traits in lentils (Bosamia et al., 2015). Micro-

RNAs (miRNAs) are the class of small noncoding RNAs (~21-

nucleotide long) that control the post-transcriptional expression of

mRNA in lentils (Mishra et al., 2022). The miRNAs interact with the

target mRNAs after getting loaded into the Ago-proteins (Dueck

et al., 2012) and thus prevent gene expression (Winter et al., 2009).

Using recent bioinformatics tools, putativemiRNA target sites can be

identified from the RNA-seq dataset, which will help in better

understanding their role in the regulation of seed developmental

pathways resulting in differential seed sizes in lentils.

The seed size is directly regulated by the chemical

composition of cell wall in which the most distinctive

constituent is cellulose (Costa and Plazanet, 2016), whereas

lignin is the next most abundant biopolymer (Kathirselvam

et al., 2019) and xylan is one of the highly abundant

hemicelluloses (Scheller and Ulvskov, 2010). Thus,

deciphering the complex cell wall dynamics associated with

the regulation of seed size will help in understanding their

relative function during seed development. Therefore, the

RNA-seq approach was used for the identification of

regulatory gene networks and pathways controlling seed size

in lentils using genotypes differing significantly for the seed size.

Materials and methods

Plant materials, sampling, and seed
parameter analysis using VideometerLab

Two lentil genotypes differing significantly in seed size, L830

(small-seeded; mean 1000 seed weight = 20.0g) and L4602 (large-
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seeded; mean 1000 seed weight = 42.13g) were used for the RNA-

seq analysis (Figure 1; Table 1). Detailed seed phenotyping was

done using the VideometerLab 4.0 instrument (Videometer A/S,

Denmark), which acquires morphological and spectral

information using strobed LED technology in the UV, visible,

and NIR wavelengths (total 19 wavelengths; 365–970 nm)

(Figure 2). The VideometerLab vision system was used to

capture the images at 2056 × 2056 pixels of 30 seeds placed in

special 3D printed plates, which were customized to fit our seed

samples. The data generated were segmented, quantified, and

plotted using custom-designed software (VideometerLab

software ver. 2.13.83), which ultimately provided a vast array

of information such as seed area, length, and width (Shrestha

et al., 2015).

The plants were grown in the National Phytotron Facility

located at Indian Agricultural Research Institute, New Delhi,

India (latitude: 28.6412°N; longitude: 77.1627°E; and altitude:

228.61-m AMSL) in 30 cm (diameter) pots (three seeds per pot)

containing grow media consisted of coco peat: vermiculite: sand

in 1:2:1 ratio. As we aimed to find the DEGs regulating the seed

size at a very early stage, the flower buds were tagged on the day

of fertilization and developing pods were collected 15 days after

fertilization, and developing seeds were removed very carefully

from the pods. These seed samples were then stored in RNAlater

at −80°C before RNA extraction. A total of four samples were

used which consisted of L830 (small-seeded) and L4602 (large-

seeded) samples in two biological replications each.

RNA extraction, cDNA library
construction, and Illumina sequencing

As per the manufacturer’s protocol, total RNA was

extracted from the seed samples of two lentil genotypes

L830 and L4602 using the RNeasy plant mini kit (Qiagen,

Hilden, Germany). DNAse I (Thermo, United States)

treatment was given twice to remove the genomic DNA;

afterward, RNA was dissolved in nuclease-free water. The

RNA quality and integrity were measured using Bioanalyzer

2100 RNA 6000 Nano Kit (Agilent Technologies, Santa Clara,

CA, United States) and on 2% agarose gel, respectively, and

then high-quality RNA (1.5 µg; OD 260/280 = 2.0–2.1; OD

260/230 = ≥2.0–2.3; RIN value ≥ 7.0) were taken from two

biological replicates (from two lentil genotypes) for the

construction of four cDNA libraries using TruSeq mRNA

Library Prep kit (Illumina Inc., United States). Using

Illumina HiSeq 2500 platform 100 bp paired-end (PE)

reads (100 × 2 = 200bp) were generated from the cDNA

libraries at AgriGenome Labs Pvt. Ltd., Hyderabad,

Telangana, India. The samples were labeled as L830 and

L4602, in two replications (Rep-1 and Rep-2) each. The

raw sequence data of these four PE libraries were submitted

to the National Center for Biotechnology Information SRA

database (Accession number PRJNA800200).

FIGURE 1
Different seed developmental stages and the developed
seeds of L830 and L4602 genotypes.

TABLE 1 Descriptive statistics for various seed traits of the genotypes L4602 and L830 using t-test.

S. No. Variables L4602 L830 Statistical significance

Mean ± SD SE mean Mean ± SD SE mean

1 1000 seed weight (g) 42.13 ± 1.21 0.70 20.90 ± 1.82 1.10 HS

2 Area (mm2) 22.59 ± 1.17 0.262 11.02 ± 0.68 0.152 HS

3 Length (mm) 5.57 ± 0.169 0.038 3.82 ± 0.121 0.027 HS

4 Width (mm) 5.24 ± 0.179 0.04 3.71 ± 0.117 0.0262 HS

5 Width/Length 0.9399 ± 0.027 0.006 0.9723 ± 0.015 0.003 HS

6 Compactness (Circle) 0.9379 ± 0.025 0.006 0.9688 ± 0.014 0.003 HS

7 Compactness (Ellipse) 0.9983 ± 0.002 0.0003 0.999 ± 0.0004 0.00008 NS

8 Width/Area 0.2320 ± 0.006 0.001 0.3377 ± 0.011 0.002 HS

9 Volume (mm3) 0.007 ± 0.0002 0.00005 0.0048 ± 0.0001 0.00003 HS

10 Perimeter (mm) 15.477 ± 0.452 0.101 10.663 ± 0.369 0.082 HS

Where total count or replication (N) = 20; HS: Highly significant (p ≤ 0.01); NS, Not significant
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Transcriptome assembly and annotation,
and GO

FastQC (www.bioinformatics.babraham.ac.uk/projects/

fastqc) was used for the analysis of the raw reads, whereas

AdapterRemoval2 (ver. 2.2.0; https://github.com/

MikkelSchubert/adapterremoval) was used to trim the low-

quality bases (Phred score ≤ 30) and adapter sequences.

Bowtie2-based SILVA database was used for the removal of

rRNA sequences, and then, GC content, Q30, and total clean

reads were determined in the high-quality reads (HQRs). For the

alignment of trimmed reads, Bowtie2 ver. 2.2.2.9 (http://Bowtie2-

bio.sourceforge.net/index.shtml) was used and unigenes

with ≥200 bp transcript length were assembled for the

estimation of transcript expression and their downstream

annotations. For alignment, the lentil reference genome (Ver.

2) was used (Ramsay et al., 2021). Read count normalization was

done, and transcript expression levels were determined using

FPKM (fragments per kilobase of exon per million mapped

fragments) analysis. The annotation of assembled unigenes

was done using UniProt Plant Database and Gene Ontology

(GO) terms were identified using BLAST2GO (https://www.

blast2go.com; Conesa et al., 2005).

Differential gene expression and GO
enrichment analysis

The normalization of gene expression values was done using

FPKM and fold change (FC), whereas expression was calculated

using Cuffdiff (http://cole-trapnelllab.github.io/cufflinks/

cuffdiff/). Differential gene expression analysis was performed

by considering the individual transcript expression level counts

in small- (L830) and large-seeded (L4602) samples using the

edgeR (http://www.bioconductor.org/packages/2.12/bioc/html/

edgeR.html) program (Robinson et al., 2010). The false

discovery rate (FDR ≤ 0.05) and Log2 Fold Change (Log2FC

+2/−2) were used as a threshold for the identification of DEGs as

upregulated or downregulated. The GO terms for all assembled

unigenes were extracted wherever possible. “Goseq” of “R

package” (https://bioconductor.org/packages/release/bioc/html/

goseq.html) was used for the GO enrichment analysis, and the

FIGURE 2
A representative mature seed photograph of lentil genotypes (A,B) L4602 and (C,D) L830 was taken at two different wavelengths [(A,C) at
375 nm; (B,D) at 590 nm] using VideometerLab.
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identified GO terms were grouped into biological process,

cellular component, and molecular function categories.

Afterward, a scatter plot was generated and visualized for the

GO-enriched terms using Revigo (http://revigo.irb.h) (Supek

et al., 2011). The information available in the Kyoto

Encyclopedia of Genes and Genomes (KEGG) Automatic

Annotation Server (http://www.genome.jp/kegg/) database was

used to perform the metabolic pathway analysis of the assembled

unigenes (Kanehisa and Goto, 2000).

miRNA and miRNA target sites
identification

Precursor miRNA sequences were identified using C-mii

software, by searching the sequences against the miRbase

database and identifying the hairpin-like secondary structures

(Numnark et al., 2012). Then, putative miRNAs were identified

having parameters like 1) predicted mature miRNAs length

should be 18–24 nt; 2) a maximum of two mismatches over

known mature miRNAs; 3) localization of mature miRNA in one

arm of the predicted stem-loop structure; 4) not >5 mismatches

between miRNA and guide miRNA sequence in the stem-loop

structure; 5) presence of 30–70% A + U content in the miRNAs;

6) and a highly negative minimal folding free energy andminimal

free energy index value of the secondary structure. Putative target

genes were identified using psRNATarget (https://www.zhaolab.

org/psRNATarget/) against the available Arabidopsis thaliana

annotated data to understand the biological functions of the

miRNAs (Dai et al., 2018) and miRNA target network was built

using Cytoscape software (Shannon et al., 2003).

Protein–protein interaction network

String network analysis was performed to understand the PPI

network of the identified DEGs. The identified target list was first

uploaded into the STRING database (https://string-db.org/)

(Szklarczyk et al., 2015); afterward, highly interconnected

proteins were identified using the MCODE plugin of

Cytoscape v3.7.0 (Shannon et al., 2003). The final prediction

of the PPI networks was based on Medicago truncatula as this

showed very high sequence similarity.

In silico validation analysis using
Genevestigator®

The DEGs were filtered based on growth- and development-

related GO terms and were then narrowed down as per their FDR

value (<0.05). Peptide sequences of the filtered DEGs were

extracted from the Uniprot database using BLASTP. The

associated reference genes having maximum stability of

expression against Medicago truncatula were identified by

submitting the shortlisted target accessions (unique) as input

in the Genevestigator® software (Zimmermann et al., 2004). For

the grouping of target genes having similar profiles across the

above conditions, a hierarchical clustering tool was used and a

Log2 ratio change value was obtained for the identified genes and

the top 15 perturbations were presented as a heat map.

SSR prediction and EST-SSR identification

The unigenes from present RNA-seq data were used for the

SSR prediction using the MIcroSAtellite Identification Tool

(MISA) (Thiel et al., 2003) and the development of genic-SSR

markers. To avoid any already known SSR primers, primer

sequences already available in the public domain were

searched and unigenes were removed from our RNA-seq data

using an in-house Perl script (Bosamia et al., 2015). Standalone

primer3 ver. 0.4.0 tool was used for primer designing as per the

default parameters (Untergasser et al., 2012). Furthermore, a set

of developmental process–related SSRs were siphoned

considering the GO terms associated with various

developmental processes like embryo development, flower

development, endosperm development, cell cycle process, seed

growth, and reproductive shoot system development.

Preparation of alcohol insoluble residue
sample

The lentil seeds (600 mg) were crushed, flash frozen in liquid

nitrogen, and then ground in Qiagen TissueLyser II (at 30 Hz for

2–3min) to a fine powder. The 100-mg fine powder was incubated in

5 ml of 80% ethanol containing 4.0 mM HEPES buffer (pH 7.5) at

70°C for 30 min, cooled on ice, and centrifuged at 10000 rpm for

15 min. The supernatant was discarded and the residue was washed

with 5ml of 70% ethanol. The residue was further suspended in 5ml

of chloroform: methanol (1:1) for 3 min at room temperature and

centrifuged at 14000 rpm for 15min. The residue was washedwith 5-

ml acetone, and the pellet was dried in the desiccator and used as an

AIR sample for further analysis (Pawar et al., 2017).

Cellulose estimation using the Updegraff
method

The Updegraff reagent (acetic acid: nitric acid: water = 8:1:2 v/v)

was added to the 2 mgofAIR and incubated at 100°C for 30 min. The

mixture was centrifuged (10,000 rpm; 15min), washed with acetone

four times, and the residue was dried overnight. The residue was

hydrolyzed in 72% sulphuric acid and glucose was analyzed using

anthrone assay (Updegraff 1969). A glucose standard curve was used

to calculate the cellulose content.
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Estimation of xylose and O-acetyl content

A total of 2 mg of AIR was incubated with HCl and NaOH

samples for xylose and acetyl content analysis, respectively. The

mixture was neutralized with NaOH and HCl, respectively. The

xylose and O-acetyl content were analyzed using Megazyme

K-ACET and K-XYLOSE kits (Rastogi et al., 2022).

Acetyl bromide soluble lignin content

The acetyl bromide solution (25%), which was diluted using

acetic acid was incubated at 50°C for 2 h. The solubilized powder

was then mixed with NaOH and hydroxylamine hydrochloride.

The absorbance was taken at 280 nm, and lignin content was

measured as explained in Foster et al. (2010).

Lignin and cellulose estimation through
Fourier transform-infrared spectroscopy

The fine lentil seed powder was analyzed for lignin and cellulose

content using FT-IR spectroscopy as previously described (Pawar

et al., 2017). In a word, a Tensor FT-IR spectrometer (Bruker Optics)

equipped with a single-reflectance horizontal ATR cell (ZnSe Optical

Crystal, Bruker Optics) was used for the analysis. The spectrum was

taken within a range of 600 cm−1 to 4000 cm−1 with a resolution of

4 cm−1. The standard was prepared with potassium bromide powder.

Each sample was measured twice (by removing and putting different

aliquots of powder to evaluate their heterogeneity), and each

spectrum was the average of 16 scans (Labbe et al., 2005; Canteri

et al., 2019).

Statistical analysis

Two sample t-test was performed to determine the genotypic

variance (among L830 and L4602 genotypes) for the traits such as

seed area, length, width, width/length ratio, compactness, width/

area ratio, volume, perimeter, lignin, cellulose, and xylose

contents. All statistical analyses were conducted using Minitab

ver.18 software (Minitab 2020).

Results

Seed parameters

The lentil genotypes L4602 (42.13 g/1000 seeds) and L830

(20.90 g/1000 seeds) selected for the study differed significantly

for 1000 seed weight. In addition, many other seed

morphological traits were measured using the VideometerLab

instrument (like area, length, width, width/length, compactness,

width/area, volume, and perimeter) and showed significant

variations for these genotypes (Table 1). It is of interest that

the mean seed area (mm2), length (mm), and width (mm) of the

genotypes L4602 (22.59, 5.57, 5.24, respectively) and L830 (11.02,

3.82, 3.71, respectively) were found significantly different

between these genotypes (Table 1).

RNA sequencing and reference
transcriptome assembly

The developing seeds (15 days after pollination) were used

for the isolation of RNA from both L830 and L4602 lentil

genotypes for analyzing the transcriptional changes during the

early seed development stage using the Illumina HiSeq 2500/

4000 platform. The samples were named L830-Rep1, L830-Rep2,

L4602-Rep1, and L4602-Rep2. More than 448 million reads have

been generated from all four sample combinations, having an

average GC content of 47.17%. The raw sequence ranged from

81.83 to 127.13 million (for L830 Rep1 and Rep2) and 120.56 to

118.93 million (for L4602 Rep1 and Rep2), respectively. After

removal of adapters and rRNA sequences and passing through

the low-quality reads nearly 375 million HQRs were obtained

having a Phred score of ≥30. The clean reads ranged from

80.01 million to 99.4 million for L830 and from 78.74 million

to 117.18 million for L4602 genotypes with an average

Q30 quality score of 96.75%. The summary of different RNA-

seq parameters of the studied genotypes is presented in Table 2.

The preprocessed and rRNA removed reads were used for

reference-based pair–wise alignment and assembly of HQRs with

lentil genome using the Trinity program. From the filtered reads,

~98.70% of reads from each sample were properly aligned back to

the assembled unigenes, indicating HQR data for the assembly.

The total number of PE reads obtained in the small-seeded

(L830) sample ranged from 40.91 million to 63.56 million,

whereas in the large-seeded (L4602) sample from

59.46 million to 60.28 million. All the assembled transcripts

were ≥200bp long with a GC content of 46.24–48.08% (Table 2).

The details of transcript length, FPKM range, and GC range are

provided in Supplementary Material S1 and Supplementary

Table S1.

Differential gene expression analysis and
transcript annotation

EdgeR program was used to find the total number of genes

expressed in small-seeded (L830) and large-seeded (L4602)

genotypes. Out of 512 identified DEGs, 199 showed

upregulation and 313 downregulation (Supplementary Table

S2). The assembly has generated 120,149 transcripts, and the

longest transcript is of 32,136 bp size. A total of 43,369 unigenes

were generated, of which 21,038 unigenes showed at least one
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significant hit in UniProt Plant Protein Database. The assembled

unigenes were annotated using UniProt Plant Database for the

identification of lentil gene function using the BLASTX program

and 106,996 unigenes were considered for differential gene

expression analysis at the threshold level [FDR≤ 0.05; Log2FC

+2/−2] (Table 3, Supplementary Table S3). Correlation analysis

was done using FPKM values of the two biological replicates of

lentil samples and the very high similarity (R > 0.9) verified the

consistency among the samples (Supplementary Table S1). The

most similar BLASTx matches were recorded for Medicago

truncatula (12101) followed by Cicer arietinum (6470), Pisum

sativum (638), and Glycine max (178) (Supplementary Table S4),

and the top 20 BLASTX hits are presented in Supplementary

Material S1.

GO enrichment, scatter-plot, and KEGG
pathway analysis

The GO terms for all the assembled unigenes were extracted

and grouped into biological process (1301), cellular component

(403), and molecular function (1521) categories (Supplementary

Table S5) using the Blast2GO program (http://www.blast2go.

com/). For cellular component, the key enriched GO terms

include “integral component of membrane,” “nucleus,”

cytoplasm, “ribosome” etc., whereas for Molecular Functions

these include “ATP, metal ion, DNA, and RNA binding,” “serine/

threonine-protein kinase activity,” “hydrolase activity,” and

transferase activity. DEGs were found enriched for several

Biological Processes GO terms like “regulation of

transcription,” “translation,” “protein folding and

glycosylation,” “DNA replication,” “auxin activated signaling

pathway,” “metal ion transport,” and “photosynthesis”

(Figure 3; Supplementary Material S1). These signify the

presence of substantial differences between large- and small-

seeded lentil genotypes during the early seed development stage

and also the vital role of identified DEGs resulting in differential

seed size.

All the DEGs with GO allotted [3224 Nos] were subjected to

gene enrichment analysis and the enriched GO terms are further

visualized as a scatter plot (Figure 4). Among various GO terms,

“cell division” [GO:0051301], mitotic cell cycle phase transition

[GO:0000278], multidimensional cell growth [GO:0009825], and

“GDP mannose biosynthetic process” [GO: 0009298] are

significantly enriched. To identify the major biological

pathways which got altered in lentils when studied in large-

and small-seeded genotypes at early seed development stage, the

core DEGs were mapped to the KEGG pathways database. The

KEGG annotated unigenes [13133 Nos] were found distributed

to 25 KEGG pathways and the overrepresented pathways include:

“glycolysis/gluconeogenesis,” “glyoxylate and dicarboxylate

metabolism,” “pentose and glucuronate interconversions,”

“pyruvate metabolism,” and “cyanoamino acid metabolism”

(Supplementary Tables S6, S7). The details of the upregulated

and downregulated KEGG enriched terms (biological process,

cellular component, and molecular function) are presented as a

pie chart (Supplementary Material S1).

TABLE 2 Summary of RNA-seq data in four developing seeds samples of lentils (small- and large-seeded).

Sample name/Attributes L830-Rep1 L830-Rep2 L4602-Rep1 L4602-Rep2

Mean read quality (Phred score) 39.06 39.32 39.68 39.03

Number of raw reads (PE) 63569309 40918140 60281921 59467429

Number of bases (Gb) 12.71 8.18 12.05 11.89

GC (%) 46.34 46.24 48.02 48.08

% data ≥ Q30 95.39 95.83 97.09 95.02

Read length (bp) 100 × 2 100 × 2 100 × 2 100 × 2

Total read count 127138618 81836280 120563842 118934858

Clean read count 99405074 80015960 78742292 117185022

QC Pass (%) 78.19 97.78 65.31 98.53

Aligned Read Count 94320301 77115384 59243198 112377029

Aligned (%) 94.88 96.38 75.24 95.9

Where Rep1 and Rep2 are the two biological replications.

TABLE 3 Assembled transcript summary.

Annotation Category Numbers

No. of assembled transcripts (Total: 120,149) 106,996

Longest Read length (bp) 32,136

Mean GC of transcripts (%) (All Assembled Transcripts: 38.96%) 38.83

Total No. of Unigenes considered for BlastX 43,369

No. of Unigenes with a hit in UniProt Plant Database 38,154

No. of Unigenes with a significant hit in UniProt Plant Database 21,038

No. of Unigenes with a significant hit in PMN Database 5,334

Frontiers in Genetics frontiersin.org07

Dutta et al. 10.3389/fgene.2022.942079

264265

http://www.blast2go.com/
http://www.blast2go.com/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.942079


miRNA prediction, miRNA target site
identification, and function analysis

Through homology searches of the sequences and miRNA

prediction with the c-mii program, we identified

46,195 upregulated and 48,911 downregulated miRNA candidates

(Supplementary Table S8). The putative miRNAs varied from 19 to

26 nt in length, with a majority of them being 21 nt in length.

Furthermore, based on the multiplicity (≥10 numbers) of the

miRNAs identified the key miRNAs identified from upregulated

(miR838, miR1440, miR1533, miR3457, miR3637, miR3951, and

miR6024) and downregulated DEGs (miR-190, miR902, miR1533,

miR3437, miR3520, miR4353, miR5543, miR5576, miR5658,

miR5720, miR7511, miR7743, and miR9742) are presented in

Table 4. In upregulated category, the esi-miR3457-3p family was

the largest family with nearly 400 members followed by gma-

miR1533 (256), vvi-miR3637-5p (121), and aly-miR838-3p (100),

csi-miR3951 (100), osa-miR1440b (100), sly-miR6024 (100), and stu-

miR6024-3p (100). Likewise, from the downregulated DEGs the

gma-miR4353 family was the largest (1225) followed by bdi-

miR7743-3p (1089), ghr-miR7511 (625), osa-miR5543 (484), ppt-

miR902i-3p (441), hme-miR-190 (256), and aly-miR3437-3p (154)

(Supplementary Table S8). Among these, a few are growth and cell

division–related miRNAs like miR3457 (cell wall formation),

miR1440 (cell proliferation and cell cycles), and miR1533

(biosynthesis of plant hormones). This study for the first time

could identify the transcriptome-based miRNAs and their targets

from the RNA-seq data of two lentil genotypes differing in seed size.

Protein–protein interaction network
analysis

The predicted PPI network was broadly categorized into

three main functional modules, which corresponded to

respective pathways (Supplementary Table S9; Supplementary

FIGURE 3
Functional annotation of unigenes based on Gene Ontology (GO) categorization of lentil genotypes differing for seed sizes (molecular
function). These GO terms are classified into three categories (cellular component, molecular function, and biological processes).
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Material S1). In the upregulated category, module-1 mainly

consisted of proteins like Ser/Thr protein kinase, oligopeptide

transporter OPT family protein, seed storage protein, etc.,

whereas module-2 mainly consisted of curved DNA-binding

protein, HSP 70 family, Ser/Thr protein kinase family, etc.

Module-3 consisted of ABC transporter B family member,

somatic embryogenesis receptor kinase, etc. Likewise, from the

downregulated category, module-1 consisted of mainly

mitochondrial Rho GTPase, ARF GTPase activator proteins,

etc., whereas module-2 is comprised mainly of signal

recognition particle receptor, aminoacyl-tRNA synthetase,

microtubule-associated protein, kinesin family proteins, etc.

Development of novel EST–SSR markers
from the lentil transcriptome

Unigenes from RNA-seq data were used for the development

of novel and nonredundant EST-SSRmarkers by searching all the

publicly available SSR primers of lentils in unigenes and matched

unigenes were removed (Bosamia et al., 2015). SSR prediction

was performed using MISA and a total of 14,437 SSRs were

predicted from all assembled unigenes belonging to eight classes

of microsatellites. Of these, mononucleotide (46.02%) was most

abundant followed by trinucleotide (26.38%) and dinucleotide

(19.75%) motifs. However, tetranucleotide (1.12%),

pentanucleotide (0.28%), and hexanucleotide (0.35%) motifs

were least frequent (Table 5). Furthermore, EST-SSR primers

were identified by examining 106996 sequences and the total size

of examined sequences (bp) was 106969661 bp. Using

primer3 software a total of 5254 primer pairs were generated

and from that, a set of primers (23 Nos) were identified from the

genes having functional relevance to the reproduction process

and seed development (Supplementary Table S10).

Validation studies using in silico
expression analysis

The Genevestigator database is used to study the gene

expression details like when, where, and how the gene gets

expressed in any living system. This assists in the in silico

FIGURE 4
Scatter plot showing overrepresented GO term (p < 0.01) in all comparisons with labels having seed-size responsive terms. Different shades in
circles indicate the difference in p-values (as given in the scale), whereas the bubble size indicates the frequency of the GO term.
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validation of the available results and also helps in the

formulation of new hypotheses (Zimmermann et al., 2004;

Mishra et al., 2022). The genes identified from the developing

seeds of the lentil genotypes were of four broad developmental

response groups viz., membrane protein, secondary metabolite,

signaling molecules, and transcription factors. These genes got

validated (Supplementary Table S11) with that of Medicago

truncatula and the top 15 major perturbations were presented

in Figures 5, 6 as a heat map. It is of interest that for membrane

protein category: putative transmembrane protein

[MTR_5g070330], CASP-like protein [MTR_7g083120], etc.

and for secondary metabolite category: glycosyltransferase

[MTR_7g076655], ferredoxin-nitrite reductase

[MTR_4g086020], etc. could be validated. Likewise, for

TABLE 4 List of miRNAs and the target fragment identified from the RNA-seq data generated for seed size variations.

S.
No.

miRNA
identified

Target details miRNA aligned fragment Target aligned fragment Multiplicity

(a) From downregulated DEGs

1 gma-miR4353 Lcu.2RBY.Chr1:20126119-
20138212

CAAGUCGUAGCCGGUGUU
AUUACU

AGACAAGACACCAGCUGC
GACUUG

35

2 bdi-miR7743-3p Lcu.2RBY.Chr7:474327216-
474368813

UUUGAACUUUUGUAUUGG
AUCUUU

CUAGCUCUAAUACAAAAG
UAUGAA

33

3 ghr-miR7511 Lcu.2RBY.Chr7:474327216-
474368813

AGAAGUUUUGCAUGUGUA
GCUGAG

CAUAACUUCUAAUGCAGA
ACUUCU

25

4 osa-miR5543 Lcu.2RBY.Chr5:37183597-
37189152

UAUGAAUGGUAUAUUUUCUUG AAAUAAGAUAUGCCAUUCAAA 22

5 ppt-miR902i-3p Lcu.2RBY.Chr7:474327216-
474368813

UGGAGGAUCUGCAUCGUAAAC AAUUCUGAUCCAGAUCUUCUA 21

6 aly-miR3437-3p Lcu.2RBY.Chr5:37183597-
37189152

CGGUGGAUCUUGUUUUUUGU UUGAGAAAUAAGAUCCGCCA 16

7 hme-miR-190 Lcu.2RBY.Chr5:37183597-
37189152

AGAUAUGUUUGAUAUUCU
UGGU

CAAAAGAAUAUUGAACUGAUCU 16

8 ath-miR5658 Lcu.2RBY.Chr4:218966545-
219024978

AUGAUGAUGAUGAUGAUGAAA UAUUAUUAUUAUUAUUAUUAU 13

9 ahy-miR3520-5p Lcu.2RBY.Chr6:116449652-
116462261

AGGUGAUGGUGAAUAUCU
UAUC

UUCAAUAUCUUUACCGUCAGCU 11

10 gma-miR1533 Lcu.2RBY.Chr4:218966545-
219024978

AUAAUAAAAAUAAUAAUGA UUAUUAUUAUUAUUAUUAU 11

11 rgl-miR5576 Lcu.2RBY.Chr4:226243450-
226251514

AGAAGUUGGCAUUUGCAA
ACACU

ACAAGGAGCAAAUGCCAA
CUUCU

11

12 bra-miR5720 Lcu.2RBY.Chr4:218966545-
219024978

UUGUGAUUUGGUUGGAAUAUC CGUAGUUCGACCAAACUACGA 10

13 gma-miR9742 Lcu.2RBY.Chr7:474327216-
474368813

UGUGUUGUUUGUUUU
GUAGCA

AUAAACAAAACAAACAACAAA 10

(b) From upregulated DEGs

14 esi-miR3457-3p Lcu.2RBY.Chr1:538150492-
538159831

UAGCUUGUCCUGGGAUUCCGU AUGGAUUCUCAGCAGAAGCUA 20

15 gma-miR1533 Lcu.2RBY.Chr1:520995772-
521054241

AUAAUAAA-AAUAAUAAUGA UUAUUGUUAUUGUUUGUUGU 16

16 vvi-miR3637-5p Lcu.2RBY.Chr1:520995772-
521054241

AUUUAUGUAUUGUGUUUU
GUCGGA

GUGUUCAAAGUUCAAUGU
AUGAAA

11

17 aly-miR838-3p Lcu.2RBY.Chr1:520995772-
521054241

UUUUCUUCUUCUUCUUGCACA AUUGUUAAGACAAGAAGAAAG 10

18 csi-miR3951 Lcu.2RBY.Chr1:520995772-
521054241

UAGAUAAAG-AUGAGA
GAAAAA

UUUUUUUUUUAUUCUUUA
UCUG

10

19 osa-miR1440b Lcu.2RBY.Chr1:520995772-
521054241

UUUAGGAGAGUGGUAUUUGAG UUUAAAUACCUCUUGCUUAAG 10

20 sly-miR6024 Lcu.2RBY.Chr1:520995772-
521054241

UUUUAGCAAGAGUUGUUU
UACC

CGUUGAACUACUUUUGCU
GGAU

10

21 stu-miR6024-3p Lcu.2RBY.Chr1:520995772-
521054241

UUUUAGCAAGAGUUGUUU
UCCC

GUGAAAAUGAUUUUAGAU
AAAA

10
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signaling molecule category: nonspecific serine/threonine-

protein kinase [MTR_4g123940], calmodulin-binding protein

[MTR_4g106810], etc. and for transcription factor category:

ethylene response factor [MTR_1g087920], NAC transcription

factor-like protein [MTR_1g069805], Myb transcription factor

[MTR_8g042410], etc. are validated (Figures 5, 6).

Estimation of plant cell wall composition

The RNA sequencing data showed changes in gene

expression of plant cell wall biosynthetic genes. Moreover, cell

wall composition is known to determine the size and shape of the

lentil seeds. To validate this, we have analyzed and compared the

wall composition in seeds of L4602 and L830. Since lentil cell wall

composition was not extensively analyzed, it was measured using

wet chemistry methods and FT-IR (Table 6). Cellulose content is

known to reinforce the cell wall, and it was 24.07% in L4602 and

25.96% in L830 genotypes; however, the difference was

statistically insignificant. Lignin is a phenolic polymer that

gives rigidity to cell walls, and it was 21.98% in L4602 and

25.07% in the L830 genotype. The insignificant difference was

further validated using FT-IR, a similar amount of lignin and

cellulose was observed in both genotypes. A particular type of

xylan, i.e., arabinoxylan is abundant in lentils which interacts

with both cellulose and lignin and further strengthens the cell

wall matrix. The xylan was less than cellulose and lignin in both

genotypes. Moreover, there was no difference in xylan content

between L4602 and L830. We have also measured the acetylation

level of the cell membrane that might be associated with cell

extensibility. Although the acetyl content was 4.02% in the

L830 genotype and 2.014% in L4602; however, this difference

was statistically insignificant. Overall, cellulose was found as one

of the most abundant wall components in lentil seeds. However,

an increasing trend for all the cell wall components was recorded

for the L830 genotype when compared with L4602, but the

difference was not significant. Further validation by

techniques like mass spectroscopy and nuclear magnetic

resonance might reveal more about the lentil cell wall.

Discussion

Adetailed understanding of themolecularmechanism regulating

the seed size in lentils is of great importance for not only improving

the seed yield but also for fetching better market prices in lentils. This

study encompasses the identification of genes and pathways involved

in seed size and shape determination using the RNA-seq approach.

To reach a meaningful conclusion, we have analyzed the

transcriptome at the early seed development stage and other seed

membrane parameters like cellulose, lignin, and xylose at the seed

maturity stage, which is thoroughly discussed in the following

sections.

Seed parameters

Seed size determination in lentils is mainly done by

measuring the 100 or 1000 seed weight (Tullu et al., 2001),

which is considered a very crude method and is unable to

distinguish different seed shape parameters like seed thickness

or seed plumpness. Shahin and Symons (2001) used the

computer-assisted two–dimensional image analysis to measure

the lentil seed diameter, whereas Shahin et al. (2012) used

cameras to capture the three-dimensional image of lentil seeds

to determine the plumpness. Thus, to study various other seed

parameters like area, length, width, compactness, volume, and

perimeter, this study for the first time used the state-of-the-art

VideometerLab instrument and very precise data were generated

using 20 replicates. As recorded for this study, previous studies

also revealed large variations in seed weight and diameters in

lentils (Tullu et al., 2001; Tripathi et al., 2022).

RNA-seq, assembly, DE, and annotation

The sequence information for lentils is still incomplete with

limited access and minimal annotation (Sharpe et al., 2013); thus,

we opted for a combination of de novo and reference-based

analysis. As the genome size of the lentil is quite big (nearly

4.2 Gb), approximately 8–12 Gb data per sample (and a total of

448 million reads) have been generated, which is very similar to

that of 452 million reads by Mishra et al. (2022) and

404.67 million reads by Hosseini et al. (2021) and is

considered enough for detailed RNA-seq analysis in lentil.

Several groups of growth- and development-related genes got

differentially expressed with high log FC values (Supplementary

Table S2) and were grouped into four main classes, viz.,

membrane protein, secondary metabolite, signaling molecules,

and transcription factors. Likewise, the crucial metabolic

TABLE 5 SSR prediction summary as identified from the RNA-seq data.

S. No. Type of repeat Number
of SSRs predicted

1 Mononucleotide (p1) 6644 (46.02%)

2 Di-nucleotide (p2) 2851 (19.75%)

3 Tri-nucleotide (p3) 3808 (26.38%)

4 Tetra-nucleotide (p4) 162 (1.12%)

5 Penta-nucleotide (p5) 40 (0.28%)

6 Hexa-nucleotide (p6) 50 (0.35%)

7 Compound (c) 882 (6.01%)

8 Compound (c*) 14 (0.10%)

Total 14,437
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pathways identified in other crops for seed size variations include

hormonal signaling pathways, transcription factors (Du et al.,

2017), and cell division pathways (Guo et al., 2018).

GO enrichment, scatter-plot, and KEGG
pathway analysis

For GO terms, some common terms like “carbohydrate

metabolic process,” “protein folding and glycosylation,” “DNA

replication,” “auxin activated signaling pathway,” and

“photosynthesis” were also recorded by Li et al. (2021) between

peanut genotypes differing for seed size. However, very little is known

about the direct role of “photosynthesis”-related DEGs in the seed

developmental process, and detailed investigations are needed. In

addition, some key GO terms, like “G2 phase of mitotic interphase,”

“nucleosome assembly,” “DNA-dependent DNA replication and

DNA modification,” and “cytokinin-activated signaling pathway”

were also found significantly enriched. Similar results were also

observed for peanuts (Li et al., 2021).

FIGURE 5
Heat map generated using the differentially expressed genes (DEGs) associated with (A) membrane protein and (B) secondary metabolite.
Genevestigator

®
was used, and the top 15 perturbations are presented.
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The scatter-plot analysis also identified mainly GO terms

associated with cell division and cell growth, which also

supported the hypothesis of operation of cell division and cell

growth mediated response pathway during the lentil seed

development process in the genotypes differing for the seed

size (Bosamia et al., 2020; Li et al., 2021). The overrepresented

KEGG pathways mainly include sugar metabolism pathways

(gluconeogenesis, pentose, pyruvate metabolism, etc.), and

similar results were also reported for lentils (Mishra et al.,

2022) and peanuts (Bosamia et al., 2020).

Protein–protein interaction network and
gene expression validation

For any biological function, proteins are the key agents as

they control both molecular and cellular mechanisms by

interacting with each other and also with other molecules like

DNA and RNA (Fionda 2019). Thus, PPI networks were studied

to identify their role in the regulation of seed size expression in

lentils. The predicted PPI network classified three modules each

for both upregulated and downregulated DEGs, which mainly

FIGURE 6
Heat map generated using the DEGs associated with (A) signaling molecule and (B) transcription factors from the lentil genotypes (early seed
developmental stage). Genevestigator

®
was used, and the top 15 perturbations are presented.

Frontiers in Genetics frontiersin.org13

Dutta et al. 10.3389/fgene.2022.942079

270271

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.942079


consisted of kinases, hydrolases, seed storage proteins, GTPase,

etc. Likewise, the PPI network analysis in other crops also

identified many modules encompassing proteins like kinases,

hydrolases, etc. (Dasgupta et al., 2021). In silico validation studies

were performed on the DEGs (small vs. large seeds), using the

Genevestigator® tool (Zimmermann et al., 2004) and Medicago

truncatula as a reference. A number of developmental

pathway–related enzymes and proteins like putative

transmembrane protein, glycosyltransferase, serine/threonine

protein kinase, and NAC and Myb TF are mainly identified

and validated. While performing the in silico validation studies

on lentils, similar observations were also reported by Dam et al.

(2018) and Mishra et al. (2022).

Role of miRNAs in seed size determination

The identification of miRNAs using the miRNA target site

was previously used by Mishra et al. (2022) in lentils. This

study has identified a number of key miRNAs (miR1533,

miR3457, miR1440, miR7743, miR902, miR7511, and

miR5543) having role in the regulation of various

phytochemical synthesis and developmental pathways

including cell division. miR1533 was identified as having

functions like biosynthesis of plant hormones, starch

metabolism, and nutrient response (Yawichai et al., 2019).

The miR3457 is known to regulate the WSC

domain–containing protein having a function in cell wall

formation (Tarver et al., 2015), whereas miR7743 was found

associated with dormancy release (Zhang et al., 2018).

miR1440 was identified which functions by targeting the

RAD (RADIALIS) gene of the MYB gene family and

thereby regulates cell proliferation and cell cycles (Kabir

et al., 2022). In addition, many developmental pathways

are found regulated by miR902 and miR7511 (Berruezo

et al., 2017; Zhang et al., 2019) and miR5543, having a

role in cell transport (Achakzai et al., 2018). However,

miR5576 and miR5658 were identified as having a function

in embryo development ending seed dormancy (Zhang et al.,

2015). This is the first report wherein we have identified a

number of key miRNAs having roles in the determination of

seed size in lentils.

Cell wall composition and their role

Cellulose and hemicellulose (like galactomannan, mannan,

and xyloglucan) play a key role in providing shape and size to

both developing and mature seeds (Buckeridge 2010). Till now,

there is no detailed report about the cell wall parameters like

cellulose, lignin, and xylose in the regulation of overall seed size

parameters in lentils. In our RNA-seq data, many cell

wall–associated GO terms like cell wall organization [GO:

0071555] and plant-type cell wall organization or biogenesis

[GO:0071669] were found enriched. In this study, using FT-

IR we found 25.96% cellulose in lentil seeds, whereas 40%–60%

cellulose was reported for different plant species (Costa and

Plazanet, 2016). Seeds in general contain relatively less cellulose

when compared to other plant tissues, whereas endosperms are

rich in storage starch and polysaccharide. In the L830 genotype,

12.8% lignin was recorded, whereas the mean lignin content in

soybean was 5.13% (Krzyzanowski et al., 2008). Moreover, the

soybean genotypes having >5% lignin content in their seed coat

were found less to be prone to mechanical damage (Alvarez et al.,

1997). Lentil seeds recorded more lignin content than the

soybean, which might be due to the presence of more colored

compounds in the lentil seed coat.

It is of interest that the transcripts encoding xyloglucan

endotransglucosylase were found differentially regulated in

our RNA-seq data, suggesting their role in cell wall formation

during cell expansion and seed growth. Similar results were also

reported for the seed size expression in soybean when studied

using the RNA-seq approach (Du et al., 2017). However, no

significant difference was recorded for the D-xylose contents in

the seeds of the studied lentil genotypes at maturity (Table 6).

Xylose and xyloglucan are known to play a major role as a storage

polysaccharide in the developing seed tissues (Buckeridge 2010).

In the studied lentil genotypes, the D-xylose content was

TABLE 6 Estimation of cellulose, lignin, acetyl bromide soluble lignin content, D-xylose, and acetylated xylose in the mature lentil seeds of the
genotypes L4602 and L830.

S. No. Variables L4602 L830 p-value*

Mean ± SD SE mean Mean ± SD SE mean

1 FT-IR cellulose (%) 24.07 ± 0.714 0.50 25.96 ± 0.063 0.045 0.065

2 FT-IR lignin (%) 11.165 ± 0.049 0.035 12.80 ± 0.141 0.10 0.004

3 Xylose content (mg/g) 4.16 ± 0.088 0.063 6.86 ± 1.59 1.1 0.139

4 O-Acetyl content (mg/g) 2.014 ± 0.166 0.12 4.02 ± 1.77 1.3 0.252

5 ABSL lignin content (%) 21.98 ± 5.79 0.41 25.07 ± 5.98 0.42 0.652

Where total count or replication (N) = 3; FT-IR: Fourier transform-infrared spectroscopy; ABSL: acetyl bromide soluble lignin content; * at 95% confidence level
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recorded in the range of 4.16–6.86 mg/100g, whereas similar

levels of acetyl–xylose content (3.5–4.5% of dry weight) were

recorded in the hardwoods by Teleman et al. (2002). Acetylation

of polysaccharides affects their water solubility, interactions with

cellulose, and various other physicochemical properties, which

might be resulting in different seed sizes in different genotypes

(Busse-Wicher et al., 2014).

Genes regulating the overall seed size via
various pathways

Several cell division–related genes may influence the seed size

in plants, although not yet thoroughly studied and reported in

lentils. In general, seed size is greatly influenced by grain filling,

cell number, cell size, and cell shape (Chun et al., 2020). More cell

division in rice reportedly resulted in a bigger seed size by an

increase in the cell numbers (Guo et al., 2018). It is of interest that

we have also found DEGs related to the “cell division” like “DNA

replication,” “microtubule-based movement,” and “cell wall

organization” as highly enriched. Likewise, Li et al. (2021)

reported enriched GO terms related to “cell division” like

“nucleosome assembly,” “microtubule-based process,” and

“cytokinesis.”

Genes encoding for protein kinases like serine/threonine-

protein kinase pakD-like and LRR receptor–like kinase family

protein were found differentially regulated in the studied

lentil genotypes. In addition, String (https://string-db.org/)

and GO analysis also identified serine/threonine-protein

kinase as the key player, and this was further validated

using Genevestigator® [MTR_4g123940]. Similar types of

receptor-like kinases have been reported to regulate the

seed size in soybean (Du et al., 2017) and Arabidopsis (Yu

et al., 2014) during the early seed developmental stage. In

cultivated soybean, a PP2C-1 (phosphatase 2C-1) allele was

reported to contribute to increased seed size (Lu et al., 2017),

as different members of the PP2C family function as the key

players in various plant signal transduction processes

including RLK signaling pathways and also as a negative

regulator of MAPK pathway (Rodriguez 1998).

MYB family of transcription factors in Arabidopsis

(Zhang et al., 2013) and MYB-like DNA–binding protein

[Glyma.12G100600] in soybean (Du et al., 2017) are known to

regulate the seed size. Likewise, our study identified the role

of the MYB family of TF and many DNA-binding

TF–regulating seed size in lentils. TGA transcription

factors (members of the bZIP family) are also identified

that are reported to have a role in seed size determination

in peanuts (Li et al., 2021).

A large family of plant proteins having tandemly repeated

degenerate 35 amino acid pentatricopeptide repeat (PPR)

motifs are called PPR proteins. SNP-based markers have

identified a gene EVM0025654, which encodes for a PPR

protein that was found associated with the increased seed size

by altered cell division in peanuts (Li et al., 2021). Moreover,

in maize, a PPR encoding gene (qKW9) was reported to

regulate the kernel size and weight (Huang et al., 2020),

whereas in peanut a candidate PPR protein gene regulating

the seed weight was identified (Gangurde et al., 2020). Thus,

the PPR-containing protein–encoding gene enriched in this

study seems an important candidate gene associated with the

regulation of seed size in lentils. Moreover, a candidate seed

size regulatory gene (CYP78A5 or cytochrome P450 78A5)

having a role in the stimulation of cell proliferation and

promotion of developing ovules growth was identified

(https://www.uniprot.org/uniprot/Q9LMX7). In addition,

the overexpression of GmCYP78A5 in soybean has shown

increased seed size and seed weight of the transgenics (Du

et al., 2017).

By coincidence, various hormone metabolism–related

genes especially for auxin (indole-3-acetic acid [IAA]–

amino acid hydrolase ILR1-like 5) and gibberellin

hormones were identified in lentils. These genes were

known to have a role in the seed size regulation in peanuts

(Li et al., 2021). Gibberellin-related genes showed lower

expression levels in our study, which suggest that the

differences in the levels of phytohormone-related

transcripts may affect variations in seed phenotypes. IAA

influences different facets of plant growth and development

(Ludwig-Müller 2011) and through IAA conjugation it

maintains auxin homeostasis, whereas deconjugation occurs

through certain amidohydrolases (Bitto et al., 2009). In

FIGURE 7
Schematic diagram showing the interplay of key genes and
pathways regulating the seed size in lentil genotypes.
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peanuts, an EVM0031048 gene encoding for IAA–amino acid

hydrolase ILR1–like 5 was found to have a role in the

regulation of seed size (Li et al., 2021). In addition, the

identified EST-SSRs can be used for the identification of

linked markers using an appropriate mapping population

developed for the seed size trait in lentils.

Conclusion

Results of the study conclusively showed that the key genes

like kinases, TF, cell wall forming enzymes, and hormone

biosynthesis pathways are involved in seed size determination

in lentils by regulating the cell division via cell expansion and

overall seed growth. The same was also corroborated using the

miRNA and GO results. The details of the findings of this study

are comprehensively presented in Figure 7. The information

generated in this study is of immense use and can be used for the

development of lentil genotypes having customized seed quality

traits.
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The soilborne oomycete plant pathogen Pythium ultimum causes seed rot and pre-
emergence damping-off of chickpea (Cicer arietinum L.). The pathogen has been
controlled for several decades using the fungicide metalaxyl as seed treatment but has
re-emerged as a severe problem with the detection of metalaxyl-resistant isolates of the
pathogen from infested fields in the United States Pacific Northwest. The objective of this
study was to identify genetic markers and candidate genes associated with resistance to
P. ultimum in an interspecific recombinant inbred line population (CRIL-7) derived from a
cross between C. reticulatum (PI 599072) x C. arietinum (FLIP 84-92C) and conduct
genome-wide association studies (GWAS) for disease resistance using a chickpea
diversity panel consisting of 184 accessions. CRIL-7 was examined using 1029 SNP
markers spanning eight linkage groups. A major QTL, “qpsd4-1,” was detected on LG
4 that explained 41.8% of phenotypic variance, and a minor QTL, “qpsd8-1,” was
detected on LG8 that explained 4.5% of phenotypic variance. Seven candidate genes
were also detected using composite interval mapping including several genes previously
associated with disease resistance in other crop species. A total of 302,902 single
nucleotide polymorphic (SNP) markers were used to determine population structure
and kinship of the diversity panel. Marker–trait associations were established by
employing different combinations of principal components (PC) and kinships (K) in the
FarmCPU model. Genome-wide association studies detected 11 significant SNPs and
seven candidate genes associated with disease resistance. SNP Ca4_1765418, detected
by GWAS on chromosome 4, was located within QTL qpsd4-1 that was revealed in the
interspecific CRIL-7 population. The present study provides tools to enable MAS for
resistance to P. ultimum and identified genomic domains and candidate genes involved in
the resistance of chickpea to soilborne diseases.
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INTRODUCTION

Chickpea (Cicer arietinum L) is one of the most historically
significant field crops, being among the eight “founder crops”
domesticated by Neolithic societies 8,000–12,000 years ago in the
“Fertile Crescent” of present-day Iraq, Syria, and Turkey (Zohary
et al., 2012). Its importance continues to this day, with more than
14.2 million tonnes of chickpea produced globally in 2019,
making it the third most important pulse crop in terms of
global production, after dry beans (Phaseolus vulgaris L.) and
peas (Pisum sativum L.) (FAOSTAT, 2022). Chickpea is produced
in more than 50 nations, with India being the largest producer,
accounting for approximately 68% of global production
(FAOSTAT, 2022). There are two major market classes of
chickpea based on seed traits; “Desi” chickpea, which have a
“teardrop”-shaped seed and a pigmented seed coat, and “Kabuli”
chickpea, which has an “owl head” shape, a light beige or cream-
colored seed coat, and is typically larger than the Desi chickpea
(Toker, 2009).

In the United States, chickpea is primarily grown in dryland
production systems in rotation with wheat or barley in the Pacific
Northwest (Idaho and Washington) and Northern Plains
(Montana and North Dakota). In 2019, more than
194,000 tonnes of chickpea were produced in the
United States, with an estimated value greater than
$116 million (NASS, 2022). However, several diseases
challenge farmers in the United States, including Ascochyta
blight caused by Ascochyta rabiei (Pass.) Lab. (Bayaa et al.,
2011). Recently, seed rot and pre-emergent damping-off of
chickpea caused by metalaxyl-resistant P. ultimum Trow has
re-emerged as a significant disease in the Pacific Northwest.

The genus Pythium includes several soilborne species that
cause seed and seedling diseases across a wide range of crops
(Martin and Loper, 1999). P. ultimum causes seed rot, damping-
off, and root rot in several legumes, including soybean (Glycine
max L.), common bean (Phaseolus vulgaris L.), and pea (Pisum
sativum L.) (Plaats-Niterink, 1981). Seed rot and pre-emergence
damping-off of chickpea caused by P. ultimum were first detected
in the United States in 1979 in Washington State (Kaiser and
Hannan, 1983). Historically, these diseases have been controlled
using pre-plant seed treatments containing metalaxyl or its
stereoisomer mefenoxam (Casas et al., 1990). However, in
2014 isolates of P. ultimum var. ultimum with metalaxyl
resistance were collected from unsprouted and rotten chickpea
seeds obtained from a field in Washington exhibiting poor
sprouting (Chen and Van Vleet, 2016). Subsequently,
metalaxyl-resistant isolates of P. ultimum have been collected
from several chickpea production fields in Idaho and
Washington, where poor seedling sprouting was observed
(Wang et al., 2020). Greenhouse and field tests showed that
ethaboxam effectively manages metalaxyl-resistant P. ultimum,
and commercial chickpea farmers now commonly apply a seed
treatment containing both metalaxyl and ethaboxam for disease
control (Wang et al., 2020). However, this increases production
costs for farmers, and the effective use of ethaboxam depends on
pathogen populations not developing resistance to the fungicide.
Although resistance to ethaboxam in P. ultimum has not been

detected, resistance has been detected in P. aphanidermatum
(Edson) Fitzp. and P. deliense Meurs isolated from soybean
(Glycine max L.) and dry bean (Phaseolus vulgaris L.),
respectively. Increased production costs and concerns about
the development of metalaxyl-resistant P. ultimum suggest that
effective disease control in the future may require other
approaches, including the use of disease-resistant chickpea
cultivars.

Initial studies indicated that only small, dark-seeded Desi
chickpeas were resistant to P. ultimum and all Kabuli
chickpeas tested were susceptible (Kaiser and Hannan, 1983).
We recently evaluated a collection of commercial chickpea
cultivars and accessions from the United States National Plant
Germplasm System (NPGS) and the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT) for
resistance to metalaxyl-resistant P. ultimum (Agarwal et al.,
2020). The great majority of resistant accessions were Desi
types and accessions with pigmented seed coats. Although the
popular Kabuli cultivars ‘Sierra’ (Muehlbauer et al., 2004) and
‘Nash’ (Vandemark et al., 2015) were susceptible, three Kabuli
accessions W625864, W625882, and W625884 were identified
that were significantly more resistant than Sierra to two different
isolates of metalaxyl-resistant P. ultimum (Agarwal et al., 2020).
These results were promising because chickpea production in the
United States is almost entirely composed of Kabuli types
(Vandemark et al., 2014). Although these partially resistant
accessions may be useful as parents for developing Kabuli
cultivars with improved resistance to metalaxyl-resistant P.
ultimum, it may also be possible to accelerate the development
of resistant cultivars through the use of marker-assisted breeding
approaches.

A range of genomic resources is available for chickpeas,
including a draft sequence of the cultivated chickpea genome,
which has an estimated size of approximately 738 Mb and
contains 28,269 genes (Varshney et al., 2013). By using
different marker genotyping platforms and molecular mapping
approaches, significant associations have been identified between
molecular markers and several diseases of chickpea, including
Ascochyta blight (Tekeoglu et al., 2004; Sabbavarapu et al., 2013;
Jendoubi et al., 2016; Garg et al., 2018; Mannur et al., 2019),
Fusarium wilt (Winter et al., 2000; Sharma and Muehlbauer,
2007; Jingade and Ravikumar, 2015; Li et al., 2015; Meng et al.,
2015; Mannur et al., 2019; Karadi et al., 2021), and dry root rot
(Karadi et al., 2021). The objective of this study was to detect
significant marker–trait associations and identify candidate genes
for resistance in chickpea to metalaxyl-resistant P. ultimum.

MATERIALS AND METHODS

Plant Material
A chickpea mapping population (CRIL-7) that included
177 chickpea recombinant inbred lines (RIL) derived from an
interspecific cross C. reticulatum (PI 599072) x C. arietinum
(FLIP 84–92C) was used to conduct QTL analysis. PI 599072 is a
Desi type and is resistant to P. ultimum, whereas FLIP 84-92C is a
disease-susceptible Kabuli type. The RILs were increased under
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greenhouse conditions by single seed descent to F7 (Tekeoglu
et al., 2000). Genome-wide association study was carried out on
184 taxonomically, morphologically, and geographically diverse
accessions obtained from ICRISAT, Patancheru, India. This
collection included 34 Kabuli, 144 Desi, and 6 pea-shaped
accessions (Upadhyaya et al., 2001).

Disease Screening Assay and Resistance
Scoring
P. ultimum strain PT410 (Agarwal et al., 2020) was used for all
disease screening. The isolate was originally obtained from
decaying chickpea seeds collected from a field in Patterson,
WA, and its resistance to metalaxyl was confirmed through
serial subculturing on media containing 50 ppm metalaxyl
(Wang et al., 2020). The isolate was cultured and maintained
on sucrose yeast extract agar in Petri plates at room temperature.
CRIL-7 recombinant inbred lines along with the parental
genotypes were screened for disease reaction to P. ultimum
isolate (PT410) under controlled growth chamber conditions
(12°C night–14°C days, 12 h day length) at Washington State
University, Pullman, United States. Five seeds were planted in 10-
cm pots containing 70 g of soil mix infested with 25,000 CFU of P.
ultimum oospores for each entry. Myles and Sierra chickpea
cultivars were used as resistant and susceptible checks,
respectively (Agarwal et al., 2020). Pots were arranged in a
completely randomized design. The number of seedlings that
emerged from each pot was counted 14 days after planting. The
experiment was repeated once.

Similarly, 184 accessions of mini-core collection from
ICRISAT were evaluated for resistance to P. ultimum
PT410 using the aforementioned methods. Again, the cultivars
Sierra and Myles were included as susceptible and resistant
controls. The experiment was repeated once. Results of these
evaluations were previously reported (Agarwal et al., 2020).

Statistical Analysis
Statistical analysis was conducted using JMP 14 software (MP®,
Version <14>. SAS Institute Inc. Cary, NC, 1989–2019). Broad-
sense heritability (H2) was calculated based on the average mean
seedling emergence values from repeated experiments with R
software (http://www.R-project.org/) using MME-based
algorithms (Alexander and Lange, 2011).

Linkage Group Construction and Linkage
QTL Mapping
Genomic DNA was extracted from young leaves of both parents
and 177 RILs. Single nucleotide polymorphic (SNP)markers were
detected using the Genotyping by Sequencing (GBS) approach.
The libraries from the parental lines and RILs were prepared
usingMslI restriction enzymes and sequenced using the Illumina
NextSeq 500 V2 to generate 150 bp paired-end reads by LGC
Company (https://www.lgcgroup.com/). For processing reads,
demultiplexing of all library groups was done using Illumina
bcl2fastq 2.17.1.14 software, followed by demultiplexing of library
groups into samples according to their barcodes. Quality

trimming was done by discarding low-quality reads with a
final length <20 bases, and filtered data were used to call
SNPs. The filtered, high-quality reads from each sample were
aligned to the chickpea reference genome (Cicer arietinum CDC
Frontier whole-genome assembly v1.0) (Varshney et al., 2013).
The variant discovery was made using Freebayes v1.0.2-16 with
the parameters min-base-quality: 10; min-supportingallele-qsum:
10; read-mismatch-limit: 3; min-coverage: 5; min-alternate count:
4, excluding unobserved genotypes; and mismatch-base-quality-
threshold: 10. Variant filtering was done by removing markers
with missing allele calls and minor allele frequency (MAF) < 0.05.
Redundant markers were excluded from the analysis by
implementing the BIN function in QTL IciMaping 4.1 (Meng
et al., 2015). SNP markers with highly distorted segregation ratios
at probability level (p ≤ 0.0001) were excluded. However, SNP
that were slightly distorted (0.0001 ≤ p ≤ 0.05) from the
Mendelian ratio were included in the linkage map.

These filtered markers were used to construct linkage groups
(LGs) using the “Map” function in QTL IciMaping 4.1 and were
assigned numbers (LG1–LG8) based on the genomic position of
SNP markers. LGs with unlinked markers were removed from
further construction. The remaining SNP were grouped with a
logarithm-of-odds (LOD) threshold of 9.0. Recombination
counting and ordering (RECORD) and “COUNT” (number of
recombination events) algorithms were used in ordering and
rippling. The linkage map and the best linear unbiased
predictions (BLUP) value of phenotypic data of the CRIL-7
population from repeated experiments were used for QTL
analysis. QTL was detected with composite inclusive
composite interval mapping of additive (ICIM-ADD) function
in QTL IciMaping 4.1 (Li et al., 2007). The threshold used to
declare significant QTL was the permutation test with
1,000 permutations at the 0.05 significance level. Mapping
parameters to detect additive QTL were set as step = 1.0 cM
and PIN = 0.001 (PIN: the largest value for entering variables in
stepwise regression of residual phenotype on marker variables).
Parents for trait enhancing alleles were detected using the sign of
the additive effects; the positive sign denotes that trait enhancing
allele is from parent PI599072, whereas the negative sign indicates
that the trait-enhancing allele is from FLIP 84-92C.

SNP Panel for GWAS
An SNP dataset from the Center of Excellence in Genomics &
Systems Biology, ICRISAT that contained approximately
900,000 SNPs across 184 chickpea accessions was used for
GWAS. First, SNP data were filtered by removing markers
with more than 80% missing data and minor allele frequency
smaller than 0.05. Duplicate markers and duplicate genotype
samples in the dataset were then removed along with contigs and
scaffolds using VCFtools (Hyun et al., 2008). Next, pairwise r2

was calculated for all SNPs across each chromosome of the
chickpea genome. SNPs with significant r2 values (p < 0.001)
were considered informative and were pruned using a linkage
disequilibrium (LD) pruning method implemented in PLINK
software v1.09 using “—indep-pairwise 50 5 0.5” command line
in Linux (Purcell et al., 2007). The pruned set of SNPmarkers was
used for association analysis.
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Population Structure and Relatedness
Population structure and kinship were estimated using
ADMIXTURE (v1.23) software. The ADMIXTURE tool uses a
model-based algorithm to estimate the ancestry of unrelated
individuals (Alexander and Lange, 2011). The number of
underlying population groups (k) was estimated from 1 to
10 using the maximum likelihood estimation approach with a
fast numerical optimization algorithm. A Q-matrix file
representing the least number of population groups (k) was
used for GWAS. Population structure was further estimated by
principal component analysis (PCA) using the PLINK function.
The EMMA algorithm embedded in the GAPIT package of R
software was used to account for kinship (Hyun et al., 2008; Lipka
et al., 2012). Finally, a dendrogram was generated using a
neighbor-joining (NJ) algorithm to assess the relationship
between mini-core accessions.

Marker–Trait Association Analysis
Association analysis was done using disease scores of the
184 chickpea accessions and 302,902 filtered SNPs. Kinship
relatedness (K) was considered a random effect, and
population structure based on the number of principal
components (PC) that explained 25%–50% of the total
phenotypic variance was considered a fixed effect. For
marker–trait associations, models with different combinations
of the population (PC)/admixture(Q) and family (K) structures
were applied using the GAPIT package of R software: FarmCPU
with Kinship (K), FarmCPUwith Kinship (K) + PC(2), FarmCPU
with Kinship (K) + PC(3), FarmCPU with Kinship (K) + PC(4),
FarmCPUwith Kinship (K) + PC(5), and FarmCPUwith Kinship
(K) + Admixture (Q) (Lipka et al., 2012). The best model was
selected based on the mean squared difference (MSD) value
between observed and expected p-values of all SNPs (Mamidi
et al., 2011). The final Q–Q plots and Manhattan plots were
created, and significant SNPs were calculated based on a p-value <
10–5 and Bonferroni cut-off (p-value of 0.05/(the total number of
SNP markers) (i.e., 0.05/302902 = 1.65 × 10–7). Genes located
within a 100-Kb region centered on a significant SNP were
selected as candidate genes. The SNPeff tool (http://snpeff.
sourceforge.net/) was used to detect genome coordinates of
candidate genes and amino acid changes due to the SNPs
(Cingolani et al., 2012).

RESULTS

Phenotypic Evaluation for Resistance to
Pythium ultimum.
A total of 177 CRIL-7 lines and both parents were screened for
resistance to P. ultimum in a repeated experiment. A summary of
descriptive statistics of disease reactions is presented in
Supplementary Table S1. The mean of the susceptible check
Sierra was 0.2 and the mean of the resistant check Myles was
4.1 in both experiments. The mean of PI 599072 was >2.5 in both
experiments, indicating partial resistance to P. ultimum. The
mean of FLIP 84-92C was ≤0.3 in both experiments,
indicating susceptibility to P. ultimum. The means of all RILs

in experiments 1 and 2 were 1.7 and 1.8, respectively.
Transgressive segregants were observed among RILs in both
experiments. RIL effects, experiment effects, and their
interaction effects were all significant (Supplementary Table
S1), with the greatest magnitude for the RIL effect and the
least for the interaction effect. A broad-sense heritability
estimate of 0.78 suggests that disease resistance is highly
heritable (Supplementary Table S2).

SNP-Based Interspecific Genetic Map
A total of 65,112 SNP markers were obtained by GBS on CRIL-7
population [C. reticulatum (PI 599072) x C. arietinum (FLIP
84–92C)]. After filtering, 1,029 SNP markers were used to
construct a linkage map and were assigned to the eight
chickpea linkage groups (LG1–LG8) (Supplementary Figure
S3). The eight linkage groups covered 1,186.30 cM
(Supplementary Table S4). LG 8 was the smallest linkage
group with 65 markers and a length of 50.59 cM, while the
largest was LG 5 with 112 markers and a total length of 281.55 cM
(Supplementary Table S3). Gaps in marker coverage of LGs are
due to a high proportion of distorted segregation markers among
the interspecific mapping population.

QTLs and Candidate Genes Detected by
Linkage Mapping
Two QTLs were detected that were significantly associated with
resistance to P. ultimum, QTL qpsd4-1 on LG 4, and QTL qpsd8-
1 on LG 8. qpsd4-1 explained 46.5% of total variance with LOD =
25.2, whereas qpsd8-1 explained 4.5% of the total phenotypic
variance with LOD = 3.3 (Table 1). qpsd4-1 had a positive
additive effect value, indicating that positive alleles came from
PI 599072, while the additive effect value was negative for qpsd8-
1, indicating that negative alleles came from FLIP 84-92C.

The physical positions of flanking markers were used to
identify putative genes associated with resistance to P.
ultimum located within two QTLs, qpsd4-1 and qpsd8-1. Cicer
arietinum cv. CDC Frontier (Kabuli) reference genome on the
Pulse Crop database was used for identifying candidate genes
(Varshney et al., 2013). Three candidate genes related to disease
resistance were identified within the region flanking qpsd4-1 on
LG 4, and four additional candidate genes were detected within
the flanking qpsd8-1 region of LG 8 (Table 2).

Marker–Trait Association and Candidate
Genes Through GWAS Analysis
For GWAS analysis, the SNP dataset on the ICRISAT accessions
was filtered based on the minor allele frequencies (MAF <5%),
missing data, and duplicate markers, and 229,965 SNPs were
removed. Further linkage disequilibrium (LD) pruning removed
367,133 SNPs. After filtering and pruning, a total of
302,902 polymorphic SNPs remained for GWAS
(Supplementary Figure S4).

PCA was performed to estimate population structure. The
first two principal components (PC) explained 25% of the
total variance, and the first five principal components (PC)
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explained 50% of the total variance. Graphs plotted using the
first two PC explained the distribution of genotypes within
different subpopulations (Figure 1A). In ADMIXTURE
analysis with a total of 10 numbers of ancestral
populations, the lowest cross-validation error was
observed at K = 4, followed by k = 2 (with a minimum
difference) were used as cofactors for GWAS (Figure 1B).
Using K = 2, the panel was split into two subpopulations
corresponding to Desi and Kabuli classes (Figure 1C), while

with k = 4, genotypes were grouped according to seed shapes;
angular, owl, and pea-shaped.

The greatest number of significant SNPs was observed on
chromosome 4 (Ca4) (Figure 2). Marker Ca4_1765418 on
chromosome 4 with a p-value of 1.65 × 10−7 was also detected
within QTL qpsd4-1 that was revealed in the interspecific CRIL-7
population. Among the 35 significant SNPs, 29 were found in
intergenic regions and 6 within genic regions (Table 3). Seven
candidate genes that could be related to disease resistance were

TABLE 1 | Statistical summary of QTLs for disease resistance in CRIL-7 [C. reticulatum (PI 599072) x C. arietinum (FLIP 84-92C)].

QTL Linkage group Position Left marker Right marker LOD Pve% Additive effect

qpsd4-1 4 98 1793365SNPCa4 1674052SNPCa4 25.24 46.75 0.8783
qpsd8-1 8 36 2171187SNPCa8 2088222SNPCa8 3.31 4.53 –0.3109

aQTL, names represent the traits, the linkage group number; bPVE, the percentage of phenotypic variance explained by the QTL; cAdditive effect with positive values shows contribution
toward greater resistance, while negative values show contribution toward greater susceptibility.

TABLE 2 | Candidate genes with positions and annotations from QTL analysis.

Candidate gene aCh Physical position Functional annotation References

Ca_07798 4 Ca4:1741231..1747336 JmjC domain-containing protein D Hou et al. (2015)
Ca_07797 4 Ca4:1703853..1721273 WD-repeat family Wang et al. (2009)
Ca_07799 4 Ca4:1759881..1762270 Zinc finger protein family Gupta et al. (2012)
Ca_02390 8 Ca8:2091020..2093474 1-aminocyclopropane-1-carboxylate synthase (Tekeoglu et al. (2000); Tekeoglu et al. (2002))
Ca_02384 8 Ca8:2135402..2136340 AT-hook DNA-binding protein Yadeta et al. (2011)
Ca_02383 8 Ca8:2152196..2153734 Multidrug and toxic compound extrusion (MATE) transporters Sun et al. (2011)
Ca_02389 8 Ca8:2094005..2096765 Protein kinase family (Martin et al., 1993; Xu et al., 2013)

aCh. is the chromosome number of the significant SNP marker.

FIGURE 1 | Population structure of 184 chickpea accessions. (A) Principal component analysis (PCA) of all accessions based on 302,902 genome-wide SNPs.
PCA divided the population into two subgroups shown in the circles. (B) Cross-validation plot for the SNP dataset plotted using the ADMIXTURE tool. K represents the
number of subpopulations, and CV is the cross-validation error. The red arrows highlight the K value with the lowest CV errors. (C) Bar plots for K = 2–10. Each plot was
created from 184 genotypes; each single vertical line represents each genotype, and each color represents one cluster.
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found on chromosomes 2, 4, 6, 7, and 8 within 100 kb flanking
regions of significant SNPs (Table 4).

DISCUSSION

GBS can be used to generate large-scale SNPs that are abundant in
the genome allowing for the construction of high-density genetic
maps and higher statistical power in association studies (Spencer
et al., 2009; Yang et al., 2017). The CRIL-7 population has been
used previously to develop linkage maps. These maps covered
981.6 cM and 1,174.4 cM across 9 linkage groups based on
isozyme, inter simple sequence repeat (ISSR) loci, and RAPD
markers (Santra et al., 2000b; Tekeoglu et al., 2002). In the present
study, SNPs were used to resolve eight linkage groups spanning
1,186.30 cM.

QTLs and Candidate Genes Detected by
Linkage Mapping
A major QTL for resistance to metalaxyl-resistant P. ultimum,
qpsd4-1, was detected on LG 4 (Table 1). Previously, CRIL-7 has
been evaluated for Ascochyta blight resistance, and QTLs
associated with disease resistance were detected on LG 1, LG
4, and LG 8 (Santra et al., 2000a; Tekeoglu et al., 2004; Kumar
et al., 2018). Two significant clusters of QTLs (QTLAR1 and
QTLAR2) associated with resistance to Ascochyta blight have also
been detected on LG 4 based on an analysis of RILs from a cross of
cultivars Amit and ICCV 96029 (Deokar et al., 2019).
Additionally, two QTLs (AB-Q-SR-4-1 and AB-Q-SR-4-2) on
LG 4 associated with Ascochyta blight disease resistance were
detected using mapping population (C 214’ × ‘ILC 3279) (Gisi
and Sierotzki, 2008). These results and our detection of a major

QTL for disease resistance on LG 4 suggest that genes for
resistance to diverse chickpea pathogens are located on LG 4.

A total of seven genes associated with disease resistance were
found in the QTL region on LG 4 and LG 8. Three candidate
genes, Ca_07798, Ca_07797, and Ca_07799, were identified in
QTL qpsd4-1. Ca_07798 is a JmjC domain-containing protein D,
which is a group of histone lysine demethylases. This protein
positively regulates rice defense against bacterial blight pathogen
Xanthomonas oryzae pv. oryzae by epigenetically suppressing
negative defense regulator H3K4me2/3 (Hou et al., 2015). The
Ca_07797 gene belongs to a WD-repeat family that is involved in
plant innate immune signaling pathway. Studies on maize
showed that WDR-containing TTG1 protein–induced
resistance against leaf blights (Ibraheem et al., 2010; Ibraheem
et al., 2015). In tobacco, the interaction of TTG1-WDR with an
elicitin protein (ParA1) from a pathogenic oomycete
Phytophthora parasitica var. nicotianae-activated plant
immune responses, including the generation of reactive oxygen
species and programmed cell death (Wang et al., 2009). The
Ca_07799 gene belongs to a zinc finger protein family that has
been shown to play a critical role in disease resistance across
many plant species (Gupta et al., 2012).

The Ca_02390 gene found on LG 8 encodes for 1-
aminocyclopropane-1-carboxylate synthase. This enzyme
initiates the conversion of S-adenosyl-L-methionine (SAM)
into 1-aminocyclopropane-1-carboxylate (ACC), which is
the precursor of ethylene and acts as a signaling molecule
to regulate plant growth and reduce stress response (Polko and
Kieber, 2019). The role of ACC and ethylene biosynthesis in
plant defense against bacterial pathogens, including Erwinia
carotovora subsp. carotovora and Pseudomonas syringae have
been studied in Arabidopsis thaliana (L.) Heynh mutants
where plants with reduced ACC production showed greater

FIGURE 2 | (A)Quantile–quantile plots illustrating the comparison between expected and observed −log10(p)-values. (B)GWAS-derived Manhattan plot showing
significant p-values associated with disease resistance using SNPs. The x-axis represents the relative density of reference genome-based SNPs physically mapped on
8 chickpea chromosomes, and y-axis indicates the −log10(p)-value. Colored dots represent individual SNPs, and markers significantly associated with disease
resistance are above the Bonferroni cut-off (horizontal line).
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disease susceptibility (Norman-Setterblad et al., 2000; Guan
et al., 2015). Recently, upregulation of genes involved in
ethylene biosynthesis was detected in resistant apple
seedling reactions to infection by P. ultimum (Zhu and

Saltzgiver, 2020). Ca_02384 on LG 8 encodes an AT-hook
DNA-binding protein that binds to minor groove DNA and
alters gene expression. Genes such as AHL19 encoding an AT-
hook DNA-binding protein are associated with enhanced

TABLE 3 | Statistical summary of single nucleotide polymorphisms (SNPs) significantly associated with disease resistance trait.

SNP aCh Position (bp) Intergenic/Genic region p.value bMAF FDR_Adjusted_p-values Effect

Ca1_18665430 1 18665430 Intergenic 2.71E−05 0.315217 4.69E−01 0.145585
Ca1_44936836 1 44936836 Intergenic 9.94E−05 0.304348 8.63E−01

–0.20701
Ca2_15514982 2 15514982 Intergenic 3.88E−11 0.11413 3.92E−06 0.353739
Ca2_17444963 2 17444963 Genic 1.00E−06 0.076087 3.04E−02 0.221825
Ca2_22761060 2 22761060 Intergenic 8.85E−05 0.168478 8.19E−01 0.181644
Ca2_26901711 2 26901711 Intergenic 4.01E−09 0.057065 2.43E−04 0.413354
Ca2_28579479 2 28579479 Intergenic 3.99E−05 0.372283 5.76E−01 0.242365
Ca3_14221600 3 14221600 Intergenic 2.58E−05 0.201087 4.69E−01 0.197585
Ca3_18156610 3 18156610 Intergenic 2.59E−05 0.05163 4.69E−01 –0.38554
Ca3_18585784 3 18585784 Intergenic 5.18E−05 0.076087 6.75E−01 0.227405
Ca4_666303 4 666303 Intergenic 8.92E−05 0.30163 8.19E−01 0.172426
Ca4_1646485 4 1646485 Genic 2.79E−05 0.078804 4.69E−01 0.25133
Ca4_1765418 4 1765418 Intergenic 1.49E−05 0.350543 3.48E−01 0.15354
Ca4_1840434 4 1840434 Intergenic 1.35E−05 0.222826 3.40E−01 0.178898
Ca4_2249905 4 2249905 Intergenic 2.52E−05 0.195652 4.69E−01 0.197475
Ca4_13331455 4 13331455 Genic 2.93E−08 0.133152 9.88E−04

–0.33236
Ca4_14007934 4 14007934 Intergenic 8.06E−09 0.201087 4.07E−04

–0.18258
Ca4_22925858 4 22925858 Intergenic 3.88E−05 0.269022 5.76E−01 0.151793
Ca4_28639214 4 28639214 Intergenic 9.97E−05 0.288043 8.63E−01 0.150288
Ca4_34906194 4 34906194 Intergenic 1.37E−13 0.076087 2.67E−08

–0.50906
Ca4_37220588 4 37220588 Intergenic 6.10E−05 0.388587 6.86E−01 0.154591
Ca4_42835144 4 42835144 Intergenic 5.34E−05 0.07337 6.75E−01 0.229015
Ca5_13648457 5 13648457 Intergenic 9.30E−11 0.0625 7.04E−06 –0.51466
Ca5_17315201 5 17315201 Intergenic 4.23E−05 0.108696 5.82E−01 0.276777
Ca5_26889766 5 26889766 Intergenic 6.57E−05 0.23913 6.86E−01 0.182016
Ca5_31521962 5 31521962 Genic 7.48E−06 0.201087 2.06E−01 0.185133
Ca5_33795751 5 33795751 Genic 7.28E−05 0.067935 7.11E−01 0.233878
Ca5_37840504 5 37840504 Intergenic 6.28E−05 0.146739 6.86E−01 0.190138
Ca5_42306937 5 42306937 Genic 7.26E−05 0.092391 7.11E−01 0.22412
Ca5_45529647 5 45529647 Intergenic 5.82E−05 0.26087 6.86E−01 0.155,523
Ca6_2943215 6 2943215 Intergenic 1.76E−13 0.146739 2.67E−08

–0.40534
Ca7_14199535 7 14199535 Intergenic 6.34E−05 0.084239 6.86E-01 0.22165
Ca7_14818403 7 14818403 Intergenic 3.57E−05 0.05163 5.69E−01 –0.345
Ca7_14972314 7 14972314 Intergenic 2.25E−08 0.070652 8.51E−04

–0.2963
Ca8_14057710 8 14057710 Intergenic 1.19E−08 0.125 5.15E−04 –0.26813

aCh. is the chromosome number of the significant SNP marker.
bMAF is minor allele frequency.

TABLE 4 | Significant SNP with candidate genes and annotations from GWAS.

SNP aCh SNP reference/
alternate allele

Intergenic/
Genic region

Closest
candidate
genes

Gene position (bp) Functional annotation References

Ca4_34906194 4 G/A Intergenic Ca_19996 34854043–34857882 Cellulose synthase–like protein Douchkov et al.
(2016)

Ca6_2943215 6 A/G Intergenic Ca_10436 2942150–2942952 Calmodulin-binding protein Upadhyaya et al.
(2001)

Ca2_26901711 2 C/T Intergenic Ca_17276 26889005–26890367 LUPR1 protein Dong et al. (2015)
Ca2_26901711 2 C/T Intergenic Ca_17277 26904743–26905771 O-methyltransferase family Yang et al. (2017)
Ca4_14007934 4 T/C Intergenic Ca_04625 14016692–14018353 Thiamine thiazole synthase family (72)
Ca8_14057710 8 G/A Intergenic Ca_22742 14006548–14013672 Ethylene-responsive transcription

factor 1-like protein
Dong et al. (2015)

Ca7_14972314 7 T/C Intergenic Ca_09957 14960121–14966841 Histidine kinase protein Heo et al. (1999)

aCh. is the chromosome number of the significant SNP marker.
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disease resistance in A. thaliana to Verticillium wilt caused by
V. dahliae, V. albo-atrum, and V. longisporum (Yadeta et al.,
2011). The Ca_02383 gene on LG 8 belongs to the family of
multidrug and toxic compound extrusion (MATE)
transporters associated with plant disease resistance during
pathogen interaction. The expression of MATE genes in plants
is induced by pathogen attack (Sun et al., 2011). Members of
the MATE family such as enhanced disease susceptibility 5
(EDS5) and activated disease susceptibility 1 (ADS1) function
as negative regulators of plant immune systems by reducing
basal resistance during pathogen interaction or by negatively
regulating the accumulation of salicylic acid and pathogenesis-
related 1 (PR1) gene expression (Nawrath et al., 2002; Sun
et al., 2011). Another candidate gene on LG 8, Ca_02389,
belongs to the protein kinase family. Members of this family
have also been shown to be upregulated in response to
pathogens, for example, Xanthomonas oryzae pv. oryzicola
(Xoc) in Oryza sativa and Pseudomonas syringae pv tomato
(pto) in Solanum lycopersicum (Martin et al., 1993; Xu et al.,
2013). Recently, GWAS of common bean identified several
candidate genes associated with resistance to P. ultimum,
including genes for protein kinase superfamily proteins and
MAPK/ERK kinase 1 (Dramadri et al., 2020).

GWAS Analysis of Resistance in Chickpea
to P. ultimum
Different statistical models were deployed using FarmCPU to
assess population structure and kinship in the chickpea
diversity panel. A combination of these models using
FarmCPU separates a mixed linear model (MLM) into a
random effect and a fixed-effect model, which reduces false
positives and false negatives caused by kinship and population
structure and gives highly significant SNP markers (Lipka
et al., 2012). The best model was selected based on MSD
value (Supplementary Table S5), with a low MSD value
indicating less deviation from the expected distribution of
p-values, signifying lower type I error of the selected model.
This study identified a total of seven candidate gene mapping
to 11 loci associated with resistance in chickpea to P. ultimum.
PCA and ADMIXTURE analyses revealed two major groups
within the core collections (Figure 1) corresponding to Desi
and Kabuli market classes.

GWAS identified many SNPs associated with disease-
resistance–related traits. Gene Ca_19996 encodes cellulose
synthase–like protein, which inhibits the progress of the
fungal penetration peg during powdery mildew infection
caused by Blumeria graminis f. sp. hordei (Bgh) in barley
(Hordeum vulgare L.) (Douchkov et al., 2016). Gene
Ca_09957 encodes a histidine kinase protein involved in seed
maturation and disease resistance against fungal and bacterial
pathogens (Pham et al., 2012). Ca_17277 belongs to the
O-methyltransferase family of enzymes that play a significant
role in plant stress and disease resistance. Studies on corn (Zea
mays L.) and wheat (Triticum aestivum L.) demonstrated that
caffeoyl-CoA O-methyltransferase conferred resistance against
southern leaf blight, gray leaf spot, and sharp eyespot disease,

respectively (Yang et al., 2017; Wang et al., 2018).
Ca_04625 encodes a thiamine thiazole synthase that increases
resistance to fungal pathogens by enhancing anti-oxidative
capacity and inducing systemic acquired resistance (SAR) in
diverse plant species, including Oryza sativa L. A. thaliana (L.)
Heynh., Nicotiana sp., and Cucumis sativus L. (Goyer, 2010).
Ca_22742 encodes an ethylene-responsive transcription factor
1–like protein. Ethylene-responsive transcription factors play a
critical role in the plant defense system by regulating
pathogenesis-related (PR) gene expression, including effectors
GmERF5 and GmERF113, and contribute to resistance against
root and seed rot caused by Oomycete pathogens, including
Phytopthora nicotianae and Py. sojae (Goyer, 2010; Yang et al.,
2017). The Ca_17276 gene encodes LUPR1 protein that is
upregulated in response to the Hyaloperonospora parasitica
(LURP) cluster in part of the A. thaliana. The LUPR1 gene
has been associated with resistance to oomycetes
Hyaloperonospora parasitica and Py. infestans (Dong et al.,
2015). The Ca_10436 gene encodes a calmodulin-binding
protein, which has activated and enhanced resistance to a
broad spectrum of pathogens in Nicotiana tabacum and A.
thaliana (Zhao et al., 2017). Additionally, calmodulin-binding
proteins in A. thaliana and Hordeum vulgare have been shown
to confer resistance to powdery mildew by interacting with
MLO (powdery mildew-resistance gene o) protein (Heo et al.,
1999).

CONCLUSION

In this study, we used an interspecific chickpea population to
identify one major and one minor QTL associated with
resistance to P. ultimum. We also identified 35 SNPs and
14 candidate genes associated with disease resistance based
on the GWAS of a chickpea diversity panel. SNP Ca4_1765418,
detected by GWAS on chromosome 4, was located within QTL
qpsd4-1 that was revealed in the interspecific CRIL-7
population. These findings suggest this region of the
genome should be examined more closely to identify genes
conditioning disease resistance. Significant QTLs must be
validated in different chickpea populations before the
markers can be widely used for breeding. The present study
provides tools to enable MAS for resistance to P. ultimum and
identified genomic domains and candidate genes involved in
the resistance of chickpea to soilborne diseases.
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basis of yield-related traits in
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Identifying the genetic components underlying yield-related traits in soybean is

crucial for improving its production and productivity. Here, 211 soybean

genotypes were evaluated across six environments for four yield-related

traits, including seed yield per plant (SYP), number of pods per plant number

of seeds per plant and 100-seedweight (HSW). Genome-wide association study

(GWAS) and genomic prediction (GP) analyses were performed using

12,617 single nucleotide polymorphism markers from NJAU 355K SoySNP

Array. A total of 57 SNPs were significantly associated with four traits across

six environments and a combined environment using five Genome-wide

association study models. Out of these, six significant SNPs were

consistently identified in more than three environments using multiple

GWAS models. The genomic regions (±670 kb) flanking these six consistent

SNPs were considered stable QTL regions. Gene annotation and in silico

expression analysis revealed 15 putative genes underlying the stable QTLs

that might regulate soybean yield. Haplotype analysis using six significant

SNPs revealed various allelic combinations regulating diverse phenotypes for

the studied traits. Furthermore, the GP analysis revealed that accurate breeding

values for the studied soybean traits is attainable at an earlier generation. Our

study paved the way for increasing soybean yield performance within a short

breeding cycle.

KEYWORDS

haplotype-based breeding, GWAS, legumes, seed yield, candidate genes, crop
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Introduction

Soybean (Glycinemax L. Merr.) is one of the most important

food legume crops cultivated globally (Hina et al., 2020). Many

countries including China are highly dependent on soybean

imports to fulfil their domestic needs (Liu et al., 2018;

Karikari et al., 2019). Improving soybean yield has been a

primary objective of breeders from China and several other

countries across the world (Karikari et al., 2019). Seed yield of

soybean is governed by yield-related traits such as the number of

pods per plant, number of seeds per plant, and seed weight

(Bianchi et al., 2020). However, yield and its component traits are

complex, being controlled by multiple genes and are considerably

affected by the environment (Liu et al., 2011).

Many studies have revealed the genetic basis of yield-related

traits in staple crops such as maize (Badu-Apraku et al., 2020;

Yang et al., 2020), rice (Yue et al., 2015; Adeboye K. A. et al.,

2021), and soybean (Karikari et al., 2019; Hu et al., 2020) by using

bi-parental mapping populations. To date, several hundred QTLs

regulating yield and yield-related traits have been mapped across

the soybean genome, and many QTLs were consistently

identified in different populations (http://www.soybase.org).

All these studies have validated the role of linkage mapping as

an efficient approach to dissecting the genetic basis of

quantitative traits (Karikari et al., 2019; Hina et al., 2020).

However, a major limitation of the linkage mapping approach

is its dependence on limited diversity existing within segregating

populations derived from two contrasting parents. By contrast,

GWAS has emerged as an alternative approach, which is more

efficient in the identification of QTLs regulating quantitative

traits by utilizing natural diversity existing within crop

germplasm and the use of high-density genetic markers

(Zargar et al., 2015; Yu et al., 2019). Importantly, GWAS has

a higher potential to identify candidate genes regulating the trait

of interest because of a reduced level of genomic linkage

disequilibrium (LD) (Alqudah et al., 2020).

Advances in next-generation sequencing technologies have

enabled a wider availability of high-throughput sequencing and

genotyping platforms (Bhat et al., 2020; Sahu et al., 2020). As a

result, genomics-assisted breeding (GAB) has emerged as the

method of choice for crop improvement in plant breeding

programs (Varshney et al., 2021). Although, both linkage

mapping and GWAS approaches are being successfully used

for the identification of QTLs/candidate genes in crop plants,

limited allelic diversity and genomic resolution associated with

linkage mapping are addressed by GWAS in the gene

identification process (Brachi et al., 2011). GWAS has been

efficiently used to identify the QTLs/genes underlying various

yield-related traits in soybeans such as seed protein and oil

content (Zhang et al., 2019), agronomy (Zatybekov et al.,

2017), salt tolerance (Zeng et al., 2017), and yield-related

traits (Hu et al., 2020). Another genomic-based plant breeding

approach is the genomic prediction (GP). Here, phenotypic traits

or performance of an individual is predicted based on genomic

data. GP is currently being used in multiple plant species to

estimate the genetic values (genotypic estimated breeding values

(GEBVs)) of the individual genotypes based on the genome-wide

genotypic data without the need for phenotypic data (Habier et

al., 2007; Bhat et al., 2016; Crossa et al., 2017). The GP allows for

the captures of QTLs with minor effects since the model is based

on the genome-wide marker data rather than few markers as in

the marker-assisted selection model. Thus, it has a great potential

for improving the genetic gain associated with yield and other

complex traits within a limited time frame in different crop

plants (Crossa et al., 2017; Voss-Fels et al., 2019; Lebedev et al.,

2020). Moreover, GP has been used in soybean for improving

different traits such as cyst nematode infestation (Ravelombola

et al., 2020), disease resistance (Rolling et al., 2020), agronomic

traits (Beche et al., 2021), and seed yield (Mendonça et al., 2020).

The results of these studies have demonstrated the potential of

GP for improving complex traits in soybean. Furthermore,

advanced sequencing technologies are providing high accuracy

in gene and haplotype mining in crop germplasm (Bevan et al.,

2017; Bhat et al., 2021).

The present study analyzes the genetic basis of yield-related

traits in summer planting soybean genotypes grown in soybean

growing areas of China. We evaluated 211 diverse soybean

genotypes across six environments for four yield-related traits,

including seed yield per plant (SYP), number of pods per plant

(PPP), number of seeds per plant (SPP), and 100-seed weight

(HSW). Based on the phenotypic performance, genome-wide

association analysis was conducted to identify QTLs associated

with the studied traits using five different models. The genes

underlying the identified QTLs were validated based on RNA-seq

data for soybean tissues. Furthermore, superior haplotypes and

alleles were identified within the genomic regions associated with

the studied traits. Also, genetic values of individual genotypes

were estimated based on the studied yield-related traits to

facilitate the selection of soybean for improved yield

performance.

Materials and methods

Plant materials and field experiment

The GWAS panel of soybean used in the current study

consists of 211 diverse genotypes; which include

201 genotypes originating from 25 provinces of China that

represents all three ecological habitats of China (Zhang S.

et al., 2021) and ten genotypes from the United States, Japan,

and Brazil (Zhang et al., 2015). This soybean germplasm was

evaluated at three different locations in China viz., Nanjing,

Nantong, and Yangzhou, for two consecutive years. This makes a

total of six different environments viz., E1 and E2 (Nanjing);

E3 and E4 (Nantong); and E5 and E6 (Yangzhou). The study
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location was previously described by Bhat et al. (2022). Nanjing

(32°12′ N, 118°37′ E) has north subtropical humid climate. It

receives an average rainfall of 1,106.5 mm, 76% average relative

humidity, and 15.4°C average temperature. Nantong (31°58′ N,
120°53′ E) is located at the lower reaches of Yangtze River in the

alluvial plain with mild marine climate, and possesses an average

temperature and precipitation of 15.1°C and ~1,040 mm,

respectively. Yangzhou (32°23′ N, 119°25′ E) is located in the

southern end of Yangtze Huaihe plain, and receives an average

precipitation and temperature of 1,020 mm and 14.8°C,

respectively. In each environment, all the 211 diverse soybean

genotypes were planted in a randomized complete block design

with three replications. Each genotype was planted in a plot of

three rows with row-length and spacing of 200 and 50 cm,

respectively. Normal agronomic practices were followed for

the cultivation of soybean germplasm at each location, as

previously described by Zhang S. et al. (2021).

Phenotypic data collection and analysis

At maturity, five consecutive plants of each genotype were

selected from the middle of each plot for data collection.

Phenotypic data were recorded for four yield-related traits

including seed yield per plant (SYP), number of pods per plant

(PPP), number of seeds per plant (SPP), and 100-seed weight

(HSW). The phenotypic data were subjected to analysis of

variance with the mixed linear model using lme4 – an

r-package implemented in PBTools v1.4 (IRRI, 2014).

BLUPs were generated for GWAS by setting the genotype

as random. Pearson correlation coefficient between traits was

determined at p < 0.05 and visualized using MVApp

(Julkowska et al., 2019).

Genotyping, linkage disequilibrium, and
genome-wide association study

NJAU 355 K Soy SNP Array previously developed and

described by Wang et al. (2016) was used in this study.

Quality control analysis was performed using PLINK v1.07

(Purcell et al., 2007) with the following criteria: missing

genotype and individual at 0.1; minor allele frequency (MAF)

at 0.01, and Hardy-Weinberg exact test at 0.000001. For the

genome-wide LD analysis, pairwise squared allele-frequency

correlations (r2) between SNP markers with known genomic

positions were calculated using Trait Analysis by Association,

Evolution, and Linkage (TASSEL) v5.72 (Bradbury et al., 2007)

with 100 sliding window sizes. The expected values of r2 under

drift equilibrium were calculated according to Hill and Weir

(1988) and plotted against physical distance (Kbp). The LD decay

curve line was fitted on the scatterplot using the smoothing spline

regression line at the genome level following the procedure of

Remington et al. (2001) in the R environment.

The GWAS was performed using the following five models:

1) General linear model (GLM) with principal component

analysis (PCA) to reduce false positive association due to

population structure (Price et al., 2006) based on the equation

as follows:

Where Si = testing marker, and Q = Population structure.

2) The compressed mixed linear model (CMLM) (Zhang et al.,

2010), has increased statistical power for marker-trait

association detection relative to other methods. CMLM

method groups individuals into clusters, and random

effects are fitted as genetic values of clusters in a

mathematical model:

Where Si = testing marker, Q = Population structure, and K =

Kinship by group.

3) The multiple-locus mixed linear model (MLMM) (Segura

et al., 2012) incorporates the kinship matrix and Pseudo

Quantitative Trait Nucleotide (QTN) to control false

discovery rate (FDR) based on the model equation:

Where Si = testing marker, Q = Population structure, K =

Kinship of individuals, and S = Pseudo QTN.

4) The fixed and random model circulating probability

unification (FarmCPU) (Liu et al., 2016) iteratively uses

the Fixed Effect Model (FEM) and a Random Effect Model

(REM) as shown in the model equation:

Where K = kinship derived from only the associated markers or

Pseudo QTN (S) using maximum likelihood method.
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5) Bayesian-information and linkage-disequilibrium iteratively

nested keyway (BLINK) (Huang et al., 2019) is an improved

version of FarmCPU model and expressed as below:

S = pseudo QTNs that are not in LD with each other selected

in two FEMs and one filtering process and optimization using

Bayesian information criterion (BIC).

Among the five GWAS models used, GLM and CMLM are

single locusmodels; whereas, MLMM, FarmCPU, and BLINK are

the multi-locus models. All of the models were implemented

using GAPIT v3 package (Lipka et al., 2012) in an R

environment. To correct for the population structure, PCA

was employed using BIC to estimate the optimal numbers of

PCA (Schwarz, 1978). The population structure was visualized

based on soybean ecological regions in China using the “ggbiplot”

package in the R environment. Significant SNP associations were

determined according to the inherently included method in

GAPIT v3 (Lipka et al., 2012) as the negative logarithm of

p-value (where p-value = 0.01/number of markers, and

0.01 represents MAF cut-off). Furthermore, only SNPs that

were commonly detected across a minimum of two models

were considered for further analysis.

Prediction of candidate genes

The genes lying upstream and downstream of each stable

SNP (within the LD decay distance of the studied population)

were obtained from the freely available online RNA-seq data for

different soybean tissues on SoyBase website (https://www.

soybase.org). Functional descriptions of these genes were also

obtained, manually screened, and presented in a heatmap.

Allele-effect and haplotype analysis

Effects of alleles underlying the significant stable SNP

markers were analyzed as previously described by Su et al.

(2019) and Alemu et al. (2021). Genotypes were grouped into

independent groups according to their specific SNP alleles, and

means were compared using Turkey’s HSD test.

Haplotype analysis was conducted using PLINK v1.07 (Purcell

et al., 2007). The stable SNP markers (identified in two or more two

environments) were considered reference markers for building

haplotype blocks/loci. Besides, all markers that were in close

association with the reference SNP markers within the estimated

LD decay distance of the studied population formed a haplotype

block/locus. Effects of haplotype alleles on the studied traits were

tested across all the six environments using the conditional haplotype

testing command (--chap). Also, the contribution of each haplotype to

the observed phenotypic variance across the environments was

estimated using the "--hap-assoc” command (Purcell et al., 2007)

and visualized in Microsoft Excel.

Genomic prediction

The genomic prediction was explored for each trait in

individual and combined environments using Genomic best

linear unbiased prediction (gBLUP) and the ridge regression

best linear unbiased prediction (rrBLUP) based on the mixed-

model:

y � Xβ + Zμ + ε

where β and μ represent the vectors of fixed and random effects,

respectively, and ε is the residual error.
The gBLUPwas implemented in TASSEL v5.72 (Bradbury et al.,

2007). Cross-validation was achieved in five-folds with 20 iterations

to test the genomic prediction accuracy and to avoid overfitting of

the model. The rrBLUP on the other hand was implemented using

the “rrBLUP” package (Endelman, 2011; Endelman and Jannink,

2012) in the R environment. To validate the genomic prediction

accuracy, the dataset was randomly divided into training and testing

sets at 80 and 20% respectively. To manage the challenges of

overfitting, the cross-validation was conducted in five hundred

cycles of iterations. The predictive ability was estimated as the

Pearson’s correlation coefficient between the observed and

predicted phenotypic values of the test set based on the effect

estimates of genotypes in the training set.

Results

Phenotypic analysis

Analysis of variance for the four yield-related traits evaluated

across 211 soybean genotypes is summarized in Table 1. A highly

TABLE 1 Combined analysis of variance and broad-sense heritability
for four yield and yield-related traits.

Traits PPP HSW SPP SYP

Variance

Genotype (G) 320.8*** 24.8*** 1,144.5*** 11.9***

Environment (E) 386.1*** 1.3*** 861.8*** 22.9***

G × E 73.8*** 1.7*** 329.4*** 5.8***

Error 259.5 2.2 919.5 17.7

Broad-sense heritability 0.85 0.99 0.89 0.80

***represents the significance level at p< 0.0001.
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significant variation (p < 0.0001) was observed for the genotype,

environment, and G × E interaction in all the studied traits.

However, the estimates of variance components varied across

different traits (Table 1). For all the studied traits, the genotype

component accounted for the highest proportion of the observed

variations. Moreover, medium to high broad-sense heritability

(h2) was observed, ranging from 0.61 (SYP) to 0.99 (HSW) in

individual environments (Supplementary Table S1) and from

0.80 (SYP) to 0.99 (HSW) in the combined environment

(Table 1).

Furthermore, Pearson correlation analysis revealed that SYP

has a positive significant correlation with PPP, SPP and HSW

(Figure 1). Whereas, HSW was negatively correlated with PPP

and SPP in all the studied environments. Also, PPP showed a

positive correlation with SPP across all six environments.

Marker quality control, population
structure, and linkage disequilibrium

The quality control analysis retained 12,617 SNPs across

211 soybean genotypes at a genotyping rate of 99% after

removing SNPs that failed the missingness, minor allele

frequency, and Hardy-Weinberg exact tests. The markers were

distributed across the soybean genome, with the highest (1,112)

and lowest (352) number of markers present on Chr.06 and

Chr.05, respectively (Figure 2A). Heatmaps and dendrograms of

the kinship matrix, based on 12,617 polymorphic SNPs for the

studied genotypes, indicated that there was no clear clustering

among the genotypes (Figure 2B). The population structure

based on soybean ecological regions in China also revealed a

continuous distribution without any distinct structure

(Figure 2C).

The graphical representation of the linkage disequilibrium

characteristics of the 211 soybean genotypes is presented in

Figure 3. The average r2 value of the genome was 0.12, and the

LD decay was found to initiate at an r2 value of 0.47 and reached

half-decay at 0.24. The LD decay curve intersected with the half-

decay at 670 Kbp, which represents the genome-wide critical

distance to detect linkage. Hence, markers associated with the

same trait within this distance were considered as a single QTL.

Marker-trait associations for yield-related
traits

A total of 57 SNPs detected using five different GWAS

models were found to possess significant association with four

studied traits across six different environments

(Supplementary Figure S1; Table 2). These SNPs were

FIGURE 1
Pearson correlation analysis of yield and yield-related traits evaluated across diverse environments. The four traits including seed yield per plant
(SYP), number of pods per plant (PPP), number of seeds per plant (SPP), and 100-seed weight in grams (HSW) were evaluated in six environments (E1,
E2, E3, E4, E5, and E6) and the combined environment. The color and size of the circle reflect the strength of correlation. The non-significant
correlations (p > 0.05) are indicated with a cross in individual cells.
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FIGURE 2
Kinship plot and population structure analysis of the soybean panel using 12,617 SNP markers. (A) Distribution of 12,617 SNP markers across
20 soybean chromosomes used for GWAS and GP analysis. (B) Kinship plot depicting the relationship among 211 soybean genotypes. (C) Population
structure analysis of 211 soybean genotypes.

FIGURE 3
A scatter plot (r2 values) of pairwise SNPs showing genome-wide linkage disequilibrium (LD) decay. The red curve line represents the smoothing
spline regression model fitted to LD decay. The vertical green line indicates the genetic distance (670 Kbp) at which the LD half-decay (r2 = 0.24, the
horizontal blue line) intersect with the LD decay curve.
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TABLE 2 Significant marker-trait associations identified for four yield and yield-related traits across six environments (E1, E2, E3, E4, E5, and E6) and a
combined environment (COM) using five GWAS models.

Sr.
No

SPP Trait Chra Pos.
(bp)b

Environments Model p-value MAF

1 AX-
93668,616

SYP 1 11,556,172 E3 and COM BLINK, FarmCPU, GLM 2.68E-06 to
6.87E-14

0.06

2 AX-
93973,672

PPP 1 55,502,450 E1 BLINK, GLM 1.69E-08 to
7.65E-08

0.01

3 AX-
93991,698

SYP 3 24,910,743 COM BLINK, FarmCPU 3.23E-07 to
7.38E-07

0.04

4 AX-
93703,924

PPP, SPP 4 4,291,705 E3, E6 and COM BLINK, FarmCPU, GLM 1.33E-06 to
8.45E-07

0.04

5 AX-
93707,240

HSW 4 1,611,547 E1 and E5 BLINK, FarmCPU, GLM 1.05E-12 to
9.43E-07

0.17

6 AX-
94000,527

PPP 4 5,416,455 E2 and COM FarmCPU, GLM 1.26E-06 to
4.17E-10

0.35

7 AX-
94006,694

HSW 4 39,016,845 E3 BLINK, FarmCPU 5.37E-07 to
9.88E-07

0.45

8 AX-
93922099

HSW 5 36,599,702 E1, E5 and COM BLINK, FarmCPU 2.12E-09 to
8.33E-08

0.09

9 AX-
93715,038

HSW 5 2,491,676 E1 and E4 FarmCPU, GLM 1.01E-07 to
6.23E-07

0.09

10 AX-
93725,825

PPP 6 5,623,054 E1 BLINK, GLM 3.09E-07 to
3.63E-07

0.13

11 AX-
93730,411

HSW 6 19,462,776 E2 BLINK, GLM 1.35E-09 to
2.78E-08

0.09

12 AX-
93735,201

HSW 6 43,399,273 E4 BLINK, FarmCPU 1.07E-06 to
1.83E-06

0.14

13 AX-
94033,285

SYP 6 48,786,905 E3 BLINK, FarmCPU 6.83E-09 to
9.40E-10

0.48

14 AX-
94034,566

HSW,
SYP

7 1,626,042 E3 and E3 BLINK, FarmCPU, GLM 1.24E-06 to
2.98E-07

0.32

15 AX-
94050,700

SYP 8 15,859,520 COM BLINK, FarmCPU 5.66E-10 to
9.74E-09

0.04

16 AX-
94283,862

PPP 8 19,011,459 COM BLINK, FarmCPU 1.27E-06 to
7.72E-08

0.04

17 AX-
93755,601

PPP 8 19,248,053 E3 BLINK, FarmCPU 1.57E-10 to
5.25E-07

0.12

18 AX-
93636,437

SYP 9 6,958,542 E2 BLINK, GLM 6.90E-07 to
9.77E-12

0.05

19 AX-
93772,794

SYP 9 4,4,392,036 COM BLINK, GLM 1.36E-06 to
1.78E-06

0.13

20 AX-
93793,210

HSW,
SPP

11 29,587,057 E1, E2, E3, E4, E5 and COM BLINK, FarmCPU, GLM and MLMM 1.13E-08 to
7.01E-11

0.26

21 AX-
93792,964

HSW,
PPP

11 27,468,886 E5, E6 BLINK, FarmCPU, GLM 1.31E-07 to
5.42E-13

0.19

22 AX-
94276,492

PPP, SPP 11 2,211,768 E3 BLINK, GLM 1.34E-08 to
8.75E-10

0.10

23 AX-
93792,958

HSW 11 27,459,211 E2 and COM BLINK, FarmCPU, GLM and MLMM 3.22E-06 to
8.67E-07

0.19

24 AX-
94092,104

SYP 11 38,213,308 COM BLINK, FarmCPU, GLM 1.98E-08 to
4.35E-07

0.09

25 AX-
93797,890

PPP, SPP 12 5,802,813 E3 and E5 BLINK, FarmCPU 1.11E-06 to
9.02E-08

0.03

26 AX-
93804,315

PPP 12 33,817,396 E1 FarmCPU, GLM 2.29E-08 to
3.72E-07

0.01

27 AX-
93805,697

SYP 12 37,339,415 E4 BLINK, GLM 1.49E-07 to
3.29E-07

0.20

(Continued on following page)
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TABLE 2 (Continued) Significantmarker-trait associations identified for four yield and yield-related traits across six environments (E1, E2, E3, E4, E5, and
E6) and a combined environment (COM) using five GWAS models.

Sr.
No

SPP Trait Chra Pos.
(bp)b

Environments Model p-value MAF

28 AX-
93807,406

HSW,
SPP

13 1,843,185 E1, E2, E4, E5, E6 and COM BLINK, FarmCPU, GLM 1.17E-10 to
8.25E-08

0.28

29 AX-
94104,132

HSW,
SPP

13 1,704,148 E3 and COM BLINK, FarmCPU, GLM 1.74E-06 to
9.50E-07

0.23

30 AX-
94111,538

HSW 13 29,191,712 E5 and COM BLINK, FarmCPU 1.00E-07 to
4.87E-07

0.03

31 AX-
93810,993

HSW 13 13,752,815 E5 BLINK, FarmCPU 1.73E-06 to
4.86E-08

0.05

32 AX-
94123,137

PPP, SPP 14 23,593,462 E3 BLINK, GLM 1.31E-10 to
9.43E-09

0.02

33 AX-
94137,762

SYP 15 22,710,572 E5 BLINK, FarmCPU, CMLM, GLM and
MLMM

1.64E-09 to
2.48E-06

0.04

34 AX-
93648,081

HSW 15 1,479,982 E6 BLINK, FarmCPU, GLM 1.84E-07 to
6.39E-07

0.34

35 AX-
94138,593

SYP 15 29,628,987 COM BLINK, FarmCPU, GLM 2.98E-07 to
8.36E-15

0.01

36 AX-
93647,998

PPP 15 14,306,514 COM BLINK, GLM 1.10E-10 to
1.24E-06

0.05

37 AX-
94139,057

SPP 15 32,570,960 E6 BLINK, GLM 1.07E-06 to
1.31E-07

0.07

38 AX-
94139,404

SYP 15 37,194,980 E3 FarmCPU and MLMM 1.18E-13 to
2.51E-06

0.03

39 AX-
94139,741

SPP 15 40,016,648 COM BLINK, GLM 1.66E-07 to
4.89E-10

0.14

40 AX-
94139,803

PPP 15 40,162,413 E2 BLINK, GLM 1.44E-08 to
6.40E-08

0.06

41 AX-
93843,622

HSW 15 44,240,130 E5 FarmCPU, GLM 1.03E-06 to
4.93E-08

0.13

42 AX-
93843,767

SPP 15 44,966,712 COM BLINK, GLM 3.31E-06 to
9.03E-11

0.14

43 AX-
93650,734

HSW 16 30,750,889 E3 BLINK, FarmCPU, GLM 2.98E-06 to
9.61E-09

0.13

44 AX-
93855,303

SPP 16 33,390,841 E5 BLINK, FarmCPU, GLM 2.13E-09 to
7.13E-07

0.02

45 AX-
93652076

SYP 17 1,3,931,777 E6 BLINK, FarmCPU, GLM 1.67E-06 to
4.45E-07

0.01

46 AX-
93959,968

SPP 17 12,429,289 E2 FarmCPU, GLM 1.52E-06 to
4.87E-07

0.02

47 AX-
94176727

HSW,
PPP

18 46,137,043 E1, E2 and COM BLINK, FarmCPU, GLM 1.22E-07 to
5.79E-07

0.04

48 AX-
93869,048

PPP 18 3,396,703 E3 BLINK, FarmCPU 2.32E-06 to
3.28E-07

0.04

49 AX-
93886,740

PPP 19 3,901,635 E3 FarmCPU, GLM 1.57E-07 to
3.77E-06

0.03

50 AX-
94199992

PPP, SPP 20 12,095,298 E1, E3 and COM BLINK, FarmCPU, GLM 1.27E-08 to
6.40E-10

0.05

51 AX-
93901,622

SPP 20 10,355,416 E2 and E3 BLINK, FarmCPU, GLM and MLMM 1.88E-06- to
4.95E-07

0.01

52 AX-
93903,055

PPP 20 17,413,084 E1 and E2 BLINK, FarmCPU, GLM 1.10E-07 to
8.65E-09

0.01

53 AX-
94198582

PPP 20 4,715,203 E3 BLINK, GLM 2.07E-09 to
2.67E-13

0.08

54 AX-
94201014

PPP 20 17,645,281 E3 GLM, MLMM 1.50E-06 to
8.73E-11

0.02

(Continued on following page)
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distributed across 17 soybean chromosomes. Among the

significant SNPs identified, the highest number of SNPs (10)

are found on Chr.15, followed by eight and five SNPs on

Chr.20 and Chr.11, respectively. Four significant SNPs were

found each on Chr.04, Chr.06, and Chr.13; whereas, Chr.08 and

Chr.12 possessed three significant SNPs each. The remaining

ten chromosomes possessed one or two significant SNPs.

Further, some of these SNPs were consistently detected in

multiple environments, using different GWAS models, and

were found to be associated with more than one studied trait.

Such SNPs were considered stable MTAs. For example, the

significant SNP (AX-93793,210) on Chr.11 was identified

consistently in five individual environments (E1, E2, E3, E4,

and E5) and the combined environment. In addition, this SNP

was also identified through four different GWAS models

(BLINK, FarmCPU, GLM, and MLMM), and was found to

be associated with two yield-related traits (HSW and SPP).

Similarly, another SNP (AX-93807,406) detected on

Chr.13 was found to be significantly associated with HSW

and SPP across five individual environments (E1, E2, E4, E5,

and E6) and the combined environment. This SNP was also

identified using three GWAS models (BLINK, FarmCPU,

and GLM).

Furthermore, three significant SNPs (AX-94199992, AX-

93703,924, and AX-94176727) on Chr.20, Chr.04, and Chr.18,

respectively, were consistently detected in the combined

environment using three different models (BLINK,

FarmCPU, and GLM) and showed association with two of

the three traits viz., HSW, PPP, and SPP. The SNP (AX-

93922099) was detected in the combined environment using

two different models (BLINK and FarmCPU) and was

associated with HSW. Few significant SNPs such as AX-

93792,964, AX-94034,566, AX-93797,890, and AX-

94104,132, present on Chr.11, Chr.07, Chr.12, and Chr.13,

respectively, were found to be associated with two of the four

studied traits, using up to three GWAS models in one or two

individual environments and a combined environment.

Moreover, eight SNPs (AX-93668,616, AX-93707,240, AX-

TABLE 2 (Continued) Significantmarker-trait associations identified for four yield and yield-related traits across six environments (E1, E2, E3, E4, E5, and
E6) and a combined environment (COM) using five GWAS models.

Sr.
No

SPP Trait Chra Pos.
(bp)b

Environments Model p-value MAF

55 AX-
93903,184

PPP 20 18,155,072 E3 BLINK, GLM 4.38E-11 to
7.33E-09

0.02

56 AX-
94207999

HSW 20 42,330,677 E2 BLINK, GLM 6.29E-09 to
7.83E-07

0.30

57 AX-
94292,257

PPP 20 45,876,916 E5 BLINK, FarmCPU 1.99E-07 to
2.36E-07

0.01

aChromosome.
bPhysical position; MAF (minor allele frequency).

TABLE 3 Stable QTLs/genomic regions identified for the studied traits in at least three or more environments.

QTL Chra Rep.SPPb Pos.
(bp)c

Environments Model Related QTL References

qPPP-SPP4 4 AX-
93703,924

4,291,705 E3, E6 and COM BLINK, FarmCPU, GLM Novel QTL Not available

qHSW5 5 AX-
93922099

36,599,702 E1, E5 and COM BLINK, FarmCPU Seed weight 34–9; Seed-
yield 22–10

Han et al., 2012; Du et al.,
2009

qHSW-
SPP11

11 AX-
93793,210

29,587,057 E1, E2, E3, E4,
E5 and COM

BLINK, FarmCPU, GLM
and MLMM

Seed weight 35–9 Han et al. (2012)

qHSW-
SPP13

13 AX-
93807,406

1,843,185 E1, E2, E4, E5,
E6 and COM

BLINK, FarmCPU, GLM Novel QTL Not available

qHSW-
PPP18

18 AX-
94176727

46,137,043 E1, E2 and COM BLINK, FarmCPU, GLM Novel QTL Not available

qPPP-
SPP20

20 AX-
94199992

12,095,298 E1, E3 and COM BLINK, FarmCPU, GLM Novel QTL Not available

aChromosome.
bThe representative SPP, with the min p value.
cPhysical position.

The italic values indicate “QTL names” and “Gene IDs”.
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93792,958, AX-94000,527, AX-93715,038, AX-94111,538,

AX-93901,622, and AX-93903,055) were detected in one or

two individual environment(s) and a combined environment.

Each of these eight SNPs was associated with only one trait

and identified using up to four different GWAS models. The

SNPs (AX-94276,492 and AX-94123,137) were found to be

associated with two traits (PPP and SPP) and were identified

using two GWAS models (BLINK and GLM), but were

identified in only one individual environment. The

remaining 37 significant SNPs were found to be associated

with only one trait and environment, and most of them were

identified using two or three GWAS models.

Based on GWAS, we identified six significant SNPs (AX-

93703,924, AX-93922099, AX-93793,210, AX-93807,406, AX-

94176727, and AX-94199992) on Chr.4, Chr.5, Chr.11,

Chr.13, Chr.18, and Chr.20, respectively, consistently in three

or more than three environments and using multiple models

(Tables 2, 3). Of these, five SNPs (AX-93807,406, AX-93793,210,

AX-94199992, AX-93703,924, and AX-94176727) were found to

be associated with two studied traits (Tables 2, 3). However, the

SNP AX-93922099 was associated with only HSW (Tables 2, 3).

Hence, based on the LD decay, the genomic regions (±670 kb)

flanking these significant SNPs (AX-93807,406, AX-93793,210,

AX-94199992, AX-93922099, AX-93703,924, and AX-94176727)

were considered as QTLs viz., qHSW-SPP13, qHSW-SPP11,

qPPP-SPP20, qHSW5, qPPP-SPP4, and qHSW-PPP18,

respectively (Table 3). These QTLs/genomic regions

represented stable genetic elements potentially regulating

soybean yield-related traits.

RNA-seq data revealed 15 putative genes
regulating yield-related traits

Six QTLs/genomic regions were identified on Chr.04 (qPPP-

SPP4), Chr.05 (qHSW5), Chr.11 (qHSW-SPP11), Chr.13 (qHSW-

SPP13), Chr.18 (qHSW-PPP18), and Chr.20 (qPPP-SPP20) were

further used to identify putative genes regulating yield-related

traits in soybean. The gene models and their annotations

underlying the physical intervals of these six QTL regions

were downloaded from the SoyBase database to predict

putative candidates (Supplementary Table S2). In total,

739 gene models were identified within the physical genomic

interval of qPPP-SPP4, qHSW5, qHSW-SPP11, qHSW-SPP13,

qHSW-PPP18 and qPPP-SPP2. However, by considering gene

annotation, we selected 113 gene models within their physical

genomic interval, which consisted of 31, 33, 10, 11, 14, and

14 genes underlying qPPP-SPP4, qHSW5, qHSW-SPP11, qHSW-

TABLE 4 Putative genes underlying six QTLs and their gene annotation.

QTL
name

Gene IDs Chrom-
osome

Gene functional annotation

qPPP-SPP4 Glyma04g05500 04 Protein folding; abiotic stress response; positive regulation of transcription

Glyma04g05520 04 NA

Glyma04g05580 04 Gluconeogenesis; glycolysis; translational initiation; abiotic stress response

Glyma04g05690 04 Lipid biosynthetic process

Glyma04g05720 04 Protein folding; abiotic stress response

Glyma04g05800 04 Photosynthesis

qHSW5 Glyma05g31250 05 Acetyl-CoA metabolic process; abiotic stress response; polysaccharide transport; sterol biosynthetic process;
brassinosteroid biosynthetic process

Glyma05g31260 05 Nuclear division; cytokinesis by cell plate formation; chromatin silencing; nucleolus organization; biological process;
cell proliferation; histone phosphorylation; histone H3-K9 methylation

qHSW-SPP11 Glyma11g28990 11 NA

Glyma11g29000 11 Protein N-linked glycosylation; ethylene biosynthetic process; sugar mediated signaling pathway; stem cell division;
proteasomal ubiquitin-dependent protein catabolic process; cotyledon development; regulation of post-embryonic
root development

qHSW-SPP13 Glyma13g01950 13 Carbohydrate metabolic process; regulation of meristem growth

qHSW-
PPP18

Glyma18g38490 18 Regulation of transcription; gibberellin biosynthetic process; response to auxin stimulus; response to abscisic acid
stimulus; gibberellic acid mediated signaling pathway; embryo development; terpenoid biosynthetic process;
cotyledon development; cell division

Glyma18g38570 18 Cell morphogenesis; protein N-linked glycosylation; N-terminal protein myristoylation; cell growth; protein
ubiquitination; regulation of protein localization; protein autophosphorylation; Golgi vesicle transport; root hair
elongation

Glyma18g38610 18 Regulation of transport

qPPP-SPP20 Glyma20g08580 20 Actin filament organization; regulation of stomatal movement; regulation of protein localization

The italic values indicate “QTL names” and “Gene IDs”.
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SPP13, qHSW-PPP18 and qPPP-SPP20, respectively

(Supplementary Table S2). In addition, RNA-seq data for

samples collected across different stages of soybean growth

and development (www.soybase.org) was downloaded and

analyzed for identifying putative genes underlying the QTL

intervals (Supplementary Table S3). The RNA-seq data of

these genes are represented using a heatmap (Supplementary

Figure S2). Based on the in-silico analysis of gene expression data

and gene annotations, we predicted a total of 15 putative

candidates underlying six QTLs. These include 6, 2, 2, 1, 3,

and 1 gene underlying qPPP-SPP4, qHSW5, qHSW-SPP11,

qHSW-SPP13, qHSW-PPP18, and qPPP-SPP20, respectively

(Table 4).

Allelic effects of stable marker-trait
associations

The six significant SNPs (AX-93703,924, AX-93922099,

AX-93793,210, AX-93807,406, AX-94176727, and AX-

94199992), showing stable MTAs with yield-related traits

were further used to determine the effects of their individual

alleles on the studied traits (Figure 4). The alleles of these six

SNP markers showed substantial effects on yield-related

traits combined from all the six environments (Figure 4).

However, the number of alleles for each of these six SNP

markers in the whole soybean population varied from two to

three. For example, the SNP markers AX-93807,406, AX-

93793,210, and AX-94199992 each possessed three different

alleles; whereas, AX-93922099, AX-93703,924, and AX-

94176727 possessed two alleles each (Figure 4). The SNP

marker AX-93807,406 possessed three alleles (AX-

93807406-AA, AX-93807406-AG, and AX-93807406-GG),

and were found to regulate HSW and SPP (Figures 4A,B).

The AX-93807406-AA, AX-93807406-AG, and AX-

93807406-GG alleles governed higher, intermediate, and

lower HSW, respectively; whereas these same alleles

regulated lower, intermediate, and higher SPP,

respectively. The SNP marker AX-93793,210 is associated

with two yield-related traits (HSW and SPP), and all three

alleles of this marker (AX-93793210-TT, AX-93793210-TC,

and AX-93793210-CC) showed significantly different allelic

effects on both HSW and SPP (Figures 4C,D). The allele AX-

93793210-TT was associated with higher HSW, whereas AX-

93793210-CC was associated with lower HSW. The effect of

AX-93793210-TC on HSW was intermediate between that of

AX-93793210-TT and AX-93793210-CC. However, the

effect of three alleles of AX-93793,210 on SPP was found

to be opposite to that of HSW, which also supports the

negative correlation between HSW and SPP.

FIGURE 4
Allele-effect analysis for six stable significant SNPs including AX-93807,406 (A,B), AX-93793,210 (C,D), AX-94199992 (E,F), AX-93922099 (G),
AX-93703,924 (H,I), and AX-94176727 (G,K). The box plot depicts the number of the alleles for each of the six significant SNPs in 211 soybean
genotypes, and the contribution of these alleles to the phenotypic variation observed for yield and yield-related traits.
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Moreover, three alleles of SNP marker AX-94199992,

including AX-94199992-AA, AX-94199992-AG, and AX-

94199992-GG, were found to govern three diverse

phenotypes of SPP and PPP (Figures 4E,F). Besides, these

three alleles of AX-94199992 regulated SPP and PPP

phenotype in the same order as lower, intermediate and

higher, respectively, which further supports the positive

correlation of SPP and PPP traits. The two alleles of

marker AX-93922099, including AX-93922099-TT and AX-

93922099-TC, showed a significant difference in the

regulation of HSW. For instance, the allele AX-93922099-

TT governed lower HSW; whereas, the allele AX-93922099-

TC was associated with higher HSW (Figure 4G). Similarly,

the AX-93703,924 marker governed SPP and PPP traits, and

the two alleles of this marker (AX-93703924-CC and AX-

93703924-CG) regulated lower and higher trait values,

respectively, for both the traits (Figures 4H,I). The SNP

marker AX-94176727, possessing two alleles (AX-

94176727-TT and AX-94176727-AT), regulated contrasting

phenotypes of HSW and PPP (Figures 4J,K). For instance, AX-

94176727-TT and AX-94176727-AT regulated lower and

higher HSW, respectively; whereas, the same alleles

governed higher and lower PPP values, respectively. These

results are per the negative correlation observed between

HSW and PPP.

Haplotypes for yield-related traits

The six stable markers mentioned above were used as a

reference for the identification of haplotypes for yield-related

traits. These stable markers were located on Chr.04 (AX-

93703,924), Chr.05 (AX-93922099), Chr.11 (AX-93793,210),

Chr.13 (AX-93807,406), Chr.18 (AX-94176727), and Chr.20

(AX-94199992). All the markers that were in strong LD

(within ±670 kbp) with these six SNP markers, represented a

haplotype block/locus (Figure 5; Table S4). For example, 17 SNP

markers were in strong LD with the reference marker AX-

93703,924 (3,957,601–4291,705) and formed a haplotype

block. Three haplotype alleles were identified within this

haplotype block, in the soybean population (Figure 5A). These

three haplotype alleles identified on Chr.04 showed significant

FIGURE 5
Haplotype analysis for yield and yield-related traits in soybean. (A–K) The bar plot represents haplotype alleles identified for haplotype block on
(A) Chr.04 (3,957,601–4291,705 bp) (B) Chr.04 (3,957,601–4291,705 bp) (C) Chr.05 (36,238,983–3,7,041,764 bp) (D) Chr.11
(29,587,057–30102,619 bp) (E) Chr.11 (29,587,057–30102,619 bp) (F) Chr.13 (1,843,185–1943,859 bp) (G) Chr.13 (1,843,185–1943,859 bp) (H)
Chr.18 (45,780,783–46,573,568 bp) (I) Chr.18 (45,780,783–46,573,568 bp) (J) Chr.20 (11,625,046–12,289,831 bp), and (K) Chr.20
(11,625,046–12,289,831 bp), and their contribution to the regulation of yield and yield-related traits. Six haplotype blocks were identified by
considering six stable significant SNPs (AX-93807,406, AX-93793,210, AX-94199992, AX-93922099, AX-93703,924 & AX-94176727) as reference
markers.
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differences in the phenotypes of SPP and PPP. Further, the

reference marker AX-93922099 (36,238,983–3,7,041,764)

formed a haplotype block with 26 markers, which consisted of

eight haplotype alleles (Figure 5B). Substantial phenotypic

variance in HSW was observed for haplotype alleles present

within this haplotype block on Chr.05 (Figure 5C). The marker

AX-93793,210 (29,587,057–30102,619) constituted a haplotype

block with five SNP markers constituting four haplotype alleles.

Variation in these four alleles led to significant phenotypic

variation in HSW and SPP traits (Figures 5D,E).

Eight SNP markers were associated with AX-93807,406

(1,843,185–1943,859), which represented a haplotype block and

constituted six haplotype alleles. All the six alleles identified within

this haplotype block showed significant differences in the phenotypes

of HSW and SPP (Figures 5F,G). Similarly, six SNPs were in

association with the reference marker AX-94176727

(45,780,783–46,573,568), which together formed a haplotype block

on Chr.18. Eight alleles identified within this haplotype block showed

substantial variation in the phenotypes of HSW and PPP (Figures

5H,I). Further, 13 SNP markers were in close association with AX-

94199992 (11,625,046–12,289,831) and formed a haplotype block

representing nine haplotype alleles (Figures 5J,K). The haplotype

alleles of the AX-94199992 (11,625,046–12,289,831) block showed

significant phenotypic variation in PNP and SNP (Figures 5H,I).

Although haplotype alleles for most haplotype blocks showed

significant differences in the phenotypes of different yield-related

traits in six individual environments, a few exceptions were also

observed. For example, the haplotype alleles of AX-93922099

(36,238,983–3,7,041,764) block on Chr.05 did not show significant

phenotypic variation in HSW for E3 (NT1) and E6 (YZ2). Moreover,

the haplotype alleles of all other haplotype blocks showed a significant

phenotypic difference (p < 0.05) in their associated traits across all six

environments. The phenotypic variance contributed by the alleles of

different haplotype blocks to the associated traits across six

environments is shown in Figure 5. The list of markers that are in

close association with the reference markers and the effects of the

common haplotypes are provided in Supplementary Table S4.

Genomic prediction

The genome-wide prediction accuracy values obtained from the

gBLUP and rrBLUP approaches for the studied yield-related traits are

presented in Figure 6. Based on the gBLUP approach, theGP accuracy

of HSWamong different environments ranged between 0.76 and 0.85

(Figure 6A). The E3 environment showed the lowest GP accuracy

(0.76), while the combined environment displayed the highest GP

accuracy (0.85) for HSW (Figure 6A). For the PPP trait, the

E4 environment had the lowest GP accuracy with 0.44, while the

highest accuracy was recorded in the E3 environment (0.72)

FIGURE 6
Histograms showing the genomic prediction accuracy of the genomic best linear unbiased prediction (gBLUP) and ridge regression best linear
unbiased prediction (rrBLUP) models for (A) 100-seed weight (HSW) (B)Number of pods per plant (PPP) (C)Number of seeds per plant (SPP), and (D)
Seed yield per plant (SYP), across six different environments (E1, E2, E3, E4, E5, and E6).
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(Figure 6B). Moreover, the GP accuracy for SPP varied from 0.46 to

0.72 in E4 and E3 environments, respectively (Figure 6C). Similarly, in

the case of SYP, the GP accuracy was found to be highest (0.70) in the

combined environment, whereas the lowest GP accuracy of 0.37 was

observed in the E5 environment (Figure 6D). A similar trend in the

genome-wide prediction accuracy was observed using the rrBLUP

approach: HSW ranged between 0.78 and 0.85 for E3 and combined

environment, respectively (Figure 6A); and PPP varied from 0.49 to

0.69. The PPP trait possessed the highest GP accuracy in the

E1 environment and the lowest accuracy in the E2 environment

(Figure 6B). Also, the GP accuracy for SPP and SYP respectively

ranged from 0.50 (E4) to 0.73 (combined environment) and 0.36 (E5)

to 0.72 (combined environment) (Figures 6C,D).

Discussion

Yield-related traits are important characters associated with yield

and directly govern the productivity and quality of crops (Hina et al.,

2020). They also represent selection targets in plant breeding

programs when direct selection for yield is complex. Hence, crop

germplasm collections are characterized for yield-related traits to

facilitate crop improvement (Adeboye K. A. et al., 2021). In soybean, a

complex inheritance pattern of yield and its sensitivity to the

environment have been documented (Lee et al., 2015). Therefore,

it has remained the long-term goal of breeders to improve soybean

yield by manipulating yield-related traits. Determining the genetic

basis of yield-related traits is a key step in soybean improvement

strategy for developing varieties with higher yield potential.

In the present study, 211 soybean germplasm accessions were

characterized in six field trials for four yield-related traits. The

genotypic performance of the soybean germplasm based on all

these traits varied significantly, indicating the possibility of

genetic improvement. Moreover, the medium to high broad-

sense heritability observed for these traits across environments is

an indication that the same phenotypic performance is

achievable if grown in the same environment. However, the

significant environmental variations observed for all the four

yield-related traits studied suggest possible complexity in their

inheritance pattern which may lead to difficulty in breeding

efforts. These findings corroborate many earlier reports on these

yield-related traits in soybean germplasm (Hu et al., 2014; Diers

et al., 2018; Klein et al., 2020; Li et al., 2020). Moreover,

correlation analysis revealed a positive association of SYP with

the three yield-related traits (PPP, SPP, and HSW) consistent

with the findings of Malik et al. (2006). The HSW was negatively

correlated with PPP and SPP; while PPP was positively associated

with SPP. These results are in accordance with previous reports

(Malik et al., 2006; Liu et al., 2011; Li et al., 2020).

Based on the high genetic variability observed, the studied

yield-related traits were subjected to further analysis to unravel

their genetic basis and pave the way for their improvement

through marker-assisted breeding (MAB). MAB involves the

identification of genetic markers that are associated with the

trait of interest in a defined germplasm collection, such as bi-

parental population or a panel of diverse accessions as used in

this study. Marker-trait association using a panel of diverse

accessions is often confounded by several factors, including

genotyping error, population structure, and linkage

disequilibrium. These factors are responsible for the high rate

of false associations that are not useful in MAB. In this study, the

discovery of false association was reduced by ensuring only

quality markers which included a total of 12.617 SNPs at

genotyping rate of 99%, which were retained for further

analysis. Although the population structure of the germplasm

collection used in this study appears continuous with no definite

stratification, the LD decay distance of 670 kb within which

significant association may be defined as relatively large. In

self-pollinating plants such as soybean, LD may range over

several hundred Kbp leading to the inclusion of many

candidate genes in a single LD block exhibiting a significant

signal (Gupta et al., 2005; Yano et al., 2016). Moreover, several

studies have revealed that the discovery of false positives arising

from population structure in crops may not be completely

controlled (Myles et al., 2009; Hamblin et al., 2011; Lipka

et al., 2015). Based on this, we explored various statistically

robust models for the genome-wide marker-trait association

analysis.

Hundreds of QTLs for yield and yield-related traits have been

reported in soybean mainly by using the low-resolution approach

of linkage mapping. Rarely any of these QTLs have been used for

breeding high-yielding soybean varieties (Karikari et al., 2019). In

this context, GWAS facilitates enhanced resolution and accuracy

for mining genetic loci for four yield-related traits (Assefa et al.,

2019; Zhang W. et al., 2021). In the current study, we report a

total of 57 MTAs associated with four traits. These MTAs were

detected on all chromosomes of soybean, except Chr.02 and

Chr.10, indicating the complex genetic regulation of soybean

yield, which is in agreement with previous reports (Li et al., 2019;

Hu et al., 2020). Many significant MTAs were detected in one

environment and some in five environments, suggesting the

presence of environmental influence on these traits. Per the

present results, the interaction of QTLs with the environment

has been previously documented (Fang et al., 2020; Hu et al.,

2020).

Significant SNPs reported in more than three environments

and using different models were considered stable MTAs. The

regions within ±670 kb flanking six significant SNPs were

referred to as stable QTLs, based on LD decay (Wang et al.,

2016). The QTL on Chr.11 associated with HSW has been

previously reported in the genomic region between

27,790,963–32,194,459 bp (Han et al., 2012), and the genomic

region underlying qHSW-SPP11 was found to co-locate with the

same physical interval. Therefore, qHSW-SPP11might be similar

to Seed weight 35–9, as reported earlier by Han et al. (2012).

Notably, compared to Seed weight 35–9, the physical interval of
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qHSW-SPP11 has been considerably decreased in the present

study. Furthermore, qHSW5 identified in the present study was

found to co-locate with two previously identified QTLs viz., Seed

weight 34–9 (8,665,543–40,414,305 bp) and Seed-yield 22–10

(35,536,817–37,612,231 bp) on Chr.05 (Kraakman et al., 2004;

Du et al., 2009; Han et al., 2012). However, the remaining four

QTLs (qHSW-SPP13, qPPP-SNP20, qPPP-SPP4, and qHSW-

PPP18) identified in the current study represented novel

QTLs. The physical intervals of qHSW-SPP11 and qHSW5

were considerably reduced in the present study. This ability of

the GWAS allows for its increased utility in crop breeding

programs for developing high-yielding stress-tolerant soybean

varieties (Zargar et al., 2015; Yu et al., 2019).

The favourable and unfavourable alleles can be easily

determined either with or without considering the

heterozygous SNPs in plant species (Soltani et al., 2017; Su

et al., 2019). For instance, Wu et al. (2016) set the

heterozygous SNPs as missing and only used the homozygous

SNPs for a GWA study in Brassica napus. Soybean is a highly

heterozygous crop species with a complex background, in which

the presence of heterozygous loci is very common. A locus is

considered to be in a heterozygous state if the depth of the minor

allele is larger than one-third of the total sample depth during

SNP calling (Chong et al., 2016). The above-mentioned six stable

significant SNP loci (AX-93807,406, AX-93793,210, AX-

94199992, AX-93922099, AX-93703,924, and AX-94176727)

associated with yield-related traits were not all in a

heterozygous state in the GWAS population. For example, the

SNP markers AX-93807,406, AX-93793,210, and AX-94199992

were heterozygous, whereas the remaining three markers AX-

93922099, AX-93703,924, and AX-94176727 were homozygous.

Trait values governed by the heterozygous alleles of three

SNP markers (AX-93807,406, AX-93793,210, and AX-

94199992) were intermediate between two homozygous

alleles which control the extreme phenotypes of yield-

related traits. However, two homozygous alleles identified

for the remaining three SNP markers (AX-93922099, AX-

93703,924, and AX-94176727) regulate contrasting/extreme

trait values of the corresponding traits. As a result, the SNP

alleles with higher trait effect, i.e., which increase the target

trait, were defined as “favourable alleles”; whereas, SNP alleles

regulating the lowest trait value were defined as “unfavourable

alleles”. However, the heterozygous alleles possessing trait

effect between favourable and unfavourable alleles were

referred to as “intermediate alleles”. This classification

assisted in the use of these alleles for yield modulation in

soybean. To date, the effectiveness of marker-based gene

pyramiding strategies in soybean has been demonstrated for

soybean mosaic virus (Wang D. G. et al., 2017), Phytophthora

rot and powdery mildew resistance (Ramalingam et al., 2020),

and rust resistance (Yamanaka and Hossain, 2019). Hence, the

elite alleles identified for yield-related traits within six

significant SNP markers can be effectively used for

developing high-yielding soybean varieties through MAB

efforts. Negligible efforts have been made toward mining

candidate genes for yield-related traits in soybean (Karikari

et al., 2019; Li et al., 2019; Qi et al., 2020); except for two genes

that have been reported viz., in (Jeong et al., 2012) and PP2C-1

(Lu et al., 2011). In the present study, we predicted some

putative genes underlying six QTLs identified based on the

gene expression data and annotations. We selected only those

genes whose functions were directly or indirectly related to

regulating the seed yield of soybeans, such as seed oil, seed

protein, photosynthesis, cell division or elongation, and

phytohormones. The putative genes identified in the present

study need further functional validation for their deployment

in soybean breeding programs.

Recent studies have documented desirable haplotype alleles

for important traits such as salinity tolerance in soybean (Patil

et al., 2016), grain quality traits in rice (Wang X. et al., 2017), and

drought stress tolerance in pigeon pea (Sinha et al., 2020). In the

present study, haplotypes were constructed by using six

significant SNP markers as a reference. These six stable

markers possessed multiple significant SNP markers within

the LD range of 670 kbp. Our results revealed that haplotype

alleles identified within the haplotype blocks/loci regulated a

diverse range of phenotypes of yield-related traits in soybean.

The haplotype analysis revealed that, compared to individual

SNP markers, the haplotype-based markers possessed a

considerably higher number of alleles regulating a diverse

range of phenotypic variation for the trait of interest, similar

to previous studies (Zaitlen et al., 2005; Qian et al., 2017). Hence,

haplotype-based markers provided more options to modulate the

desired yield potential in soybean (Meuwissen et al., 2001). In the

case of significant SNP markers identified, we found a maximum

of three alleles in the GWAS population, which allowed tomodify

the yield of soybean at three levels. The incorporation of these

haplotype alleles in soybean breeding programs can effectively

improve yield potential in soybean. We propose that the

haplotype-based breeding approach will assist in the selection

of desirable plant genotypes possessing superior haplotype alleles

(Varshney et al., 2019). Parent accessions with diverse haplotypes

can be used for the generation of novel superior haplotypes.

However, it is important to identify the interactive effects of

diverse haplotypes of various genes regulating the trait of interest.

Genomic Prediction (GP) is a modern breeding approach that

involves the use of genome-wide markers to estimate the breeding

value of the genotypes at the genomic level (Meuwissen et al., 2001;

Varshney et al., 2014). For the past 2 decades, GP has emerged as a

powerful tool to select favourable genetic material for traits of

interest (Bhat et al., 2016; Crossa et al., 2017). In the present

study, GWAS identified minor-to-moderate effect QTLs. Thus, it

was hypothesized that the GPmethod could be more appropriate to

select high-yielding genotypes based on the overall marker effect

(Varshney et al., 2014). Different statistical models have been

developed and used for GP analysis (Daetwyler et al., 2010;
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Wang et al., 2018; Merrick and Carter, 2021). However, these

methods mainly differ in the assumptions of the distribution and

variances of marker effects (Wang et al., 2015). In the present study,

we explored two approaches, including the gBLUP and rrBLUP,

both of which are based on the mixed linear model statistical

functions. Therefore, our results show a similar trend in their

prediction accuracy as expected, suggesting their equal potential

and efficiency in the prediction of yield-related traits in soybean.

The range of moderate to high GP accuracy of 100-seed

weight and seed yield observed in our study is similar to the

observation of Ravelombola et al. (2021) and Matei et al. (2018)

in soybean based on rrBLUP approach. Similarly, Duhnen et al.

(2017) reported a moderate GP accuracy for the seed yield of

soybean based on the gBLUP approach. Moreover, moderate to

high GP accuracy has been reported for yield-related traits from

both rrBLUP and gBLUP approaches in other crops such as

wheat (Ali et al., 2020), tea (Lubanga et al., 2021), rice (Xu et al.,

2018), and chickpea (Roorkiwal et al., 2016). The genomic

prediction results from our study revealed that accurate

breeding values for the studied yield-related traits can be

estimated at an earlier generation of soybean, which allows for

yield improvement within a short breeding cycle.

Conclusion

The present study used GWAS, haplotype analysis, and GP for

studying the genetic architecture of four yield and yield-related traits

in soybean. GWAS identified a total of 57 significant SNPs and six

stable QTL regions (qPPP-SPP4, qHSW5, qHSW-SPP11, qHSW-

SPP13, qHSW-PPP18, and qPPP-SPP20). Among these six QTLs,

four QTLs (qPPP-SPP4, qHSW-SPP13, qHSW-PPP18, and qPPP-

SPP20) were novel; whereas, the remaining two QTLs (qHSW5 and

qHSW-SPP11) were reported previously. Besides, a total of 15 genes

underlying these six QTLs were prioritized as putative candidates.

Allele-effect analysis of the six significant SNPs showed the presence

of two or three alleles within each of these SNPs that regulated

contrasting phenotypes of the associated traits. Moreover, multiple

haplotype alleles detected within each of the six haplotype blocks

regulated a diverse range of phenotypic variation for yield and yield-

related traits. The GP analysis for four studied traits showed

moderate to high accuracy using two methods (gBLUP and

rrBLUP). The stable QTLs as well as the desirable SNP alleles

and haplotype alleles (underlying these stable QTLs) identified for

the yield-related traits can serve as potential resource for the

improvement of soybean yield. After proper validation of these

QTLs and alleles/haplotypes in different genetic backgrounds of

soybean, they can be introduced into marker-assisted breeding

programs for developing high-yielding soybean varieties. Besides,

the putative candidate genes underlying these stable QTLs, after

proper functional validation using overexpression or gene knockout

studies, can be deployed in the development of high-yielding

soybean varieties. Our study provided critical analyses of

cultivated soybean genetic resources and identified novel genomic

resources (QTLs and haplotype alleles) for soybean yield

improvement programs.
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Frost is an abiotic stress factor that threatens plant development and crop

productivity not only in cold regions but also in temperate zones. Roots play an

important role in plant growth during frost stress. Therefore, variation in root

characteristics could be studied to improve frost tolerance in winter faba bean.

The present study aimed to identify the genomic regions that control frost

tolerance in a winter faba bean population by focusing on root-related traits. A

set of 185 genotypes were tested for frost tolerance under artificial frost growth

conditions at −16°C, −18°C, and −19°C in a growth chamber. Frost stress

reduced the root-related parameters in all genotypes, with a wide variation

among genotypes. A genome-wide association study identified nine novel

single-nucleotide polymorphisms that are associated with the root-related

traits. The most frost-tolerant genotypes were identified; two genotypes,

S_028 and S_220, exhibited remarkable performance under frost stress.

Moreover, they harbored all four of the alleles favorable for frost tolerance.

Remarkably, twomarkers showed genetic pleiotropic effects with positive allele

effects on root fresh matter and root dry matter. Thus, both genotypes can be

implemented in a breeding program to provide the alleles for healthier roots

under frost conditions to develop more frost-tolerant varieties, and the two

markers can be used to screen large collections to select for frost tolerance.

These results may provide novel insights for improving frost tolerance in faba

beans and in other legume crops.
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Introduction

The faba bean (Vicia faba L.) is the only edible pulse crop

among Vicia species (Lyu et al., 2021). Relative to other grain

legumes, the faba bean is ranked fourth after chickpea, field pea,

and lentil (Rebaa et al., 2017; Alharbi and Adhikari, 2020), with a

global production of approximately 4.5 million tons produced

from a cultivated area of approximately 2.5 Mha (Food and

agriculture organization of the United Nations, 2019). The

high protein content and well-balanced amino acid profile of

the faba bean distinguish it from other legumes (Roy et al., 2010;

Lyu et al., 2021). Owing to its high protein content, the faba bean

is grown as a food crop in developing countries but principally as

a livestock feed in Europe (Sallam et al., 2016a; Nadeem, 2021).

Faba bean are less likely to generate off-flavors than soybean and

pea owing to their low lipid content and low endogenous

lipoxygenase activity, allowing them to be incorporated into

everyday meals (Chang and McCurdy, 1985). As the demand

for organic food grows, legume-based crops should be

emphasized in crop rotations alongside cereals and oilseeds.

Similar to other leguminous plants, the faba bean crop fixes

atmospheric nitrogen into biologically usable ammonia,

facilitating natural nitrogen fertilization of soils (Barton et al.,

2014). Another advantage of the faba bean over other legumes is

its ability to adapt to a wide range of climatic and soil conditions

(Pociecha et al., 2008; Katerji et al., 2011; Zhou et al., 2018).

Nevertheless, faba bean are also susceptible to a range of biotic

and abiotic challenges, which contribute to loss due to

environmental factors, including frost (Sallam et al., 2016b;

O’Sullivan and Angra, 2016).

Frost is an important climatic factor that affects agricultural

production and the agroforestry economy in temperate and

subtropical areas worldwide (Snyder and Melo-abreu, 2005;

Papagiannaki et al., 2014; Ambroise et al., 2020). Moreover,

because of global warming and climate change, it is predicted

that frost will become more problematic (Gu et al., 2008). In

Northern and Central Europe, severe winter frost is a major

abiotic stress factor affecting beans, and owing to the insufficient

winter hardiness of the genotypes in use, the faba bean is

primarily cultivated as a spring crop (Arbaoui et al., 2008;

Sallam et al., 2016b). Frost stress not only decreases

productivity but also lowers the diet value as a result of seed

staining (Hawthorne, 2007). Additionally, frost can destroy the

N-fixing bacteria by reducing the activity of nitrogenase, which

threatens the symbiotic relationship (Stoddard et al., 2006).

To avoid the severe effects of summer drought on grain filling

and ultimate yield, farmers have to sow the crops earlier and thus

seek more frost-tolerant varieties (Rezaei et al., 2015). Although

winter-type faba beans have a higher yield and protein content

than spring-type faba beans, they are primarily grown as a spring

crop in cool-temperate locations (Arbaoui et al., 2008; Sallam

et al., 2015; Sallam et al., 2016a). Therefore, breeding for

improving frost tolerance and developing cultivars with high

frost tolerance is urgently needed. The development of frost-

tolerant varieties via conventional breeding is challenging as frost

tolerance is a polygenic trait (Li et al., 2011; Avia et al., 2013;

Sallam et al., 2016a). Three parameters are critical in determining

a genotype’s winter hardiness: (i) frost tolerance, (ii) ability to

survive biotic stresses such as snow mold, and (iii) resistance to

abiotic stress factors such as high water saturation in the soil

(Arbaoui, 2007; Sallam and Martsch, 2015; Sallam et al., 2016b).

Thus, in addition to testing under simulated frost growth

conditions in growth chambers, faba bean genotypes should

be tested in the field to determine the overall winter hardiness

of the most tolerant genotypes. In multi-location trials, many

traits associated with winter hardiness should be assessed and

analyzed. According to the climate prediction models, frost

conditions will become more severe, causing a marked

reduction in plant production due to a lack of root growth

(Ambroise et al., 2020). Most studies on frost tolerance have

focused on the examination of the aboveground organs; this is

attributed to the fact that roots are protected under the soil

surface (Lee et al., 2009; Smékalová et al., 2014). A previous study

showed that, at the seedling stage, the faba bean is considered less

cold tolerant than its wild relatives belonging to the western

Mediterranean regions (Inci and Toker, 2011). Recently, Alharbi

et al. (2021) have studied the effects of frost on pod setting in faba

bean under field conditions, assessing several traits at the

vegetative and reproductive stages. In both studies, the

authors evaluated several morphological and yield traits but

no root traits.

The faba bean is a diploid plant with 2n = 2x =

12 chromosomes and has one of the largest genomes among

crops (approximately 13,000 Mb) (Satovic et al., 2013) compared

with the genomes in soybean (1,200 Mb) and in field pea

(4,000 Mb) (Torres et al., 2006; Satovic et al., 2013). This may

make physical and genetic mapping, as well as map-based

cloning, more challenging (Ellwood et al., 2008; Lavania et al.,

2015). Because of the complexity of the faba bean genome, it is

difficult to find a reference genome that can be used for

genotyping by sequencing (GBS), for example, other crops

such as wheat (Triticum aestivum), barley (Hordeum vulgare),

maize (Zea mays) and rice (Oryza sativa). Webb et al. (2016)

constructed a faba bean consensus map (FBCM) using single-

nucleotide polymorphism (SNP) markers developed from

Medicago truncatula (legume model). The SNPs in this map

were used in many studies to identify alleles associated with the

target traits in the faba bean.

Using the recent advances in molecular genetics tools and

methods along with a breeding program will accelerate the

genetic improvement in frost tolerance in faba bean. One of

these tools, marker-assisted selection (MAS), has been identified

as a powerful approach for accelerating breeding operations to

improve certain traits. Association mapping is one of the most

successful strategies for identifying quantitative trait loci (QTLs)

that underlie trait variation among the different methods used for
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MAS. Moreover, it is a tool for mapping QTLs that regulate

complex characteristics on the basis of marker–trait linkage

disequilibrium. Previously, a genome-wide association study

(GWAS) has been successfully employed to identify causative

alleles associated with frost stress in faba bean. The GWAS can be

conducted using any type of DNA molecular marker. Recently,

kompetitive allele-specific PCR (KASP) genotyping has been

introduced by LGC limited to be applied in QTL mapping

and the GWAS (Semagn et al., 2014). The KASP is designed

for a single-nucleotide polymorphism which differs between

genotypes of the same species. KASP markers have many

advantages over other DNA molecular markers including high

sensitivity, reliability, reproducibility, and genotyping accuracy

(Thomson, 2014). Webb et al. (2016) produced a set of 757 KASP

markers that were used to genotype many faba bean populations

for GWAS and QTL mapping studies.

Several studies have been published on frost tolerance in faba

bean plants using the same genotypes, and several morphological

characteristics such as stem and leaf characteristics, as well as

physiological characteristics, have been studied (Sallam and

Martsch, 2015; Sallam et al., 2015; Sallam et al., 2016a; Sallam

et al., 2016b). Likewise, using the GWAS, alleles associated with

several morphological parameters including loss of color and

turgidity, freezing survival, and regrowth after freezing have been

identified in the same collection of genotypes (Ali et al., 2016).

The effects of frost on root traits have not been extensively

studied, and our study is one of the first reports, to the best of our

knowledge, to investigate this essential issue. These screenings

focused on the morphological traits of faba bean roots, such as

root length (RL), root frost susceptibility (RFS), root fresh matter

(RFM), and root dry matter (RDM). Thus, the present study

aimed to i) investigate the genetic variation in root traits under

frost stress; ii) study the correlations between frost tolerance and

root traits; and iii) identify marker–trait associations (MTAs) and

QTLs associated with root traits.

Materials and methods

A set of 183 single-seed-descent (SSD) lines of the faba bean

from the Göttingen Winter Bean Population (GWBP) were used

as plant materials (Supplementary Table S1). These SSD lines

were developed from eleven founder lines: six lines from

Germany (Webo, Wibo, Hiverna/1, 79/79, L977/88, and L979/

S1), two lines from France (Côte d’Or/1 and Arrisot), and three

lines from the UK (Banner, Bourdon, and Bulldo). These

11 founder lines were first sown in open pollination

conditions and natural selection in order to produce a freely

recombining population. After eight generations of ongoing

maintenance of this population, < 400 SSD were drawn and

inbred to generation > F9 and beyond (Stelling, 1989;

unpublished; Gasim, 2003).

Two additional spring faba bean lines were used as controls

(checks) in the frost experiments: Hedin/2 and Minica (Sallam

and Martsch, 2015; Sallam et al., 2015; Sallam et al., 2016b).

Experimental layout and artificial frost
experiment

The 185 genotypes (183 SSD lines + 2 controls) were assessed

for frost tolerance in a Vötsch frost growth chamber (FGCh;

4 m2). All genotypes were assessed for frost tolerance in eight

replications. The use of the 4 m2 area of this chamber once

corresponded to one replication. Each replication included all

genotypes in an alpha lattice design. In each replication, all

genotypes were sown in pots filled with a mixture of compost

soil and sand (3:1, respectively). Each pot contained four

different genotypes with two seeds per genotype

(Supplementary Figure S1). When all plants reached the two-

leaf stage (at room temperature), all pots were moved to the well-

isolated FGCh. The growth conditions (program) in the FGCh

were set at a light exposure of 200 μmol s−1 m−2 for 10 h per day

and 80–90% humidity. The seedlings of all genotypes were

exposed to two phases described as follows: (I) a hardening

phase in which all genotypes were exposed to a temperature of

4°C during the day and 0°C at night for 10 days and (II) the true

frost test for 3 days at −16°C, −18°C, and −19°C, respectively,

during the night and thawing during the hardening and frost

days (Supplementary Figure S2). Plants were irrigated only

during the hardening phase to keep the pots at approximately

70% of the soil’s water capacity.

Scoring and measurement of phenotypic
traits

In a previous study by Sallam et al. (2015), shoot traits in

a set of 216 genotypes, including our 185 genotypes, were

scored: loss of leaf color + loss of leaf turgidity (LC + LT) and

frost tolerance index (FTI). The low values of LC + LT and

the high values of FTI indicated frost tolerance according to

Sallam et al. (2015). In addition to the shoot traits, this study

also assessed the root traits but did not report them. In the

present study, we evaluated the root traits and studied their

relationship with frost tolerance.

After the frost test, the soil in each pot was carefully washed

and removed to avoid root damage. Then, the roots of plants

belonging to each genotype were cautiously washed again and

prepared for the assessment of four root traits. RFS was visually

scored from 1 (healthy roots) to 9 (withered black dead roots;

Figure 1). RL was measured in cm, whereas RFM and RDM were

measured in grams. Lower values of RFS and higher values of RL,

RFM, and RDM indicated tolerance to frost.
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Statistical analyses for root traits

The analysis of variance was performed with PLABSTAT

software (Utz, 1997) using the following equation:

Yij � μ + gi + rj + grij,

where Yij is the observation of the genotype i in replication j; μ is

the general mean; gi and rj are the main effects of the genotype

and replication, respectively; grij is the genotype × replication

interaction of the genotype i with replication j. Broad-sense

heritability (H2) of each trait was calculated as the ratio of the

genotypic variance with the phenotypic variance: H2 = σ2g/σ2p
(Rasmusson and Lambert, 1960). Pearson’s correlation

coefficient was calculated among all traits by PLABSTAT

software (Utz, 1997).

DNA extraction and KASP genotyping

Using Illustra Nucleon Phytopure Genomic DNA Extraction

kits (GE Healthcare Life Sciences, UK), DNA was isolated from

the 11 founder lines and GWBP. The DNA was genotyped

utilizing the KASPar™ (kompetitive allele-specific PCR) test

platform (KBioscience, United Kingdom), a single-plex SNP

genotyping technology that uses allele-specific amplification

followed by fluorescence detection. Of a total of 687 SNPs

identified in the FBCM developed by Webb et al. (2016),

189 SNP markers were polymorphic among the 11 founder

lines and were chosen to genotype the 189 genotypes (Sallam

et al., 2016a;Webb et al., 2016). These SNPmarkers weremapped

to six linkage groups using the legume model, Medicago

truncatula. Each linkage group corresponded to one

chromosome. The list of 189 SNPs and the sequence of KASP

markers are presented in Supplementary Table S2.

Population structure and GWAS

Population structure analysis was performed using the

189 KASP markers on the whole population (Sallam and

Martsch, 2015; Sallam et al., 2016a). The analysis revealed no

population structure among the genotypes. Therefore, a GWAS

was performed between markers and root traits using a general

linear model (GLM). Significant markers associated with the root

traits were detected using a threshold of 1% Bonferroni

correction (Duggal et al., 2008). The GWAS was performed

by TASSEL v5.2.40 (Bradbury et al., 2007). The phenotypic

variation explained by marker (R2) and allele effects was

estimated for each trait by TASSEL v5.2.40. The

quantile–quantile (QQ) plot was presented for each trait using

the R package “qqman” (Turner, 2018). MapChart v2.2

(Voorrips, 2002) was used to illustrate the QTLs and their

positions in the linkage group in the FBCM. The linkage

disequilibrium (r2) was calculated between each pair of

significant SNPs located on the same chromosome by

TASSEL v5.0.

FIGURE 1
Visual scoring of root frost susceptibly scored on the 189 genotypes.
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Results

Genetic variation

All the spring genotypes died under the imposed frost

stress. Highly significant differences were found among all

genotypes for all root traits scored after frost stress (Table 1).

The H2 values were 0.78, 0.74, 0.70, and 0.66 for RFS, RL,

RDM, and RFM, respectively. The minimum, maximum, and

mean values for all genotypes are presented in Table 1. The

distribution of all genotypes for all traits is presented in

Figure 2. Each trait had a wide range: 2.06–9.00 for RFS,

1.94–30.88 cm for RL, 0.11–3.44 g for RFM, and 0.01–0.26 g

for RDM (Table 1; Figure 2). RFM and RDM exhibited a right-

skewed distribution, whereas RFS had a left-skewed

distribution. RL tended to have a normal distribution with

some skew. The most tolerant genotype differed by traits. The

S_002 genotype was the most frost-tolerant genotype with

respect to RFS, with a score of 2.06. The genotype

S_132 showed the highest RL of 30.88 cm. S_028 and

S_052 genotypes showed the highest RFM and RDM,

respectively.

Phenotypic correlation

Pearson’s correlation analysis revealed very high and

significant correlations among root traits (Figure 3A). A

significant positive correlation was found among RL, RFM,

and RDM. The highest correlation was found between RFM

and RDM (r = 0.89ppp). RFS was negatively and significantly

correlated with the other root traits, with r = −0.54pp, −0.52pp,

TABLE 1 Ranges includingminimum,maximum, andmean values, least-square difference, F-value, and heritability estimates (H2) for root length, root
fresh susceptibility, root fresh matter, and root dry matter of faba bean genotypes evaluated under frost conditions.

Minimum Maximum Mean L.S.D (p = 0.05) F-value Heritability

Root fresh susceptibility 2.06 9.00 6.36 1.83 4.59pp 78.20

Root length 1.94 30.88 14.33 8.30 3.90pp 74.37

Root fresh matter 0.11 3.44 1.13 1.11 2.93pp 65.82

Root dry matter 0.01 0.26 0.096??? 0.08 3.31pp 69.81

F-value shows the genetic variation among genotypes. ppp < 0.01.

FIGURE 2
Histogram showing the distribution of all genotypes in each trait and box plot analysis illustrating the minimum, maximum, andmean values for
each trait.

Frontiers in Genetics frontiersin.org05

Sallam et al. 10.3389/fgene.2022.907267

310311

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.907267


and −0.60pp between RFS and RDM, RL, and RFM,

respectively.

As mentioned in the materials and methods, the FTI and LC

+ LT scored by Sallam et al. (2015) were used in this study as key

frost-tolerant traits to test their correlation with root traits

(Figure 3B). The correlation between root traits and both FTI

and LC + LT is presented in Figure 3B. A significant negative

correlation was found between LC + LT and RL, RDM, and RFM,

whereas a significant positive correlation was found between LC

+ LT and RFS (r = 0.31pp).

The FTI was significantly correlated with all root traits; it was

positively and significantly correlated with RDM (r = 0.56ppp),

RFM (r = 0.53ppp), and RL (r = 0.56ppp) and negatively and

significantly correlated with RFS (r = −0.53pp).

Genome-wide association mapping

A marker–trait association analysis was performed between

the 189 SNP markers and root traits for all genotypes (Table 2).

Nine SNPs were found to be significantly associated with all root

traits. The Manhattan plot of all the nine significant SNPs is

presented in Supplementary Figure S3. The significant markers

were distributed on chr1, chr3, chr5, and chr6. Chromosome

3 had the highest number of QTLs (n = 4), followed by

chromosome 5 with three QTLs. A single QTL was identified

on chromosomes 1 and 6. Of the nine SNP markers, eight

markers had positive allele effects (i.e., enhancing the

respective trait), but Vf_Mt4g091530_001 showed a negative

allele effect on RFS (i.e., reducing the respective trait;

FIGURE 3
(A) Phenotypic correlation analysis among root traits and (B) correlation between both LC+ LT and FTI scored on seedling shoots and root traits.

TABLE 2 List of significant SNPs associated with root traits using the GLM model including the p-value, chromosome number, phenotypic variation,
target allele, and allele effect.

Trait Marker p-value Chromosome no. Position Marker R2% Allele Allele effect

RL Vf_Mt1g072640_001 0.00496 3 67.73 7.34 C 3.34

RL Vf_Mt7g051360_001 0.00261 5 33.55 6.75 A 3.32

RFS Vf_Mt4g091530_001 0.00389 6 90.81 5.81 A −0.78

RFS Vf_Mt5g009720_001 0.000439 1 77.56 4.89 G −0.84

RFM Vf_Mt1g072640_001 0.000159 3 67.73 4.87 C 0.51

RFM Vf_Mt7g073970_001 0.00304 5 62.92 4.78 C 0.31

RDM Vf_Mt1g072640_001 0.000928 3 67.73 4.64 C 0.035

RDM Vf_Mt1g082210_001 0.0027 3 83.25 4.49 A 0.029

RDM Vf_Mt7g073970_001 0.00252 5 62.92 4.21 C 0.024
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Table 2). The resultant QQ plots for each trait are presented in

Figure 4.

Two SNPs (Vf_Mt1g072640_001 and Vf_Mt7g051360_001)

located on chromosomes 3 and 5, respectively, were found to be

significantly associated with RL. The phenotypic variation

explained (R2) was 7.34 and 6.75% for the SNP markers

Vf_Mt1g072640_001 and Vf_Mt7g051360_001, respectively.

The target allele (C) of Vf_Mt1g072640_001 and allele (A) of

Vf_Mt7g051360_001 had allele effects of 3.34 and 3.32,

respectively, on RL (Table 2).

Similarly, two SNPs (Vf_Mt4g091530_001 and

Vf_Mt5g009720_001) located on chromosomes 6 and 1,

respectively, were found to be significantly associated with

RFS. R2 was 5.81 and 4.89% for Vf_Mt4g091530_001 and

Vf_Mt5g009720_001 markers, respectively. The target allele

(A) of Vf_Mt4g091530_001 had a negative allele effect

of −0.78 on RFS, whereas the target allele (G) of

Vf_Mt5g009720_001 had an allele effect of −0.84 on RFS

(Table 2).

Vf_Mt1g072640_001 and Vf_Mt7g073970_001 were found

to be significantly associated with RFM. The phenotypic

variation explained R2 was 4.87 and 4.78% for

Vf_Mt1g072640_001 and Vf_Mt7g073970_001 markers,

respectively. The target allele (C) of Vf_Mt1g072640_001 and

allele (C) of Vf_Mt7g073970_001 had allele effects of 0.51 and

0.31 on RFM, respectively (Table 2).

Three SNPs (Vf_Mt1g072640_001, Vf_Mt1g082210_001, and

Vf_Mt7g073970_001) were found to be significantly associated

with RDM. R2 was 4.64, 4.49, and 4.21% for Vf_Mt1g072640_001,

Vf_Mt1g082210_001, and Vf_Mt7g073970_001, respectively. The

target alleles of these three markers had positive allele effects. The

target alleles of Vf_Mt1g072640_001 (C), Vf_Mt1g082210_001

(A), and Vf_Mt7g073970_001 (C) had allele effects of 0.035, 0.029,

and 0.024 on RDM, respectively (Table 2).

The linkage disequilibrium (LD; r2) between each SNP pair

located on the same chromosome was tested. No significant LD was

found between markers located on chromosome 3 or 6 (Figure 5).

Notably, two markers showed a kind of pleiotropy as each marker

was associated with more than one trait. The

Vf_Mt1g072640_001 marker was found to be significantly associated

withRL,RFM, andRDMwithpositive allele effects on all these traits, and

Vf_Mt7g073970_001 had a significant association with RDMand RFM.

Discussion

Genetic variation

The high genetic variation among genotypes in the GWBP

for all root traits is valuable for the improvement in frost

tolerance in winter faba beans. The genetic variation was very

useful for discriminating between the tolerant and susceptible

FIGURE 4
QQ plots resulted from the GWAS using the GLM model for each trait.
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genotypes in each trait. The high genetic variation among

genotypes for all traits was expected as the population was

derived from a natural cross of eight founder lines. This high

genetic variation makes the GWBP ideal for various studies. The

same population was used for studying frost tolerance on shoots

at the seedling stage (Sallam et al., 2015), winter hardiness

(Sallam et al., 2016a), drought tolerance (Ali et al., 2016), and

agronomic performance (Gasim and Link, 2007).

In this study, all plants of the two spring control lines died

during frost stress, indicating that the freezing temperature used in

this study was suitable to determine the true performance of each

genotype for each trait, that is, to distinguish the tolerant genotypes

from the susceptible ones. The 10most frost-tolerant genotypes for

each trait were determined. Only two genotypes, S_028 and S_220,

were found to be common among the 10 genotypes most tolerant

with respect to the four root traits. These two genotypes

experienced less injury from frost stress (low RFS score) and

showed the highest values of RL, RFM, and RDM. Moreover,

the two genotypes had been previously identified as frost-tolerant

genotypes for shoot traits and had high survival after frost (Sallam

et al., 2015). Notably, Sallam et al. (2016a) reported the same two

genotypes with high winter survival under natural freezing

temperatures in field conditions (high winter hardiness).

As yield is the ultimate goal of breeding programs and the

aboveground organs experience higher frost stress than roots also

because studying roots in the soil in field conditions is

challenging. Thus, most studies on frost resistance have

focused on the aboveground organs; however, roots play a

crucial role in plant growth and final productivity. Roots need

to stay biologically active for a longer time than the aboveground

organs to ensure sufficient water and mineral supply to avoid

reduction in plant growth and productivity (Ryyppö et al., 1998).

Belowground frost damages fine roots, which are important for

water and mineral uptake; regeneration of these damaged fine

roots would occur at the expense of the shoot (Gaul et al., 2008).

Root development was demonstrated to play a key role in the

survival and establishment of sorghum grown under chilling

conditions (Bekele et al., 2014). This observation is in agreement

with our findings as frost damage to fine roots, particularly in the

susceptible genotypes, results in plant death. Studying root traits

at the seedling stage may provide good and useful information on

the root characteristics of each genotype as roots can be easily

removed from the pot and scored.

RFS, an important trait related to frost tolerance in faba

beans, signifies the effect of frost on roots (Figure 1). In the

present study, many genotypes, including the spring genotypes,

showed withered black roots after the frost test. Similarly, a visual

screening scale for the aboveground organs has been successfully

used to select for frost tolerance in faba beans. The most tolerant

genotypes showed less injury, whereas the most susceptible

genotypes had withered black leaves and stems (Inci and

Toker, 2011). It has been reported that the roots of

susceptible genotypes did not die during the frost period but

rather were affected during the cold acclimation period

FIGURE 5
Distribution of QTLs associated with root traits detected by the GWAS and LD analysis (r2) between SNPs located on the same chromosome.
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(Ambroise et al., 2020). This trait was studied by Sallam et al.

(2015), but an analysis of other root traits such as RL, RFM, and

RDM under frost stress was reported for the first time in the

present study to the best of our knowledge. The high heritability

estimates for all traits were due to the non-significant

environment. Such high heritability estimates indicate that

selecting root traits to improve frost tolerance in a breeding

program is feasible and effective.

Phenotypic correlation

Highly significant phenotypic correlations were found

among all root traits under frost stress (Figures 3A, B). This

result indicates the possibility of improving these traits together

through a breeding program by selecting the best genotypes for

all four root traits. Similar results were reported in sorghum

under chilling conditions; root traits showed significant positive

correlations under both normal and chilling conditions (Bekele

et al., 2014). RFS was found to be negatively correlated with all

other root traits, indicating that the less the frost injury in roots,

the longer the roots (RL) and the higher the fresh and dry matter

yield (RFM and RDM; Figures 3A, B). Kreyling et al. (2012)

reported that freezing temperature causes severe damage to fine

roots, resulting in a significant decrease in root biomass (by 50%).

Similarly, a negative correlation was found between the total root

density and frost susceptibility (Laughlin et al., 2021). Moreover,

they found that plants with longer roots were found to tolerate

frost better than those with shorter roots (Laughlin et al., 2021).

These findings are consistent with our results as a high negative

correlation was found between RFS and RFM (r = −0.60pp). To

understand the interplay between root traits and aboveground

organ (shoot and leaf) traits that were scored earlier in the same

population by Sallam et al. (2015), a correlation analysis among

these traits was performed. LC + LT refers to the symptoms of

frost stress on the leaves of faba bean seedlings, whereas the FTI

comprises survival traits (regrowth after frost and tendency to

survive) scored after frost (Sallam et al., 2015). The highly

significant phenotypic correlation between shoot and root

traits highlighted the importance of healthy roots in frost

tolerance. The correlation of FTI with all root traits showed a

higher significance than LC + LT with all root traits, indicating

the role of roots in the survival mechanism after the frost test

(Figure 3B). However, shoots exhibited different physiological

aspects and stress responses than those exhibited by roots,

indicating two different frost hardening and resistance

mechanisms (Ryyppö et al., 1998). In the present study,

highly significant positive correlations were found between

shoot and root traits. Likewise, in sorghum, under chilling

conditions, root biomass and RL were positively correlated

with plant survival (Balota et al., 2010; Bekele et al., 2014).

Similarly, root weight has been used successfully as a selection

parameter for cold tolerance in Cyprus Vetch under field growth

conditions (Ratinam et al., 1994). Taken together, these findings

suggested that it is crucial for plants to have highly biologically

active roots for a longer time than any other organs (e.g., shoots)

as the roots are the main source of water and nutrient supply to

aboveground tissues.

Therefore, breeding for root frost tolerance at the seedling

stage is very important to produce cultivars with high frost

tolerance. It has been previously reported that there is a

significant correlation between frost tolerance at the seedling

stage and under field conditions (Sallam et al., 2016a; Sallam

et al., 2017). Because it is difficult to study the roots in field

conditions, studying the root traits at the seedling stage is a

suitable alternative to obtain information on the degree of frost

tolerance of each tested genotype.

Genome-wide association

Association mapping is regarded as a powerful approach for

identifying variations responsible for key features in various

crops (Pritchard and Przeworski, 2001; Reich et al., 2001).

The association mapping in GWBP was performed on various

genetic backgrounds of 189 SSD lines obtained from a natural

cross between 11 genotypes collected from different parts of

Europe (Sallam et al., 2015). A GWAS using the same number of

SNPs (189) has been performed on a subset of this population

(n = 182 genotypes) in earlier studies to identify alleles associated

with frost tolerance in faba bean shoots (Sallam and Martsch,

2015; Sallam et al., 2016b) and determine leaf fatty acid

composition under hardening conditions (Sallam et al.,

2016b), winter hardiness in field conditions (Sallam et al.,

2016a), drought tolerance at the seedling stage (Ali et al.,

2016), and Ascochyta fabae resistance (Faridi et al., 2021).

These studies indicate that this population has a wide genetic

variation, which allows breeders and geneticists to identify

markers associated with the target traits. However, in the

present study, the number of KASP markers was lower than

that in other GWAS studies in other crops because of the higher

complexity of the faba bean genome relative to that of other

legume crops and the lack of a faba bean reference genome. Thus,

genotyping by sequencing in faba beans remains a challenging

task. The KASP markers used in the present study may be the

best option for genetic studies to identify markers associated with

target traits in faba beans (Sallam and Ul-Allah, 2019). This set of

KASP markers was initially developed byWebb et al. (2016). The

GWBP is a highly diverse population ideal for the GWAS because

(1) it has no population structure, which causes spurious

association, and (2) it has an extremely low degree of LD

(Sallam et al., 2015). A long-range LD increases the number

of false associations in the marker–trait association analysis by

the GWAS (Alqudah et al., 2020).

As there is no population structure among genotypes in the

GWBP, a GLMmodel was the appropriate analysis approach that
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fits with association mapping (Alqudah et al., 2020). The results

of QQ plots resulting from the GWAS for each trait further

supported the efficiency of the GLM model in detecting the

marker–trait associations. Most of the observed and expected

p-values lie on the diagonal line except for the true significant

markers associated with the traits. The QQ plot analysis indicates

the efficiency of GWAS results (Alqudah et al., 2020).

In the present study, the association analysis revealed that

nine different significant markers were associated with RL,

RFS, RFM, and RDM (Table 2; Figure 5). In the same

population, 52 SNPs associated with frost tolerance in faba

bean shoots at the seedling stage were previously reported

(Sallam et al., 2015). Using a biparental winter faba bean

population (101 recombinant inbred lines) and a set of

113 KASP markers developed by Webb et al. (2016),

27 QTLs were found to be associated with frost tolerance-

related shoot traits at the seedling stage (Sallam et al., 2016b).

Thus, the present study reports novel SNPs associated with

root traits under frost stress. All SNPs detected in the two

aforementioned studies were located on chromosomes 1, 2, 3,

4, and 6 in the FBCM (Webb et al., 2016). Most of the SNPs

associated with frost tolerance in the shoots were located on

chromosome 1 (Sallam and Ul-Allah, 2019). In the present

study, the nine identified SNPs were located on chromosomes

1, 3, 5, and 6. Notably, two novel SNPs associated with root

traits were located on chromosome 5, which had not been

previously reported to be associated with shoot traits either in

the GWBP or the biparental populations.

Remarkably, when the same KSAP markers were used to

identify the markers associated with frost tolerance in the

shoots of two different populations, no marker was found to

be significantly associated with any of the shoot traits. This

finding indicates that the markers significantly associated

with root traits were entirely different from those

associated with shoot traits under frost stress. This also

supports the idea that the mechanism of frost resistance in

the leaves or shoots is different from that in the roots. This is

partially supported by the negative and significant

correlations between the leaf traits (LC + LT) and the root

traits (RL, RFM, and RDM; Figure 3B).

Notably, two markers were found to be associated with

more than one trait: Vf_Mt1g072640_001 associated with RL,

RFM, and RDM and Vf_Mt7g073970_001 associated with

RFM and RDM (Table 2; Figure 5). It is important to note

that these two markers had pleiotropic genetic effects (i.e., for

each marker, the same allele controls the variation in both

traits RFM and RDM simultaneously), and their alleles have

positive allele effects. It is highly likely that the alleles of these

two markers play a crucial role in frost tolerance by increasing

these advantageous traits. Another valuable marker is

Vf_Mt4g091530_001, which had a negative allele effect on

RFS, indicating that it increases frost tolerance by decreasing

RFS and should be validated in different genetic backgrounds

to be used for improving RFM and RDM because the allele

effects for both markers (Vf_Mt1g072640_001 and

Vf_Mt7g073970_001) were positive. Moreover, all markers

detected in this study had R2 < 0.10, which indicated that all

these QTLs had minor effects on frost tolerance. Non-

significant LD between marker pairs located on

chromosomes 3 and 5 indicates that these SNPs represent

individual QTL associated with root frost tolerance.

Notably, the two markers associated with RL, RFM, and

RDM could be considered very informative markers as they had

pleiotropic genetic effects (Table 2; Figure 5), and their

target alleles have positive allele effects on these traits.

Genome-wide association study was very useful to identify

alllele associated with root traits under frost stress. However,

more studies are need to understand the genetic control of frost

tolerance in faba bean. Moreover, genomic selection in fabe bean

should be utilized to improve target trait such as frost tolerance.

Genomic selection is the best approach for breeding target traits

after considering seed amount, cost, labor and time (Sandhu

et al., 2021).

Conclusion

This study elucidates the vital role of roots and their

association with frost tolerance in winter faba beans. Nine

novel SNPs and genomic regions controlling root traits

under frost stress were reported. The highly significant

correlations found between the FTI and root traits are

promising for the selection of truly frost-tolerant

genotypes. The two genotypes S_028 and S_220 are

candidate parent genotypes because both of them show

tolerance to frost stress at the level of shoots and roots at

the seedling stage and winter hardiness under field

conditions. Notably, both genotypes possess four alleles

out of the six frost tolerance-associated alleles. The two

markers Vf_Mt1g072640_001 and

Vf_Mt7g073970_001 are of high significance because they

show pleiotropic effects on RFM and RDM, and their alleles

have positive additive effects on both traits. Notably, the

allele C of the marker Vf_Mt1g072640_001 can be used to

select for improving RL, RFM, and RDM, and the allele A of

the marker Vf_Mt4g091530_001 decreases RFS. Thus,

employing these two genotypes and these markers may

help in developing or selecting faba bean cultivars with

high frost tolerance and high winter hardiness.
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Innovation in the Breeding of Common
Bean Through a Combined Approach
of in vitro Regeneration and Machine
Learning Algorithms
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Common bean is considered a recalcitrant crop for in vitro regeneration and needs a
repeatable and efficient in vitro regeneration protocol for its improvement through
biotechnological approaches. In this study, the establishment of efficient and
reproducible in vitro regeneration followed by predicting and optimizing through
machine learning (ML) models, such as artificial neural network algorithms, was
performed. Mature embryos of common bean were pretreated with 5, 10, and 20mg/
L benzylaminopurine (BAP) for 20 days followed by isolation of plumular apice for in vitro
regeneration and cultured on a post-treatment medium containing 0.25, 0.50, 1.0, and
1.50 mg/L BAP for 8 weeks. Plumular apice explants pretreated with 20mg/L BAP exerted
a negative impact and resulted in minimum shoot regeneration frequency and shoot count,
but produced longer shoots. All output variables (shoot regeneration frequency, shoot
counts, and shoot length) increased significantly with the enhancement of BAP
concentration in the post-treatment medium. Interaction of the pretreatment × post-
treatment medium revealed the need for a specific combination for inducing a high shoot
regeneration frequency. Higher shoot count and shoot length were achieved from the
interaction of 5 mg/L BAP × 1.00 mg/L BAP followed by 10 mg/L BAP × 1.50 mg/L BAP
and 20mg/L BAP × 1.50 mg/L BAP. The evaluation of data through ML models revealed
that R2 values ranged from 0.32 to 0.58 (regeneration), 0.01 to 0.22 (shoot counts), and
0.18 to 0.48 (shoot length). On the other hand, the mean squared error values ranged from
0.0596 to 0.0965 for shoot regeneration, 0.0327 to 0.0412 for shoot count, and 0.0258 to
0.0404 for shoot length from all ML models. Among the utilized models, the multilayer
perceptron model provided a better prediction and optimization for all output variables,
compared to other models. The achieved results can be employed for the prediction and
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optimization of plant tissue culture protocols used for biotechnological approaches in a
breeding program of common beans.

Keywords: machine learning algorithms, artificial neural network, in vitro regeneration, plumular apices, coefficient
of determination, mean squared error

INTRODUCTION

Grain legumes are an important pillar of the agricultural
system, are considered a vital source of high-quality protein
for food and fodder, and play a significant role in sustainable
cropping systems (Vanlauwe et al., 2019). Common bean
(Phaseolus vulgaris L.) is an important grain legume crop
and is mostly used worldwide for its pods and palatable
seeds (Nadeem et al., 2020a). Common bean contains good
concentrations of high-quality protein, minerals particularly
zinc and iron, vitamins, and antioxidants and is considered a
“grain of hope” for the impoverished community. Common
bean was originated in Mesoamerica (Bitocchi et al., 2012) and
its domestication in Andean and Mesoamerican regions
resulted in the formation of two unique gene pools: Andean
gene pool and Mesoamerican gene pool (Kami et al., 1995;
Mamidi et al., 2013; Asfaw et al., 2017; Blair et al., 2018; Campa
et al., 2018). Common bean is considered one of the most varied
legume crops by reflecting variations in its growth habit, plant
height, pods, maturity, seed weight and size (Yeken et al., 2019;
Nadeem et al., 2020b).

Climate change is becoming a serious threat to agriculture, and
various biotic (pathogens and insects) or abiotic (drought and
edaphic) factors are contributing significantly to the global
common bean production loss (Castillo et al., 2015). Keeping
these in view, scientists are trying to develop climate-resilient
common bean cultivars having improved agronomic and
nutritional traits. The mentioned target can be achieved by the
application of modern biotechnological techniques and for that
reason, optimization of the in vitro plant tissue culture technique
for whole plant regeneration is highly demanding. To date, a
reasonable number of in vitro regeneration protocols have been
established and documented. In vitro regeneration of common
bean is an arduous task due to its recalcitrant nature, genotype
dependence, lack of reproducibility, low shoot counts with
stunted growth, rooting, and acclimatization. Hence, there is
always a need to develop a new, efficient, and repeatable
protocol for the application of biotechnological techniques to
produce elite cultivars, especially for recalcitrant crops (Aasim
et al., 2013). To achieve the objective, selection of potent explants
with a high regeneration protocol is highly significant.
Considering this, a novel explant “plumular apices” and an
in vitro regeneration protocol of pretreatment of explants with
high benzylaminopurine (BAP) concentration was employed for
common bean. Pretreatment is the process of treating seeds or
explants with variable stimulants like cytokinins at low to high
doses for a certain period, followed by culturing the explants on a
post-treatment medium, supplemented with low plant growth
regulators (PGRs) or without any PGRs (Özkan and Aasim,
2019).

Conventional plant breeding methodologies include the
assessment and classification of genetic diversity, yield
component analysis, yield stability analysis, enhanced tolerance
to stresses, and hybrid breeding programs. On the other hand,
in vitro micropropagation, doubled haploid production, artificial
polyploidy induction and Agrobacterium-mediated gene
transformation techniques are considered in vitro-based
biotechnological breeding methodologies (Niazian and
Niedbala, 2020). In plant tissue culture studies, the impacts of
input (uni or multi) factors on the regeneration potential
(outputs) of desired plants are studied. In general, classical
statistical techniques have been employed for analyzing and
interpreting the output variables. These techniques are
generally based on variance analysis and linear regression
models for estimating the correlation between input
(independent) and output (dependent) variables. Although
these approaches are highly effective, lack of efficacy of
complex and nonlinear inputs (Hesami and Jones, 2021; Earl
et al., 2021) and high probability (Abbasi et al., 2016; Jamshidi
et al., 2016; Farhadi et al., 2020) are the major concerns in plant
tissue culture studies due to the sensitivity. These types of issues
can be overcome by modern high throughput technologies like
machine learning (ML) and artificial neural network (ANN)
models for testing and optimizing the output variables
concerning the input parameters. Although the application of
ML and ANN models in plant sciences specifically in the area of
plant tissue culture is in its early stages, it is successfully
documented for different aspects of plant tissue culture
ranging from in vitro sterilization to in vitro regeneration and
from in vitro callogenesis to secondary metabolite production
(Hesami et al., 2020a; García-Pérez et al., 2020; Hameg et al.,
2020; Hesami & Jones, 2020; Niazian and Niedbala, 2020; Pepe
et al., 2021; Salehi et al., 2021; Aasim et al., 2022). In these studies,
researchers employed different ML algorithms, and the selection
of specific ML models is generally based on the expertise and
target set in the study. These data-driven models are highly
efficient to parse and interpret different types of datasets (non-
normal, nonlinear, and nondeterministic unpredictable data) by
using all spectral data along with avoiding irrelevant spectral
bands and multicollinearity (Salehi et al., 2020). In this study, an
in vitro regeneration protocol of common bean was established
using novel plumular apice explants. The results regarding output
variables were analyzed and interpreted, and input variables were
predicted by response surface methodology (RSM). In addition,
the results for the output variables were validated using different
ML algorithms (support vector regression—SVR, Gaussian
process regression—GPR, XGBoost regression—XGBoost, and
random forest regression—RF) and an ANN-based multilayer
perceptron (MLP) regression model. The performance was
evaluated by tabulating the R2 and the mean squared error
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(MSE) metric values for each model (Hesami et al., 2019; Kirtis
et al., 2022). The results achieved in this study will open a new
window to evaluate the efficiency of the plant tissue culture
protocols that are predominantly developed for breeding
purposes.

MATERIALS AND METHODS

In vitro Regeneration
The commercial common bean cultivar “Karacaşehir-90” was
selected for this study as the plant material. Manually selected
uniform seeds were surface sterilized with 3.5% (w/v) NaOCl for
15 min. Thereafter, seeds were continuously rinsed with sterilized
dH2O water for 5–7 min and this process was repeated thrice to
remove the traces of NaOCl. Seeds (Figure 1A) were awaited for
24 h in dH2O, followed by isolation of mature embryos
(Figure 1B) under aseptic conditions. A two-step experiment
was designed for this research. At first, mature embryos isolated
from sterilized seeds were inoculated on MS (Murashige and
Skoog, 1962) media supplemented with 5, 10, and 20 mg/L BAP
(pretreatment medium) for 20 days. In the second step, plumular
apice explants (Figure 1C) were carefully isolated from pretreated
mature explants, followed by inoculation on MS media
supplemented with low BAP (0.25, 0.50, 1.00, and
1.50 mg L−1) concentrations (post-treatment medium). The
explants were cultured for 8 weeks on the post-treatment
medium. Four different concentrations (0.25, 0.50, 1.0, and
1.50 mg L−1) of indole-3-butyric acid (IBA) were used for
in vitro rooting. For acclimatization, rooted plantlets were
transferred to pots filled with vermiculite, wrapped in a
polyethylene bag, and placed in the growth room.

The basal media used for pretreatment, post-treatment, and
rooting were prepared by adding MS (4.4 g/L), commercial sugar
(30 g/L), and polyvinyl proline (25 mg L−1). The pH of all media
was adjusted to ~5.8 with the aid of 1N HCl or 1N NaOH. The

medium was gelled with agar (6.5 g/L) and autoclaved at 121°C
for 20 min. All experiments were carried out in the growth room
at 24 ± 2°C and 16-h light photoperiod, equipped with white light-
emitting diodes at approximately 2000 LUX. All chemicals used
in this study were procured from Duchefa (MS, BAP, IBA, and
agar) and Sigma-Aldrich (polyvinyl proline).

Response Surface Methodology
The RSM approach was used to model and optimize the selected
responses to changing variables and graphical representation of
the results. RSM generates continuous multivariable predictions
represented as quadratic surfaces, allowing the prediction of
optimal values in three-dimensional space. Pretreatment, post-
treatment, and their interactive effect values were used as input
variables. On the other hand, regeneration frequency (%), shoot
count, and shoot length (cm) were used for the response surface
calculations. The degree of predicted mathematical model
compliance to obtained values was expressed as R2 fit values.
All RSM data analyses, such as analysis of variance, regression,
and generation of quadratic polynomial surface equations,
graphics and optimal value predictions, were conducted using
Minitab v20.4 statistical software.

Modeling Procedures
In this study, interactions of pretreatment (5, 10, and 20 mg/L
BAP) × post-treatment BAP doses (0.25, 0.50, 1.0, and 1.50 mg/L)
were used as input variables, whereas, in vitro regeneration
frequency, shoot count, and shoot length were measured as
the output variables. ML algorithms of SVR (Hesami et al.,
2020b; Katirci and Takci, 2021), GPR (Hu et al., 2019),
XGBoost (Chen and Guestrin, 2016), RF (Aggarwal, 2018),
and MLP neural network (Silva et al., 2019) were utilized to
train and test the model. The performance of the model was
assessed using leave-one-out cross-validation (Sammut and
Webb, 2011). The hyperparameters of the ML models were
optimized using the grid search technique to find the best

FIGURE 1 | In vitro regeneration and rooting of common bean Cv. Karacaşehir 90 (A) sterilized seed with the intact embryo, (B) isolated embryo ready for
inoculating on the pretreatment medium, (C) pretreatedmature embryo used for isolating the plumular apice explant, (D)multiple shoot induction from the plumular apice
explant, and (E) acclimatized plant in a pot containing vermiculite.
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model. The open-source Python language (Van Rossum and
Drake, 1994) was used to code algorithms using the sklearn
library (Pedregosa et al., 2011). MLP, SVR, GP, XGBoost, and
RF algorithms were used to predict the outputs. The model
performance was evaluated by calculating R2 (coefficient of
determination) and MSE values (Hesami et al., 2019), which
are presented in Eqs. 1 and 2.

R2 � 1 − ∑n
i�1(Yi − Ŷi)

2

∑n
i�1(Yi − ~Y)

2 (1)

MSE � 1
n
∑
n

i�1
(Yi − Ŷi)

2
(2)

Yi represents the measured values, Ŷi indicates the predicted
values, ~Y denotes the mean of the measured values, and n is the
count of samples.

The dataset that is used in plant tissue culture studies may not
be linear; hence, nonlinear regression models are essential like the
SVR model (Drucker, 1997) as expressed in Eq. 3. In SVR, the
output y is a real number and it can be used for nonlinear
variables.

y � wφ(x) + b (3)
In the above equation, b depicts the bias, w represents the

weight, and the elevated features space is presented as φ(x),
which defines the nonlinearity of input x. In the SVR model, the
predicted variable is placed between the upper and lower limit
values to minimize the risk. In case the data exceeds these limits, it
is set between these values (Smola & Schölkopf, 2004). The
kernels of “linear”, “poly”, “radial basis function (rbf)”,
“sigmoid”, and “precomputed” are present in the SVR model.
Among these, the RBF kernel is the most widely used.

The GPR model is another nonparametric supervised learning
method that is used mainly to perform Bayesian nonlinear
regression and classification tasks. It is a powerful ML
algorithm that uses the Gaussian probability density function.
The GPR works efficiently with a small dataset, with more
accuracy, ease of calculation, and consistency.

The approach is presented in Eq. 4 for each input x and output
y produced by this function.

yi � f(xi) + ε (4)
Extreme gradient boosting (XGBoost) is a decision-tree-

based ensemble ML algorithm that uses a gradient boosting
framework that can be used for both regression and
classification problems (Chen and Guestrin, 2016). In ML,
ensemble learning algorithms combine multiple ML
algorithms to obtain a better model. The XGBoost model
generates the regression or classification trees by taking
previous trees and factoring in their predictions to create a
new tree to decrease prediction error. Eq. 5 indicates the
XGBoost objective function and Eq. 6 shows the model of
XGBoost at iteration j that needs to be minimized.

Yi � F(xi) � ∑
D

d�1fd(xi), fd ∈ F, i � 1, ..., n (5)

Lj � ∑
n

(i�1)l(yi, ŷ
(j−1)
i + fj(xi)) + Ω(fj) (6)

where l is a differentiable convex loss function that measures the
dissimilarity between the prediction ŷi and the target yi. The term
Ω penalizes the complexity of the model and it also helps to
smooth out the final learned weights to avoid overfitting.

The RF model is an alternative supervised ensemble learning
method based on the decision trees (Breiman, 2001), which can
also be implemented for regression and classification problems. It
is one of the most widely used ML models due to its simplicity in
design, high efficiency, less susceptibility to overfitting, handling
the noise, and ability to manage a large number of features. The
forest is generated by multiple decision trees and each tree
possesses the same distribution. The MSE metric is used to
solve the regression models. It determines the distance
between the nodes to define which branch is better for the
forest. The following Eq. 7 describes this concept (Pavlov
et al., 2019).

y � ∑
n

i�1(αi − αpi )k(x, xi) + b (7)
where y is the value of the data point and n is the number of
samples.

The MLP is the most well-known ANN model that consists of
more than one perceptron, which includes a nonlinear activation
function. MLP is a supervised learning method containing one or
more hidden layers. The training continues until the following
equation is minimized.

E � 1
K
∑

K

k�1(yk − ŷk)
2 (8)

where yk and ŷk are observed and predicted data points,
respectively.

Generating an MLP structure is the most important part that
significantly influences the performance of the model. It is a
prerequisite to defining the number of neurons in each layer and
the number of hidden layers during the construction of the
model. MLP is often applied to supervised learning problems.
The backpropagation method is implemented to tune the weights
and biases of the layers (Hesami et al., 2019).

RESULTS

In vitro Regeneration of Common Bean
Mature embryo explants exposed to 5, 10, and 20 mg L−1 BAP for
20 days resulted in enhanced embryo size of approximately
60–70% explants, which allowed to isolate plumular apice
explants easily under sterile conditions (Figure 1C).
Thereafter, explants were inoculated on a post-treatment
medium, which resulted in multiple shoot induction within
2–3 weeks along with callus induction from the basal end of
some explants. The explants were cultured in the growth room for
8 weeks to induce multiple shoots (Figure 1D). The analysis of
variance exhibited the variable response of input variables
(pretreatment, post-treatment, and pretreatment × post-
treatment) on in vitro regeneration of common bean. Results
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revealed the significant impact of pretreatment on the
regeneration frequency (p < 0.01) and shoot length (p < 0.05).
Results on post-treatment (p < 0.01) application of BAP and
combination of pretreatment × post-treatment × post-treatment
(p < 0.01) revealed a significant impact only on the shoot length.
On the other hand, shoot counts have remained insignificant to
all input variables (Table 1).

Results revealed that elevated pretreatment concentrations
negatively affected the regeneration frequency and shoot
counts, which ranged from 47.91 to 96.51% and 2.99 to
3.60, respectively. In contrast, the mean shoot length
increased with elevated pretreatment concentration and
ranged from 1.07 to 1.57 cm (Supplementary Table S1).
Results of post-treatment revealed a better regeneration
frequency at high BAP concentrations ranging from
66.67 to 72.22%. In a similar manner, shoot length also
exhibited an increase with a respective increase in BAP
concentration. On the other hand, the variable impact of
the post-treatment medium (BAP) was observed on shoot
counts that ranged from 3.06 to 3.92 (Supplementary Table
S1). The results on pretreatment × post-treatment exhibited
the negative impact of elevated BAP concentration
(pretreatment) on shoot regeneration frequency (%) that
ranged from 58.33 to 66.67% (10 m g/L BAP) and 41.67 to
58.33% (20 m g/L BAP). However, exposing explants to 5 mg/L
BAP resulted in up to 100% regeneration (Figure 2A). The
results on shoot counts and shoot length showed the variable
impact of pretreatment × post-treatment concentrations
(Figures 2B and C). Outcomes revealed that maximum

shoot counts were linked with pretreatment × post-
treatment concentrations. The maximum shoot counts were
obtained for 10 mg/L × 1.50 mg/L BAP (5.0 shoots), 5 mg/L ×
0.50 mg/L BAP (4.67 shoots), and 20 mg/L × 1.50 mg/L BAP
(3.33 shoots) (Figure 2B). A similar pattern was also observed
with the shoot length. The longest shoots were recorded as
1.15 cm (5 mg L−1 × 1.00 mg L−1), 1.40 cm (10 mg L−1 ×
1.50 mg L−1), and 1.79 cm (20 mg L−1 × 1.50 mg L−1)
(Supplementary Table S2). Results revealed that exposing
explants to a high BAP concentration (both pretreatment
and post-treatment) medium yielded relatively longer
shoots (Figure 2C) compared to other combinations. In this
study, contour plots were also constructed for a better
presentation and understanding of the data. In the contour
plots, the data were distributed into different subgroups,
emphasized with different colors. Contour plots help to find
out the best combination for the desired output value. Results
of contour plots revealed the optimization of <90%
regeneration frequency (Figure 3A), 4.0 shoots per explant
(Figure 3B), and 2.4 cm longer shoots (Figure 3C) and
presented the doses of the pretreatment and post-treatment
medium.

In vitro regenerated shoots inoculated on the rooting medium
yielded a relatively high rooting frequency. Although most of the
plants were rooted within the first 3–4 weeks, they were kept in
the rooting medium for a total of 6 weeks before shifting to pots
for acclimatization. The survival rate of rooted plantlets in pots
was relatively less than expected (Figure 1E). The results revealed
that the protocol can be used for in vitro regeneration of
common bean.

Response Surface Regression Models
The experiment design of the study was based on pretreatment
doses and post-treatment doses, followed by selecting the best
mathematical model. The regression equations (Eq. 9–11) for the
response variables [R2 (measured), R2 (Adj.), and R2 (pred.)] were
used and their respective values are presented in Table 2.

Regeneration frequency � 152.2 − 13.25 pre + 3.9 post

+ 0.375 preppre − 3.7 postppost

+ 0.67 preppost

(9)

TABLE 1 | Analysis of variance of output variables of common bean.

Treatment Output variables p-value

Pretreatment Regeneration (%) 0.000a

Shoot counts 0.234
Shoot length (cm) 0.013*

Post-treatment Regeneration (%) 0.421
Shoot counts 0.329
Shoot length (cm) 0.000a

Pretreatment × post-treatment Regeneration (%) 0.562
Shoot counts 0.682
Shoot length (cm) 0.021*

ap< 0.01 and *p< 0.05.

FIGURE 2 | 3D response surface plots of in vitro regeneration of common bean (A) regeneration, (B) shoot count, and (C) shoot length.
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Shoot Counts � 3.52 + 0.124 pre − 1.74 post

− 0.00737 preppre + 1.04 postppost

+ 0.0263 preppost (10)
Shoot Length � 1.511 − 0.117 pre − 0.50 post

+ 0.00372 preppre + 0.195 postppost

+ 0.0710 preppost (11)
The results of the regression model depicted more R2

(measured) compared to R2 (Adj.) and R2 (pred.) for all
tested output variables used in this study. The R2 values for
regeneration were recorded as 56.27 (R2 measured), 48.98 (R2

adj.), and 38.68 (R2 pred.). R2 for shoot length was recorded as
47.84 (R2 measured), 39.14 (R2 adj), and 24.34 (R2 pred.). The
results illustrated that the regression models efficiently
presented the data. In contrast, a low R2 (measured) value
of 13.74 with zero values for both R2 (adj) and R2 (pred.) was
attributed to the shoot counts. The comparatively low R2

values for shoot counts reflect that the regression model did
not find the association between input and output variables.
Overall results illustrated a better impact of pretreatment and
post-treatment systems on shoot regeneration and shoot
length as compared to shoot counts.

Response Prediction of Output Variables
The computations of predicted values for all output variables of
in vitro regeneration of common beans were also performed by
solving the reference equations (Eq. 7–9) to predict the impact of
input variables on output variables. Results indicated a variable
combination of pretreatment and post-treatment dose (BAP) for
inducing maximum output values. Moreover, results also showed
that a combination of 5 mg/L BAP × 0.995 mg/L BAP may yield
98.88% regeneration frequency (%) (Figure 4A). The maximum

predicted shoot count (4.142 shoots) was attributed to the
11.061 mg/L BAP × 1.50 mg/L BAP combination (Figure 4B).
However, the maximum predicted shoot length of 2.447 cm was

FIGURE 3 | Contour plots of in vitro regeneration of common bean (A) regeneration, (B) shoot count, and (C) shoot length.

TABLE 2 | Response surface regression models for in vitro regeneration of
common bean.

Output variables R2 R2 adj R2 pred

Regeneration (%) 56.27 48.98 38.68
Shoot counts 13.74 0.00 0.00
Shoot Length (cm) 47.84 39.14 24.34

FIGURE 4 | Response prediction of individual output variables on in vitro
regeneration of common bean (A) regeneration, (B) shoot count, and (C)
shoot length.
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attributed to the 20 mg/L BAP × 1.50 mg/L BAP combination
(Figure 4C). The predicted values by response prediction models
were close to the results attained in this study. The achieved
results can be confirmed by checking the contour plots for shoot
regeneration frequency (Figure 3A), shoot counts (Figure 3B),
and shoot length (Figure 3C).

In addition to response prediction of individual output variables,
the prediction response of multiple output variables was also
constructed to optimize the dose concentration by considering
two (reg × shoots and shoots × length) or considering all output
variables (reg × shoot counts × shoot length). Results revealed that
the combination of 5mg/L × 1.5 mg/L BAP can be used for reg ×
shoot counts × shoot length (Figure 5A) and regeneration × shoot
counts (Figure 5B). In contrast, 19.867 mg/L BAP × 1.5 mg/L BAP
combination was predicted for shoot counts × shoot length variables
(Figure 5C).

Machine Learning Algorithms
The R2 and MSE performance metrics were used to predict the
shoot count, shoot length, and regeneration (Table 3). Results
exhibited variable R2 values of all output variables for all models.
The MSE values indicate the error between the measured and
predicted values and varied with each model. Comparison
between the five models revealed the better performance of

MLP with high R2 values for all outputs as compared to other
models. However, the values differed for each output variable.
Results further illustrated the clear relationship between the R2

and the MSE values. In general, high R2 values with low MSE
values were recorded for all models. Results on shoot regeneration
revealed the order of MLP (0.58 R2; 0.0596 MSE) > GP (0.49 R2;
0.0724 MSE) > SVR (0.44 R2; 0.0802 MSE) > RF (0.44 R2;
0.0803 MSE) > XGBoost (0.32 R2; 0.0966 MSE). Results on
shoot counts were computed in order of MLP (0.22 R2;
0.0327 MSE) > SVR (0.11 R2; 0.0371 MSE) > RF (0.09 R2;
0.0380 MSE) > GP (0.06 R2; 0.0392 MSE) > XGBoost
(0.01 R2; 0.0412 MSE). The performance of models on shoot
count revealed the order of MLP (0.48 R2; 0.0258 MSE) > GP
(0.35 R2; 0.0318MSE) > RF (0.25 R2; 0.0367MSE) > SVR (0.23 R2;
0.0377MSE) >XGBoost (0.18 R2; 0.0404MSE). Figure 6 presents
the difference between the predicted and measured values. The
horizontal axis refers to the samples while the vertical axis
specifies the data collected from the models and the
experimental study. The compatibility of the experimental
results revealed the better performance of the MLP model for
shoot regeneration, shoot counts, and shoot length (Figure 6). On
the contrary, the XGBoost model exhibited the least compatibility
between actual and predicted values.

A data visualization method was used with colors to indicate
the relationship between two variables. In the heatmap, it was
detected that there is a strong correlation between BAP and shoot
length. The overall results displayed a negative correlation for
regeneration (−0.67) and shoot counts (−0.25) with BAP
(pretreatment) and a positive correlation between BAP
(pretreatment) and shoot length (0.34). Results on BAP (post-
treatment) revealed a positive correlation with all output
variables. On the other hand, a negative correlation between
regeneration and shoot length (−0.21) and a positive correlation
between regeneration and shoot counts (0.49) were also observed
(Figure 7). These results indicated the dependence of input
factors on output variables.

FIGURE 5 |Multiple response prediction of output variables on in vitro regeneration of common bean (A) regeneration × shoots × length, (B) regeneration × shoots,
and (C) shoots × length.

TABLE 3 | Validity of the models.

Shoot count Shoot length Regeneration

R2 MSE R2 MSE R2 MSE

MLP 0.22 0.0327 0.48 0.0258 0.58 0.0596
SVR 0.11 0.0371 0.23 0.0377 0.44 0.0803
GP 0.06 0.0392 0.35 0.0318 0.49 0.0724
XGB 0.01 0.0412 0.18 0.0404 0.32 0.0965
RF 0.09 0.0380 0.25 0.0367 0.44 0.0803
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DISCUSSION

The selection of proper explants is a prerequisite for establishing
an in vitro regeneration protocol, especially for recalcitrant plants
like edible legumes. The selection of nontraditional and novel
explants is one of the possible and potential solutions to overcome
the recalcitrant issue in plant tissue cultures (Wang et al., 2011).
Plumular apice are a potent and highly efficient explant due to the
presence of meristem. To date, researchers tested plumule or
plumular apice explant for in vitro shoot regeneration of different
edible legumes like pea (Molnár et al., 1999), chickpea (Aasim
et al., 2013), peanut (Singh and Hazra, 2009; Day and Aasim,
2017), cowpea (Aasim et al., 2009), pigeon pea (Surekha et al.,
2005), and lentils (Aasim, 2012). In all these studies, plumular
apices were proved to be efficient for inducing high regeneration
frequency with high shoot counts per explant. However, the
major problem associated with the use of this potent explant
is the isolation from the embryo without any damage due to its

smaller size. Pretreatment or pulse treatment of mature (Aasim
et al., 2009; Day and Aasim, 2017) or immature embryos (Aasim,
2012) with high cytokinin concentration significantly enhances
the embryo size which in turn allows isolation of plumular apice
explant properly without any damage (Özkan and Aasim, 2019).

Pretreatment of explants with a high dose of cytokinins or
auxins for a certain period is more effective to induce more shoots
and more rapid regeneration (Brar et al., 1999; Barpete et al.,
2014; Kumari et al., 2017; Özkan and Aasim, 2019) due to the
more active division of cells (meristematic cells) found in the
explants. However, stunted shoots, heavy callus induction, and
deformed shoots (vitrified or hyperhidric shoots) are some of the
common and negative features associated with the pretreatment
(Aasim et al., 2011a). The pretreatment and post-treatment
medium, treatment time, plant, and explants (Day and Aasim,
2017) are some of the factors that regulate the whole regeneration
process. The manipulation of triggers (inputs), epigenetic and
transcriptional cellular responses to the triggers, and molecules

FIGURE 6 | The relationship between the prediction and actual values for (A) regeneration, (B) shoot length, and (C) shoot count.

FIGURE 7 | Correlation matrix of inputs and outputs for common bean.
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stem cell niche (Sugimoto et al., 2019) lead to nondeterministic
and nonlinear developmental patterns in the plant’s cells and
tissues (Prasad and Gupta, 2008).

In vitro regeneration is the mainstay of in vitro-based breeding
methods, and optimization of input variables for the application
of modern biotechnological techniques is highly demanding in
the modern era of genome editing. The final output is generally
analyzed and interpreted by traditional statistical software
programs with the aid of tests like least significant difference
test, Duncan’s multiple range test, Tukey’s honestly significant
difference test, etc. (Ayuso et al., 2019). These models are not
sufficient for the exact prediction of input combinations for the
desired output variables. In recent years, modern computer-based
software and models have been documented for the exact
prediction and validation of the results. The prediction
methodologies are divided into three major groups: regression
equations, mathematical equations, and computer-based
software (Askari et al., 2021). Among these, computer-based
software models and simulation programs are gaining
popularity with high acceptability by researchers to predict
data with more accuracy (Kirtis et al., 2022).

RSM is a computer-based model, used for optimizing and
predicting output variables using more than two input variables
(Abbasi et al., 2016; Managamuri et al., 2019; Askari et al., 2021;
Slimani et al., 2021). The advantage of using contour plots is the
distribution of attained results into different subunits, which
enables to specify the input variables for the desired output
variable (Aasim et al., 2022). RSM predicted the optimal
pretreatment and post-treatment BAP concentrations for
inducing maximum shoot regeneration frequency, shoot
counts and shoot length by estimating the R2 (measured), R2

(Adj.), and R2 (pred.) values of output variables. Furthermore,
RSM successfully predicted the input variables by considering
individual or multiple output variables. The use of surface plots
and contour plots by RSM also clearly illustrated the impact of
pretreatment and post-treatment doses of BAP on in vitro
regeneration output variables of common bean. The use of
RSM in plant or agricultural sciences is limited. However,
RSM has been employed successfully for predicting the
optimal conditions for in vitro regeneration and secondary
metabolite production of different plants (Bansal et al., 2017;
Premkumar et al., 2020; Slimani et al., 2021).

Results on pretreatment dose revealed a negative impact on
shoot regeneration frequency and shoot count. Investigation of
previous studies on pretreatment with cytokinin discerned the
variable impact on shoot regeneration with both positive and
negative impacts depending on the genotype, cytokinin type, and
concentration. The study on peanuts revealed 100% shoot
regeneration with more shoot counts from plumular apices
preconditioned with 20 mg L−1 BAP as compared to 10 mg L−1

BAP (Day and Aasim, 2017). In a similar manner, other studies
on cowpea (Brar et al., 1999), Pongamia pinnata (Belide et al.,
2010), and Sophora tonkinensis (Jana et al., 2013) also illustrated
the positive impact of pretreatment with cytokinin on shoot
regeneration. On the other hand, relatively low regeneration
from preconditioned explants has also been documented in
peanuts (Akasaka et al., 2000; Matand et al., 2013). The results

revealed a decreased shoot count pattern with enhanced
pretreatment concentration of BAP. On the contrary, a high
concentration of pretreatment dose yielded longer shoots. Results
illustrated that shoot counts and shoot length are associated with
BAP concentration and other factors like genotype. A previous
study on lentils using preconditioned plumular apices explants
yielded relatively more shoot counts and shoot length compared
to nonconditioned plumular apices explants (Aasim, 2012).

A post-treatment medium enriched with low cytokinin
concentration is highly significant and regulates the in vitro
regeneration from pretreated explants. Results revealed high
shoot regeneration frequency, shoot counts, and shoot length
from pretreatment and post-treatment of BAP and confirmed the
results achieved in chickpea (Aasim et al., 2011b) and lentils
(Aasim, 2012). However, the investigation of previous studies
clearly illustrated the significance of the correlation between
PGRs type and concentration of both pretreatment and post-
treatment medium, explant, and genotype (Tang et al., 2012;
Kumari et al., 2017) on in vitro shoot regeneration. The results
confirmed the significance of BAP concentration in the
pretreatment and post-treatment medium on in vitro shoot
count and shoot length of common bean. However, both
parameters generated maximum output at a different
combination of pretreatment × post-treatment BAP
concentration. Previous studies on chickpea and lentils also
exhibited a different combination of pretreatment × post-
treatment BAP concentration. In chickpea, maximum shoot
counts with shorter shoots were associated with high BAP in
the post-treatment medium (Aasim et al., 2013). Vice versa,
minimum shoot counts with longer shoots of lentils were
documented from low BAP concentration in the post-
treatment medium (Aasim, 2012). Shoot length is another
important factor and maximum shoot length was documented
at the high pretreatment × post-treatment combination used in
this study. The results are contrary to the findings in peanuts,
where shoot length gradually decreased with elevated BAP
concentration in the post-treatment medium (Day and Aasim,
2017). Overall results revealed that pretreatment and post-
treatment doses of BAP exerted a clear impact on in vitro
shoot regeneration of common beans as confirmed in other
studies (Jahan et al., 2011; Özkan and Aasim, 2019).

In vitro rooting of in vitro regenerated shoot is an important
step to establishing a successful in vitro regeneration protocol for
recalcitrant plants. The availability of higher cytokinin
concentration in the culture medium is generally supposed to
be inhibitive for inducing in vitro rooting. Previous studies on the
use of pretreatment or post-treatment medium in other crops
revealed no negative impact on in vitro rooting (Aasim et al.,
2009; Day and Aasim, 2017; Özkan and Aasim, 2020), and this
study also support their findings and achieved 100% rooting.
After successful rooting, rooted plants transferred to pots failed to
adopt and a very low frequency of plants survived possibly due to
awaiting plants in the rooting medium for a long time, which
resulted in damaged roots and ultimately affected the survival
percentage.

In recent years, ML and ANN models have been successfully
employed in plant tissue culture studies for optimizing different
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input variables like a basal medium (Alanagh et al., 2014; Arab
et al., 2016; Arab et al., 2018), PGR types, concentration for
in vitro regeneration (Kirtis et al., 2022), somatic embryogenesis
(Niazian et al., 2017), callogenesis (Niazian et al., 2018), in vitro
sterilization (Hesami et al., 2019; Aasim et al., 2022), and in vitro
induced double haploid production (Niazian and Shariatpanahi,
2020). The detailed investigation of these studies revealed the use
of different performance metrics like R2, MSE, RMSE, MAE, etc.
to validate different ML and ANN models. In this study, five
different ML models including the ANN model were used for
optimizing and predicting the results. Results divulged the
variable response of all tested models to the target output
variable. The best model for all parameters was found to be
MLP. However, the RF model ranked second for shoot
regeneration and shoot count, and the GP model for shoot
length. The results confirmed the previous findings by
researchers in plant tissue culture studies. An investigation of
MLmodels revealed that the prediction of the model is dependent
on inputs, target outputs, and the type of model used (Hesami
et al., 2019; Salehi et al., 2020, 2021; Kirtis et al., 2022).

The performance of all the tested models was validated by
computing R2 andMSE scores. Relatively high R2 values for shoot
regeneration and low R2 values were recorded for the shoot
length. A detailed investigation of ML models in plant tissue
culture studies revealed the variable R2 values for different output
variables like R2 = 0.94 (Hesami et al., 2019), R2 = 0.56–0.85
(Salehi et al., 2020), and R2 = 0.70 (Hesami and Jones, 2021) and
0.98–1.0 (Kirtis et al., 2022). The R2 values obtained in this study
are relatively less than those of the previous findings but still
validated the results in an efficient way. A low R2 does not reflect
the poor performance of the experiment, but rather reflects the
low compatibility between input and output variables. High R2

values reflect the high compatibility between the input and output
variables, and they are obtained when the difference between the
mean of the measured values and the predicted values is bigger
than the difference between the actual and predicted values. The
single performance metric does not predict or validate the results
accurately, and therefore more than two performance metrics are
generally considered for ML modeling. MSE is another powerful
performance metric that reflects the error between the actual and
predicted values. High MSE values depict the high error and vice
versa. The results onMSE values for all output variables exhibited
very low values for all the tested models, which reflects the low
error between the actual and predicted values (Kirtis et al., 2022).

CONCLUSION

The development of a successful in vitro regeneration protocol
for the common bean is extremely crucial for the application of

modern biotechnological techniques for its improvement. The
developed protocol can be employed for the application of
in vitro biotechnological techniques like genetic
transformation and in vitro polyploidy induction for its
enhancement. Application of ML and ANN models depicted
better performance of the MLP model as compared to other
models for better prediction and optimization of all output
variables. The results achieved in this study proved that ML
models are powerful tools to analyze the data and optimize the
complex conditions irrespective of the variable inputs, outputs,
and responses of models. The accomplished results can be
effectively employed for the prediction and optimization of
plant tissue culture protocols used for breeding purposes in the
future.
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Incorporation of Soil-Derived
Covariates in Progeny Testing and
Line Selection to Enhance Genomic
Prediction Accuracy in Soybean
Breeding
Caio Canella Vieira1†, Reyna Persa2†, Pengyin Chen1 and Diego Jarquin2*

1Division of Plant Science and Technology, Fisher Delta Research, Extension and Education Center, University of Missouri,
Portageville, MO, United States, 2Agronomy Department, University of Florida, Gainesville, FL, United States

The availability of high-dimensional molecular markers has allowed plant breeding
programs to maximize their efficiency through the genomic prediction of a phenotype
of interest. Yield is a complex quantitative trait whose expression is sensitive to
environmental stimuli. In this research, we investigated the potential of incorporating
soil texture information and its interaction with molecular markers via covariance structures
for enhancing predictive ability across breeding scenarios. A total of 797 soybean lines
derived from 367 unique bi-parental populations were genotyped using the Illumina
BARCSoySNP6K and tested for yield during 5 years in Tiptonville silt loam, Sharkey
clay, and Malden fine sand environments. Four statistical models were considered,
including the GBLUP model (M1), the reaction norm model (M2) including the
interaction between molecular markers and the environment (G×E), an extended
version of M2 that also includes soil type (S), and the interaction between soil type and
molecular markers (G×S) (M3), and a parsimonious version of M3 which discards the G×E
term (M4). Four cross-validation scenarios simulating progeny testing and line selection of
tested–untested genotypes (TG, UG) in observed–unobserved environments [OE, UE]
were implemented (CV2 [TG, OE], CV1 [UG, OE], CV0 [TG, UE], and CV00 [UG, UE]).
Across environments, the addition of G×S interaction in M3 decreased the amount of
variability captured by the environment (−30.4%) and residual (−39.2%) terms as
compared to M1. Within environments, the G×S term in M3 reduced the variability
captured by the residual term by 60 and 30% when compared to M1 and M2,
respectively. M3 outperformed all the other models in CV2 (0.577), CV1 (0.480), and
CV0 (0.488). In addition to the Pearson correlation, other measures were considered to
assess predictive ability and these showed that the addition of soil texture seems to
structure/dissect the environmental term revealing its components that could enhance or
hinder the predictability of a model, especially in the most complex prediction scenario
(CV00). Hence, the availability of soil texture information before the growing season could
be used to optimize the efficiency of a breeding program by allowing the reconsideration of
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field experimental design, allocation of resources, reduction of preliminary trials, and
shortening of the breeding cycle.

Keywords: genomic prediction/selection, genotype × environment G×E interaction, soil covariates, genetic gain,
soybean breeding

INTRODUCTION

Soybean [Glycine max (L.) Merr.] represents the largest and most
concentrated segment of global agricultural trade (Gale et al.,
2019). It is the crop that delivers the highest amount of protein
per hectare and accounts for over 60% of total global oilseed
production (United States Department of Agriculture, 2022).
Worldwide, Brazil (37%, 139,000 MT), United States (32%,
120,700 MT), and Argentina (12%, 46,500 MT) account for
over 80% of the soybean production (United States
Department of Agriculture, 2022). Over the last two decades
(2001/2002 to 2021/2022), soybean production has nearly
doubled from 182,830 to 363,860 MT (United States
Department of Agriculture, 2002; United States Department of
Agriculture, 2022). The substantial increase in soybean
production can be attributed to advances in agronomical
practices (Specht et al., 1999; Mourtzinis et al., 2018), faster
implementation of novel technologies in farming operations
(Liu et al., 2008; Ainsworth et al., 2012; Vieira and Chen,
2021), and the development of improved soybean cultivars
(Salado-Navarro et al., 1993; Voldeng et al., 1997; Specht
et al., 1999; Specht and Williams, 2015; Vieira and Chen,
2021), of which the availability of high dimensional genomic
(Song et al., 2013, 2020) and phenomic data (Moreira et al., 2019,
2020; Parmley et al., 2019; Zhou et al., 2022), as well as the
integration of environmental covariates (ECs) through predictive
analytics, have contributed to accelerated genetic gains (Jarquin
et al., 2014a; Jarquin et al., 2014b; Persa et al., 2020;Widener et al.,
2021).

Marker-assisted selection (MAS) has greatly contributed to the
improvement and selection of soybean traits regulated by major
effect genes, including biotic (Pham et al., 2013; Shi et al., 2015)
and abiotic tolerance (Pathan et al., 2007; Wu et al., 2020), as well
as seed composition–related traits (Pham et al., 2010; Patil et al.,
2017). On the other hand, yield is a highly complex quantitative
trait regulated by many genes with small effects, thus limited
success has been reported in applying MAS (Concibido et al.,
2003; Jarquin et al., 2014a). Bernardo (1994) was the first one who
proposed the use of genomic variants (RLFPs) for predicting trait
performance for selecting genotypes (genomic selection, GS),
back then, the number of these covariates was limited/reduced.
Later, Meuwissen et al. (2001) proposed a new methodology to
deal with the curse of the dimensionality problem (n < p; n is the
number of data points available for model fitting and p is the
number of genomic variants) and it is considered a landmark in
genomic research. The concept of GS revolves around using the
information of all molecular markers—large and small effects—to
develop prediction models for the phenotype of interest. The
major advantage of GS relies on the ability to predict the yield of
genotypes to allow the identification and selection of the most

promising individuals earlier in the breeding pipeline, which not
only reduce costs, time, and space but enhance the genetic gain by
reducing the length of the breeding cycle, increasing selection
intensity, as well as allowing the breeders to have a clear
knowledge of the genetics of the materials early in the pipeline
(Jarquin et al., 2014b; Crossa et al., 2017; Vieira and Chen, 2021;
Wartha and Lorenz, 2021).

In soybean, the first application of GS was reported by
Jarquin et al. (2014a). By using a standard G-BLUP model
including only additive effects and an extended version of
the G-BLUP model including additive-by-additive effects, a
prediction accuracy of 0.64 for grain yield and roughly 41%
of the phenotypic variance explained by the genotypic
component were reported using 301 lines of the University of
Nebraska soybean breeding program. Usually, different
response patterns in a set of genotypes are observed when
these are tested under different environmental conditions
complicating the selection of the most promising candidates
(Crossa et al., 2004). The presence of these changes in the
response pattern of the ranking of the genotypes is also
known as the genotype-by-environment interaction effect. To
allow the consideration of this interaction effect in prediction
models using weather data, Jarquin et al. (2014b) proposed a
reaction norm model that allows the incorporation of the main
and interaction effects of both high-dimensional molecular
markers and EC through covariance structures using data
from wheat cultivars tested in 340 environments. In the
cross-validation scenario that considers the prediction of the
performance of genotypes that have never been evaluated in
field trials (CV1), in comparison with the conventional main
effect genomic selection model, the reaction norm model
enhanced prediction accuracy by 35%, whereas in the cross-
validation scenario where all genotypes had at least one field
evaluation available (CV2), a 17% increase in predictive ability
was observed (Jarquin et al., 2014b). Using the soybean nested
association panel (SoyNAM), Xavier et al. (2016) investigated
the impacts of training population size, genotyping density, and
14 prediction models on the accuracy of genomic prediction.
These authors showed that the training population size was the
most impactful factor in the accuracy improvement. Ma et al.
(2016) used ridge regression best linear unbiased prediction
(rrBLUP) (Endelman, 2011) with fivefold cross-validation to
explore strategies of marker preselection. The prediction
accuracy based on markers selected with a haplotype block
analysis–based approach increased by approximately 4%
compared with random or equidistant marker sampling.
Stewart-Brown et al. (2019) investigated the effects of two
relatedness strategies among genotypes in overall prediction
accuracies and found both methods returned similar accuracies.
The first method was based on each bi-parental population and

Frontiers in Genetics | www.frontiersin.org September 2022 | Volume 13 | Article 9058242

Canella Vieira et al. Soil-Covariates Enhancing GS in Soybeans

332333

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


utilized a training set of full-sibs of the validation set. The
second method utilized a training set of all remaining breeding
lines except for full-sibs of the validation set to predict across
populations. Persa et al. (2020) expanded the reaction norm
model proposed by Jarquin et al. (2014b) by incorporating the
interaction between genotypes’ families and the environment
under the premise that the differential responses of families to
environmental stimuli could be used for enhancing the selection
process in target environments. The most comprehensive model
improved the predictive ability by 41% (CV1) and 49% (CV2)
compared to the standard GBLUP, and roughly 17% as
compared to the conventional reaction norm model. Widener
et al. (2021) included three EC (mean minimum daily
temperature, mean maximum daily temperature, and mean
daily precipitation) interactions with molecular markers into
the reaction norm model and no substantial increase in
prediction accuracy was observed and resulted in more often
negative predictions although these authors were only interested
in assessing strategies to selecting sets of environments
for model training. These authors found that in predicting
the most dissimilar environment (based on phenotypes
and environmental covariates) a reduced set of environments
is adequate to optimize predictive ability while for the
most similar environment, as the number of environments in
the training set increased the predictive ability was
improved too.

The covariance structure proposed in the reaction norm
allows the borrowing of information between genotypes
based on environmental and genomic similarities. For
instance, in Jarquin et al. (2014b), the covariance matrices
describing the similarities between environmental conditions
and genetic information permit the borrowing of information
between environments and molecular markers, respectively.
The cross-validation scenario where untested genotypes are
being predicted in untested environments (CV00) is often the
challenge faced in the early stages of a breeding pipeline also
known as the progeny stage. In this situation, the environmental
conditions in upcoming growing seasons are often
unpredictable and distinct from what was used in the
model’s training dataset limiting the main advantage of the
approach based on conventional covariance structures only.
Soil-related information such as soil texture is generally
constant across years and readily available before the
growing season. Consequently, leveraging the information of
soil texture as the main effect as well as its interaction with
molecular markers could potentially increase predictive ability,
particularly in scenarios considering untested genotypes in
untested environments. Therefore, the objective of this study
was to investigate the potential of including soil-derived
covariates in the reaction norm model to enhance the
predictive ability under common plant breeding scenarios,
including the prediction of untested genotypes in untested
environments (progeny testing) as well as multiple
combinations of tested genotypes in tested and untested
environment simulating line selection. A set of 797 advanced
soybean breeding lines derived from unique 367 bi-parental
populations was used in this study. Lines were evaluated for

grain yield between 2017 and 2021 and genotyped using the
Illumina Infinium BARCSoySNP6K BeadChip.

MATERIALS AND METHODS

Plant Materials and Field Trials
A set of 797 advanced soybean breeding lines derived from 367
unique bi-parental populations developed by the University of
Missouri–Fisher Delta Research, Extension, and Education
Center (MU-FDREEC), soybean breeding program was used
in this study. The lines comprised 5 years (2017–2021) of
internal advanced yield trials at the MU-FDREEC. Five seeds
of each line were germinated in paper pouches for 3–4 days at
room temperature and seedlings were transplanted into
micropots filled with sterilized sandy loam soil. Genomic DNA
was extracted from lyophilized young trifoliate leaf tissue (V3)
(Fehr et al., 1971) using the Qiagen DNeasy Plant 96 kit
(QIAGEN, Valencia, CA, United States) and respective
protocol. DNA concentration was quantified using a
spectrophotometer (NanoDrop Technologies Inc., Centerville,
DE, United States) and normalized at 50 ng/μl. DNA samples
were genotyped in the USDA-ARS Soybean Genomics and
Improvement Laboratory using the Illumina Infinium
BARCSoySNP6K BeadChip (Song et al., 2020). The single
nucleotide polymorphism (SNP) alleles were called using the
Illumina Genome Studio Genotyping Module (Illumina, Inc., San
Diego, CA, United States).

Field trials were conducted for 5 years (2017–2021) at the Lee
Farm in Portageville, MO (36°23′44.2″N latitude and
89°36′52.3″W longitude) and the Rhodes Farm in Clarkton,
MO (36°29′14.8″N latitude and 89°57′39.0″W longitude) using
a three-replicate randomized complete block design. At the Lee
Farm, trials were conducted each year in four environments
consisting of two Tiptonville silt loam and two Sharkey clays.
Tiptonville silt loam consists of very deep, nearly level,
moderately well-drained soils formed in silty alluvium
(United States Department of Agriculture, 2018a), whereas
Sharkey clay is very deep, poorly drained, and very slowly
permeable in soils that is formed in clayey alluvium
(United States Department of Agriculture, 2013). At the
Rhodes farm, trials were conducted in one Malden fine sand
environment each year. This consists of very deep, excessively
drained soils formed in sandy alluvium (United States
Department of Agriculture, 2018b). Each plot consisted of four
rows 3.66 m long spaced 0.76 m apart. The two center rows of
each plot were harvested with a plot combined for seed yield
adjusted to 13% seed moisture.

Statistical Models
For assessing the effects of the soil type–derived covariates and
their interactions with environmental factors in genomic
prediction, four models were considered.

M1: E+L+G
This model allows the inclusion of the main effect of the
molecular markers via covariance structures. Suppose that the
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genomic effect gi of the ith line can be characterized by a linear
combination between p molecular markers xm (m � 1, 2, . . . , p)
and their corresponding effects bm such that gi � ∑p

m�1xmbm,
with bm ~ N(0, σ2b). If we include all the genomic effects into a
single vector, we have g � Xb. From results of the multivariate
normal density, the vector of genomic effects g �
{gi} ~ N(0,Gσ2g) with G � XX′

p , and σ2g � pσ2b as the
corresponding variance component. In this way, the linear
predictor becomes.

yij � μ + Ej + Li + gi + εij (1)
where the yield response yij of the ith genotype observed at the jth
environment can be modeled as the sum of a mean effect µ
common to all genotypes across environments, a random effect of
the ith line Li following an independent and identically
distributed (IID) normal density centered on zero and
variance σ2L such that Li ~ N(0, σ2L), a random environmental
effect of the jth environment Ej following IID normal densities
centered on zero and variance σ2E such that Ej ~ N(0, σ2E), and a
random effect ϵij addressing the unexplained variability by these
model terms such that ϵij ~ N(0, σ2ϵ).

M2: E+L+G+G×E
To consider the effect of the environmental stimuli on the
genomic responses, Jarquin et al. (2014b) proposed the
reaction norm model. Briefly, this model indirectly allows the
inclusion of the interaction between each molecular marker and
each environment or environmental covariate in prediction
models via covariance structures. Consider gEij as the random
effect explaining the genomic interaction between the ith
genotype and the jth environment such that the vector of
interaction effects gE � {gEij} ~ N(0,ZEZ′

E#ZLGZ′
Lσ

2
gE), where

ZL and ZE are the incidence matrices that connect phenotypes
with genotypes and environments, respectively, σ2gE is the
corresponding variance component, and “#” represents the
Hamadard product (cell-by-cell product) between two matrices
of the same dimensions. Adding this model term to M1 results in
the following linear predictor:

yij � μ + Ej + Li + gi + gEij + εij (2)
This model has shown significant improvements in predictive

ability compared with the conventional GS model (M1) when
predicting the yield of genotypes in already observed
environments. However, in more challenging scenarios like
those where no phenotypic records from the target
environment are available for any genotype, the advantage
becomes less pronounced likely due to the environmental
stimuli not being properly accounted for. Also, predicting
future environments poses an extra challenge since it is not
feasible to forecast the expected weather conditions in a
precise manner limiting the usefulness of M2 in these cases.

M3: E+L+S+G+G×E+G×S
An important component of the environmental stimuli that
genotypes are exposed to is the multiple soil conditions, of
which soil structures are factors that can be easily obtained in

advance during the planning stage of the experiments. The
current model attempts to leverage the information on the soil
structure in the prediction context. Consider Sk as the random
effect that represents the soil type where the soybean cultivars
were planted (k = 1, 2,. . ., K). Furthermore, if we assume these
effects as IID outcomes from a normal distribution centered on
zero and with a common variance σ2S we have Sk ~ N(0, σ2S ). This
model term allows the inclusion of the main effect of the soil type
in the prediction model. In principle, it is assumed that the effect
of soil type is the same for all genotypes planted in a given
experiment. Thus, this model term will not help to improve the
predictive ability because their effects are common to all
genotypes within the same experiment. For this reason, we
also considered the interaction between the molecular markers
and the soil type to permitting specific responses within
environments also allows the borrowing of information
between genotypes planted at different soil types. For this, we
used the same principles as in M2 such that gSik represents the
interaction effect of the ith genotyped at the kth soil type. If we
include these interaction effects in a vector we have
gS � {gSik} ~ N(0,ZLGZ′

L#ZSZ′
Sσ

2
gS), where ZS is the incidence

matrix that connects phenotypes with the soil type where the
genotypes are observed, and σ2gS represents the associated
variance component. Combining this model term with M3, we
have the resulting linear predictor.

yij � μ + Ej + Sk + Li + gi + gEij + gSik + εij (3)
where all of the remaining terms remain as previously defined.

M4: E+L+S+G+G×S
Finally, a fourth model (M4) results from dropping the G×E term
from M3. It is an attempt to have an intermediate
implementation between models M2 and M3. The resulting
model is as follows:

yij � μ + Ej + Sk + Li + gi + gSik + εij (4)
where all of the remaining terms remain as previously defined.

Cross-Validation Schemes
In this study, four cross-validation schemes that simulate realistic
prediction scenarios of interest for breeders for screening,
selecting, and advancing genotypes through the breeding
pipeline were implemented. The goal of considering these four
prediction scenarios is to evaluate if in any of these the integration
of soil-derived covariates accomplishes significant improvements
in predictive ability. Persa et al. (2020) provide a comprehensive
review of these four cross-validation scenarios and an extension
to balancing the sample sizes in training and testing sets across
cross-validation schemes.

The first prediction scenario is called CV2 (tested genotypes in
observed environments), and it refers to the problem of predicting
already tested genotypes in already observed environments. The
main purpose of this scheme is to assess the predictability of partial
field trials. Few genotypes have already been observed in some
environments but not in others and the interest is to predict their
performance in those environments where these genotypes were not
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observed. In this study, a fivefold cross-validation was considered
such that around 20% of the phenotypic values were assigned to the
testing set and the remaining 80% (or four folds) to the training set
which is used for model calibration. The model evaluation was
conducted by predicting each fold (one at a time) using the
remaining four folds for calibration, and this procedure was
repeated until all the five folds were completed. This previous
procedure was repeated 10 times.

The second prediction scenario is CV1 (untested genotypes in
observed environments), and it refers to the problem of
predicting untested genotypes in already observed
environments where other genotypes were already tested. This
prediction scenario mimics the problem of predicting (novel or
newly developed) genotypes that were not observed in any of the
environments; however, in these environments there is available
phenotypic information for other genotypes. Even though the
phenotypic information for these target genotypes of interest is
not available, it is possible to borrow information from other
genotypes via genomic data to allow the prediction of the
unobserved genotypes. Also, a fivefold cross-validation was
considered. In this CV, genotypes were assigned to folds
instead of phenotypes such that all phenotypic records from
the same genotype are encountered in the same fold. Under this
scenario, around 20% of the genotypes were used as validation or
testing set and the rest (~80% of the genotypes) were considered
for the model’s calibration. Similarly, to CV2, each fold was
predicted (one at a time) using the remaining four folds and this
procedure was repeated 10 times.

The CV0 (tested genotypes in unobserved environments)
cross-validation scheme considers the scenario of predicting
the performance of already observed genotypes in other
environments and the interest is to predict their performance
in an unobserved/novel environment. Under this scheme, the
genotypes’ mean performance is predicted in a hypothetical
unobserved environment. The training set includes phenotypic
records from all the genotypes in these already observed
environments. The validation is conducted by predicting the
performance of all the lines in one unobserved environment
(one at a time) using the information of the remaining
environments (training set). These steps are repeated for every
environment.

CV00 (untested genotypes in unobserved environments) is
perhaps the most interesting cross-validation scenario for
breeders but also it is the most challenging. It considers the
prediction of novel genotypes that have not been tested in any
environment yet, and breeders are interested in their performance
in an unobserved/novel environment. The strategy for estimating
untested genotypes in new environments consists of removing all
the phenotypic information from the target environment as well
as all the phenotypic information from the training set but
corresponding to only to those genotypes in the testing set
(unobserved environment).

Model Assessment
The predictive ability of the different models for the
different cross-validation schemes was calculated as the

within-environment correlation between the predicted and
observed values. These correlations provide an assessment of
the model’s predictive ability at the environment level which may
vary substantially across environments due to a large number of
unaccounted environmental conditions and sample sizes of the
environments.

A general assessment across environments predictability is
obtained by computing the weighted average correlation to
account for uncertainty and the sample size of the
environments as proposed by Tiezzi et al. (2017).

rw �
∑J

j�1
rj

V(rj)
∑J

j�1
1

V(rj)
where V(rj) � 1−r2j

nj−2, rj represents the Pearson correlation
between predicted and observed records at the jth(w �
1, . . . , 50) environment; V(rj) and nj corresponds to the
sampling variance and number observations, respectively.

Variance Components
In general, the addition of model terms would result in a change
in the predictive ability. To assess the importance/contribution of
these terms, a full data analysis (i.e., non-missing values) was
conducted to compute the variance components and examine the
relative contribution of the different model components for each
model. For this, the proportion of explained variability from each
model term z is calculated as the ratio of the associated variance
component to the sum of all t variance components (z = 1, 2,..,t)
in the model multiplied by 100

⎛⎝ σ2
z

∑t
z�1σ2z

× 100⎞⎠

RESULTS

Variance Components
The relative amount of phenotypic variability (percentage)
explained by the different model terms (across and within
environments) for the four models (M1–M4) is provided in
Table 1. Across environments, in M1; the environment
component (E) captured the largest amount of phenotypic
variability (65.7%) while the lines (L) and the main effect of
the markers (G) explained 1.2 and 7.3% respectively, and the
remaining non-explained variability addressed by the error term
(R) was 25.8%. The addition of model terms significantly reduced
the amount of variability captured by the E and R terms. Under
the most complex model (M3), the corresponding values were
reduced by 30.4% (45.7%) and 39.2% (15.7%), respectively.
Concerning the percentage of within environment variability
(after discarding the E term), the residual term R captured
75.2% with M1 while with M3, it was reduced by almost
threefold to 28.9%. The interaction between molecular markers
and environments (G×E) and between molecular markers and
soil type (G×S) explained 20 and 17.5% of the phenotypic
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variability, respectively. These results highlight the importance of
considering the interaction between molecular markers and
environmental descriptors (environments and soil type) with
the potential for improving predictive ability.

Predictive Ability
A very quick assessment of the ability of the different models for
performing predictions can be achieved by revising the within
environment mean average correlation between predicted and
observed values. Table 2 displays the mean average correlations
for the four cross-validation schemes (CV2, CV1, CV0, and
CV00) and to the four prediction models (M1–M4), and the
results of the best model are highlighted in boldface by columns.
Under the incomplete field trial scenario (CV2), the best model
was M3 (0.577) which improved the conventional genomic
selection model (M1) by 25.1% and was approximately 4%
superior to the reaction norm model including G×E (M2). For
the scenario of predicting newly developed lines in observed
environments (CV1), models M2 and M3 performed similarly
(~0.48), outperforming M1 by 34%. When predicting the yield of
already tested genotypes in novel environments (CV0), the
inclusion of G×E and G×S did not provide substantial
improvement in overall accuracy as observed in the other
cross-validation scenarios. In this case, the best model was M3
(0.488) which slightly outperformed M1 (0.461), M2 (0.459), and
M4 (0.484). Thus, an improvement of 6% in the predictive ability
was observed in M3 as compared to M1. In the most challenging

and interesting prediction scenario consisting of predicting new
genotypes in novel environments (CV00), the main effect model
M1 returned the highest average correlation (0.240), followed by
M4 (0.231), M3 (0.227), and M2 (0.192). In general, when
considering only the mean average correlation as the unique
criteria for selecting the best prediction model, M3 outperformed
the other models in CV2, CV1, and CV0, while under CV00 the
conventional main effect model M1 yielded the highest predictive
accuracy.

Within Environment Predictive Ability as a
Function of the Sample Size
Supplementary Figures S1, S2 in the Supplemental Section
display the within-environment average correlation (y-axis)
between predicted and observed values (10 replicates of
fivefold cross-validation) as a function of the sample size of
the environments (x-axis) under CV2 and CV1 prediction
scenarios for the four models (M1–M4). For CV0 and CV00,
since these do not involve a randomization process because each
environment is left out at a time, the correlation between
predicted and observed values are computed only once within
environments and their corresponding results are displayed in
Supplementary Figures S3, S4, respectively. For the four cross-
validation schemes, the correlations for each model-environment
are provided in Supplemental Section in Supplementary Tables
S1–S4.

Under the CV2 scenario, in Supplementary Figure S1
(Supplementary Table S1); we observed that as the number of
genotypes in the target environment increased the mean average
correlation also increased. Negative correlations were observed
with the M1 (panel A) model in 11 of the 50 environments, while
these negative values were observed with the M2, M3, and M4
models in only six, four, and four environments, respectively. For
the CV1 scenario, a similar trend to the previous prediction
scheme was observed. The main effect model M1 returned
negative values in eight environments, M2 returned negative
values in only five environments, M3 returned the lowest
number of environments with adverse outcomes (3), and the
intermediate model M4 resulted in five environments with
negative correlations (Supplementary Figure S2 and
Supplementary Table S2). In the CV0 scheme, the model M1
returned nine out of the 50 environments with negative
correlations while with M2 10 out of the 50 environments
resulted in negative correlations (Supplementary Figure S3

TABLE 1 | Percentage of phenotypic variability explained by the different model components across and within environments for the four models (M1–M4).

Model % Of across environment variability % Of within environment variability

Ea L S G G×E G×S R L S G G×E G×S R

M1: E+L+G 65.7 1.2 7.3 25.8 3.6 21.3 75.2
M2: E+L+G+G×E 65.7 1.6 6.0 12.7 14.0 4.5 17.5 37.1 40.9
M3: E+L+S+G+G×E+G×S 45.7 2.2 12.5 3.5 10.9 9.5 15.7 4.0 23.1 6.5 20.0 17.5 28.9
M4: E+L+S+G+G×S 64.0 1.5 0.0 4.2 9.5 20.8 4.2 11.6 26.4 57.8

aThe letters E, L, S, and G denote the mean effects of environments, genotypes, soil type, and molecular markers, respectively, whereas G×E and G×S reflect the interaction of each
molecular marker with environments and soil type, respectively. The residual variance is denoted by R.

TABLE 2 | Weighted mean average correlation across environments for four
cross-validation schemes and four models.

Modela CV2b CV1 CV0 CV00

M1: E+L+G 0.461 0.359 0.461 0.240c

M2: E+L+G+G×E 0.558 0.480 0.459 0.192
M3: E+L+S+G+G×E+G×S 0.577 0.480 0.488 0.227
M4: E+L+S+G+G×S 0.515 0.405 0.484 0.231

aE, L, S, and G constitute the main effect of the environments, genotypes, soil type, and
molecular markers; and G×E and G×S evoke the interaction between each molecular
marker with environments and soil type, respectively.
bCV2 considers the case of predicting incomplete field trials (i.e., some genotypes tested
in some environments but not others), whereas CV1 assessed the accuracy of predicting
newly developed genotypes. CV0 represents plant performance in novel environments of
previously studied genotypes. CV00 assesses new genotypes in novel environments. For
CV2 and CV1, 10 replicates of fivefold cross-validation were considered while for CV0
and CV00 the leave one environment out scheme was implemented.
cBolded numbers indicate the best model performance for each cross-validation
scheme.
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and Supplementary Table S3). The interaction models that
consider the soil type (M3 and M4) resulted in only five
environments with negative results. Regarding the most
complex prediction scenario CV00, the main effect model M1
returned negative results in nine out of the 50 environments, M2
resulted in 10 environments with adverse outcomes while M3 and
M4 returned only six and five environments with negative
correlations, respectively (Supplementary Figure S4 and
Supplementary Table S4).

Predictive Ability of Genotypes in
Environments
Another way to assess model predictive ability was introduced by
Jarquin et al. (2014b). These authors superimposed a grid on the
scatter plot between predicted and observed values with the grid's
vertical and horizontal lines represent the empirical percentiles
(20, 50, and 80%) of the predicted and observed values,
respectively. Also, within each rectangle of the grid, the
proportion of genotypes at each category in the y-axis
(observed values) conditional on the groups/categories defined
by the x-axis (predicted values) is displayed. Supplementary
Figures S5–S8 in Supplemental Section contain the
corresponding conditional plots for the four cross-validations
and the four models.

For CV2, among the top 20% (i.e., to the right from the
vertical line in the 80% mark on the x-axis) of the predicted
genotypes in environments with model M1 (top right panel A),
68% of these showed an observed performance among the top
20% (i.e., above the 80% of the horizontal line in the y-axis)
phenotypes in fields (Supplementary Figure S5). On the other
hand, out of the bottom 20% (i.e., to the left from the vertical
line in the 20% mark on the x-axis) of the genotypes predicted
to have the lowest performance in fields, 71% were among the
observed genotypes with the poorest performance. In addition,
a linear regression between the predicted and observed values
was performed, as well the mean squared error (MSE) and the
weighted average correlation across environments (Cor) were
added to the plot. An R-square (R2) of 0.66 resulted from
regressing the observed values on the predicted values, MSE =
94.1 and a Cor = 0.461.

Using the M2 model, 71% of the genotypes projected to have
superior performance in fields (i.e., among the top 20%) were
classified in the right category while 74% of those predicted with
the poorest performance were among the phenotypes with the
lowest performance. The resulting R2 was 0.72 for a MSE = 77.6
and a Cor = 0.558. The most complex model M3, returned
classification successes of the top and the worse genotypes in
fields of 71 and 76%, respectively, for an R2 = 0.73, MSE = 75.7,
and a Cor = 0.577. For the intermediate model M4, the
corresponding classification successes were 69% (top 20%)
and 74% (bottom 20%) with R2 = 0.69, MSE = 86.2, and a
Cor = 0.515.

For the CV1 cross-validation scheme, M1 (Supplementary
Figure S6) returned a classification success of 67% for the top
20% of the genotypes in fields and 70% for those with the
poorest performance, with an R2 = 0.64, MSE = 100.8, and a

Cor = 0.359. With M2 the corresponding classification
successes were 71 and 73%, with an R2 = 0.7, MSE = 84.7,
and Cor = 0.48. Similar values to those obtained with M2 were
obtained with M3 for all the mentioned criteria. Finally, with
M4 a slight reduction in the classification success was
observed for the top 20% (67%) and the lowest 20% (71%)
as compared to M2 and M3, with an R2 = 0.66, MSE = 95.1,
and Cor = 0.405.

When predicting already tested genotypes in untested
environments (CV0), M1 returned a low classification
success of the top and bottom 20% genotypes (25 and 29%,
respectively), with an R2 = 0.03, MSE = 291.8, and a Cor =
0.461. There, M2 and M3 returned similar results to those from
M1 with a slight decrease in the MSE and a slight improvement
of the weighted average correlation with M3 (0.488)
(Supplementary Figure S7). The most promising model in
this scenario was M4 which returned a classification success of
the top and bottom 20% of 34 and 36%, respectively. It also
returned the highest R2 (0.11) and the smallest MSE (251.9)
among all models leveraging the advantage of including soil
type in interaction with molecular markers in the prediction
models.

For the most complex prediction scenario CV00, the
classification success rate, R2, and Cor values were reduced
across all models while the MSE increased simultaneously. M1
returned a classification success rate of the top and bottom 20%
performing lines of 17 and 25%, respectively, with an R2 = 0,
MSE = 305, and a Cor = 0.24. In M2, M3, and M4, the average
weighted correlation was reduced to 0.192, 0.227, and 0.231,
respectively (Supplementary Figure S8). However, the
classification success of the top and bottom performing
lines was improved with M3, especially on the ability to
detect the top 20% genotypes. For this model, the
classification success was 29% for identifying the top 20%
genotypes while it was 26% for screening out the worst-
performing genotypes.

Overall Performance of Genotypes
Another approach used to assess the model performance was the
overall performance of the genotypes. For this, within each
environment, the phenotypic and predicted values of all
genotypes were adjusted by their corresponding environmental
mean (centered on zero) followed by the computation of the across
environment mean for all lines. Figures 1–4 display the
classification success of the adjusted genotypes (observed and
predicted values) marked by the advancement fate of each
genotype including the advanced yield trial (AYT, gray), USDA
Preliminary trials (USDA-UP, yellow), USDA Uniform trials
(USDA-UT, orange), and Commercial Release (Release, blue).
Detailed information on each stage of the breeding pipeline and
selection criteria for line advancement were reported in Vieira and
Chen (2021).

Figure 1 displays the results corresponding to the CV2
scenario. M1 returned a classification success of 76% for the
top 20% of the predicted (adjusted) genotypes, and 79% success
for the bottom 20% of the genotypes. In addition, the means of
the predictions corresponding to the different advancement fate
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aligns with their counterpart based on phenotypes. There, the
mean of the adjusted genotypes of the release (blue) group was
superior followed by USDA-UT (orange), USDA-UP (yellow),
and AYT (gray). Regarding M2 and M3, improvements in the
classification accuracy were observed as compared to M1. With
M3, a classification success of 76% was obtained for those
genotypes in the top 20 and 79% for those in the lowest 20%.
M4 returned intermediate results betweenM1 andM3 (Figure 1).

Similar to CV2, the corresponding results of CV1 are displayed
in Figure 2. As expected, predicting new genotypes resulted in a
significant reduction of the predictive ability of the models. With
M1, the classification success of the top and bottom 20% of the
predicted genotypes was 0.45, and 0.48, respectively. In this cross-
validation scheme, the best results were shown in M2 with a
classification success of 48% of the genotypes in the top 20 and
52% in the bottom 20%. Model M3 was the second-best model

FIGURE 1 | Genotypic means (BLUP-centered on zero within environments) of observed versus predicted cross-validation predictions of four models (M1–M4)
under the cross-validation scheme CV2, which mimics the incomplete field trial prediction scenario (predicting tested genotypes in observed environments). Models and
terms are described in detail in the Materials and Methods section (Eqs 1–4). Horizontal and vertical dashed lines indicate the 20, 50, and 80% empirical percentiles
corresponding to the genotypic means of observed and predicted values; the numbers inside the grid provide the conditional proportions observed on the y-axis for
the different percentiles on the x-axis (e.g., out of the top 20% of the predicted values with M3 (panel C), 79% [top right] of these correspond to genotypes that showed a
performance among the 20% across fields).
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with the corresponding values for top and bottom 20% of 48 and
51%, respectively.

Regarding the prediction of the overall performance of tested
genotypes in untested environments (CV0), M1 returned a
classification success of 51 and 52% for the top and bottom
20%, respectively. The best results predicting the top 20% of the
genotypes were obtained with M3 (55%), while M1 was the best
(52%) for the bottom 20%. Model 4 produced intermediated
results and it was the most stable across the diagonal in the grid

(i.e., including the other percentiles), whereas M2 returned the
poorest performance.

Finally, for the most complex prediction scenario CV00,
M1 returned a classification success of 35% for the top 20 and
36% for the bottom 20%. M1 was the most accurate model in
classifying genotypes with the poorest performance. M4
outperformed this model in the identification of the
superior genotypes with a success rate of 39%. The
remaining models underperformed M1 in identifying

FIGURE 2 | Genotypic means (BLUP-centered on zero within environments) of observed versus predicted cross-validation predictions of four models (M1–M4)
under the cross-validation scheme CV1, which mimics the prediction scenario of newly developed lines (predicting untested genotypes in observed environments).
Models and terms are described in detail in the Materials and Methods section (Eqs 1–4). Horizontal and vertical dashed lines indicate the 20, 50, and 80% empirical
percentiles corresponding to the observed and predicted values; the numbers inside the grid provide the conditional proportions observed on the y-axis for the
different percentiles on the x-axis (e.g., out of the top 20% of the predicted values with M3 (panel C), 48% [top right] of these correspond to phenotypes that showed a
performance among the 20% in fields).
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genotypes in both extremes, where M3 was slightly superior
to M4 in the bottom 20% (0.32 vs. 0.30).

DISCUSSION

As the fields of genomics and data analytics substantially
evolved over the past decade, the concept of genomic

selection applied to phenotypic prediction revolutionized
commercial and public breeding programs by allowing
plant breeders to predict the phenotype of interest in
untested genotypes (Crossa et al., 2017; Vieira and Chen,
2021; Wartha and Lorenz, 2021). Genomic selection has
covered multiple fronts of the breeder’s equation
maximizing the genetic gain in a given breeding cycle. For
instance, a large component of a breeding cycle is allocated to

FIGURE 3 | Genotypic means (BLUP-centered on zero within environments) of observed versus predicted cross-validation predictions of four models (M1–M4)
under the cross-validation scheme CV0, which mimics the prediction scenario of predicting in novel environments (predicting tested genotypes in unobserved
environments). Models and terms are described in detail in the Materials and Methods section (Eqs 1–4). Horizontal and vertical dashed lines indicate the 20, 50, and
80% empirical percentiles corresponding to the observed and predicted values; the numbers inside the grid provide the conditional proportions observed on the y-
axis for the different percentiles in the x-axis (e.g., out of the top 20% of the predicted values with M3 (panel C), 55% [top right] of these correspond to phenotypes that
showed a performance among the 20% in fields).
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progeny selection and preliminary yield trials of which the
main objective is to characterize the genetic diversity present
in a population of interest by evaluating a large number of
genotypes for yield and overall agronomic traits. Genomic
selection rises as a statistically powerful solution generating
predicted values for unobserved genotypes, allowing plant
breeders to shorten the breeding cycle and significantly
minimize the costs associated with extensive field trials

(Vieira and Chen, 2021; Wartha and Lorenz, 2021). Up to
this date, however, the wide and large-scale implementation
of genomic selection across plant breeding programs still
faces challenges and drawbacks.

It is well-known that the expression of a phenotype is a
function of the genotype, the environment, and the interaction
between the genotype and environment (G×E) providing the
relative performance of genotypes across different environments

FIGURE 4 | Genotypic means (BLUP-centered on zero within environments) of observed versus predicted cross-validation predictions of four models (M1–M4)
under the cross-validation scheme CV00, which mimics the prediction scenario of predicting newly developed lines in novel environments (predicting untested
genotypes in unobserved environments). Models and terms are described in detail in theMaterials and Methods section (Eqs 1–4). Horizontal and vertical dashed lines
indicate the 20, 50, and 80% empirical percentiles corresponding to the observed and predicted values; the numbers inside the grid provide the conditional
proportions observed on the y-axis for the different percentiles on the x-axis (e.g., out of the top 20% of the predicted values with M4 (panel D), 39% [top right] of these
correspond to phenotypes that showed a performance among the 20% in fields).
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(Kang, 1997; de Leon et al., 2016). The differential response of
genotypes across environments for a given phenotype of interest
guide critical decisions in a plant breeding program, including the
selection and advancement of genotypes as well as overall logistics
and allocation of resources for multi-environment trials (Hill,
1975; Cooper and DeLacy, 1994; Kang, 1997; de Leon et al., 2016).
Yield is a highly complex and quantitative trait regulated by
numerous large and small-effect genes, of which its expression is
immensely dependable on the genotype interaction with various
components of the environment including pathogens (Rincker
et al., 2017; Vieira et al., 2021), pests (Haile et al., 1998; Rocha
et al., 2015), weeds (Oerke, 2006; Soltani et al., 2017),
temperature, light, and precipitation (Runge and Odell, 1960;
Goldblum, 2009; Alsajri et al., 2020), and soil-derived factors
(Cox et al., 2003; Kaspar et al., 2004; Anthony et al., 2012). Thus, a
practical and accurate implementation of genomic selection for
yield relies on understanding and accounting for the interaction
of molecular markers with the environment and/or its multiple
components.

In this research, we aimed to expand the reaction norm model
initially proposed by Jarquin et al. (2014b) which accounts for the
interaction between molecular markers and the environment
through covariance structures. Here, we investigated the
potential of incorporating soil-derived covariates to enhance
the predictive ability of yield across multiple cross-validation
scenarios simulating progeny testing and line selection. A
straightforward approach to examine the relative contribution
of each model term is through the computation of variance
components. Across environments, we observed that the
addition of the G×S interaction in M3 substantially decreased
the amount of variability captured by both the environment
(−30.4%) and residual (−39.2%) terms as compared to the
conventional GBLUP model (M1). When compared to the
reaction norm model (M2), the addition of G×S equally
reduced the amount of variability captured by the
environment (−30.4%). Within environments, a larger
reduction in variability captured by the residual term was
observed in M3. Interestingly, the addition of the G×S term in
M3 reduced the variability captured by the residual term by
roughly 60 and 30% when compared to M1 and M2, respectively.
The addition of soil-derived covariates seems to structure/dissect
the environment term revealing components of the environment
that could potentially enhance or hinder the performance of a
model. This creates opportunities to explore more complex and
readily available environmental components, which through
covariance structures, could allow the borrowing of
information across environmental components enhancing the
predictive ability in challenging cross-validation scenarios. For
instance, the amount of variability explained by both G×E
(20.0%) and G×S (17.5%) in M3 shows that the inclusion of
these terms increases the proportion of variance accounted for by
the model, and therefore, it can enhance its predictive ability.

In regards to the predictive ability of each model across the
proposed cross-validation scenarios, M3 outperformed the other
models in CV2, CV1, and CV0. The conventional genomic
selection model (GBLUP, M1) was the best in CV00. In the
incomplete field trial scenario (CV2), M3 substantially

outperformed M1 (25.1%). The ability of the covariance
structures to borrow information from already observed
genotypes in tested environments increased the model’s
performance. In this case, the addition of G×S provides a
slight edge over the reaction norm model (M2, 4%),
highlighting the benefit of accounting for possible interactions
between markers and soil types in overall prediction accuracy. An
alternative methodology to assess the practical accuracy of the
model consisting of empirical percentiles of the predicted and
observed values was proposed by Jarquin et al. (2014b). Here, we
observed that with M3 the classification accuracy for the top and
bottom 20% percentile was 0.79 and 0.81, respectively. This
represents approximately a 4% increment in classification
accuracy as compared to M1. All four models flawlessly
avoided misclassifying a top 20% percentile genotype as a
bottom 20% percentile and vice versa, encouraging the
practical applications of genomic prediction for line selection
throughout the breeding pipeline. These results provide an
opportunity to reconsider the experimental design in field
trials, including the number of replications as well as overall
resource allocation in multi-environment field trials. The
prediction models can precisely discard inferior genotypes
with nearly full confidence reducing the need for extensive
preliminary field trials.

In CV1, M2 and M3 performed approximately 34% better
than M1. In this cross-validation scenario, the genotypes are
untested but the environment has been already observed with a
different set of genotypes. The covariance structures allow the
borrowing of information from previously observed
genotypes, especially the main effects of molecular markers
and the interaction between the markers and the environment.
However, the structuring of the environment through the
addition of G×S did not yield any advantages in prediction
accuracy as compared to M2. Jarquin et al. (2021) observed
similar results in CV1 when including the interactions using
only weather data. This was attributed to G×E sufficiently
capturing the similarities among pairs of environments leaving
limited variance left to be explained by G×S. In the cross-
validation scenario aiming to predict the yield of already tested
genotypes in unobserved environments (CV0), M3
outperformed M1 and M2 by roughly 6%. These results
provide an opportunity to explore alternative multi-
environment testing and resource allocation throughout line
selection in a breeding program. For instance, by leveraging
the information of molecular markers of a different set of
observed genotypes and known environments, plant breeders
may be able to simulate multiple yield trials in a given growing
season substantially increasing statistical power and
confidence in line selection and advancement without
necessarily increasing the investment in field operations.
Similarly, the results from CV0 support both the reduction
in the number of physical locations and the simulation of yield
trials across diverse untested environments. This can
substantially reduce the overall cost of a breeding pipeline
while simultaneously enhancing statistical power and
confidence in identifying genotypes with superior yield and
overall adaptability.
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In the most challenging cross-validation scenario considering
untested genotypes in unobserved environments (CV00), M3
substantially outperformed M2 (19%), whereas M4 slightly
outperformed M3 by 2%. Here, it highlighted the main
advantage of incorporating G×S and S in the model. As
previously discussed, the soil texture is generally constant
across years and readily available before the growing season
whereas the environment is often unfeasible to be accurately
predicted prior to the growing season. Therefore, the borrowing
of information from both soil covariate and molecular markers
(in interaction) resulted in higher prediction accuracies as
compared to M2. Although M1 yielded the highest prediction
accuracy among the four models, M4 showed superior
classification accuracy in the top 20% empirical percentiles
(12% advantage over M1). By considering the advancement
fate of the genotypes included in this analysis (AYT, USDA-
UP, USDA-UT, and Release), nearly all the genotypes
commercially released are concentrated in the top 20% and
50% observed and predicted empirical percentiles. This shows
that, although the model may misclassify the empirical
percentiles and/or show relatively low prediction accuracy, it
does not negatively affect the identification and selection of the
very best genotypes that will eventually be commercially released.
These results support the modernization of a conventional
breeding pipeline by precisely eliminating inferior genotypes
prior to any field testing. Nearly 2 years of a conventional
breeding pipeline is devoted to the assessment of the entire
pool of genotypes representing a breeding cycle (Vieira and
Chen, 2021). After reaching desired homozygosity (F4:5), a
large number of genotypes are tested in progeny rows to
visually evaluate their yield potential and overall agronomic
traits. Selected genotypes, often consisting of many inferior
genotypes mistakenly selected by subjective standards, are then
tested in preliminary multi-environment yield trials. As seemed
in CV00, the implementation of genomic selection has the
potential for eliminating 2 years of extensive field testing by
predicting the breeding values of untested genotypes. Thus,
the wide implementation of genomic selection throughout a
breeding pipeline holds promising improvements in cost
efficiency, shortening the duration of the cycle, and overall
genetic gain.

CONCLUSION

The increasing availability of high-dimensional genomic data has
allowed breeding programs to implement genomic selection to
optimize the efficiency of a given breeding pipeline. Although
widely adopted in commercial programs, the application of
genomic selection in the public sector still faces limitations
associated with costs, data availability, and technical support.
In this research, we investigated the potential of incorporating soil
texture and its interaction with molecular markers through
covariance structures to increase prediction accuracy. As an

approach to structuring the environmental term, the inclusion
of G×S was shown to benefit the predictive ability of the models
across multiple cross-validation scenarios. It is hypothesized that
the availability of the soil texture prior to the growing season may
have been essential to maximizing the functionality of covariance
structures, particularly in scenarios with untested genotypes in
untested environments. In addition, we demonstrated the
applications of genomic selection across multiple stages of a
breeding pipeline through four different cross-validation
scenarios. In both progeny testing and line selection, we
highlight the potential of genomic selection to optimize the
efficiency of a soybean breeding program and discuss the
opportunities to reconsider field experimental designs,
allocation of resources, and reduction of preliminary field
trials. Further studies considering covariates that are readily
available before the growing season are encouraged to better
understand the effect of the environment and enhance predictive
ability. In addition, alternative metrics to assess the true potential
and applicability of a model should be investigated to embolden
the wide implementation of genomic selection in the public
sector.
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Association mapping for
important agronomic traits in
wild and cultivated Vigna species
using cross-species and
cross-genera simple sequence
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Pravin Tiwari1, Dharmpal Singh1, P. G. Gore3, Kuldeep Tripathi3,
Ramakrishnan Madhavan Nair4, Sanjeev Gupta1 and
Aditya Pratap1*†

1ICAR-Indian Institute of Pulses Research, Kanpur, India, 2Sam Higginbottom University of Agricultural
Technology and Sciences, Prayagraj, India, 3ICAR-National Bureau of Plant Genetic Resources, New
Delhi, India, 4World Vegetable Centre, ICRISAT Campus, Patancheru, India

The genus Vigna is an agronomically important taxon, with many of its

species inhabiting a wide range of environments and offering numerous

useful genes for the improvement of the cultivated types. The present study

aimed to detect the genomic regions associated with yield-attributing traits

by genome-wide association mapping. A diverse panel of 98 wild and

cultivated Vigna accessions (acc.) belonging to 13 different species was

evaluated for yield and related traits during the kharif season of 2017 and

2018. The panel was also genotyped using 92 cross-genera and cross-

species simple sequence repeat markers to study the population genetic

structure and useful market-trait associations. The PCA and trait correlation

established relationships amongst the traits during both seasons while 100-

seed weight (HSW) had a positive correlation with pod length (PL), and days

to first flowering (DFF) with days to maturity (DM). The population genetic

structure analysis grouped different acc. into three genetically distinct sub-

populations with SP-1 comprising 34 acc., SP-2 (24 acc.), and SP-3 (33 acc.)

and one admixture group (7 acc.). Mixed linear model analysis revealed an

association of 13 markers, namely, VR018, VR039, VR022, CEDG033,

GMES0337, MBSSR008, CEDG220, VM27, CP1225, CP08695, CEDG100,

CEDG008, and CEDG096A with nine traits. Seven of the aforementioned

markers, namely, VR018 for plant height (PH) and terminal leaflet length

(TLL), VR022 for HSW and pod length (PL), CEDG033 for DFF and DM,

MBSSR008 for DFF and DM, CP1225 for CC at 30 days (CC30), DFF and

DM, CEDG100 for PH and terminal leaflet length (TLL), and CEDG096A for

CC30 and chlorophyll content at 45 days were associated with multiple

traits. The marker CEDG100, associated with HSW, PH, and TLL, is co-

localized in gene-encoding histone–lysine N-methyltransferase ATX5.

Similarly, VR22, associated with PL and HSW, is co-located in gene-
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encoding SHOOT GRAVITROPISM 5 in mungbean. These associations may

be highly useful for marker-assisted genetic improvement of mungbean and

other related Vigna species.

KEYWORDS

Vigna, V. radiata, cross-species SSR, genetic diversity, association study

1 Introduction

The genus Vigna is an important taxon playing a prominent

role in food and nutritional security and environmental

sustainability. Several members of this genus are known to

inhabit a wide range of agro-ecological regions across the

globe including farmlands in tropical and subtropical regions,

pastures, sandy beaches, mountain cliffs, roadsides, and field

bunds. A few species are also found inhabiting extreme climates,

thereby possessing special adaptive genes (Takahashi et al., 2016);

therefore, these can serve as a potential source for yield- and

adaptation-related traits (Pratap et al., 2015; Pratap, 2021). Most

members of this genus are diploid with 2n = 2x = 22 having an

exception of V. glabrescens which is a tetraploid (2n = 4x = 44).

This genus is characterized by five sub-genera, namely,

Haydonia, Lasiospron, Ceratropis, Plectotropis, and Vigna.

Among these, the crop species have been developed from the

later three sub-genera. Ceratotropis, also known as the Asiatic

Vigna, is the most important in terms of most of the agronomic

species categorized in this group. The agronomic species in the

genus Vigna are autogamous and cross-pollination does not

occur in nature.

India has been bestowed with an abundance of genetic

diversity of Vigna including its cultivated, wild, and weedy

types (Bisht et al., 2005; Pratap et al., 2015). It is the largest

producer, processor, consumer, and importer of the two most

important members of this group, the mungbean (V. radiata L.

emWilczek) and the urdbean (V. mungo L. Hepper). The country

is also considered as the region of the first domestication of

important cultivated Vigna species including mungbean,

urdbean (Baudoin and Marechal, 1988), ricebean (de

Candolle, 1886), and mothbean (Smartt, 1985), while the

progenitors of mungbean and urdbean, namely, V. sublobata

and V. sylvestris, are found in abundance in cultivated as well as

waste lands (Chandel et al., 1984; Lawn and Cottrell, 1988).

Fortunately, the large variability of Vigna species spread across

the Indian subcontinent has been collected extensively and

conserved in the National Gene Banks at the ICAR-National

Bureau of Plant Genetic Resources, New Delhi (ICAR-NBPGR),

and ICAR-Indian Institute of Pulses Research, Kanpur (ICAR-

IIPR). Most of these accessions have been studied and

characterized at the morphological and molecular levels

(Pratap et al., 2015; Pratap et al., 2017; Gore et al., 2019;

Pratap et al., 2021b; Gore et al., 2021; Kumari et al., 2021),

and many of them including V. radiata, V. mungo, V. umbellata,

V. sylvestris, andV. trilobata have been deployed in hybridization

programs for the genetic improvement of the cultivated types. A

few of the wild relatives of Vigna are also available for neo-

domestication (Gore et al., 2019). Some of them are valued as

forage, cover, and green manure crops (Kumari et al., 2021).

Many species also confer numerous valuable genes for

agronomic, stress resistance, and seed quality traits (Pratap

et al., 2015; Douglas et al., 2020; Pratap et al., 2020), namely,

resistance/tolerance to drought and waterlogging (Bisht et al.,

2005; Tomooka et al., 2006), soil salinity (Chankaew et al., 2014;

Yoshida et al., 2016), heat and cold stress (HanumanthaRao et al.,

2016), acidic or alkaline soils (Soares et al., 2014), bruchids

(Aidbhavi et al., 2021), Cercospora leaf spot (Chankaew et al.,

2011; Singh et al., 2017), and yellow mosaic disease [for a review,

please see (Singh et al., 2020)] in addition to superior agronomic

traits and photo-thermo period insensitivity (Pratap et al., 2014b;

Basu et al., 2019). Extensive efforts have been undertaken for

their genetic improvement and methods such as hybridization,

selection, and mutation have been abundantly deployed in

addition to pre-breeding and distant hybridization (Singh

et al., 2017; Pratap et al., 2021b).

Information on the diversity at the genetic level, population

genetic structure, and marker–trait association for useful traits

provides useful information for deploying marker-assisted

breeding for targeted and time-bound genetic improvement of

crop plants. Information on the association of these traits with

seed yield is of utmost importance to undertake a selective

breeding program toward developing a desirable combination

of yield-contributing traits. In this direction, the genome-wide

association study (GWAS) is a high-resolution method for

genetic mapping of traits using existing germplasm and their

phenotypic information for the trait concerned (Flint-Garcia

et al., 2003). It also helps us understand the genetic basis of

complex traits and allows studying a wide range of alleles at each

locus and the identification of useful marker–trait associations at

the whole-genome level in addition to the identification of elite

alleles for significantly associated loci (Rohilla et al., 2021). The

higher mapping resolution of traits from association mapping

provides an opportunity for the adoption of MAS in crop

breeding programs (Mackay and Powell, 2007). Nonetheless,

very few reports are available which document genetic

diversity in Vigna species at the molecular level, while no

report is available on useful marker–trait associations in wild

and diverse Vigna accessions. The present study aimed to

evaluate the genetic diversity and marker–trait associations in
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an extensive panel of wild and cultivatedVigna species genotyped

with cross-genera and cross-species SSR markers so as to identify

useful marker–trait associations which could be effectively

deployed not only in mungbean improvement programs but

also in other related Vigna crops such as urdbean which lack

genomic information.

2 Materials and methods

2.1 Plant materials

The plant materials for this study comprised 98 genotypes

belonging to cultivated (13 accessions) and wild (85 accessions)

Vigna species (Supplementary Table S1). Species-wise, the

accessions (acc.) belonged to V. umbellata (16 acc.), V.

trilobata (20 acc.), V. mungo var. mungo (9 acc.), V. radiata

(6 acc.), V. radiata var. radiata (6 acc.), V. radiata var. sublobata

(6 acc.), V. silvestris (4 acc.), V. unguiculata (4 acc.), V.

dalzelliana and V. trinervia var. bourneae (3 acc. each), V.

radiata var. setulosa, V. stipulaceae and V. vexiliata (2 acc.

each), and V. trinervia and V. glabrescence (1 acc. each). All

the accessions were collected under the “National Exploration

Plan” coordinated by the ICAR-NBPGR, New Delhi, which is the

nodal institute at the national level for the collection and

conservation of plant genetic resources in India, supported by

the ICAR-IIPR, Kanpur, and other institutes of the Indian

Council of Agricultural Research (ICAR). A team of experts

comprising taxonomists/botanists and crop breeders undertook

different exploration missions to collect these wild accessions

over the years and identified each accession. Subsequently, seed

samples of all collections were multiplied and deposited in the

National Genebank housed at the ICAR-NBPGR and are

available freely to all researchers nationally and globally as per

national legislation. As evidenced from previous morphological

analysis as well as the literature available, this panel of genotypes

represented a wide range of genetic diversity to represent

important recombination events as well as high genetic diversity.

2.2 Phenotyping of the selected panel

All the Vigna genotypes were grown in natural field

conditions in the wide hybridization garden in an augmented

design during Kharif (rainy season) 2017 and 2018 at the Main

Research Farm, ICAR-IIPR, Kanpur, India. Kanpur is located at

26°27′N latitude, 80°14′E longitude, 152.4 m abovemean sea level

(amsl) and experiences tropical climate with a long-term mean

annual rainfall of 820 mm. (Annual report, 2019). About 80% of

the total rainfall is received during the southwest monsoon

season (July–September). The recommended package of

agronomic practices for growing mungbean in the region was

followed to raise healthy plants. The phenotypic data were

recorded on five random plants of each genotype at the

specified stage of plant growth, and these were averaged for

use in the downstream analysis. The traits included chlorophyll

content at 30 days (CC30) and 45 days (CC45), measured using a

SPAD photometer from five top leaves in five random plants of

each accession, averaged over all samples; days to first flowering

(DFF); days to first pod maturity (DM); plant height in cm (PH);

peduncle length in cm (PEDLTH); pod length in cm (PL);

terminal leaflet length in cm (TLL); number of seeds per plant

(NSPP); and 100-seed weight in g (HSW).

2.3 Phenotypic data analysis

The phenotypic data were analyzed for the descriptive

statistics (R package = “pastecs”), and the linear mixed model

approach was followed to calculate BLUP values for each

genotype using the R package (“lme4”). The BLUP values

were considered for determining the strength of a relationship

between variables following trait correlation (R packages =

“Corrplot” and “PerformanceAnalytics”) and principal

component analysis (PCA) of the traits (R packages =

“factoxtra” and “FactoMineR”).

2.4 Genotyping the panel with cross-
genera and cross-species simple
sequence repeats

The total genomic DNA was extracted from fresh young

leaves of each accession at the early vegetative stage (within

10–12 days of sowing) following the CTAB method (Doyle and

Doyle, 1990) with slight modifications (Pratap et al., 2015). The

quality of the extracted DNA was analyzed on 0.8% agarose gel

and the quantity was determined using a Nanodrop

spectrophotometer ND 1000 (Nanodrop Technologies, DE,

United States). The DNA of each sample was normalized to a

concentration of 20–30 ng/μL. The panel was genotyped with

92 polymorphic SSRs belonging to different Vigna species

namely, cowpea (Li et al., 2001), adzuki bean (Wang et al.,

2004), mungbean (Kumar et al., 2002; Somta et al., 2009), and

common bean (Gaitan-Solis et al., 2002; Blair et al., 2003)

(Supplementary Table S2). PCR amplification was carried out

on a tetrad thermal cycler (G-strom, Somerset, United Kingdom)

in a reaction volume of 20 μL containing 50–60 ng template

DNA, 0.4 µL 10 mM dNTPs, 0.6 U of Taq DNA polymerase

(Fermentas, Mumbai), 2 µL of 10X Taq buffer A (Fermentas,

Mumbai) with MgCl2, and 5 pmole each of forward and reverse

primers (ILS, India). PCR amplifications were performed at an

initial denaturation of 95°C for 5 min, followed by 35 cycles of

denaturation at 95°C for 15 s, primer-specific annealing for 15 s

at 45–55°C, and extension at 72°C for 1 min followed by the final

extension at 72°C for 5 min. The PCR products were resolved on
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3.5% metaphor®agarose gel in 1X TAE buffer for 3–4 h at

80–100 V and stained with ethidium bromide. The gels were

documented using a gel documentation system (Uvitech,

Cambridge), and alleles were recorded on all genotypes

according to their fragment sizes (in base pairs).

2.5 Population structure analysis

The Bayesian model-based STRUCTURE v2.3.4 tool was

used to find the number of sub-populations (Q-matrix) in the

selected Vigna association panel using 92 SSRmarkers (Pritchard

et al., 2000). The genotypic data were analyzed with

10 independent runs for each cluster (K), ranging from 1 to

10 by setting the burn-in period of 30,000 and the number of

Markov chain Monte Carlo iterations of 60,000 along with the

admixture model and correlated allele frequencies. The optimum

number of sub-populations (k) was determined using Structure

Harvester Web v0.6.94 (Earl and Vonholdt, 2012) based on the

ad-hoc criterion (Delta K) (Evanno et al., 2005).

2.6 Analysis of linkage disequilibrium
between markers and marker–trait
association

The software program TASSEL v2.0.1 (Bradbury et al., 2007)

was used to evaluate linkage disequilibrium between the studied

markers and marker–trait associations (MTAs) using the

genotypic and 2 years’ phenotypic data following the general

linear model (GLM with Q-matrix) and mixed linear model

(MLM with Q + K matrix). The Q-matrix derived from the

STRUCTURE program and the relative kinship matrix calculated

by TASSEL software was used for GLM and MLM analyses. The

number of permutation runs in GLMwas set to 10,000 to obtain a

marker significance value of corrected p < 0.00001 (at alpha =

0.001 and n = 92) to declare MTAs. MLMwith Q + Kmatrix was

analyzed following default run parameters, namely, convergence

criterion of 1.0 × 10−4, and the maximum number of iterations

was set to 200. Significant MTAs were declared at alpha 0.05, and

corrected p-value of ≤0.00054 with relative magnitude was

represented by the R2 value as the portion of variation

explained by the marker.

2.7 Localization of markers associated
with traits on the V. radiata genome

Primer sequences of all associated SSRs were BLAST

searched against the V. radiata var. radiata (tax id: 3,916)

genome and searched for their 100% identity to find their

exact physical position in a genome. The corresponding

physical position of each SSR was used to extract the

nucleotide sequences to search and verify the presence of the

SSR motif flanking the primer region following the SSRIT tool

(Temnykh et al., 2001) and searched for the co-localized or

flanking genes.

3 Results

3.1 Descriptive statistics

The selectedVigna panel revealed wide phenotypic variations

for all the 10 traits in both growing seasons (Table 1). The highest

coefficient of variation (CV) was observed for HSW (83%)

followed by PH (65%) and DFF (52%). The lowest CV was

observed for CC45 (19%) and CC30 (15%). Data from both

seasons were comparable to each other, and not much deviation

was observed.

3.2 Correlation of traits with genotypic
values obtained from the mixed model

Correlation of traits with predicted genotype values of each

genotype from the mixed model approach revealed a high

positive correlation between NSPP and PL (1.0), DFF and DM

(0.97), CC30 and CC45 (0.82), HSW and NSPP (0.72), and HSW

and PL (0.72). HSW exhibited a significant positive correlation

with most of the traits except CC30, CC45, and peduncle length.

NSPP recorded a significant positive correlation with peduncle

length, PH, TLL, and PL. PH, DFF, and DM traits revealed a

negative correlation with CC45 and CC30. Likewise, PL recorded

a significant negative correlation with TLL (−0.38) (Figure 1).

The predicted genotype values of each genotype with

2018 data revealed highly significant positive correlations

between DFF and DM (0.97), CC30 and CC45 (0.7), and

HSW and PL (0.57). On the contrary, PH, DFF, and DM

revealed a negative correlation with CC45 and CC30 as in the

2017 data. Similarly, DFF and DM had a significant negative

correlation with NSPP. PH, PL, and TLL revealed a positive

correlation with each of these three traits (Figure 1).

3.3 Principal component analysis with
BLUP

The principal component analysis (PCA) established

relationships amongst the studied traits during 2017 and 2018.

The PCA of 2017 data revealed that dimension 1 (37%),

dimension 2 (27%), dimension 3 (12.5%), and dimension 4

(10.12%) altogether contributed around 86.62% of the

explained phenotypic variances of the studied traits (Figure 2).

Dimension 1 hadmore than 10% contribution fromHSW, NSPP,

PH, and PL. Dimensions 2 and 4 had >10% contribution from
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TABLE 1 Descriptive statistics of quantitative traits.

Descriptive
statistics

PH CC30 CC45 TLL PEDLTH DFF DM PL NSPP HSW

2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 2017 2018

Minimum 3.2 5.8 3.86 25.59 26.84 28.65 3.2 2.6 5.8 5.9 26
25

35 37 2.64 2.62 3.58 3.56 0.596 0.65

Maximum 144.1 197.2 52.84 60.3 63.32 67.16 12 11.6 34.6 34.6 132
129

56 151 16.5 11.56 13.8 13.4 19.927 20.7

Range 140.9 191.4 28.98 34.71 36.48 38.51 8.8 9 28.8 28.7 106
104

121 114 13.86 8.94 10.22 9.84 19.331 20.05

Sum 4,768.31 5,714.6 3,756.28 4,008.94 4,079.7 4,081.22 800 744.9 1,486.94 1,563.6 4,478
4,336

6,401 6,303 549.21 554.165 855.88 855.93 287.807 291.42

Mean 48.65 58.31 38.33 40.91 41.63 41.65 8.16 7.6 15.17 15.96 45.69
44.25

65.32 64.31 5.6 5.65 8.73 8.73 2.94 2.97

SE mean 3.18 3.56 0.61 0.61 0.8 0.72 0.23 0.22 0.67 0.68 2.35
2.34

2.65 2.63 0.197 0.17 0.26 0.26 0.25 0.25

Var. 993.66 1,241.53 36.84 36.53 62.31 50.8 5.04 4.79 43.83 45.61 541.39
536.66

689.89 677.02 3.47 2.89 6.49 6.63 5.97 6.15

St. deviation 31.52 35.24 6.07 6.04 7.89 7.13 2.25 2.19 6.62 6.75 23.27
23.17

26.27 26.02 1.86 1.7 2.555 2.58 2.44 2.48

CV 0.65 0.6 0.16 0.15 0.19 0.17 0.28 0.29 0.44 0.42 0.51
0.52

0.4 0.41 0.33 0.3 0.29 0.29 0.83 0.83

Where PH: plant height in cm; CC30: chlorophyll content at 30 days; CC45: chlorophyll content at 45 days; DFF: days to first flowering; DM: days to first pod maturity; PH: plant height in cm; PEDLTH: peduncle length in cm; PL: pod length in cm; TLL:

terminal leaflet length in cm; NSPP: number of seeds per plant; and HSW: 100-seed weight in g.
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DFF, DM, CC30, and CC45. Dimension 3 had >10% variation

from PEDLTH and TLL. The PCA also revealed that DFF and

DM had a negative correlation with CC30 and CC45. HSW

showed a positive correlation with the pod length and number of

pods per plant (Figure 2).

The PCA of 2018 also revealed that dimension 1 (33.2%),

dimension 2 (23.13%), dimension 3 (12.99%), and

dimension 4 (10.81%) altogether contributed around

80.13% of the explained phenotypic variances of the

studied traits (Figure 2). The phenotypic variance of >10%
in dimension 1 was contributed by PH, CC30, DM, DFF, and

HSW. Dimension 2 had >10% phenotypic variance

contribution from PH, PL, TLL, HSW, and CC45.

Dimension 3 had >10% phenotypic variances contribution from

PEDLTH, TLL, and CC45, and dimension 4 had >10% phenotypic

variances contribution from NSPP, PEDLTH, TLL, and CC30. The

PCA also revealed a negative correlation of DFF and DM with

NSPP, CC30, and CC45 (Figure 2).

3.4 Population genetic structure analysis

Population genetic structure analysis revealed three sub-

populations (K = 3) in the selected panel of 13 cultivated

mungbean varieties and 85 accessions belonging to

15 different Vigna species (Figure 3). The major sub-

population 1 (Q1 in red color) represented 34 genotypes

(35%) accommodating V. trilobata (17 acc.), V. umbellata

(13 acc.), V. vexillata (2 acc.), and V. dalzelliana (2 acc.). Sub-

population 2 (Q2 in green color) comprised 24 (24.5%)

genotypes including cultivated Vigna (13 acc.); V. trilobata

and V. umbellata (3 acc. each); V. stipulaceae (2 acc.); and

1 accession each of V. unguiculata, V. glabrescence, and V.

radiata. Sub-population 3 (Q3 in blue color) consisted of

33 genotypes, and these belonged to V. mungo (9 acc.), V.

radiata (11 acc.), V. radiata var. sublobata (6 acc.), V.

trinervia var. bourneae (3 acc.), and V. silvestris and V.

radiata var. setulosa (2 acc. each). A total of seven genotypes,

FIGURE 1
Correlation analysis of quantitative traits with BLUP values; (A) correlogram of 2017 data; (B) correlation table of 2017 data; (C) correlogram of
2018 data; (D) correlation table of 2018.
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namely, IC247408 (V. dalzelliana), IC277014 (V. silvestris),

IC277021 (V. silvestris), JAP/10–51 (V. trinervia), TCR279,

IC298665, and NSB007 (V. unguiculata), were considered as

the admixture class since these shared genomic content from Q1,

Q2, and Q3 sub-populations. The genotype IC247408 considered

as the admixture class had a major genome frequency belonging

to Q1 (0.684), whereas two other genotypes belonging to V.

dalzelliana clustered with V. trilobata and V. umbellata.

FIGURE 2
Principal component analysis with correlation. (A) 2017 data. (B) 2018 data.

FIGURE 3
Population genetic structure analysis: (A) Evanno Delta K-based sub-population prediction. (B) Three distinct sub-populations in a chosen
Vigna panel.
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Similarly, TCR279 (0.65), IC298665 (0.42), and NSB007 (0.49)

belonging to V. unguiculata had major genome frequency related

to the Q2 sub-population, whereas Goa cowpea (V. unguiculata)

grouped with the genotypes of cultivated mungbean varieties and

V. trilobata, V. umbellata, V. stipulaceae, V. glabrescence, and V.

radiata.

3.5 LD between studied markers

The r2 value between alleles of two loci varied between 0.007

(CEDG071 vs. BMD-35) and 0.048 (CEDG256 vs. CEDG185)

(Figure 4). Most of the marker pairs had r2 values less than 0.02

(Supplementary Table S4). The observed r2 values were near zero

which indicated that the markers were in perfect equilibrium,

and therefore, two markers will not provide identical

information. Similarly, the D′value between two loci varied

from 0.83 (CEDG150 vs. CEDG100) to 0.28 (CEDG060 vs.

BMD-6). Most marker pairs have a D’value of more than 0.55

(3,250 pairs), thus indicating the existence of optimal

recombination in the present population.

3.6 GLM (Q)-based association analysis

GLM with Q and phenotypic data of the experiments

conducted in 2017 identified 34 MTAs for 9 out of

10 studied traits except for NSPP at a corrected p-value

of <0.00001 (Supplementary Table S3). A maximum of

8 MTAs were identified for HSW followed by 6 for DFF;

5 for DM; 4 for PL; 3 each for CC30, PEDLTH, and PH; and

1 each for CC45 and TLL. The marker CEDG225 was

observed to have an association with CC30, CC45, DFF,

DM, and PH. Similarly, the markers, VR022, CEDG118,

CP1225, and DMBSSR016, were also associated with HSW

and PL. The markers CEDG096A, CEDG033, and

JMES1424 were found associated with highly correlated

traits such as DFF and DM.

FIGURE 4
Linkage disequilibrium between marker pairs. The lower diagonal part represents p-values between the marker pairs; the upper diagonal part
represents the R2 value between marker pairs.
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GLM with Q and the phenotypic data of the experiments

conducted in 2018 identified 30 MTAs for 8 out of the 10 studied

traits, except NSPP and PL, at a corrected p-value < 0.00001

(Supplementary Table S3). A maximum of 9 MTAs for HSW and

the lowest 1 MTA for CC45 were identified. A total of 6 MTAs

each for DFF and DM and 2 each for CC30, PEDLTH, PH, and

TLL were also identified. Of these MTAs, the loci CEDG225,

CEDG096A, CEDG033, MBSSR008, and CEDG100 were

observed to be associated with more than one trait. The

marker CEDG225 was associated with CC30, DFF, DM, and

TLL. Similarly, CEDG096A was associated with CC30, CC45,

DFF, and DM. The markers CEDG033 and MBSSR008 were also

associated with DFF and DM. Marker CEDG100 was associated

with HSW and PH. A total of 24 MTAs associated with HSW (8),

DFF (6), DM (5), PEDLTH (2), PH (1), TLL (1), and CC30 (1)

were consistently expressed in both seasons.

3.7 Mixed linear model (Q+K)-based
association analysis

MLM analysis revealed an association of 13 markers, namely,

VR018, VR039, VR022, CEDG033, GMES0337, MBSSR008,

CEDG220, VM27, CP1225, CP08695, CEDG100, CEDG008,

and CEDG096A, with 9 out of 10 studied traits except for

NSPP from the data of both the years at value < 0.00054 with

the Bonferroni correction (alpha 0.05; n:92) (Table 2; Figure 5).

Of these 13 markers, seven markers, namely, VR018 (PH and

TLL), VR022 (HSW and PL), CEDG033 (DFF and DM),

MBSSR008 (DFF and DM), CP1225 (CC30, DFF, and DM),

CEDG100 (PH and TLL), and CEDG096A (CC30 and CC45)

were observed to be associated with multiple traits. The

phenotypic variation explained by these MTAs varied from

1.52 (DFF-CP1225) to 34.87 (PH-CEDG100). The maximum

number of 3 MTAs was identified for traits like CC30, DFF, DM,

PH, TL, and HSW, and a minimum of 1 MTA was identified for

PL (VR022) and CC45 (CEDG096A). The MTAs identified for

DFF and DM were also similar. The association of markers

CEDG033 and MBSSR008 linked with DFF and DM were

consistent across the 2 years of experimentation, explaining

up to 15.54% phenotypic variation. The markers CEDG100,

CP08695, and VR018 were linked with PH expression, and

among these, VR018 identified from 2 years of data explained

34.86% and 19.87% phenotypic variation in 2017 and 2018,

respectively. Importantly, markers such as VR022, GMES0337,

and CEDG008 have been consistently identified as linked with

TABLE 2 Significant marker–trait associations identified from the MLM (Q + K) approach in different environments.

Trait Locus Allele 2017 data 2018 data

F-value p-value R2 F-value p-value R2

DFF CEDC033 150 4.34 5.54E-06 14.49 4.25 7.54E-06 15.14

MBSSR008 200 6.52 8.34E-09 2.34 6.50 9.81E-09 3.13

CP1225 205 - 2.92 5.35E-04 1.52

DM CEDC033 150 3.2 2.93E-04 15.51 3.25 2.55E-04 15.54

MBSSR008 220 5.60 1.35E-07 2.86 5.38 2.72E-07 2.80

CP1225 205 3.08 2.91E-04 2.61 -

PH CP08695 260 3.86 7.83E-05 22.49 -

CEDG100 220 3.10 2.11E-04 34.87 4.00 6.69E-06 19.87

VR018 220 - 3.07 2.44E-04 17.93

HSW VR022 290 9.80 2.94E-13 2.48 11.28 9.62E-15 2.12

GMES0337 195 4.06 9.08E-05 2.19 4.90 8.11E-06 2.52

CEDG008 115 2.89 4.49E-04 1.63 3.32 8.11E-05 1.79

PL VR022 290 5.18 1.52E-07 2.06 -

TLL CEDG100 185 3.02 2.91E-04 1.96 -

VR018 235 - 4.04 5.80E-06 1.96

PEDLTH CEDG220 145 4.27 2.13E-05 7.27 4.96 2.52E-06 6.98

VM27 140 2.85 4.96E-04 11.82 -

CC30 VR039 140 3.78 9.97E-05 6.16 -

CP1225 190 - 3.65 3.62E-05 3.10

CEDG096A 195 - 3.17 1.26E-04 11.59

CC45 CEDG096A 195 - 2.81 5.39E-04 13.06

p ≤ 0.00054; R2 = phenotypic variance; PH: plant height in cm; CC30: chlorophyll content at 30 days; CC45: chlorophyll content at 45 days; DFF: days to first flowering; DM: days to first

pod maturity; PH: plant height in cm; PEDLTH: peduncle length in cm; PL: pod length in cm; TLL: terminal leaflet length in cm; and HSW: 100-seed weight in g.
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HSW expression in the 2 years’ data, and the phenotypic

variation explained by them varied from 1.62 to 2.5%. The

phenotypic variation of MTA linked with CC30 (CEDG096A,

CP1225, and VR039) varied from 3.09 to 11.58. The marker

CEDG096A linked with CC30 and CC45 was identified only in

2018 which explained 11.58% and 13% phenotypic variation for

these traits, respectively. A total of 15 MTAs (CEDG096A and

VR039 for CC30; CEDG096A for CC45; CEDG033 and

MBSSR008 for DFF and DM; CEDG100 and CP08695 for

PH; VR022 for PL; VR018 for TLL; CEDG220 for PEDLTH;

and VR022, GMES0337, and CEDG008 for HSW) identified for

9 traits from both seasons following the MLM (Q + K) approach

were also identified through the GLM approach.

3.8 Genes co-localized with trait-linked
simple sequence repeat markers

The primer pairs of five markers were exactly (100%) aligned

on the Vigna reference genome (V. radiata var. radiata (taxid:

3,916)) (Table 3) and also possessed the same SSR motif as

reported earlier in related Vigna species. Interestingly, four

markers, namely, CP00361, CEDG100, VR022, and VR039,

linked with various traits in this study are co-localized in

protein-coding genes of the mungbean genome such as

uncharacterized protein (LOC106765295), histone–lysine

N-methyltransferase ATX5 (LOC106775878), SHOOT

GRAVITROPISM 5 (LOC106774869), and putative

UPF0481 protein At3g02645 (LOC106767008), respectively.

Another primer pair of the marker CEDG220 associated with

peduncle length is found to be intergenic between the genes

coding for GTP-binding nuclear protein Ran-3 (LOC106768487)

and cytochrome P450 734A1 (LOC106767283).

4 Discussion

The test panel of 98 highly diverse Vigna genotypes

belonging to cultivated (13 acc.) and wild (85 acc.) species

was genotyped with cross-species and cross-genera SSR

primers from adzuki bean-, common bean-, and scarlet

runner bean (Pratap et al., 2015; Kumari et al., 2021)-

identified MTAs for 10 quantitative traits. The SSRs can be

effectively utilized for linkage studies and gene/QTL/

association/comparative mapping studies in crops such as

Vigna sp. In recent years, efforts have been made to develop

various SSR markers such as genic/EST- and genomic-SSRs in

many Vigna species (Wang et al., 2004; Gwag et al., 2006; Somta

et al., 2008; Chen et al., 2015). Successful transferability of SSRs

from adzuki bean, common bean, and scarlet runner bean was

FIGURE 5
QQ bi-plot showing the association of markers with yield-related traits in Vigna species.
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reported earlier in mungbean (Wang et al., 2009; Dikshit et al.,

2012; Gupta et al., 2013a; Pratap et al., 2015; Pratap et al., 2016;

Pratap et al., 2020; Kumari et al., 2021). Earlier, cross-genera- and

cross-species-specific SSRs have been very well utilized in linkage

and association mapping for identifying genes/QTLs responsible

for various traits in mungbean, blackgram, V. marina, and

cowpea in addition to their use in studying genetic diversity

(Isemura et al., 2012; Gupta et al., 2013b; Singh et al., 2020;

Rohilla et al., 2021; Vadivel et al., 2021).

Agronomically important yield-attributing traits, namely,

PH, NSP, HSW, DF, DM, and resistance to various biotic and

abiotic stresses, in most of the crop plants are likely to be

controlled by many genes/QTLs with additive gene actions

(Bharadwaj et al., 2021). Therefore, effective selection could be

practiced along with modern genomic tools even in the early

generations of crops. A large amount of phenotypic variation and

correlations among traits observed in the panel of cultivated and

wild Vigna accessions in the current study are in agreement with

the earlier reports (Pratap et al., 2017; Azam et al., 2018; Nair

et al., 2019; Kumari et al., 2021). The variability at the genotypic

and phenotypic levels in the present study could be attributed to a

large number of accessions belonging to 19 Vigna species which

represented different eco-geographical regions of India. The

positive correlation of HSW and PL, DFF, and DM was

observed, which will greatly favor the development of short-

duration mungbean cultivars with higher yield potential.

Simultaneously, a focus will be required on the number of

pods in a bunch in order to maintain more yield per plant.

Assigning different individuals to defined populations is

highly beneficial in population genetics studies (Pritchard

et al., 2000), whereas making a population classification can

provide an inference of individual ancestry that might not have

been adequately defined beforehand. In this study, 92.8% of the

studied genotypes were distinctly grouped into three sub-

populations and the remaining 7.2% of the studied lines were

grouped as the admixture class. Majority of the cultivated

genotypes of mungbean and the genotypes belonging to the

primary gene pool such as V. mungo (9 acc.), V. radiata

(11 acc.), V. radiata var. sublobata (6 acc.), V. trinervia var.

bourneae (3 acc.),V. silvestris (2 acc.), and V. radiata var. setulosa

(2 acc.) were clustered in sub-populations 2 and 3, respectively.

However, most of the genotypes (88%) in sub-population

1 belonged to the secondary gene pool, and these included V.

trilobata (17 acc.) and V. umbellata (13 acc.). V. trilobata have a

higher number of pods with small seeds and varying capacities of

plant growth habit (Pandiyan et al., 2012). Rice bean (V.

umbellata) is mainly grown in northern India and Southeast

Asia, and is considered as a donor for resistance to bruchids,

yellow mosaic virus, Cercospora leaf spot, and bacterial leaf spot

(Bhanu et al., 2018; Aidbhavi et al., 2021). The accession IC

251342 of V. umbellata was reported as photo- and thermo-

period tolerant (Pratap et al., 2014a). Therefore, V. umbellata can

be effectively utilized as a donor in mungbean and urdbean

improvement programs to impart biotic and abiotic stress

tolerance with due consideration of addressing pre- and post-

fertilization barriers (Kumar et al., 2007; Chen et al., 2017; Pratap

et al., 2018; Pratap et al., 2021b). So far, limited studies have been

undertaken on the analysis of the population genetic structure in

mungbean and other Vigna species; in most of them, 3–4 sub-

populations in various germplasm panels and 6 sub-populations

in a panel consisting of released varieties, advanced breeding

materials, and elite lines were identified (Noble et al., 2012; Breria

et al., 2020; Sokolkova et al., 2020; Kumari et al., 2021). The

grouping of genotypes in our study is also in conformity with the

earlier studies. Furthermore, the genotypes belonging to specific

gene pools were grouped together as per the gene-pool

classification of mungbean (Fatokun et al., 1993). Nonetheless,

since the taxonomy of Vigna crops to date is primarily based on

morphological attributes, the chance of misclassification of few

Vigna species could have been encountered (Tomooka et al.,

2006). Therefore, correct molecular taxonomy of the wild

relatives of Vigna accessions is of prime importance in order

to decipher their relationship and diversity among the various

accessions of Vigna species for their further effective usage in

TABLE 3 Trait-linked SSRs flanking candidate genes in V. radiata.

S.
No.

Marker
name

Genes of
V. radiata
var. radiata
nesting SSR
markers

Start and
end of
forward
primer

Start and
end of
reverse
primer

Amplicon
length
in V.
radiata

SSR motifs
in V.
radiata var.
radiata

1 CP00361 Uncharacterized LOC106765295 322–345 106–129 240 (CT)5N(CT)5N
(TC)8

2 CEDG100 Histone–lysine N-methyltransferase ATX5 (LOC106775878) 283–304 465–444 183 (CT)6N (TC)9

3 CEDG220 CHR7; intergenic between LOC106768487 (42,176,444.
42,178,582) and LOC106767283 (42,196,013.42,199,609)

152–172 23–44 150 (CT)12

4 VR022 SHOOT GRAVITROPISM 5 (LOC106774869) 66–92 188–209 144 (TCTA)5N
(TC)5

5 VR039 Putative UPF0481 protein At3g02645 (LOC106767008) 1,117–1,138 1,226–1,246 130 (AGA)5
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various Vigna improvement programs (Takahashi et al., 2018;

Kumari et al., 2021).

Mapping gene(s) or genomic region(s) which regulate

important traits helps us to effectively utilize modern breeding

technologies to expedite the varietal development process. Few

studies on mapping genes/QTLs following QTL and association

mapping approaches were reported in mungbean which included

salinity stress tolerance (Breria et al., 2020), MYMIV resistance

(Chankaew et al., 2011; Singh et al., 2017; Singh et al., 2020),

maturity and hypocotyl color (Sokolkova et al., 2020), seed

mineral concentration (Wu et al., 2020), and domestication-

related traits (Isemura et al., 2012). QTLmapping for HSW, NPP,

NSP, and MYMIV tolerance was reported using a limited

number (100) of segregating RILs and few (46) polymorphic

SSR markers (Singh et al., 2013). Hence, mapping genes/QTLs

following a diverse panel consisting of an extensive collection of

different Vigna species will really benefit not only the mungbean

development program but also other closely related Vigna

species. Out of the identified MTAs from GLM and MLM

approaches in this study, 11 MTAs were previously reported

in various mapping populations of Vigna species following the

QTL mapping approach for traits such as MYMIV (CEDG100)

in mungbean (Kitsanachandee et al., 2013), MYMV (CEDG225)

in blackgram (Gupta et al., 2013b; Vadivel et al., 2021) and

mungbean (CEDG225, MBSSR008, and VM27) (Singh et al.,

2020), Cercosporaleaf spot (CEDG008) (Tantasawat et al., 2020),

HSW (VM27) in V. marina (Chankaew et al., 2014), and HSW

(CP1225) in mungbean (Alam et al., 2014). In addition to these,

QTLs related to domestication-related traits such as seed length

and number of seeds per pod linked/flanking the SSR marker

CEDG220; pod width with CEDG096A; total number of pods

with CEDG096A; stem internode length with CEDG271 and

CP00361; HSW with JMES1424; and percent of shattered pods

with MBSSR008 in mungbean using BC1F1 biparental a mapping

population derived from a cross between a wild mungbean

accession (JP211874) and a cultivated mungbean landrace

(JP229096 cv. Sukhothai) (Isemura et al., 2012) were also

identified for different traits in our study. The marker

CP1225 identified for HSW in this study is consistent with an

earlier report (Alam et al., 2014) where it was identified for the

same trait in the F2 mungbean mapping population derived from

BM1 × BM6 by single regression analysis.

The marker CEDG100 was associated with HSW, PH, and

TLL, and this MTAwas consistently expressed for PH expression

in both the seasons’ data explaining >30% of phenotypic

variation, and hence, was considered as a major and

consistent MTA for PH. This genic/EST SSR marker co-

localized gene encoding histone–lysine N-methyltransferase

ATX5 is implicated in epigenetics, specifically in the

methylation of histones. Histone methylation is an important

epigenetic modification which plays a crucial role in regulating

the gene expression by either increasing or decreasing the target

gene expression and genome stability (Kumar and Mohapatra,

2021). The histone–lysine methyltransferase (HKMTase),

specifically ATX5, is involved in the methylation of lysine

residue (H3K4 di- and trimethylation) present on the tail of

the histone protein and ARABIDOPSIS TRITHORAX 5 (ATX5)

reported to function in abscisic acid and dehydration stress

responses (Chen et al., 2017; Liu et al., 2018a) and glucose

signaling in Arabidopsis (Liu et al., 2018b). Importantly, ATX5

along with ATX3 and ATX4 in Arabidopsis has a role in

determining plant height (Chen et al., 2017). The triple

mutant of atx3-1, atx4-1, and atx5-1 exhibits dwarf and small

rosette leaf phenotypes without altering the flowering time in

Arabidopsis (Chen et al., 2017). Similarly, the VR22 marker

associated with PL and HSW is co-located in gene-encoding

SHOOT GRAVITROPISM 5 (SGR5) (LOC106774869) in

mungbean. Gravity affects many biological processes including

negative (directing shoots upwards) and positive (downwards)

gravitropism. SGRs have been shown to mediate the gravitropic

responses of different plant organs. SRG5 is a C2H2-type ZF

protein and functions primarily in the early steps of gravity

perception in inflorescence stems (Morita et al., 2006). The

mutant of SGR5 exhibits an altered gravitropic response of the

inflorescence stems by altering the patterns of starch

accumulation or deposition in the endodermal cells of

inflorescence stems (Tanimoto et al., 2008; Kim et al., 2016).

Alternative splicing of SGR5 into SGR5a and SGR5b modulates

the gravitropic response of inflorescence stems at high

temperatures in Arabidopsis (Kim et al., 2016). In addition to

SGR5, other genes determining shoot gravitropism are BIG

GRAIN 1 (BG1) in rice (Liu et al., 2015); LAZY1 (LA1) in

rice, maize, and tea; and Arabidopsis (Overbeek, 1936; Jones

and Adair, 1938; Li et al., 2007; Yoshihara et al., 2013), which

determine spreading of tillers in rice, prostate culms in maize,

and outward orientation branching and wider angles in

Arabidopsis by primarily modulating polar auxin transport

(PAT). Plant lateral organs such as primary and secondary

branches are generated at a defined angle termed the gravitropic

set-point angle and thus, determine the overall plant architecture

which is mainlymaintained by gravitropism (Digby and Firn, 1995).

Hence, developing a variety with ideal plant architecture (IPA) in

Vigna is necessary to enhance crop yield by harvesting light sources

and converting sources efficiently to sink in plants. The important

characteristics of IPA inVigna include increased number of pods per

plant as well as bunch, number of seeds per pod, high HSW, and

short plant-type with erect growth habit.

Days to flowering and maturity are important in the

mungbean improvement program to breed shorter-duration

crop varieties with higher yields. The markers CEDC033 and

MBSSR008 associated with the expression of DFF and DM have

been observed to be consistent in both seasons. However, we

could not identify these markers associated with HSW as

identified in correlation studies where HSW had a positive

correlation with DFF and DM traits. This could be ascribed to

genes controlling HSW in Vigna. The MTAs identified in this
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study could be effectively utilized in improving other closely

related Vigna species which lack genomic information such as

trait-linked markers for deploying in marker-assisted crop

improvement programs. The MTAs identified in this study for

the traits DFF, DM, PH, and HSW can be further explored to

utilize in the Vigna improvement program following marker-

assisted breeding and cloning of the genes to help us understand

the molecular mechanism controlling the expression of these

traits in various Vigna species.
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Soybean is one of the largest sources of protein and oil in the world and is also

considered a “super crop”due to several industrial advantages.However, enhanced

acreage and adoption of monoculture practices rendered the crop vulnerable to

several diseases. Phytophthora root and stem rot (PRSR) caused by Phytophthora

sojae is one of themost prevalent diseases adversely affecting soybean production

globally. Deployment of genetic resistance is the most sustainable approach for

avoiding yield losses due to this disease. PRSR resistance is complex in nature and

difficult to address by conventional breeding alone. Genetic mapping through a

cost-effective sequencing platform facilitates identification of candidate genes and

associated molecular markers for genetic improvement against PRSR.

Furthermore, with the help of novel genomic approaches, identification and

functional characterization of Rps (resistance to Phytophthora sojae) have also

progressed in the recent past, and more than 30 Rps genes imparting complete

resistance to different PRSR pathotypes have been reported. In addition, many

genomic regions imparting partial resistance have also been identified.

Furthermore, the adoption of emerging approaches like genome editing,

genomic-assisted breeding, and genomic selection can assist in the functional

characterization of novel genes and their rapid introgression for PRSR resistance.

Hence, in the near future, soybean growers will likely witness an increase in

production by adopting PRSR-resistant cultivars. This review highlights the

progress made in deciphering the genetic architecture of PRSR resistance,

genomic advances, and future perspectives for the deployment of PRSR

resistance in soybean for the sustainable management of PRSR disease.
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Introduction

Soybean (Glycine max (L.) Merrill) is an important legume

crop that fulfills the substantial demand for food and feed globally.

It is high in protein and oil content and also serves as a source

of nutraceuticals such as bioflavonoids, lecithins, phytosterols,

saponins, and tocopherols. Its oil is mainly used for domestic

purposes; however, recent trends move toward the use of soybean

oil as biodiesel to decrease reliance on fossil fuels (Mofijur et al.,

2013). Approximately 70% of soybean’s economic value is for its

meal, of which 97% is consumed as livestock and poultry feed

(Raghuvanshi and Bisht 2010). The demand for soybean in the

internationalmarket is increasing due to interest in functional food

and the use of various soybean seed constituents and by-products

in a wide array of specific industrial products (Kumawat et al.,

2016). Globally, soybean is grown in an area of 122.6 million

hectares (mha) with an annual average production of 336.6 million

tons (mt) (USDA, 2020). The leading producers of soybean are

Brazil, the United States, China, Argentina, and India (USDA,

2020). Like other food crops, soybean production is being

challenged by various forms of abiotic and biotic stresses. The

remarkable growth in the number of major diseases and their area

has been observed in the past 50 years; subsequently, it negatively

affects soybean production worldwide. The impact of diseases on

soybean may be cited to the fact that the average annual economic

loss due to soybean diseases in the US reached nearly $4.55 billion

based on an investigation from 1996 to 2016 (Bandara et al., 2020).

This increase in the number and spread of diseases can be

attributed to enhanced acreage in new un-adapted regions and

monoculture practices resulting in high pathogen density. Various

factors governing the disease severity and economic losses include

the pathogen type, plant tissue under attack, affected number of

plants, the severity of an attack, pathogen-favoring environment,

host plant vulnerability, plant stress level, and crop development

stages (Hartman and Hill, 2010).

Among the various soybean diseases, Phytophthora root and

stem rot (PRSR), caused by the soil-borne pathogen Phytophthora

sojae (Kaufmann and Gerdemann) (oomycete pathogen), is the

second most important economic disease after soybean cyst

nematodes in the world. Earlier, P. sojae was part of the

Phytophthora megasperma species complex which causes rot

diseases in plants (Lin et al., 2021). Phytophthora sansomeana

is identified as another causal agent for root rot in soybean, and

partial resistance to P. sansomeana in soybean has been observed

(Lin et al., 2021). Like P. sojae, P. sansomeana is also part of the P.

megasperma complex. However, stem and root rot caused by P.

sansomeana is not included in this review to keep the article length

in check. PRSR drastically limits the yields of soybean globally as

losses caused by it range between 10 and 40% or complete yield loss

in some scenarios (Xiao et al., 2011; Zhang et al., 2013a). In the last

few decades, Phytophthora root and stem rot resistance has been

characterized by many researchers (Ryley et al., 1998; Dorrance

et al., 2003; Grau et al., 2004; Sugimoto et al., 2006; Dorrance et al.,

2008). In the United States, a loss of nearly 20.5 million tons was

reported from 1996 to 2014, with an average annual loss of over

1.1 million tons due to this pathogen (Allen et al., 2017). P. sojae

was first reported in Indiana state of the United States in 1948

(Kaufmann, 1957). Later, it spread to the major soybean growing

areas of the United States, particularly in the pathogen-favoring

environment of the Northern United States (Dorrance and

Schmitthenner 2000). In addition to the United States, PRSR

has been reported in other soybean-producing continents,

namely, Asia, Africa, Australia, and Europe. The occurrence

and development of PRSR are facilitated by poorly drained clay

soils, low temperatures, and high rains (Kaufmann, 1957; Han

et al., 2008). PRSR is generally characterized by the damping-off of

seedlings and rotting of roots in adult plants (Tyler, 2007), and

affected plants exhibit red–brown water-soaked lesions, wilting,

and chlorosis, which in the case of extreme severity leads to

mortality (Schmitthenner 1985; Dorrance et al., 2003).

P. sojae has abundant pathogenic diversity, and complete

and partial resistance reactions have been reported for this

pathogen. PRSR is being managed by cultivars with one or two

dominant resistance genes for Phytophthora sojae named “Rps”

(Jang and Lee 2020). However, the Rps genes are race-specific

and useful as introgression of such genes is easy; but partial

resistance has its own advantage for long-term protection. The

first resistance gene against soybean P. sojae (named Rps1a) was

identified in the 1950s (Bernard et al., 1957). Later, with the

advent of sequencing technology and development of abundant

simple sequence repeat (SSR) markers (Song et al., 2010),

molecular linkage mapping gained pace, and nearly 30 Rps

genes have been identified to date (Lin et al., 2013; Sun et al.,

2014a; Ping et al., 2016; Niu et al., 2017; Zhong et al., 2019;

Zhong et al., 2019; Jiang et al., 2020). In addition to SSR

markers, a large number of single nucleotide polymorphisms

(SNPs) and insertion/deletion markers for fine genetic mapping

and molecular breeding have also been studied in different

mapping populations (Li et al., 2016a; Li et al., 2017a).

Functional characterization of identified genes has also

gained progress in the recent past (Fan et al., 2015; Fan

et al., 2017; Jang and Lee, 2020; Zhou et al., 2022). Few

transcriptomic studies also uncovered molecular pathways in

response to P. sojae infection (Guo et al., 2011; Lin et al., 2014).

Newly identified genes for PRSR resistance serve as a good

source for modern breeding programs to improve the resistance

of cultivars to PRSR disease. Furthermore, the identified

quantitative disease resistance loci (QDRL) can be employed
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in gene stock mining for the identification of novel alleles. This

review aims to provide the current progress and future

perspectives on genetics and genomics-assisted studies of P.

sojae R-genes/QDRL and their utilization in soybean

improvement.

Disease management, pathogenic
diversity, and potential genetic
resources

PRSR is a serious concern today as it causes a significant yield

loss in soybean production. Current PRSR control strategies

include applications of various fungicides (Anderson and

Buzzell, 1992), improving soil drainage systems

(Schmitthenner, 1985), tillage systems (Workneh et al., 1998),

application of calcium-containing fertilizers (Sugimoto et al.,

2010), and the use of resistant varieties (Schmitthenner, 1999;

Dorrance et al., 2003). Germplasm screening-based identification

of resistant genotypes and development of PRSR-resistant

soybean cultivars is the most effective and sustainable

approach for minimizing yield losses (Burnham et al., 2003).

Currently, the management of PRSR is largely dependent on

resistant cultivars, having one or more resistance genes. For

understanding, pathogen race refers to a pathogen’s ability to

cause disease in its host (Anderson et al., 2010); in other words,

the pathogen race attacks certain resistance genes (Dorrance et al.,

2016), and this kind of resistance is accompanied by several

mechanisms including effector-triggered immunity (ETI), where

R gene products in the host is recognized (directly/indirectly) by

specific pathogen effectors termed avirulence (Avr) proteins (Li

et al., 2021). Till now, nine Avr genes of P. sojae have been cloned

(Yang et al., 2019). Soybean R genes whose products recognize P.

sojaeAvr effectors and trigger Phytophthora resistance are known as

Rps (resistance to P. sojae) genes (Tyler and Gijzen, 2014). For

understanding, avirulence 1c (Avr1c) gene in P. sojae confers the

resistance by Rps 1c gene in soybean populations; the K105 amino-

acid residue inAvr gene is the main determinant of the avirulence of

Avr1c that interacts with Rps gene (Yang et al., 2019). So Rps genes

have the potential to combat PRSR, but they are race-specific;

therefore, they would be operational against limited P. sojae

isolates, and each Rps gene often remains effective for about

8–15 years, which leads to the emergence of new isolates after a

certain period (Schmitthenner 1985; Dorrance et al., 2003).

The diversity of the P. sojae population has been investigated

in the United States and Canada since the 1960s, and most of the

P. sojae isolates were determined based on studies with 15 host-

differentials (Dorrance et al., 2004). During the 1980s, Rps genes

1a, 1d, and 1k have been widely exploited to combat PRSR losses;

however, the emergence of new isolates and enhancement in

virulence lead to the evolution of more than 55 races reported

against eight soybean differentials (Rps1a, 1b, 1c, 1d, 1k, 2, 3a, 6,

and 7 genes) (Abney et al., 1997; Grau et al., 2004). A total of

213 virulent pathotypes were identified from 873 isolates of the

North Central United States (Dorrance et al., 2016).

In China, after the identification of P. sojae in the Heilongjiang

region in 1991 (Su and Shen 1993), the incidence of the pathogen

was reported mainly in the Inner Mongolia Autonomous Region,

Xinjiang Uygur Autonomous Region, and Fujian Province till 2015

(Wen and Chen 2002; Chen et al., 2004; Liu et al., 2006; Xiao et al.,

2011). During 2005–2007 in Heilongjiang Province, a total of

96 isolates were collected and investigated, which revealed that

four out of the eight races had new pathotypes (Zhang et al., 2010).

PRSR was first reported in Hokkaido, Japan, in 1977

(Tsuchiya, 1990). Tsuchiya (1990) found the genetic

differences between American and Japanese isolates during the

investigation of 49 Japanese isolates and 55 known American P.

sojae races. Sugimoto et al. (2006) collected 51 isolates from

Hyogo in Japan and identified four new races. More than 100 P.

sojae isolates were reported from 14 different regions for 14 Rps

genes including Rps1a, 1b, 1c, 1d, 1k, 3b, 7, and 8; among them,

Rps1d and 1k were determined as the most promising resistance

genes (Moriwaki 2010). Similarly, in Brazil, P. sojae was found to

be different from other regions; 17 pathotypes were determined

based on 37 Brazilian isolates, which were genetically different

from the previously reported ones (Costamilan et al., 2013).

Subsequently, Rps1a, 1c, and 1k were highly utilized in Brazilian

soybean breeding programs, whereas Rps1a and 1c were not

effective in the United States (Costamilan et al., 2013). In South

Korea, PRSR was first reported 2 decades ago (Jee et al., 1998).

Kang et al. (2019) reported genetic differences among the

pathotypes of Korean P. sojae isolates. Thus, based on these

facts, it is a prerequisite to collect P. sojae isolates from several

regions/fields and to assess them with differential varieties.

A number of genetic sources for P. sojae resistance have

been identified and utilized to map Rps genes and to develop

resistant cultivars through different breeding strategies

(Table 1). Similarly, numerous genetic resources for

incomplete or partial resistance for P. sojae have been

utilized for genetic studies in the form of breeding lines

and introgression (Table 2). Dorrance and Schmitthenner

(2000) evaluated over 1,000 accessions from USDA

germplasm accessions and found 162 accessions to be

resistant to three races (7, 17, and 25). In addition to this,

they also reported partial resistance in 55.5% of the

887 accessions for P. sojae. Kang et al. (2019) evaluated

the Rps resistance against four isolates in 20 popular

varieties of South Korea, while Daewon was identified as a

resistant cultivar.

Genetics of complete resistance
versus partial resistance

There are two types of resistance to P. sojae reported in

soybean, namely, complete resistance and partial resistance
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TABLE 1 Details of P. sojae-resistant genes (Rps), their source, chromosomal positions, and associated markers.

S.
No.

Name
of Rps
gene

Chr
no.
(LG)

Source aPosition
1 (Mbp)

aPosition
2 (Mbp)

Flanking
marker 1

Flanking
marker 2

References

1 Rps1a 3 (N) L88-8470,
Mukden, and
Harlon

3.2 3.9 Satt159
(BARCSOYSSR_03_0180)

Satt009
(BARCSOYSSR_03_0226)

Bernard et al. (1957),
Weng et al. (2001)

2 Rps1b 3 (N) L77-1863 3.4 5.7 Satt152
(BARCSOYSSR_03_0192)

Satt530 Mueller et al. (1978),
Demirbas et al. (2001)

3 Rps1c 3 (N) L75-3735 3.4 9.2 Satt152
(BARCSOYSSR_03_0192)

Satt584
(BARCSOYSSR_03_0442)

Mueller et al. (1978),
Demirbas et al. (2001)

4 Rps1d 3 (N) L93-3312 and PI
103091

3.4 3.5 Satt152
(BARCSOYSSR_03_0192)

Sat_186
(BARCSOYSSR_03_0204)

Buzzell and Anderson
(1992), Sugimoto et al.
(2008)

5 Rps1k 3 (N) L77-1794,
Williams82, and
E00003

- - CG1 (AFLP) - Bernard and Cremeens
(1981), Kasuga et al.
(1997), Gao and
Bhattacharyya (2008)

6 Rps2 16 (J) L76-1988, P
I398440, and P
I398694

1.64 34.03 Satt287
(BARCSOYSSR_16_0090)

Satt547
(BARCSOYSSR_16_1165)

Kilen et al. (1974),
Demirbas et al. (2001),
Gordon et al. (2007)

7 Rps3ab 13 (F) L83-570, P I3
99036, PI408097,
and PI424354

23.68 37.6 Satt374 (Sat_309) Satt144 Mueller et al. (1978),
Demirbas et al. (2001),
Gordon et al. (2007)

8 Rps3b 13 (F) L91-8347 - - - - Ploper et al. (1985),
Demirbas et al. (2001)

9 Rps3c 13 (F) L92-7857 - - - - Sugimoto et al. (2012),
Demirbas et al. (2001)

10 Rps4 18 (G) L85-2,352, and
PI399036

53.8 56.3 Satt191
(BARCSOYSSR_18_1750)

Sat_064
(BARCSOYSSR_18_1858)

Athow et al. (1980),
Demirbas et al. (2001),
Sandhu et al. (2004),
Gordon et al. (2007)

11 Rps5 18 (G) L85-3059 and
PI399036

- 53.9 - Satt472
(BARCSOYSSR_18_1708)

Buzzell and Anderson,
1981; Sahoo et al., 2017

12 Rps6 18 (G) L89-1,581,
PI399079, and
PI399036

54.5 - Satt191
(BARCSOYSSR_18_1750)

Sat_372 Athow and Laviolette
(1982), Gordon et al.
(2007)

13 Rps7 3 (N) L93-3258,
OX281, and
PI408097

3.9 18.4 Satt009
(BARCSOYSSR_03_0226)

Satt125
(BARCSOYSSR_03_0564)

Anderson and Buzzel
(1992), Weng et al. (2001),
Gordon et al. (2007)

14 Rps8 13 (F) PI 399073 24.3 28.9 Satt425
(BARCSOYSSR_13_0784)

Satt114
(BARCSOYSSR_13_1055)

Gordon et al. (2004),
Gordon et al. (2006),
Sandhu et al. (2005)

15 Rps9 3 (N) Ludou 4 and
Cangdou 5

2.94 3.15 Satt631
(BARCSOYSSR_03_0162)

Sat_186
(BARCSOYSSR_03_0204)

Wu et al. (2011a)

16 Rps10 17
(D2)

Wandou 15 30.8 31.1 Sattwd15-24 Sattwd15-47 Zhang et al. (2013a)

17 Rps11 7 (M) PI 594527 5.42 5.77 BARCSOYSSR_07_0266 BARCSOYSSR_07_0300 Ping et al. (2016)

18 Rps12 18 (G) PI 399036 56 56.3 BARCSOYSSR_18_1840 Sat_064 Sahoo et al. (2017)

19 Rps13 18 (G) PI 399036 - - Sat_064 BARCSOYSSR_18_1859 Sahoo et al. (2021)

20 RpsUN1 3 (N) PI 567139B 3.2 4.3 Satt159
(BARCSOYSSR_03_0180)

BARCSOYSSR_03_0250 Lin et al. (2013), Li et al.
(2016a)

21 RpsUN2 16 (J) PI 567139B 36.9 37.3 BARCSOYSSR_16_1275 Sat_144
(BARCSOYSSR_16_1294

Lin et al. (2013), Li et al.
(2016a)

22 Rps Yu25 3 (N) Zheng 92116 3.19 3.33 Sat_186
(BARCSOYSSR_03_0204)

Satt_152 Sun et al. (2011)

23 RpsYD29 3 (N) Yudou 29 3.9 4.1 SattWM82-50 Satt1k4b Zhang et al. (2013b)

24 RpsYD25 3 (N) Yudou 25 2.2 4.5 Satt1k3 BARCSOYSSR_03_0253 Fan et al. (2009), Zhong
et al. (2020)

(Continued on following page)
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(Sugimoto et al., 2012). Complete resistance is race-specific and

exhibits a single dominant resistance gene (Rps) that provides

immunity or near immunity, whereas partial resistance is

controlled by major and minor genes, and it restricts

pathogen colonization and spread (Dorrance et al., 2003,

2004; Sugimoto et al., 2012). Previous studies over the last

2–3 decades identified both complete and partial resistance to

P. sojae (Burnham et al., 2003; Dorrance et al., 2004; Sugimoto

et al., 2012; Jang and Lee 2020).

During the single dominant gene resistance mechanism

against P. sojae, expressed products of Rps genes interact with

those of P. sojae through a gene-for-gene interaction and

prevent disease development in plants (Hartwig et al., 1968;

Schmitthenner, 1999; Burnham et al., 2003; Fan et al., 2009).

There are very few reports explaining the detailed expressed

products of Rps genes; Gao et al. (2005) mentioned the role of

coiled-coil–nucleotide-binding–leucine-rich repeat (CC-NB-

LRR)-type proteins in the case of Rps1-k locus ,and Li et al.

(2021) demonstrated that E3 ligase GmPUB1 protein is

required for the interaction of P. sojae effector protein

Avr1b with the resistance of Rps1b and Rps1k in soybean.

As an example, during an investigation of the inheritance

pattern of Rps genes, Li et al. (2017b) used detached-petiole

and hypocotyl inoculation methods in F2 and F2:3 populations

derived from a cross “Zhonghuang47” × “Xiu94-11.” A

segregation ratio of 3:1 for the resistance and the

susceptible reaction indicated a single dominant gene for

P. sojae resistance in their study. All the Rps genes provide

race-specific and complete resistance with the exception of

Rps2, which provides incomplete resistance (Mideros et al.,

2007).

Genes for complete resistance

To the best of our knowledge, more than 30 Rps genes/alleles

have been reported and are present on 10 different chromosomes

in soybean (Table 1). Most of the Rps loci are located on

chromosome 3 (14 genes), followed by chromosome 18

(6 genes) and chromosome 13 (5 genes). The Rps genes on

these three chromosomes constitute approximately 70% of the

total Rps genes reported (Figure 1). Rps1 (with five different

alleles, Rps1a, Rps1b, Rps1c, Rps1d, and Rps1k), Rps7, Rps9,

RpsYu25, RpsYD29, RpsYD25, RpsUN1, RpsWY, RpsQ,

RpsHC18, RpsX, RpsHN, and RpsGZ and an unnamed Rps

gene (Rps1?) were mapped on the short arm of chromosome

3 (Figure 1; Table 1). Similarly, Rps4, Rps5, Rps6, Rps12, Rps13,

and RpsJS are located on chromosome 18; Rps2, RpsUN2, and one

TABLE 1 (Continued) Details of P. sojae-resistant genes (Rps), their source, chromosomal positions, and associated markers.

S.
No.

Name
of Rps
gene

Chr
no.
(LG)

Source aPosition
1 (Mbp)

aPosition
2 (Mbp)

Flanking
marker 1

Flanking
marker 2

References

25 RpsYB30 19 (L) Youbian 30 33.9 34.8 Satt497
(BARCSOYSSR_19_0760)

Satt313
(BARCSOYSSR_19_0788)

Zhendong et al. (2010)

26 RpsSu 10 (O) Su88-M21 1 39.4 Satt358 Sat_242
(BARCSOYSSR_10_1104)

Wu et al. (2011b)

27 RpsZS18 2
(D1b)

Zaoshu18 43.37 44.3 ZCSSR33 ZCSSR46 Yao et al. (2010), Zhong
et al. (2018a)

28 RpsSN10 13 (F) Suinong 10 16.6 16.9 Satt423
(BARCSOYSSR_13_0264)

Satt149
(BARCSOYSSR_13_0245)

Yu et al. (2010)

29 Rps1? 3 (N) Waseshiroge 3.9 4.5 Satt009
(BARCSOYSSR_03_0226)

T0003044871 Sugimoto et al. (2011)

30 RpsJS 18 (G) Nannong 10–1 56.3 56.6 BARCSOYSSR_18_1859 BARCSOYSSR_18_1864 Sun et al. (2014a)

31 RpsWY 3 (N) Wayao 2.9 3.4 Satt631
(BARCSOYSSR_03_0162)

Satt152
(BARCSOYSSR_03_0192)

Cheng et al. (2017)

32 RpsQ 3 (N) Qichadou 1 3 3.1 BARCSOYSSR_03_0165 InDel281 Li et al. (2017a)

33 RpsHN 3 (N) Meng8206 4.2 4.5 SSRSOYN-25 SSRSOYN-44 Niu et al. (2017)

34 Rps
HC18

3 (N) Huachun 18 4.5 4.6 BARCSOYSSR_03_0269 BARCSOYSSR_03_0272 Zhong et al. (2018b)

35 RpsX 3 (N) Xiu94-11 2.9 3.2 InDelxz6 BARCSOYSSR_03_0175 Zhong et al. (2019)

36 RpsGZ 3 (N) Guizao1 32.3 - Gm_03_bin31 - Jiang et al. (2020)

37 - 16 (J) - 4.0* - BARC-014467–01559 - Huang et al. (2016)

38 - 20 (I) - - 46.6* BARC-013645–01207 - Huang et al. (2016)

aPhysical position of the left marker and right flanking markers is based on the genome assembly Wms.82. v1. a2 and approximate physical positions with an asterisk (*) are based on the

genome assembly Glyma. Wm82. a1.
bPhysical positions and associated markers on Rps3a are based on Gordon et al. (2007).
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TABLE 2 Details of QDRL for P. sojae resistance identified through the bi-parental mapping approach in soybean.

bPlant
material/
population

QDRL/
genomic
region

aPotential linked marker Chromosome PVE/
R2 (%)

Marker Environment Reference

Conrad × Sloan
(RILs)

2 Satt579 and Satt600; Satt252 and
Satt149

2 and 13 10.6 and
32.4

SSR Growth chamber Burnham et al.
(2003)

Conrad × Harosoy
(RILs)

2 Satt266 and Satt579; Satt252 and
Satt423

2 and 13 15.9–35.0 SSR Growth chamber Burnham et al.
(2003)

Conrad × Williams
(RILs)

2 Satt579 and Satt600; Satt252 and
Satt149

2 and 13 20.7–21.4 SSR Growth chamber Burnham et al.
(2003)

Conrad × OX760-6-
1 (RILs)

1 Satt414 and Satt596 16 13.7–21.5 SSR Field Weng et al.
(2007)

Conrad × OX760-6-
1 (RILs)

3 OPL18 and Satt274; Satt509 and
Satt030; Satt343 and OPG16600

2 and 13 2.4–21.6% RAPDs
and SSR

Greenhouse Han et al.
(2008)

Hefeng 25 × Conrad
(RILs)

8 Satt579 and Sat_089; Satt325 and
Satt343; Satt277 and Satt365

2.6, 8, 11, and 13 4.24–27.98 SSR Greenhouse and
Field

Li et al. (2010)

V71-370 × PI407162
(RILs)

3 Satt414, Satt529, Sat_163, and SLP142 16, 18, and 20 7–32 SSR Greenhouse Tucker et al.
(2010)

Conrad × Sloan
(RILs)

5 Satt353, Sct_033, Satt574,
GMH_OSU31, GML_OSU10, and
F424_294

12, 13, 14, 17,
and 19

4–7 SSR; SNP Greenhouse Wang et al.
(2010)

Su88-M21 ×
Xinyixiaoheidou
(RILs)

3 Satt520, Satt557,Satt598, Satt651,
Satt420, and Sat_274

6, 10, and 15 4.3–15.9 SSR Greenhouse Wu et al.
(2011c)

Conrad × Sloan
(RILs)

5 Satt527, BARCSOYSSR_19_1473,
BARC-060037–16311, and
BARCSOYSSR_18_1777

1, 18, and 19 4.8–19.6 SNP Greenhouse Wang et al.
(2012)

S99–2,281 × PI
408105A (RILs)

2 Sat_154 Sat_375, Sat_300, and BARC-
023721–03465

13 and 17 7.5–35.8 SSR; SNP Greenhouse Nguyen et al.
(2012)

OX20–8 × PI
398841, (RILs)

3 BARC-044479–08708,
BARCSOYSSR_13_1103, BARC-
031343–07057,
(BARCSOYSSR_13_0981), and
BARCSOYSSR_13_1131

1, 13, and 18 4–16 SNP Field Lee et al.
(2013a)

OX20–8 × PI
407861A (RILs)

9 BARC-051883–11286, Sat_234, and
BARCSOYSSR_15_0160

3, 4, 8, 10, 13, 15,
and 18

2.4–8.6 SNP Greenhouse Lee et al.
(2013b)

Combined
populations
(6 NAM)

16 BARC-025777–05064, BARC-
047665–10370,
BARCSOYSSR13_1106 and
BARCSOYSSR13_1103

1, 3, 12, 13, 16,
and 18

4–45 SNP Greenhouse amd
field

Lee et al. (2014)

Conrad × Sloan,
(RILs)

10 BARC_2.0_Gm18_56710850,
BARC_2.0_Gm18_56876857,
BARCSOYSSR_19_1286 and
BARC_2.0_Gm19_46116996

1, 4, 9, 15, 16, 18,
and 19

2–13.6 SNP Greenhouse Stasko et al.
(2016)

PI 399036 × AR2
(AX20925) (RILs)

6 BARC-064609–18739, BARC-
039977–07624, BARC-042881–08448
and BARC-019805–04379

2, 3, 6, 12, 15,
and 19

5–14 SSR Growth chamber Abeysekara
et al. (2016)

PI 399036 × AR3
(AX20931) (RILs)

7 BARC-065787–19749, BARC-
056237–14178, BARC-017625–02635
and BARC-055533–13402

2, 7, 5, 8, 9, 13, 14,
15, 17, and 20

5–30 SSR Growth chamber Abeysekara
et al. (2016)

Combined
populations
(2 NAM)

4 Gm13_29043806_T_C,
Gm13_39560450_G_A, and
Gm06_11776489_C_A

6, 13, and 18 7–42.2 SNP Growth chamber Scott et al.
(2019)

PI 449459 × Misty 2 Chr13:28842184, Chr13:30776191,
Chr19:50040258, and Chr19:50556102

13 and 19 13.1–17.6 SNP Growth chamber de Ronne et al.
(2019)

Hefeng
25 ×DongongL-28

2 Chr03-41803925, Chr03-41822143,
Chr03-3904775, and Chr03-4404630

3 5.8–56.0 SNP and
SLAF

Growth chamber Zhao et al.
(2020)

Williams × PI
407974B and
Williams × PI
424487B

3 ss715586321, ss715632438, and
ss715632427

3 and 18 56–89 SSR
and SNP

- Bolanos-Carri
et al. (2021)

aMarkers which explained maximum phenotypic variations and near identified genomic regions.
bPRSR, resistant parent depicted in bold letters.
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unknown Rps are located on chromosome 16; Rps3 (three alleles,

Rps3a, Rps3b, and Rps3c) and RpsSN10 which was linked with

Rps8 were mapped on chromosome 13. Furthermore, the

remaining genes, namely, RpsZS18, Rps11, RpsSu, Rps10, and

RpsYB30, and an unnamed Rps were identified on chromosomes

2, 7, 10, 17, 19, and 20, respectively (Sandhu et al., 2004; Sandhu

et al., 2005; Gordon et al., 2007; Yao et al., 2010; Yu et al., 2010;

Wu et al., 2011b; Zhang et al., 2013a; Lin et al., 2013; Sun et al.,

2014a; Li et al., 2016a; Huang et al., 2016; Ping et al., 2016; Sahoo

et al., 2017; Sahoo et al., 2021). A few genomic regions were

repeatedly found in many mapping studies using bi-parent

populations. For example, on chromosome 3, a genomic

region of ~2 Mb was found to be a hot spot, where major

resistance was identified in over 10 investigations using

different resistance sources (Figure 1). Zhong et al. (2019)

identified RpsX in soybean cultivar Xiu94-11; subsequently, it

was revealed that RpsX was located in the 242-kb genomic region

spanning the RpsQ locus on chromosome 3. Zhong et al. (2020)

fine-mapped RpsYD25 in 1127 F3:4 families derived from

“Zaoshu18” and “Yudou25;” subsequently, 7 out of

178 soybean genotypes containing RpsYD25 were identified

using five co-segregated SSR markers. Recently, Jiang et al.

(2020) have fine-mapped RpsGZ to a 367.371-kb genomic

region on chromosome 3 in recombinant inbred lines (RILs)

derived from a cross of the resistant cultivar “Guizao1” and the

susceptible cultivar “BRSMG68.” Sahoo et al. (2017) identified

Rps12 on chromosome 18 in an RIL population developed by

crossing the P. sojae resistant cultivar “PI399036” with the

susceptible “AR2” line, and this gene was mapped at 2.2 cM

proximal to theNBSRps4/6-like sequence that co-segregated with

the Phytophthora resistance genes Rps4 and Rps6.

In general, Rps gene efficacy is limited to 8–15 years (Grau

et al., 2004; Sugimoto et al., 2012). Therefore, continuous

efforts are required for the identification of new Rps genes and

for the development of PRSR-tolerant cultivars. Under the

conditions of high disease pressure, cultivars with complete

resistance are far more effective than those having partial

resistance to P. sojae (Schmitthenner, 1999; Dorrance et al.,

2003). Contradictorily, partial resistance conferred by many

QDRL has been found to be durable compared to complete

resistance (single Rps gene) in the United States where P. sojae

races evolve at a much faster rate to knock down even the most

effective Rps genes (Dorrance et al., 2003). This indicates the

significance of both complete resistance and partial resistance

to P. sojae in different situations.

Quantitative disease resistance loci for
partial resistance

Partial resistance to P. sojae is a quantitative trait which is

usually race non-specific and provides long-term resistance

stability against the pathogen (Schmitthenner 1985; Dorrance

et al., 2003; Dorrance et al., 2008; Wang et al., 2012). Partial

resistance has moderate to high heritability and thus can be

improved through selection pressure. For stable and durable

FIGURE 1
Genomic regions of chromosomes 3, 13, and 18, where more than 20 Rps genes were mapped; some potential characterized candidate genes
are also depicted on chromosome 3.
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management of PRSR, partial resistance along with complete

resistance (Rps genes) may be used, as both types of resistance

have different mechanisms to respond to PRSR.

Usually, the levels of partial resistance are evaluated using

lesion length measurement, root rot score, tray test, inoculum

layer test, or field evaluation (Tooley and Grau 1984; Dorrance

et al., 2008). The development of cultivars with increased levels of

partial or incomplete resistance needs the identification and

characterization of novel resources of partial resistance.

Partial resistance or field resistance to P. sojae is

governed by several genomic regions called quantitative

trait loci (QTL or alternatively termed QDRL), each

contributing a certain magnitude of resistance (Scott

et al., 2019). There are a number of resources that have

been utilized for mapping QDRL for partial resistance to P.

sojae (Table 2). Extensive mapping studies using two

contrasting parents in soybean reported about more than

90 QDRL for partial resistance to P. sojae (Table 2; Figure 2).

Later on, the large confidence interval spanning genomic

regions against P. sojae was further narrowed down through

fine-mapping to pinpoint the exact position of QDRL

(Huang et al., 2016; Karhoff et al., 2019). The cultivar

“Conrad” that does not exhibit Rps genes but shows high

partial resistance has been extensively used in QDRL

mapping, identifying over 35 QDRL using different bi-

parental populations (Burnham et al., 2003; Weng et al.,

2007; Han et al., 2008; Li et al., 2010; Wang et al., 2010; Wang

et al., 2012; Stasko et al., 2016). Some common QDRL were

identified in a “Conrad” × “Sloan” population against three

isolates of P. sojae, showing that a common resistance

mechanism may occur in response to the individual

inoculated isolates (Stasko et al., 2016). The detailed list

of recent mapping studies using bi-parental populations

leading to the identification of major QDRL along with

significant markers imparting partial resistance to P. sojae

is given in Table 2. Although over 15 QDRL explained more

than 10% phenotypic variance (PV), the majority of QDRL

explained <10% of the PV for partial resistance toward PRSR

(Table 2) (Burnham et al., 2003; Weng et al., 2007; Han et al.,

2008; Li et al., 2010; Nguyen et al., 2012; Lee et al., 2013a; Lee

et al., 2014; Abeysekara et al., 2016; de Ronne et al., 2019;

Scott et al., 2019). Apart from RILs, nested association

mapping (NAM) populations have also been used to map

QDRL associated with PRSR (Lee et al., 2014). Recently,

Scott et al. (2019) have carried out inoculation of two Soy-

NAM populations with P. sojae isolate Win371 for the

identification of major QDRL (Figure 2). Four major

QDRL were identified by Abeysekara et al. (2016) using

RILs derived from “AX20925” (PI 399036 × AR2) and

“AX20931” (PI 399036 × AR3). In the latest study, Zhao

FIGURE 2
Major QDRL (phenotypic variations explaining (PVE) more than 10%) identified for P. sojae resistance along with their flanking makers and
chromosomal locations.
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et al. (2020) identified quantitative trait nucleotides (QTNs)

explaining up to 56% PV on chromosome 3 using RILs

derived from crossing “DongnongL-28” and “Hefeng 25.”

Alternatively, another approach, genome-wide

association studies (GWAS), provide high-resolution

mapping than the traditional bi-parental mapping

strategy. In a SSR-based association mapping study among

214 soybean accessions, four SSR alleles, viz., Satt634-133,

Satt634-149, Sat_222-168, and Satt301-190, were found to be

significantly associated with P. sojae partial resistance (Sun

et al., 2014b). Similarly, in another GWAS on resistance to

11 P. sojae isolates involving 224 germplasm accessions,

Huang et al. (2016) identified 14 marker–trait associations

for PRSR resistance including five novel loci. In USDA

soybean germplasm, significant associations were detected

for 28 SNPs located on chromosomes 3, 13, and 18 (Chang

et al., 2016). The updated information on all GWAS

conducted on soybean against PRSR is given in Table 3.

The majority of association studies identified SNPs

explaining small variations (minor QDRL); however, some

of the studies (Ludke et al., 2019; Rolling et al., 2020; Zhao

et al., 2020) identified major QDRL explaining variations for

PRSR. Ludke et al. (2019) conducted a SNP-based GWAS on

169 soybean cultivars for P. sojae resistance and identified

four QDRL on two chromosomes (two each on chromosomes

3 and 15). Interestingly, the identified genomic regions were

found to be co-localized with already known and annotated

resistance genes. Recently, Rolling et al. (2020) analyzed

QDRL in 478 and 495 plant introductions (PIs) against P.

sojae isolates OH.121 and C2.S1, respectively, and

24 significant associated SNPs were identified. Five QDRL

identified in this study were found to be co-localized with P.

sojae meta-QDRL identified from previous bi-parental

mapping studies (Rolling et al., 2020). Using available

disease phenotypic information, Van et al. (2020)

identified 75 novel QTNs using 16 panels consisting of

2,233 soybean accessions. The identified SNPs linked to

QDRL can be used in marker-assisted selection for

introgression and stacking of partial PRSR resistance loci

for imparting durable resistance.

Candidate genes for Phytophthora
root and stem rot resistance

Characterization of putative genes imparting resistance to P.

sojae has also been progressed. Graham et al. (2002) characterized

the sequence of the Rps2 genomic region. Rps2 locus sequences

included 16 resistance gene homologs with similarities to the TIR/

NBD/LRR family of disease resistance genes, a leucine zipper

protein, four gene sequences with similarities to Ca2+-binding

domains of a calmodulin gene, and three genes with homology

to an NtPRp27-like protein (Graham et al., 2002). Sequencing of

the Rps1k locus identified a coiled-coil–nucleotide-binding

site–leucine-rich repeat (CC-NBS-LRR)-type gene

(Bhattacharyya et al., 2005). Further characterization of Rps1k

by bacterial artificial chromosome (BAC) sequencing revealed the

presence of two nucleotide-binding site–leucine-rich repeat (NBS-

LRR)-encoding genes (Rps1k-1 and Rps1k-2) (Gao et al., 2005; Gao

and Bhattacharyya, 2008; Sandhu et al., 2009). Sandhu et al. (2004)

demonstrated that the deletion of NBSRps4/6 in mutant M1 is

correlated with the loss of Rps4 function. With the availability of a

TABLE 3 Details of genomic regions associated with P. sojae resistance identified through the association mapping/GWAS approach in soybean.

No. of
genotypes

GWAS
loci

Chromosome PVE (%) Markers used Method References

214 4 2.17 5.24–8.14 138 SSRs GLM and MLM Sun et al. (2014b)

797 16 3, 13, and 19 2.5–3.8 19,303 SNPs MLM Schneider et al.
(2016)

224 14 3, 6, 4, 9, 11, 15, 16, and 20 - 1,645 SNPs GLM and MLM Huang et al. (2016)

44–7431 28 3, 13, and 18 - 42,449 MLM Chang et al. (2016)

189 32 3, 4, 5, 7, 10, 13, 14, and 18 - 33,625 SNPs GML and MLM-Q + K Qin et al. (2017)

337 26 1 6.14–11.18 60,862 SNPs GML and MLM-Q + K Niu et al. (2018)

279 3 13 - 59,845 SNPs GLM and MLM (Q + K) Li et al. (2016b)

169 8 3, 15 13.9–21.1 3,807 SNPs MLM Ludke et al. (2019)

478 24 2, 3, 5, 6, 10, 11, 12, 13, 18, and 20 2.28–12.1 34,248 SNPs MLMM Rolling et al., 2020

495 24 2, 3, 4, 5, 8, 11, 13, 14, 15, 16, 17,
and 18

0.21–13.11 33,234 SNPs MLMM Rolling et al., 2020

225 8 3, 7, 14, 15, and 17 25.3–33.6 28,722 SNPs CMLM and FARMCPU Zhao et al. (2020)

2,233
(16 panels)

75 All chromosomes - ~33,641–40,954 SNPs CMLM, MLMM_cof, and
FARMCPU

Van et al. (2020)

aMarkers which explained maximum phenotypic variations and near identified genomic regions.
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TABLE 4 Putative candidate genes identified for P. sojae resistance.

Parents Rps
genes

Gene model
number

Gene function References

Conrad × Sloan - Glyma19g40800 Transducin/WD40 domain-containing Wang et al. (2012)

Glyma19g40840 Pectinesterase

Glyma19g40940 Glycoside hydrolase family 28 protein

Glyma19g41590 2-Deoxyglucose-6-phosphate phosphatase

Glyma19g41900 Phloem-specific lectin PP2-like protein

Glyma19g42120 Heparan-alpha-glucosaminide N-acetyltransferase

Glyma19g42200 Rapid alkalinization factor

Glyma19g42210 Rad9

Glyma19g42220 Respiratory burst oxidase 2

Glyma19g42240 Histone H2A 7

Glyma19g42390 Cyclin-dependent protein kinase

Wandou 15 and Williams Rps10 Glyma17g28950.1 Serine/threonine (Ser/Thr) protein kinases Zhang et al. (2013a)

Glyma17g28970.1 Serine/threonine (Ser/Thr) protein kinases

Jikedou 2 × Yudou 29 RpsYD29 Glyma03g04030.1 NBS-LRR Zhang et al. (2013b), Gao and
Bhattacharyya (2008)Glyma03g04080.1 NBS-LRR

Nannong 10–1 (P1) × 06–070583 (P2) Rps JS Glyma18g51930 NBS-LRR Sun et al. (2014a)

Glyma18g51950 NBS-LRR

Glyma18g51960 NBS-LRR

Germplasm panel (797) - Glyma.03G034400 NBR-gene Schneider et al. (2016)

Glyma.03G034200 Plant defense

Glyma.03G035700 Abscisic acid responsive stress

Glyma.13G194100 NB-LRR-encoding genes

Glyma.19G245400 PR4-related chitin-binding proteins

Glyma.19G248900 Ethylene/JA responsive transcription factor

Germplasm panel (279) - Glyma13g32980 Coat protein I (COPI)-related gene Li et al. (2016b)

Glyma13g33900 2OGFE (II) oxygenase family protein

Glyma13g33512 Pentatricopeptide (PPR) repeat

Glyma13g33536 Leucine-rich repeat domain protein

Glyma13g33740 Leucine-rich repeat domain protein

Glyma13g33243 Gpi16 subunit

Glyma13g33260 Zn-finger protein

Germplasm panel (224) - Glyma15g41680 LEM3 (ligand-effect modulator 3) family/CDC50-
related

Huang et al. (2016)

Glyma03g28660 ARF-related/ADP-ribosylation factor

Glyma16g30140 Predicted lipase class 3 gene

Glyma16g04700 Thioredoxin

Glyma20g39240 DEAD/DEAH box helicase

Glyma06g01080 2OG-Fe (II) oxygenase superfamily

Glyma16g14080 Serine/threonine protein kinase

Glyma11g11100 Phototropic-responsive NPH3 family protein

Glyma16g31930 Zinc finger domain

Glyma03g04960 Lipid transport protein

(Continued on following page)

Frontiers in Genetics frontiersin.org10

Chandra et al. 10.3389/fgene.2022.939182

370371

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.939182


TABLE 4 (Continued) Putative candidate genes identified for P. sojae resistance.

Parents Rps
genes

Gene model
number

Gene function References

Glyma04g40800 Serine/threonine protein kinase

Glyma09g04310 Ankyrin repeat and calmodulin-binding motif

Germplasm panel (189) - Glyma.03g034400 LRR and NB-ARC domains containing disease
resistance protein

Qin et al. (2017)

Glyma.05g209300 Disease resistance protein (TIR-NBS class)

Glyma.05g213400 Disease resistance responsive (dirigent-like
protein) family protein

Glyma.13g184800 LRR and NB-ARC domains containing disease
resistance protein

Glyma.07g007800 Disease resistance protein RPS4-RELATED

Glyma.03g037000 LRR and NB-ARC domains containing disease
resistance protein

Glyma.04g205200 Defense response

Glyma.13g028100 RPS4-related disease resistance protein

Glyma.03g149600 Resistance to Phytophthora 1

Glyma.10g127500 Disease resistance responsive (dirigent-like
protein) family protein

Glyma.10g129400 Disease resistance family protein/LRR family
protein

Glyma.10g184300 RPS4-related disease resistance protein

Glyma.10g196700 Disease resistance protein (CC-NBS-LRR class)
family

Glyma.14g079500 Arabidopsis broad-spectrum mildew resistance
protein RPW8

Glyma.14g079600 Arabidopsis broad-spectrum mildew resistance
protein RPW8

Jikedou 2 × Qichadou 1 RpsQ Glyma.03g27200 Protein with a typical serine/threonine protein
kinase structure

Li et al. (2017a)

Meng8206 × Linhedafenqing and
Meng8206 Zhengyang

RpsHN Glyma.03g04260 NB-ARC domain-containing disease resistance
protein

Niu et al. (2017)

Glyma.03g04300 NB-ARC domain-containing disease resistance
protein

Glyma.03g04340 Serine/threonine protein kinase

Huachun 2 ×Wayao RpsWY Glyma03g04350 Pentatricopeptide repeat-containing protein Cheng et al. (2017)

Glyma03g04360 Transposase/serine/threonine protein

Glyma03g04370 Non-specific lipid-transfer protein 3-like protein

Germplasm panel (337) - Glyma01g32800 Serine/threonine protein kinase Niu et al. (2018)

Glyma01g32855 Leucine-rich repeat protein kinase family proteins

Williams×Zaoshu18 RpsZS18 Glyma.02g245700 EF-hand calcium-binding domain Zhong et al. (2018a)

Glyma.02g245800 pfkB carbohydrate kinase

Germplasm panel (169) Glyma03g03480 Auxin-responsive family protein Ludke et al. (2019)

Glyma03g04990 Aalanine-glyoxylate aminotransferase/beta-
Alanine-pyruvate aminotransferase

(Continued on following page)
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complete reference genome sequence, genomic regions of different

Rps regions were analyzed for the identification of candidate

resistance genes. A list of putative candidate genes for P. sojae

resistance is given in Table 4 along with their gene annotations.

The maximum number of candidate genes reported are from

chromosome 3 (Zhang et al., 2013a; Zhang et al., 2013b; Sun et al.,

2014a; Li et al., 2017a; Cheng et al., 2017; Niu et al., 2017; Zhong

et al., 2018a; Zhong et al., 2019; Jiang et al., 2020; Zhong et al.,

2020). Some of these genes, viz., zinc ion binding- and nucleic acid-

binding genes, NB-ARC domain-containing disease resistance

TABLE 4 (Continued) Putative candidate genes identified for P. sojae resistance.

Parents Rps
genes

Gene model
number

Gene function References

Glyma03g05070 Short-chain dehydrogenase/reductase (SDR)
family protein

Glyma15g20550 Pectinesterase family protein

Glyma15g21130 Expansin-like B3 precursor (EXLB3)

Zhonghuang47 × Xiu94-11 RpsX Glyma.03g027200 Leucine-rich repeat (LRR) region Zhong et al. (2019)

Hefeng 25 × DongongL-28;
Germplasm (225)

- Glyma.03G033700 C2H2-like zinc finger protein Zhao et al. (2020)

Glyma.03G033800 Cell wall β-expansin protein

Germplasm panel (376) - Glyma05g146400 Mannosyl oligosaccharide glucosidases Van et al. (2020)

Glym05g146500 Mannosyl oligosaccharide glucosidases

Glym.05g146600 ER metallopeptidase

Glyma05g146900 Heparan sulfate glycosyltransferase-related

PI 449459 × Misty - Glyma.13G190400 NBS-LRR de Ronee et al. (2019)

Glyma.19G262700 AP2/ERF-type transcription factor

Zaoshu18 × Yudou25 RpsYD25 Glyma.03g034700 Zinc ion binding- and nucleic acid-binding gene Zhong et al. (2020)

Glyma.03g034800 NBS-LRR

Glyma.03g034900 NBS-LRR

Guizao1 × BRSMG68 RpsGZ Glyma.03G034400 Disease resistance protein (NBS-LRR class),
putative

Jiang et al. (2020)

Glyma.03G034500 Disease resistance protein (NBS-LRR class),
putative

Glyma.03G034800 Disease resistance protein (NBS-LRR class),
putative

Glyma.03G034900 Disease resistance protein (NBS-LRR class),
putative

Glyma.03G035000 Domain of unknown function DUF223

Glyma.03G035100 PIF1-like helicase

Glyma.03G035200 CW-type zinc finger; B3 DNA-binding domain

Glyma.03G035300 Disease resistance protein (NBS-LRR class)

Glyma.03G035400 PPR repeat

Glyma.03G035500 Plant mobile domain

Glyma.03G035600 Protease inhibitor/seed storage/LTP family

Glyma.03G035800 Pollen allergen; rare lipoprotein A (RlpA)-like
double-psi beta-barrel

Glyma.03G035900 Membrane attack complex/perforin domain

Glyma.03G036000 Protein tyrosine kinase; serine–threonine protein
kinase

Glyma.03G036200 Multidrug resistance protein
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proteins, andNBS-LRR genes, were functionally analyzed (Li et al.,

2017a; Niu et al., 2017; Zhong et al., 2020) (Figure 1). Li et al.

(2016a) reported multiple copies of R-gene-type annotation in

RpsUN1 and UN2. Li et al. (2016b) conducted GWAS in an

association panel of 279 accessions and identified seven

candidate genes on chromosome 13 that are reported to govern

natural variations for partial resistance to P. sojae. Unlike Li et al.

(2016a), non-NBS-LRR types of genes have also been proposed as

candidates for another Rps allele on chromosome 3 (Cheng et al.,

2017). Cheng et al. (2017) identified candidate genes against P.

sojae using the high-throughput genome-wide sequencing

approach by mapping 3,469 recombination bins in RILs. This

study revealed the localization of RpsWY gene in bin 401 (on

chromosome 3). Bin 401 was found to contain three genes, namely,

pentatricopeptide repeat-containing protein, transposase/serine/

threonine protein, and non-specific lipid-transfer protein 3-like

protein. Sahoo et al. (2017) also reported several NBS-LRR-like

genes in genetic investigations of Rps12. Jiang et al. (2020) and

Zhong et al. (2020) also reported NBS-LRR and zinc ion-binding

genes as candidate genes by fine mapping of RpsYD25 and RpsGZ.

Though reference genome sequencing can provide information on

the majority of genes present in the identified genomic region, de

novo sequencing of the haplotype carrying the target Rps gene is

important to identify candidate genes.

Rps 11 showed resistance to 12 races of P. sojae; therefore, it is

a broad-spectrum resistance gene (Wang et al., 2021). Wang et al.

(2021) sequenced the genome of “PI 594527” by long-read

sequencing, and the assembled genome sequence identified

that the Rps11 locus was present in a genomic region

harboring a cluster of 12 NLR genes of a single origin in

soybean. Fine mapping and gene expression analysis

pinpointed a 27.7-kb NLR gene (Wang et al., 2021). Genetic

transformation of an Rps11-coding DNA sequence in a

susceptible soybean genotype conferred a resistant phenotype.

Pan-genome analysis revealed that Rps11 is a unique gene in “PI

594527” and does not have any other allelic copy in the other

genotypes. The isolation of Rps11 will help soybean breeders

accelerate the improvement of broad-spectrum resistance to P.

sojae in soybean. The unique structural features of Rps11make it

a suitable model to investigate the resistance mechanism to

further improve high-yielding cultivars.

Transcriptomic studies on PRSR

Recent developments in the genomics of P. sojae and soybean

have made this pathosystem a model to understand molecular

bases underpinning plant–oomycete interactions (Guo et al.,

2011). Furthermore, transcriptomics of PRSR resistance in

soybean has been extensively carried out to study the

candidate genes and the role of biochemical pathways

involved in conferring resistance. Through microarray

analysis, genes governing pathogenesis-related proteins and

enzymes involved in phytoalexin biosynthesis were found to

be upregulated and reached a peak at 24 dpi. On the other hand,

genes encoding lipoxygenases and peroxidases were found to be

downregulated during the infection process (Moy et al., 2004).

To gain deep insights into the molecular basis of resistance to P.

sojae, differential gene expression in response to P. sojae infection in

the cultivar “Suinong 10” was studied by Xu et al. (2012). A total of

eight transcripts were found to be upregulated in the treated plants as

compared to those of the control. These transcripts are responsible

for enzymes involved in the phytoalexin biosynthesis pathway and

pathogenesis-related proteins and some defense response-related

proteins such as phenylalanine ammonia-lyase, WRKY

transcription factor 31, isoflavone reductase, pleiotropic drug

resistance protein 12, and major allergen Pru ar 1 (Xu et al.,

2012). Molecular responses induced by different Rps genes and

the association of phytohormone signaling pathways with disease

reactions to P. sojae infection were studied by Lin et al. (2014).

Transcriptome analysis on 10 near-isogenic lines (NILs) (Rps1-a, 1-b,

1-c, 1-k, Rps3-a, 3-b, 3-c, Rps4, 5, and 6, each in the genetic

background of “Williams”) and the susceptible genotype,

“Williams” during pre- and post-inoculation was carried out to

identify differentially expressed genes (DEGs) across different

treatments (Lin et al., 2014). A total of 5,806 incompatible

interaction genes (IIGs) were identified by comparing DEGs

between “Williams” and NILs, and 1,139 compatible interaction

genes (CIGs) were identified in “Williams.” Of these 5,806 IIGs,

23 were found to be common across 10 NILs and are mostly

associated with biotic and abiotic stress responses, suggesting the

overlap of molecular responses induced by different Rps genes. Two

NPR-1-like IIGs,Glyma02g45260 andGlyma14g03510, were involved

in mediating the SA signaling pathway during an incompatible

reaction, suggesting the role of the SA pathway in genetic

resistance. Several JAZ-like proteins that repress the jasmonic acid

(JA) pathway were found, such as IIGs and/or CIGs. These proteins

were downregulated in NILs and were upregulated in “Williams.”

Also, a JAR1 homolog,Glyma07g06370 that activates the JA signaling

pathway, was upregulated during the susceptible reaction in

Williams. Genes that repress the ethylene (ET) pathway were

found to be downregulated in NILs and upregulated in

“Williams,” suggesting that the ET pathway was repressed during

the susceptible host reaction in “Williams” and activated in NILs

during the incompatible reaction. In addition, three BAK1 homolog

IIGs that activate brassinosteroid (BR) signaling were found to be

upregulated in NILs, suggesting the role of the BR signaling pathway

during defense against P. sojae.

Role of transcription factors

Transcription factors (TFs) are master switches for regulating

the expression of genes and controlling several signaling

pathways (Chattopadhyay et al., 2019) and also play a vital

role in different defense mechanisms in different plant species
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against different phytopathogens. In soybean, several TFs have

been identified for their role in regulating genes and pathways

involved in resistance to P. sojae. A bHLH (basic helix–loop-

helix) transcription factor associated with resistance to P. sojae

was functionally characterized through its hypo- and hyper-

expression in a resistant soybean genotype, “L77-1863,” and

was designated as GmPIB1. GmPIB1 represses the expression

of the GmSPOD1 gene by directly binding to its promoter.

Through RNAi assay, it was found that GmSPOD1 is involved

in the production of reactive oxygen species (ROS) during P.

sojae infection. Hence, the role of GmPIB1 TF in P. sojae

resistance through reduced ROS production has been

established (Cheng et al., 2018). Several ethylene-responsive

element binding factor (ERF) transcription factors are linked

with disease resistance in different plants (Gu et al., 2000;

Song et al., 2005). An ERF-associated amphiphilic repression

(EAR) motif-containing ERF TF, GmERF5, conferring resistance

to P. sojae through the positive regulation of pathogenesis-related

(PR) genes, PR10, PR1-1, and PR10-1, has been identified (Dong

et al., 2015). A TF gene, GmWRKY40, was found to impart

resistance in soybean to P. sojae and acts as a positive regulator of

ROS accumulation and the JA signaling pathway (Cui et al.,

2019). A transcription factor,GmMYB29A2, was found to impart

resistance to P. sojae infection in soybean through the regulation

of glyceollin I accumulation (Jahan et al., 2020). WRKY

transcription factor 31 identified in response to P. sojae

infection (Xu et al., 2012) was functionally characterized

through overexpression and RNAi silencing (Fan et al., 2017).

Gene GmWRKY31 interacts with GmHDL56 and jointly engages

in the activation of GmNPR1, which in turn manifests resistance

during the Suinong 10–P. sojae interaction. Another TF,

GMERF113, was isolated from “Suinong 10” and characterized

for its response to P. sojae infection in a susceptible genotype

“Dongnog 5.” The overexpression ofGMERF113 in this genotype

resulted in an enhanced resistance level and expression of

pathogenesis-related genes, PR1 and PR10-1. Thus, the role of

GMERF113 in the defense mechanism through positive

regulation of these two pathogenesis-related genes has been

well-demonstrated (Zhao et al., 2017).

Role of enzymes and proteins

Fan et al. (2015) studied the expression of class 10 proteinGly

m 4l and found its role in the resistance to P. sojae. Zhang et al.

(2017) identified a phenylalanine ammonia-lyase (PAL) gene

family member, GmPAL2.1, to be linked with resistance to P.

sojae through reverse genetics. The role of enzyme class 4-

coumarate: CoA ligase (4CL) in plant defense against

pathogens has been investigated extensively (Ehlting et al.,

1999). A member of the 4CL (enzyme 4-coumarate: CoA

ligase) gene family, GmPI4L, identified in soybean is

associated with resistance to P. sojae infection through the

enhanced production of glyceollins, genistein, and daidzein in

soybean, laying the foundation for the enzymatic basis for

resistance to this pathogen (Chen et al., 2019). The mediator

complex is a part of RNA polymerase II, which acts as a

regulatory element of the transcription process. A mediator

subunit, GmMED16-1 in soybean, through its silencing, was

found to govern P. sojae by modulating the transcription of

NPR1, PR1a, and PR5 genes (Xue et al., 2019).

Role of miRNAs

MicroRNAs (miRNAs) are also known to be regulated under

defense mechanisms in several plant species. Guo et al. (2011)

revealed the role of miRNA in P. sojae resistance. Wong et al.

(2014) identified miR393 and miR166, as triggered by heat-

inactivated P. sojae hyphae, suggesting their roles in soybean

basal defense. Knockdown of miR393 led to the increased

susceptibility of soybean to P. sojae. The expression of iso-

flavonoid synthesis genes was drastically reduced in

miR393 knockdown roots, suggesting that miR393 promotes

soybean defense against P. sojae.

Molecular breeding for resistance to
P. sojae

Soybean witnessed a significant improvement in yields over

the past 60 years through conventional breeding approaches.

Soybean yields were estimated to improve at the rate of 23 kg/ha/

annum (Specht et al., 1999), and Wilcox (2001) reported an

increase of 60% in seed yields over the past 60 years in the

United States of America. The significant increase in yields has

been witnessed mainly due to the toiling efforts of conventional

breeding-based public sector soybean breeding programs. But

considering the limitations of conventional breeding methods for

P. sojae resistance improvement, further progress for yield

enhancement is stagnated at the global level. The stagnated

progress due to P. sojae infection can be further brought back

to an accelerated track by the adoption of MAS and genomics-

aided approaches in the PRSR resistance soybean breeding

programs.

Molecular markers ranging from hybridization (RFLP and

AFLP) and polymerase chain reaction-based markers (SSRs) to

sequencing-based markers (SNPs) have been used to a greater

extent for high-resolution mapping as well as for fine mapping of

genomic regions governing the resistance to P. sojae (Table 2).

The identified major genomic regions for P. sojae resistance

can be introgressed into elite soybean cultivars through the use of

genomics-assisted breeding techniques, viz., marker-assisted

backcross breeding (MABB), marker-assisted recurrent

selection (MARS), marker-assisted gene pyramiding (MAGP),

and genomic selection (GS). The identified major QDRL can be
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targeted for introgression into elite cultivars using the MABB

approach (Ribaut and Ragot, 2007; Choudhary et al., 2019).

Selection of Rps gene for introgression is also very important

as it depends on particular regions of cultivation. Dorrance et al.

(2016) estimated pathotype variability in 11 different states of the

US with 873 isolates and concluded that Rps 6 and Rps 8 are more

effective against the majority of isolates collected from northern

regions. Several efforts have been made for the introgression of

single-gene (Rps)-mediated resistance into soybean cultivars for

controlling PRSR (Roth et al., 2020). Six of these genes (Rps1a,

Rps1b, Rps1c, Rps1k, Rps3a, Rps 6, and Rps3a) already exist in

commercial varieties and provide disease management against

Phytophthora root and stem rot (Roth et al., 2020), which were

transferred with the help of conventional approaches. In Japan,

“Hyogo Prefecture,” the black-seeded PRSR-resistant line, was

used as the donor for introgression and for the development of

resistant cultivars (Sugimoto et al., 2010). Although plant

breeders use MAS-based approaches mainly for transferring

Rps genes in soybean (Li et al., 2010; Ramalingam et al.,

2020), due to high disease pressure, rapid evolution in the

pathotypes of P. sojae has been witnessed over the past

3 decades, hence making vertical resistance ineffective. This

forced the plant breeders to target partial resistance for the

effective and sustainable management of PRSR

(Schmitthenner, 1985). Studies on mapping QDRL dissected

the genetic basis of partial resistance to P. sojae and revealed

small-to-moderate effect QDRL, many of which individually

explained less than 10% of phenotypic variance for PRSR in a

population (Table 2). The difficulty of identifying small-effect

QDRL in small mapping populations can be resolved by

deploying joint linkage QDRL analysis of multiple populations

(Lander and Kruglyak, 1995; Beavis 1998). Although relatively

less, a good number of major QDRL have been mapped for PRSR

partial resistance in soybean (Figure 2).

The utilization of MABB is restricted to the introgression of

major QDRL only, which have more PVE (phenotypic variance

explanation) percentages and limited localization in the genome,

as it is very difficult to follow a large number of QDRL during

introgression programs. Hence, other molecular breeding

approaches such as MAGP, MARS, and genomic selection can

serve as a good alternative for accumulating favorable QDRL

(minor and major effects) for PRSR resistance. Pyramiding of

PRSR-resistant QDRL was demonstrated by Li et al. (2010) by

targeting seven consistent QDRL (detected across multiple

environments) from two different donors (“Conrad” and

“Hefeng 25”). Limited efforts of QDRL stacking for PRSR

resistance revealed a significant increase in the tolerance level

of introgressed lines, and the tolerance level against PRSR was

found to be positively correlated with the number of QDRL

stacked (Li et al., 2010). Recently, Karhoff et al. (2019)

demonstrated the genetic gains from selections of a major

QTL for partial resistance to P. sojae. The introgression of a

resistance allele from the respective “PI 427105B” and “PI

427106” improved the genetic levels of resistance to P. sojae

by ~20% and ~40%, respectively, and the yield by 13%–29%

under diseased conditions (Karhoff et al., 2019). These are a few

examples of PRSR resistance introgression through molecular

breeding, demonstrating the fruitful results of genetic and

genomic mapping for PRSR resistance. Dorrance et al. (2016)

emphasized on stacking of Rps genes with strong partial

resistance for limiting the loss caused by PRSR. With the new

genomics-assisted breeding approaches, it will be practically

more feasible and applicable in stacking of major genes for

complete resistance and multiple QDRL of partial

resistance for imparting sustainable PRSR resistance in

soybean cultivars.

Genome editing for understanding
PRSR resistance

Not only naturally available and induced mutations are the

source for introducing new resistance genes in crop

improvement programs, but also genetic engineering and

gene editing (genome editing) are techniques that enable

precise and targeted modifications. Now, gene-editing

technologies are gaining momentum for crop improvement

as they are more similar to the widely accepted “mutation

breeding” technology.

CRISPR/Cas9 gene editing is particularly useful in

deciphering the plant–pathogen interaction and understanding

effector-triggered immunity. Pathogen avirulence (Avr) effectors

interplay with corresponding plant resistance (R) proteins and

activate robust immune responses in the host plant. Avr4/6, an

RxLR effector gene of P. sojae, which is recognized by soybean R-

genes (Rps6 and Rps4), was edited using CRISPR/

Cas9 technology to study its possible role in pathogenicity

(Fang and Tyler 2016). This study validated the contribution

of Avr4/6 in pathogen recognition by soybean R-gene loci, Rps4

and Rps6. Ochola et al. (2020) engineered the promoter region of

PsAvr3b gene which is recognized by Rps3b, and mutants with

low PsAvr3b expression successfully colonized soybean plants

carrying the cognate R-gene Rps3b. Wang L et al. (2020) edited

PsSu(z)12 gene associated with effector locus Avr1b. PsSu(z)12 is

epigenetically governed and encodes a core subunit of the

H3K27me3 methyltransferase complex. CRISPR/Cas9-mediated

H3K27me3 depletion within the Avr1b genomic region was

correlated with impaired Avr1b gene silencing, and the

mutants lost their ability to evade immune recognition by

soybeans carrying Rps1b (Wang P et al., 2020). Tan et al.

(2020) studied knockout mutants of P. sojae generated via the

CRISPR/Cas9 system for the PsGH7a (GH7 family

cellobiohydrolase) gene, and the mutants were found to have

reduced virulence on susceptible soybean as compared to wild-

type strain “P6497.” It is expected that in the future, the CRISPR/

Cas9 system coupled with other genomic techniques will be an
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important approach to create disease-resistant cultivars that can

withstand biotic stresses (Kumar et al., 2020).

Challenges and future perspectives

The urgency and significance of P. sojae-resistant cultivar

development can be realized from its vast spread and rapid

occurrence of the disease across soybean-growing areas. This

demands a strong emphasis on strengthening P. sojae resistance

soybean breeding programs globally. Although significant

progress has been made through the utilization of race-

specific resistance genes (Rps genes), the rapid evolution of

pathotypes in P. sojae resulted in resistance breakdown. This

problem was quickly assessed by soybean breeders and, hence,

shifted the focus to partial resistance (horizontal resistance)

which provides relatively broad and highly durable resistance.

Extensive genetic and genomics studies identified several major

genes and QDRL for P. sojae resistance. The Rps-linked markers

can be utilized in the selection of genotypes having PRSR

resistance genes in early stages, and subsequent backcrossing

will enable the rapid development of PRSR-resistant soybean

cultivars. Marker-assisted breeding approaches such as MAGP

can help in pyramiding vertical and horizontal resistance by the

utilization of major resistance genes and QDRL identified in

different genetic backgrounds. This strategy of combining

complete and partial resistance in the same cultivars will

prove to be the most effective approach in the near future.

Soybean breeders need to continuously identify novel and

unique resistance genes to cope with the emerging new

pathotypes (Sugimoto et al., 2011). Though it is challenging to

incorporate a large number of genes and QDRL from multiple

genetic backgrounds into a single background using MABB,

MARS and genomic selection can be used in resistance

breeding programs to incorporate all PRSR resistance loci for

durable resistance. It will be useful to mine the germplasm and

geographical regions with enormous diversity for the presence of

resistance to prevailing P. sojae pathotypes. For example, soybean

germplasm collections in the Republic of Korea have greater

variability for resistance to P. sojae for specific Rps loci, as well as

partial resistance (Dorrance and Schmitthenner, 2000), and can

be used for incorporating durable resistance through large-scale

breeding programs. Emerging approaches such as gene discovery

through re-sequencing, proteomics, metabolomics, RNA-seq,

and exome sequencing of soybean and its wild relatives need

to be exploited at a broader level. Furthermore, the QTL-seq

approach will likely augment the rapid identification of novel

QDRL and advancement of selected progenies for cultivar

improvement (Zhang et al., 2018). The CRISPR/Cas9-

mediated identification of effector-triggered immunity and

R-gene editing is a highly targeted approach for the

understanding and rapid development of PRSR resistance.

Thus, different “Omics” approaches may be employed to

explore the plant defense mechanisms in plant–pathogen

interactions along with a gene-editing approach. In addition

to the genetic improvement of cultivars for PRSR resistance,

other alternative approaches need to be adopted and integrated

to achieve prolonged resistance. Such approaches include the

identification of effective compounds such as calcium that could

help control the PRSR to certain levels (Sugimoto et al., 2010).

Since the roots are primary targets for PRSR infection, the

extensive comparative study of root traits in wild relatives or

resistant cultivars to those of susceptible cultivars will help in the

identification of certain target traits for phenotyping and

resistance management. For such studies, phenotyping

platforms that help in better visualization of root system

architecture should be given high priority. The combined

approach of genetic resistance, integrated disease

management, and climate-smart agronomic practices can pave

the path for the sustainable management of PRSR in soybean.
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Introduction

Pigeon pea (Cajanus cajan L.) is one of the important legume crop that contributes
significantly to the nutritional stability and economy of billions of people in most developing
nations (Sharma et al., 2020). Like other legumes, pigeon pea often offers more balanced and
nutrient-dense calories and proteins (20%–22%) than cereals, making them essential in terms of
food security. It is the sixth most significant legume food crop in the world, with a cultivation
area of about 5 million hectares (ha) (Varshney et al., 2012). However, environmental stressors
pose a persistent threat to the pigeon pea crop’s production, yield, and quality. Among them
waterlogging is one of the most harmful stress in pigeon pea which results in huge yield and
economic losses around the world (Sultana et al., 2013; Tyagi et al., 2017; Tyagi et al., 2022).
Overall, waterlogging has been observed to cause an annual loss of about .28–1.1 million tons
per hectare which reduces production by 25%–30% in pigeon pea (Sultana, 2010; ICRISAT,
2011; Bansal and Srivastava, 2012). Waterlogging affects pigeon pea at all growth stages, but is
more severe during the seedling and vegetative phases, thereby showing wilting, senescence and
chlorosis (Bansal and Srivastava, 2012). Additionally, waterlogging also makes pigeon pea
plants more susceptible to fungal diseases like Fusarium wilt and Phytophthora blight which
results in significant yield losses (Yohan et al., 2017). Generally, pigeon pea is grown in low-
input, risk-prone marginal environments and low-lying places that are more susceptible to
waterlogging (Varshney et al., 2012; Duhan and Sheokand 2020). During waterlogging, the
inhibition of aerobic respiration hinders growth and a variety of developmental processes,
including seed germination, vegetative growth, and subsequent reproductive growth (Pan et al.,
2021). Additionally, in waterlogged soils, ethylene and carbon dioxide levels increase
dramatically in the root area which in turn alters the functions of soil microbiome that
leads to an intense de-nitrification and accumulation of ammonium and polyphenolic
compounds (Arduini et al., 2019). Also, it restricts the availability of nutrients like nitrogen
(N) and sulphur (S) or changes them into a form that plants cannot absorb. It also changes ion
homeostasis zinc (Zn), phosphorous (P), manganese (Mn), and iron (Fe), which can reach
lethal levels to plants (Arduini et al., 2019). The most common effect of waterlogging stress is
oxygen deficiency (hypoxia) and ethylene accumulation in plants, which can restrict root
growth and root permeability, both of which lead to cell death (Sasidharan et al., 2018; Pan et al.,
2021). However, plants use their multifaceted defense system in response to waterlogging stress
by regulating their morphological, biochemical and molecular traits. For example, the
formation of aerenchyma in roots is one of the main traits in plants that confer
waterlogging tolerance (Luan et al., 2018). At the physiological and biochemical levels,
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plants produce numerous molecules such as osmolytes, calcium
(Ca2+), reactive oxygen species (ROS), hormones, antioxidants that
confers waterlogging tolerance (Pan et al., 2021). However, the
molecular traits that confers waterlogging tolerance is least
understood with many knowledge gaps. For example, how plants
perceive waterlogging stress and triggers signal transduction pathways
that in turn leads the expression of stress responsive genes.
Additionally, the role of different sensors or receptors, ion
channels, nicotinamide adenine dinucleotide phosphate (NADPH)
etc that are involved in waterlogging signal transduction warrants
future investigation.

Unlike other crops, pigeon pea genetic advancement has been
hampered by scarce genomic resources and a lack of genetic variety
in the basic gene pool which pose a significant obstacle to its
improvement in terms of stress resistance and yield (Bohra et al.,
2010; Varshney et al., 2012). Although there has been significant
advancement in understanding the complexity of waterlogging
signaling dynamics in model and cereal plants (Eysholdt-Derzsó
et al., 2017; Yamauchi et al., 2018), but there is limited information
in the most of the legume crops particularly in pigeon pea. For instance,
the defense signaling pathways, hormonal crosstalk, regulatory genes,
and transcriptional factors involved in waterlogging tolerance in pigeon
pea cultivars remains enigmatic despite the availability of high
throughput tools. Previous studies have identified many sensitive and
tolerant pigeon pea genotypes which were mainly based on the
morphological, physiological, biochemical traits and days of survival
(Sultana et al., 2013). Although different pigeon pea waterlogging
genotypes were found by these investigations, it is still largely
unknown how these genotypes control waterlogging tolerance at the
molecular level. Therefore, it is necessary to decode the waterlogging
tolerance in pigeon pea cultivars and identify potential target genes for
developing future climatic smart resilient pigeon pea genotypes in order
to maintain productive agriculture and ensuring food security. In this
work we first studied the effect of waterlogging stress in two contrasting
pigeon pea genotypes viz., JBP-110B (tolerant) and ICP 7035 (sensitive)
as well as their transcriptional profiling using De-novo transcriptome
assembly (unpublished data). This comprehensive transcriptomic study
data has led the important findings on the differentially expressed genes
regulatingwaterlogging signalingmechanism in susceptible and tolerant
pigeon pea genotypes which can be applied to subsequent research on
the improvement of waterlogging resilience in pigeon pea and other
legume crops.

Value of the data

• Pigeon pea is a rich source of protein for poor vegetarian people
widely grown in Indian, Africa and Southeast Asia subcontinent.

• Waterlogging is the most detrimental abiotic stress in pigeon
pea. Despite the availability of high through put tools, genomic
resource for waterlogging tolerance trait in pigeon pea remains
unknown.

• In this study, we have generated a comprehensive global gene
expression profiling dataset for two contrasting pigeon pea
genotypes, JBP-110B (tolerant) and ICP 7035 (sensitive)
using De novo RNA-seq analysis. A total of 39.2 GB of RNA
seq data were confirmed by Benchmarking universal Single-
Copy Orthologs (BUSCO) and gene ontology (GO) enrichment
analysis using Illumina Hiseq paired-end sequencing.

• This transcriptomic data can provide novel insights in
waterlogging signaling mechanism and also aids in the
identification of potential target genes, transcriptional factors
and other key molecular players.

Material and methods

Plant material and waterlogging stress
treatment

Seeds of two contrasting pigeon pea genotypes JBB-110B
(Tolerant) and ICP 7035 (Sensitive) were sown in pots (0.8 m
deep and 12 m diameter) containing autoclaved soilrite mixture in
three biological replicates under controlled lighting and
temperature conditions, with a maximum temperature of
30°C–32°C and a minimum temperature of 22°C–25°C in the
Phenomics Facility (PF) at National Institute for Plant
Biotechnology (NIPB), New Delhi. For both genotypes, 5 seeds
were initially planted in each pot. After 14 days of germination, the
plants were then thinned to three healthy plants and allowed to
grow for 4 weeks. One-month old plants were exposed to
waterlogging stress for 7 days. Briefly, pots were dipped in a
plastic tray containing water and water level was maintained at
5 cm level above the soil. Leaf tissue samples from control and

TABLE 1 Statistical summary of RNA-seq data used in this study.

Assembly Trinity_cdhit

contigs ( ≥ 0 bp) 90084

contigs ( ≥ 1,000 bp) 45590

contigs ( ≥ 5,000 bp) 1549

contigs ( ≥ 10000 bp) 312

contigs ( ≥ 25000 bp) 47

contigs ( ≥ 50000 bp) 5

Total length ( ≥ 0 bp) 127177704

Total length ( ≥ 1,000 bp) 104368225

Total length ( ≥ 5,000 bp) 13665753

Total length ( ≥ 10000 bp) 5832885

Total length ( ≥ 25000 bp) 1637564

Total length ( ≥ 50000 bp) 294277

contigs 65036

Largest contig 62035

Total length 118440920

GC (%) 42.62

N50 2229

N75 1456

L50 16524

L75 32872

N’s per 100 kbp 0
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waterlogging stress conditions were collected (at the fourth day/
first visible waterlogging induced symptom) in three biological
replicates, immediately dip into liquid nitrogen and finally stored
at −80°C for further processing.

RNA extraction, transcriptome library
preparation, and sequencing

Total RNA was isolated from each sample (control and
waterlogging treated) as per the protocol mentioned in Spectrum
Plant Total RNA Extraction Kit (SIGMA). Eight RNA samples were
taken for library preparation in duplicates. Overall, eight
transcriptome libraries were prepared. The RNA samples were
quantified using Nanodrop and Qubit. The input concentration of
RNA was taken as 1 µg for library preparation. QIAseq® Stranded
mRNA Select kit (Qiagen) was used for transcriptome library
preparation. PolyA mRNA was enriched from total RNA, and then
it was fragmented followed by first strand synthesis. Then second
strand synthesis, end repair and A-addition were done. The adapters
were ligated and the library was amplified by polymerase chain
reaction (PCR). The final library was quantified by qubit and
quality check was done using Agilent Bioanalyzer (Agilent 2,100).
With the help of Agilent DNA High Sensitivity kit, the library size
distribution was assessed, and the library was run on Illumina Hiseq
platform.

Quality control and de novo transcriptome
assembly

Initial quality control (QC) of both the samples in biological
replicates was carried out using FastQC version v0.11.9 to check the
per base sequence quality of the raw reads of leaf transcriptome.
Adapter removal and trimming was performed by TrimGalore
version v0.6.1 (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) and FASTX-Toolkit version v0.0.14 (http://
hannonlab.cshl.edu/fastx_toolkit), respectively. Thereafter, the
results of all samples were run on MultiQC version v1.12 (Ewels
et al., 2016). After filtering, the de novo assembly was performed in
the Trinity software version v2.14.0 with default parameters
(Grabherr et al., 2011). We further used BUSCO tool version
v4 to evaluate the overall completeness of the final transcriptome
assembly (Manni et al., 2021). From an evolutionary perspective, it is
fair to predict that these genes will be found in a given genome as
single copies, hence BUSCO is excellent for determining assembly
completeness. For this work, we utilized the transcriptome
evaluation mode with the eukaryote lineage database (eukaryota
orthoDB9). The CD-HIT software version v4.6.1 was used to obtain
non-redundant unigenes (Li and Godzik, 2006; Fu et al., 2012).
OmicsBox version v2.1 (https://www.biobam.com/omicsbox/) was
employed for annotation based on the GO terms viz. Cellular
components, molecular functions, and biological processes.
Finally, KEGG (Kyoto encyclopedia of genes and genomes)

FIGURE 1
(A) Results of raw read preprocessing. (i) Mean quality scores per read. The x-axis represents the mean quality scores, and the y-axis depicts the read
counts. (ii) Per sequence quality scores. The x-axis represents the position, and the y-axis depicts the Phred score. (iii) GC content of reads. The x-axis
represents the GC content, and the y-axis depicts the ratio of reads. Quality assessment metrics for trimmed and filtered RNA-Seq data used to make the de
novo transcriptome assembly. (B) % BUSCO assessment results of leaf RNAseq data in C. cajan for quality check and completeness analysis showing
maximum number of unigenes categorized in complete (C), single copy (S), and duplicated (D) genes.
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pathway enrichment analysis of all the DEGs was carried out using
OmicsBox (Götz et al., 2008).

Results

RNA-seq and de novo transcriptome
assembly

To evaluate the waterlogging tolerance or susceptibility, we first
screened numerous pigeon pea genotypes based on morphological,
physiological, and biochemical parameters (unpublished data).
Firstly, we checked the quality control (QC) of both the samples
using FastQC version v0.11.9 to examine the per base sequence
quality of the raw reads of leaf transcriptome (Figure 1A). Based on
the findings, we chose two distinct pigeon pea genotypes-JBP-110B
(tolerant) and ICP 7035 (sensitive)-for RNA sequencing. IlluminaHiseq
sequencing run produced a total of 217,090,406 and 262,705,712 raw
paired-end reads of 150 × 2 bp (base pair) from 8 RNA libraries in JBP-
110 (tolerant) and ICP 7035 (sensitive) genotypes. A total of
211,324,886 clean reads from the JBP-110 and 255,693,868 from the
ICP 7035 genotypes were obtained after the removal of poly-A tails,
adapters, primer, short and low-quality sequences using trimming

process. Additionally, Trinity software was used for the de novo
assembly of the pooled reads (467,018,754) from both samples.
There were 1,457,155 transcripts in total, with an average length of
545.10 bp and a N50 value of 1984 bp. Our assembly was shown to be
relatively complete by BUSCO analysis, with 94.9% (n = 242) of
BUSCOs being full sequences, just 1.2% (n = 3) being fragmented
sequences, and 3.9% (n = 10) being absent in the assembly with
eukaryotic lineage (Figure 1B). Using CD-HIT software, a total of
90,084 unigenes with an average length of 1,411.77 bp and a
N50 value of 2,229 bp were obtained after de novo assembly. The
unigenes had an average guanine-cytosine (GC) content of 42.62%.
The de novo assembly statistics summary of the RNA seq data is shown
in Table 1. Annotation results showed that, in total, 66,106 (73.3%)
unigenes annotated from non-redundant (NR), GO and KEGG
databases. Among them the maximum number of hits related to
transcriptional regulation, integral component of membrane, metal
ion binding, and thiamine metabolism were found to be dominant
(Figures 2A, B). The dataset generated from all the samples used in
current transcriptome analysis (BioProject: PRJNA637701) are
deposited in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) database with accession
number (SRR11940026, SRR11940027, SRR11940028, SRR11940029).
This data can also be utilized for comparative studies with data from

FIGURE 2
Functional enrichment analysis of predicted transcript targets during waterlogging stress in pigeon pea: (A) Gene ontology (Cellular components,
molecular function, and biological process) and (B) KEGG pathway analysis to annotate the unigenes for waterlogging RNAseq data using BLASTX program.
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other crops to identify similarities and differences in their adaptive
responses to waterlogging.

Conclusion

In the years between 2006 and 2016, floods were responsible for about
two-thirds of all crop loss and destruction globally, amounting to huge
yield losses (Food and Agriculture Organization of the United Nations,
2017). Similarly, waterlogging has been a major concern in legume crops
especially in pigeon pea which requires timely improvement in order to
maintain crop productivity. Pigeon pea an orphan crop has been
neglected for its trait improvement despite being an important crop
for under developed countries. In this context, we systematically studied
the effect of waterlogging stress in two contrasting pigeon pea genotypes
and their transcriptional profiling. To date, this is the first comparative
dataset for De-novo transcriptome profiling under waterlogging stress in
pigeon pea. The candidate unigenes discovered in this study will be
extremely important for additional thorough research, such as single
nucleotide polymorphisms (SNP) calling and novel non-coding RNAs
such as microRNAs (miRNAs), and long non-coding RNAs (lncRNAs),
aside from studies of differential gene expression, to elucidate the
molecular mechanisms governing waterlogging tolerance in pigeon
pea. Additionally, using gene editing or overexpression, we might
modulate their expression and functionally validate them to develop
waterlogging tolerant pigeon pea cultivars.
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Legumes play a significant role in food and nutritional security and contribute to
environmental sustainability. Although legumes are highly beneficial crops, it has not
yet been possible to enhance their yield and production to a satisfactory level. Amid a
rising population and low yield levels, per capita average legume consumption in
India has fallen by 71% over the last 50 years, and this has led to protein-related
malnutrition in a large segment of the Indian population, especially women and
children. Several factors have hindered attempts to achieve yield enhancement in
grain legumes, including biotic and abiotic pressures, a lack of good ideotypes, less
amenability to mechanization, poorer responsiveness to fertilizer input, and a poor
genetic base. Therefore, there is a need to mine the approximately 0.4 million ex situ
collections of legumes that are being conserved in gene banks globally for
identification of ideal donors for various traits. The Indian National Gene Bank
conserves over 63,000 accessions of legumes belonging to 61 species. Recent
initiatives have been undertaken in consortia mode with the aim of unlocking the
genetic potential of ex situ collections and conducting large-scale germplasm
characterization and evaluation analyses. We assume that large-scale
phenotyping integrated with omics-based science will aid the identification of
target traits and their use to enhance genetic gains. Additionally, in cases where
the genetic base of major legumes is narrow, wild relatives have been evaluated, and
these are being exploited through pre-breeding. Thus far, >200 accessions of various
legumes have been registered as unique donors for various traits of interest.

KEYWORDS

pulse production, crop domestication, biotic and abiotic stresses, legumegenomics, legume
collections

1 Introduction

Legumes of the family Fabaceae are among the most important plant groups on planet
Earth.While legumes are an important source of food and nutrition, they also play an important
role in improving soil health and ecosystem sustainability. Legume grains are often considered
to be “the poor man’s meat,” as the vegetarian human population is highly dependent on
legume grains for its protein needs (Roy et al., 2017). The “green revolution” has helped several
countries to attain self-sufficiency in food, which can primarily be attributed to a manyfold
increase in the production of cereals, particularly rice, wheat, and maize. However, similar
advances in grain legume production have not been achieved (Figure 1), probably because
legumes are less amenable to the adoption of green revolution technologies. Over 200 species of
legumes are cultivated worldwide. Of these, we list the major grain legume crops, with their
production and yield status and taxonomic information, in Table 1.
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India is the largest producer and consumer of grain legumes
globally. India’s contribution constitutes around 28.12% of global
grain legume production (ca. 23.37 million tonnes), and this is the
output of ca. 29 million ha of cultivated land (Department of
Economics and Statistics, Department of Agriculture and Farmers
Welfare, Ministry of Agriculture and Farmers Welfare, GoI). Of this
total, around 34% of the cultivated land (9.89 mha) is covered by
cultivation of chickpea alone; this is followed by black gram
(4.81 mha), pigeon pea (4.72 mha), green gram (4.61 mha), lentil
(1.43 mha), and field pea (0.75 mha). Other minor legumes
cultivated in India are green gram, cowpea, moth bean, grass pea,
and horse gram. In 2020, global grain legume production was
approximately 83.1 million tonnes; this figure is the sum of the
production values of grain legumes grown globally, specifically
beans (dry), chickpeas, peas (dry), lentils, cowpeas, pigeon peas,
Bambara beans, and other minor pulses (www.fao.org/faostat/en).
The primary contributors to this total (at 42.12 million tonnes)
were the five major grain legume producing countries of India (28.
12%), Canada (9.24%), Myanmar (4.84%), Nigeria (4.47%), and the
Russian Federation (4.01%). The major producing countries for each
crop are given in Table 1.

Globally, over 3,800 improved cultivars of grain legumes have been
released, with improvements to traits such as yield, crop duration, and
nutritional qualities (Pratap et al., 2022). However, between 1961 and
2020, only a 1.5-fold increase in grain legume productivity was achieved,
from 637 kg/ha to 964 kg/ha (Pratap et al., 2022; Figure 1). This can be
primarily attributed to various factors, such as a narrow genetic base in
cultivated gene pools, poor plant ideotype, high susceptibility to insect
pests and diseases, a lack of robust seed systems, and frequent stresses
from drought, heat, and flooding.

Over 850 high-yielding varieties of food legumes have been
developed in India, and these are now playing a vital role in food
legume production (Chauhan et al., 2016). However, the
foundation of any crop breeding program is based on only a
small number of parental lines, which has led to a narrow
genetic base in these cultivated varieties. In a pedigree analysis,
it was found that 41% of chickpea varieties had PB 7 as one of its
ancestors; in pigeon pea, T 1 and T 190 appeared in 34% of
varieties; and T 9 and T 1 appeared in 64% and 35% of varieties
of black gram and green gram, respectively (Kumar et al., 2004).
Furthermore, in the process of rigorous selection in the
development of a variety, alleles conferring defense mechanisms
are also lost. This is one of the reasons that the actual yield of most
food legume crops is half their potential yield. Recently, drastic
climatic change, to which abrupt temperature rises, erratic and
heavy rainfall, frequent droughts, episodes of flooding, and rapid
pest and pathogen evolution can be attributed, has exceeded the
adaptation capability of modern varieties (Guo, 2022). As a result,
the breakdown of resistance to biotic stress has become rather
common in modern cultivars (Sharma et al., 1999; Burdon et al.,
2014; Rex Consortium, 2016; Mbinda and Masaki, 2021; Hu et al.,
2022; Van de Wouw et al., 2022). Therefore, ex situ collections are
now being utilized to increase genetic variability in modern
cultivars in order to improve their climate resilience, including
via genetic gains in breeding programs. Advances in genomics,
phenomics, and breeding methods are playing an important role
and exerting a significant impact on legume improvement by
accelerating genetic gains via enhancements to selection
efficiency and the advancement of desired genotypes with high
precision.

It is well understood that, in terms of enhancing the variability of a
crop gene pool, landraces are the primary resource; the desired traits
need to be sought out among these, as they are easy to cross and their
use significantly reduces the chances of linkage drag as compared to
the use of wild species. Additionally, landraces are well adapted to
microclimatic niches and have several superior traits in terms of
nutritional value. In this study, we have focused on the
identification of desired genes and traits and their utilization in the
improvement of legume crops. We also propose a comprehensive
strategy for the enhancement of genetic gains (Figure 2).

2 Legume germplasm collections in the
Indian national gene bank

The collection, conservation, and selection of germplasm are
the primary components of the crop domestication process. Wild
species were initially brought under cultivation and improved
through selection for their agronomic traits, and the practice is
still being followed by farmers and breeders. Diverse

FIGURE 1
A graphical comparison of cereals and pulses in terms of total area
harvested (A), total production (B), and yield (C) in India and the world.
The graph indicates how the onset of the green revolution has
tremendously enhanced the production of cereals in India and
worldwide, which can be primarily attributed to yield improvement in
these crops. By comparison, yield and production improvements in
pulses have remained insignificant during this period (Data source:
FAOSTAT, 2022).
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environments of crop cultivation, including rainfed, dryland, and
coastal areas, flood-prone areas, and areas at high altitude, as well
as disease hotspots and human preferences in terms of nutritional
qualities, aesthetics, and cultural values, have played important
roles in the development and deployment of diverse germplasm.
Although diversity has been continually developing and has been
sustained through traditional practices over the last several
thousand years, crop diversity has recently come under threat
due to increasing pressure arising from demographic,
sociocultural, and technological changes.

India is rich center of diversity for several cultivated crops,
including important legumes such as chickpea (Cicer arietinum),
moth bean (Vigna aconitifolia), rice bean (Vigna umbellata), cowpea
(Vigna unguiculata), yard-long bean (Vigna unguiculata
subsp. sesquipedalis), green gram (V. radiata), black gram (V.
mungo), horse gram (Macrotyloma uniflorum), and dolichos bean
(Lablab purpureus) (Zeven and Zhukovsky, 1975; Hawkes, 1983).
The development of extensive and organized germplasm collections
and conservation activity in India began only after the establishment
of the National Bureau of Plant Genetic Resources (NBPGR) in 1976
(Rana et al., 2016). Since then, around 63,000 accessions of legumes
have been collected and conserved in ex situ conditions (Table 2).
The organization is continuously enriching its collections based on
gap analysis with respect to earlier collections established within
India and also introducing accessions from abroad. Globally, over
0.7 million legume germplasms, including their crop wild relatives

(CWRs), are conserved in 276 gene banks distributed worldwide
(WIEWS, 2022).

3 Utilization of grain legume germplasm
for crop improvement

Crop evolution in early times was based entirely on appearance
and performance in terms of agro-morphological traits, and these
are still the primary focus of plant breeders and researchers.
During the domestication process and subsequent structured
breeding programs, genotypes with greater biotic and abiotic
stress tolerance are often unintentionally selected, but
agronomic traits have always been the prime target for
selection. Landraces, which are locally adapted cultivars with a
high level of genetic variability developed by farmers over the
years, are the primary source of such traits in modern breeding
programs. However, in terms of the utilization of germplasm from
gene banks, it has become difficult to identify a manageable
number of accessions with the desired levels of variability and
traits. Recognizing this challenge, Frankel (1984) proposed the
concept of a core collection, a minimum number of representative
accessions representing maximum variability across the entire
collection. Since then, several crop-specific diverse core sets
have been developed (Table 3), and this has accelerated the
utilization of gene bank collections. A number of significant

TABLE 1 Information on the production and yield status of the major grain legume crops cultivated worldwide, along with their botanical names and chromosome
numbers.

Crop Botanical
name

Chromosome
number n) and
ploidy level x)

Production: major producing
countries (million tonnes)

Countries with highest yield (kg/ha) Total world
production
(MT)

1st 2nd 3rd 1st 2nd 3rd

Chickpea Cicer arietinum 2n = 2x = 16 India
(7.06)

Australia
(1.32)

Myanmar (0.56) China
(5177)

Israel (4148) Sudan (4048) 14.6

Green
gram*

Vigna radiata 2n = 2x = 22 India
(2.45)

Myanmar
(1.45)

Bangladesh (0.18) Myanmar
(1,239)

Bangladesh
(1,030)

Pakistan (730) ca. 6.0

Black
gram*

Vigna mungo 2n = 2x = 22 India
(3.06)

Myanmar
(1.35)

- Myanmar
(1,432)

India (546) - ca. 5.0

Lentil Lens culinaris 2n = 2x = 14 Canada
(2.64)

India
(1.24)

Australia (0.52) Jordan
(3480)

China (2476) New Zealand
(2452)

6.54

Pigeon
pea

Cajanus cajan 2n = 2x = 22 India
(3.78)

Myanmar
(0.44)

Malawi (0.42) Puerto Rico
(1858)

Philippines
(1821)

Thailand
(1701)

5.05

Field pea Pisum sativum 2n = 2x = 14 Canada
(4.27)

Russia
(2.58)

China (1.46) Burundi
(4809)

Lebanon
(4547)

Denmark
(3872)

14.65

Cowpea,
dry

Vigna
unguiculata

2n = 2x = 22 Nigeria
(3.66)

Niger
(2.27)

Burkina
Faso (0.62)

Iraq (4083) North
Macedonia
(3766)

Egypt (3637) 8.35

Beans,
dry

Phaseolus and
Vigna spp.

- India
(5.84)

Myanmar
(2.96)

Brazil (2.90) Mali
(10042)

Montenegro
(6701)

Tajikistan
(6451)

27.46

Broad
bean

Vicia faba 2n = 2x = 12 China
(1.74)

Ethiopia
(0.98)

United Kingdom
(0.58)

Argentina
(8917)

Guyana (8512) Uzbekistan
(5525)

5.47

Total
pulses

— — — — — 964.04 — — 92.29

Source: FAOSTAT (https://www.fao.org/faostat/en/), as updated on 19 December 2022. Figures represent average yield and production for the period of 2016–2020.
aProduction and yield aata for green gram and black gram are taken from two other studies (Schreinemachers et al., 2019; Khine et al., 2021).
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studies conducted to date in the area of trait identification and
utilization are discussed below, presented in crop-wise fashion,
and promising trait-specific accessions are summarized in Table 4
(biotic stress resistance) and Table 5 (abiotic stress tolerance). We
also find that in the process of breeding modern varieties, the focus
on yield per se has eventually led to a gradual decrease in the
nutritional qualities of new varieties. Comparative studies on the
nutritional composition of landraces and traditional cultivars in
various crops, such as vegetables and fruits (Davis et al., 2004),
wheat (Fan et al., 2008), the potato (White et al., 2009), the
common bean (Celmeli et al., 2018), and green gram (Ebert
et al., 2017), have indicated that the improved varieties are
poorer than the older varieties in terms of nutritional value.
Therefore, recognizing the significance of nutritional value and
of the availability of nutritional variability in germplasm, we also
discuss the important nutritional characteristics of each legume
crop in the following sections.

3.1 Chickpea

3.1.1 Agronomic traits
Development of the first core collection in the domain of

legumes was reported by Hannan et al. (1994) with the objective
of making use of chickpea collections. In this study, a diverse set of
505 chickpea accessions was designated as a core set; this was
derived from 7,613 accessions conserved in the Western Regional
Plant Introduction Station (WRPIS), USDA. Later, the
International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT) developed a core set of 1,956 accessions based on
information on the geographic origins and on 13 morphological
traits for 16,991 accessions (Upadhyay and Ortiz, 2001). Following
this exercise, Upadhyay et al. (2007a) identified 28 early-maturing
chickpea germplasm lines having wide geographical distribution.
Based on multi-location trials of the core set, ICC 16641, ICC 16644,
ICC 11040, ICC 11180, and ICC 12424 were further identified as

FIGURE 2
Strategy to enhance genetic gains through utilization of advanced phenotyping tools, efficient operational tools, and advanced selection methods and
technologies. A strategy to achieve higher genetic gains by broadening the genetic base through the infusion of increasing levels of variability from diverse
sources into the target breeding populations is illustrated. The integration of improved crossing program strategies and advanced tools for phenotyping,
operations, and desired genotype selection will further enhance the genetic gains made. This strategy will help with the attainment of greater genetic
gains along with enhanced crop adaptability to changing climatic conditions.
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extra-early maturing lines, while ICC 14648, ICC 16641, and ICC
16644 were identified as having higher seed weight. Additionally, in
an evaluation of 1,956 accessions of the chickpea core set on
14 agronomic traits, several superior accessions were identified
in terms of early flowering, pods/plant, seed yield, and seed
weight (Upadhyaya et al., 2007b). Furthermore, in order to
reduce the size of the core collections, a mini-core set of
211 accessions was developed based on more extensive
phenotypic data and a suitable statistical approach (Upadhyaya
and Ortiz, 2001); this has been extensively utilized for the evaluation

and identification of important traits (Upadhyaya et al., 2010).
Promising accessions for traits such as water use efficiency (ICC
16374, ICC 1422, ICC 4958, ICC 10945, ICC 16374, ICC 16903) and
biotic-abiotic stresses were identified (Upadhyaya et al., 2010). Erect
type chickpea lines suitable for mechanical harvesting were also
identified (Upadhyaya et al., 2017). A similar approach was followed
at the Indian National Gene Bank to accelerate the utilization of
chickpea germplasm; there, the gene bank’s entire chickpea
collection (14,651 accessions) was characterized and evaluated
for agronomic traits in 2012, and several promising accessions in

TABLE 2 Status of collections of grain legume crops and their wild relatives available in the Indian National Gene Bank.

Crop/species name Exotic Indigenous Total

Chickpea (Cicer arietinum) 2961 11452 14413

Cicer wild species
C. bijugum (31), C. chorassanicum (2), C. cuneatum (6), C. echinospermum
(18), C. judaicum (54), C. microphyllum (35), C. pinnatifidum (27), C.
reticulatum (18), C. yamashitae (4), unknown species (9)

148 56 204

Pigeon pea (Cajanus cajan) 306 10904 11210

Cajanus wild species
C. cajanifolius (2), C. albicans (3), C. scarabaeoides (49), C. volubilis (1), C. sp.
(2), Atylosia (18), Rhynchosia aurea (1), R. bracteata (1), R. himalensis (1), R.
minima (10), R. sublobata (4)

0 92 92

Lentil (Lens culinaris) 556 1835 2391

Other Lens species
L. culinaris subsp. odemensis (29), L. culinaris subsp. orientalis (63), L.
culinaris subsp. tomentosus (6), L. esculenta (15), L. lamottei (3), L. ervoides
(67), L. nigricans (21), L. odemensis (6)

202 8 210

Pea (Pisum sativum) 1,082 3075 4157

Other Pisum species
Pisum sativum subsp. hortense 7), Pisum sativum var. arvense (260)

25 242 267

Green gram (Vigna radiata) 535 3406 3941

Black gram (Vigna mungo) 5 2096 2097

Cowpea (Vigna unguiculata) 1063 2583 3646

Moth bean (Vigna aconitifolia) 37 1472 1509

Rice bean (Vigna umbellata) 144 1883 2027

Adzuki bean (Vigna angularis) 97 89 186

Yard-long bean (Vigna unguiculata subsp. sesquipedalis) 1 128 129

Vigna wild species
Vigna radiata var. sublobata (228), V. radiata var. setulosa (3), V. mungo var.
silvestris (17), V. angularis var. nipponensis (9), V. bourneae (4), V. dalzelliana
(30),V. hainiana (6), V. khandalensis (1), V. membranacea (1),V. minima (1),
V. nepalensis (3),V. parkeri (2), V. pilosa (4), V. racemosa (2),V. reticulata (1),
V. stipulacea (6), V. trilobata (144), V. trinervia (2), V. trinervia var. bourneae
(11), V. vexillata (109), V. marina (2), V. wightii (1), Vigna sp. (13)

9 591 600

Common bean (Phaseolus vulgaris) 1,669 2236 3905

Horse gram (Macrotyloma uniflorum) 11 3122 3133

Grass pea (Lathyrus sativus) 90 2524 2614

Fava bean (Vicia faba) 354 500 854

Total 9295 48294 57585

Source: Indian National Gene Bank database (http://www.nbpgr.ernet.in:8080/PGRPortal).

Bold values in the first column are legume crops followed by their related wild species.
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terms of agronomic traits were identified (Archak et al., 2016). The
characterization of a large number of accessions also provides the
opportunity to identify rare and unique morphotypes, which
sometimes turns out to be very useful. For example, in the study
carried out by Archak et al. (2016), accession IC486088 was found to
have upright podding behavior, which makes it a potential donor
that could be used in altering chickpea plant type (Singh et al., 2013)
(Figure 3). To enhance the utilization of such unique germplasm of
economic or scientific value in crop improvement programs, these
are registered with a national germplasm registration facility,
i.e., the Germplasm Registration and Information System (GRIS;
http://www.nbpgr.ernet.in:8080/registration/AboutUs.aspx). As of
December 2022, a total of 28 unique accessions of chickpea have
been registered by this facility. These unique traits help in the
development of plant types and/or high-yielding cultivars. For
example, a unique determinate phenotype was identified in BGD
9971; this is considered an important trait in the alteration of
chickpea plant type (Hegde, 2011; Ambika et al., 2021). In the
F2 line of an inter-specific cross, ICC 5783 (C. arietinum) × ICCW 9
(C. reticulatum), 3 to 9 flowers per flowering node were observed;
this is an important trait for improving chickpea plant type and
yield (Gaur and Gour, 2002). Finally, to reduce harvesting and
threshing time and cost, chickpea genotypes with the erect plant
type were identified and are being used to develop chickpea cultivars
suitable for mechanical harvesting (Vishnu et al., 2020). GBM 2 and
NBeG 47 (Dheera) are the first two such chickpea varieties that have

been released (http://dpd.gov.in/Varieties/Chickpea%20varieties.
pdf) (Figure 3).

3.1.2 Biotic stress
In chickpea, the major diseases are fusarium wilt (Fusarium

oxysporum f. sp. ciceris), ascochyta blight (Ascochyta rabiei (Pass.)
Lab.), collar rot (Sclerotium rolfsii Sacc.), dry root rot (Rhizoctonia
bataticola (Taub.) Butler), and botrytis gray mold (Botrytis cinerea
Pers. Ex. Fr.), and the major pest is pod borer (Helicoverpa armigera
Hubner). Chickpea germplasm screening programs have identified
rather plentiful instances of donor germplasm resistant to fusarium
wilt. However, robust resistant donor sources for dry root rot, botrytis
gray mold, collar rot, and pod borer are lacking; thus, germplasm use
could result in the identification of moderately resistant donors for
these diseases (Pandey et al., 2004; Sharma M et al., 2015; Reddy et al.,
2016). The ICAR–National Bureau of Plant Genetic Resources (ICAR-
NBPGR) has evaluated over 2,500 accessions for resistance to botrytis
gray mold, collar rot, and dry root rot under artificial inoculation and
field conditions, but only a few moderately resistant accessions have
been identified, such as IC244185, IC251727, ICC6881, and
IC350842 for BGM; IC270930, IC95064, IC350829, IC95100,
IC209375, IC83805, IC487359, and IC83991 for collar rot; and
IC413984, IC397375, IC487359, IC506915, and ICC4295 for dry
root rot (unpublished data). This is a sign of the narrow genetic
base of the cultivated germplasm. Similarly, no resistance sources have
yet been identified for pod borer. Gayacharan U. et al. (2020) have

TABLE 3 List of core collections developed for grain legume crops.

Crop Core/mini-core collection size Base accessions Traits References

Chickpea 1956 16,991 13 morphological quantitative traits; passport
information

Upadhyaya et al. (2001)

211a 1,956 22 morphological and agronomic traits Upadhyaya and Ortiz, (2001)

1,103 14,651 Eight quantitative and 12 qualitative agro-
morphological traits

Archak et al. (2016)

Pigeon pea 1,290 12,153 Geographic origin; 14 qualitative morphological traits Reddy et al. (2005)

146a 1,290 18 qualitative and16 quantitative traits Upadhyaya et al. (2006)

Lentil 287 2,390 Documented diversity Simon & Hannan, (1995)

170 2,324 26 agro-morphological traits Tripathi et al. (2021a)

Green gram 1,481 5,234 Geographic origin; 8 quantitative traits Schafleitner et al. (2015)

152 1,532 Geographical origin; 19 quantitative and 19 qualitative
traits

Bisht et al. (1998)

289* 1,481 Phenotypic and SSR genotypic data Schafleitner et al. (2015)

Adzuki bean 96 616 13 SSR molecular markers Xu et al. (2008)

Common bean 171 423 Seed coat traits; geographical information; 46 SSR
markers

McClean et al. (2012)

300 544 Geographical information; morphological traits;
phaseolin seed protein

Logozzo et al. (2007)

52 388 Agro-morphological traits; phaseolin seed protein Rodiño et al. (2003)

Cowpea 2062 12,000 Geographical information; 28 agro-botanical traits Mahalakshmi et al. (2007)

Pea 48 731 21 SSR markers Xu-Xiao et al. (2008)

Sem 46 249 28 agro-morphological traits Pengelly & Maass, (2001)

aMini-core.
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TABLE 4 List of important resistance sources identified for various important biotic stresses in grain legume crops.

Crop Trait Screened germplasm Screening method Sources identified References

Chickpea Fusarium wilt resistance 13,500 Field and pot conditions 160 accessions Haware et al.
(1992)

414 germplasm/varieties Field conditions in sick plot 35 accessions Chaudhry et al.
(2007)

1,915 accessions of Kabuli type Field sick plot and laboratory
conditions

110 accessions Halila and Strange,
(1997)

5,174 Screened at ICARDA 110 accessions Singh, (1997)

Ascochyta blight resistance 1,970 diverse germplasm Field conditions in sick plot,
multiple seasons

IC275447, IC117744, EC267301,
IC248147, and EC220109

Gayacharan et al.,
2020c

19,375 germplasm Screened at ICARDA 32 accessions Singh, (1997)

Collar rot resistance 98 Greenhouse conditions FLIP 97–132C, FLIP 97-85C, FLIP
98-53C, ILC -5263, and NCS 9905

Akram et al. (2008)

Green gram MYMV resistance 100 germplasm lines Field conditions 014043, 014133, 014249, 014250 Iqbal et al. (2011)

81 germplasm lines Field conditions IC76361, IC119020-1, PLM490,
IC75200, IC119020-2, CO7, CO8

Nainu and
Murugan, (2020)

120 germplasm lines Field conditions EC 398897, TM-11-07, TM-11-34,
PDM-139, and 6 others

Mohan et al.
(2014)

Bruchid beetle tolerance 335 germplasm lines ‘Free choice’ and ‘no choice’
test method

LM 131, V 1123, LM 371, and STY
2633

Duraimurugan
et al. (2014)

Spotted pod borer (Maruca
vitrata) tolerance

110 germplasm lines Field conditions KM-9-128, KM-9-136, RMG-492,
LGG-527, and LGG-538

Sandhya et al.
(2014)

Bean fly (Ophiomyia phaseoli)
tolerance

3,713 germplasm lines Field conditions 28 accessions Chiang and
Talekar, (1980)

Black gram MYMV resistance 344 germplasm lines Field conditions and artificial
agro-inoculation

IC144901 and IC001572 Bag et al. (2014)

128 germplasm lines Field conditions KU 96-3, NDU 12-1, NIRB 002,
NIRB 003, and NIRB 004

Kumari et al.
(2020)

ULCV resistance 87 germplasm lines Field conditions 2cm-703, 90cm-015, 93cm-006,
94cm-019, 99cm-001, IAM 382-1,
IAM382-9, IAM382-15, and
IAM133

Ashfaq et al. (2007)

Bruchid beetle tolerance 140 germplasm lines ‘Free choice’ and ‘no choice’
test method

UH 82-5, IC 8219, and SPS 143 Duraimurugan
et al. (2014)

Moth bean MYMV resistance 180 germplasm lines Field conditions, multiple
seasons

IC36522 and IC36217 Singh et al. (2020)

204 diverse germplasm lines Field conditions PLMO 12, IC 36096, IC 415152, IC
129177, IC 129177, and 9 others

Meghwal et al.
(2015)

Leaf crinkle virus 180 germplasm lines Field conditions, multiple
seasons

IC39786 and IC39822 Singh et al. (2020)

44 germplasm lines Field conditions, multiple
seasons

IC39786 Vir and Singh,
(2015)

Cercospora leaf spot resistance 180 germplasm lines Field conditions, multiple
seasons

IC16218 Singh et al. (2020)

Cowpea Aphid (Aphis craccivora)
resistance

105 cultivated and 92 wild
germplasm

Greenhouse conditions TVNu 1158 Souleymane et al.
(2013)

Bacterial blight (Xanthomonas
axonopodis pv. vignicola)
resistance

50 improved cultivars Artificial inoculation DANILA, IT00K-1263, IT03K-
324-9, and 11 others

Boukar et al.
(2019)

Cowpea Mosaic Virus (CMV)
resistance

225 germplasm lines Field conditions, multiple
seasons

IC202786, IC202809, and Bellary
local

Deshpand et al.
(2010)

Cercospora leaf spot resistance 225 germplasm lines

(Continued on following page)
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TABLE 4 (Continued) List of important resistance sources identified for various important biotic stresses in grain legume crops.

Crop Trait Screened germplasm Screening method Sources identified References

Field conditions, multiple
seasons

IC257420, IC27502, IC91556,
IC198330, IC202797, IC219574,
and IC202791

Deshpand et al.
(2010)

Cowpea rust (Uromyces vignae)
resistance

225 germplasm lines Field conditions, multiple
seasons

IC206240, IC214834, IC214835,
IC219871, Guntur local, and
Bellary local

Deshpand et al.
(2010)

Bruchid (Callosobruchus
maculatus) resistance

103 germplasm lines No-choice test method EC528425 and EC528387 Tripathi et al.
(2020)

Lentil Wilt (Fusarium oxysporum
f.sp. lentis) resistance

196 landraces Controlled and field conditions BGE016363, BGE019696,
BGE019698, BGE019708, and
8 others

Pouralibaba et al.
(2015)

93 diverse germplasm lines Greenhouse and sick plot
conditions

IG 69549 and IG 70238 Meena et al. (2017)

Rust (Uromyces fabae (Pers.) de
Bary) resistance

321 germplasm lines Glasshouse and field
conditions, multiple locations

Precoz, L 1534, L 2991, L 178, L
2297, L 24123, and HPLC 8868

Kumar et al. (1997)

286 germplasm lines Growth chamber conditions RR-107, ILL7207, ILL7716, and
ILL7618

Rubiales et al.
(2013)

Blight (Stemphylium
botryosum Wallr.) resistance

70 germplasm lines including
wild

Growth chamber, greenhouse,
and field conditions

Various promising accessions
identified

Podder et al.
(2013)

Seed weevil (Bruchus spp.)
resistance

571 germplasm lines including
wild

Field conditions with artificial
release of insects

32 accessions Laserna-Ruiz et al.
(2012)

Root-knot nematode
(Meloidogyne incognita)
resistance

300 germplasm lines Pot conditions, artificial
inoculation

EC223269, EC076551-C,
EC267577-D, EC267555,
EC255504, and 4 others

Khan et al. (2017)

Pigeon pea Fusarium wilt and sterility mosaic
disease resistance

146 germplasm accessions of a
mini-core collection

Artificial field epiphytotic
conditions, multiple seasons

ICP 6739, ICP 8860, ICP 11015,
ICP 13304, and ICP 14819 have
combined resistance

Sharma et al.
(2012)

Fusarium wilt (Fusarium udum)
resistance

104 germplasm lines Greenhouse and field
conditions

VBG 42, VBG 52, and VBG 57 Okiror, (1999)

Sterility mosaic disease resistance 976 accessions Artificial epiphytotic
conditions, multiple seasons

ICPLs 20094, 20106, 20098, and
20115

Sharma et al.
(2015)

88 germplasm lines Field conditions at 10 locations ICP 7867, ICP 10976, and ICP
10977

Nene et al. (1989)

60 accessions of C. carabaeoides Leaf-stapling followed by
petiole grafting

ICP15684, ICP15688, ICP15692,
ICP15695 and others

Kulkarni et al.
(2003)

Spotted pod borer (Maruca
vitrata) tolerance

271 germplasm lines Open field screening nursery Promising accessions from four
determinate and
12 nondeterminate types

Saxena et al. (2002)

Field pea Pea weevil (Bruchus pisorum L.)
tolerance

602 germplasm lines Field conditions at three
locations

Ethiopian gene bank acc. 32454,
235002, 226037, and 32410

Teshome et al.
(2015)

Powdery mildew (Erysiphe pisi)
resistance

701 germplasm lines Natural epiphytotic conditions EC598655, EC598878, EC598704,
IC278261, and IC218988

Rana et al. (2013)

Rust (Uromyces viciae-fabae)
resistance

250 lines consisting of released
varieties, germplasm accessions,
and advance breeding lines

Multilocation, field conditions,
and further validation of
23 selected lines

IPF-2014-16, KPMR-936, and
IPF-2014-13

Das et al. (2019)

Common
bean

Angular leaf spot (Phaeoisariopsis
griseola) resistance

1944 diverse germplasm lines
including wild

Field and screenhouse
conditions

Various resistance sources
identified

Mahuku et al.
(2003)

300 germplasm lines Field conditions 14 resistant accessions Rezene and
Mekonin, (2019)

Damping-off (Rhizoctonia solani)
resistance

274 germplasm lines Artificial inoculation, pot
conditions

PI 310668 and PI 533249 Peña et al. (2013)

Fusarium root rot (Fusarium
cuneirostrum) resistance

248 wild germplasm Greenhouse, small pots, and
artificial inoculation

PI417775 highly resistant;
21 others resistant

Haus et al. (2021)

(Continued on following page)
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identified several robust resistance sources (viz., IC275447, IC117744,
EC267301, IC248147, and EC220109) for ascochyta blight disease
using the sick plot method following artificial inoculation in multiple
environments and seasons; these are now being utilized in national
chickpea breeding programs. Pande et al. (2006) have also identified
several other promising chickpea accessions (viz., ICC 17211, IG
69986, IG 70030, IG 70037, and IG 70038), which have shown
combined tolerance against ascochyta blight and botrytis gray mold
diseases. Finally, Singh (1997) has listed several of the important
sources identified at the International Center for Agricultural Research
in the Dry Areas (ICARDA) and at the ICRISAT. Various important
sources of biotic stress resistance are listed by Singh et al. (2022) and
are also presented in Table 4 and Figure 4.

3.1.3 Abiotic stress
In chickpea, the major abiotic stresses are terminal drought,

terminal heat stress, and low temperatures during the late
vegetative stage. The Northern Plains of India, which was once the
most favorable zone for chickpea production, has faced a drastic
decline in production of this crop due to a sharp rise in the minimum
night temperature (Basu et al., 2009). Terminal heat stress is also a
major challenge in the expansion of chickpea cultivation to rice-fallow
land, of which there are around 11.7 million ha in the country (Singh
N et al., 201a). Therefore, in order to tackle this problem, new sources
of tolerance are being sought to enable the development of short-
duration and heat-tolerant varieties. Basu and coworkers (2009)
screened chickpea germplasm and identified several highly heat-
tolerant chickpea lines, viz., ICCV 92944 (JG14), ICCV 37, ICC67,
JKG 1, GCP 101, and PG 12. A reference collection for heat stress
tolerance has also been developed and screened at the reproductive
stage (Krishnamurthy et al., 2011). The researchers observed broad
genetic variation in heat-responsive traits, and later identified 10 heat
stress tolerance lines under field conditions (Devasirvatham et al.,
2015). A mini-core collection has also been screened for resistance to
drought stress; five highly tolerant accessions (namely, ICC867, ICC
1923, ICC9586, ICC12947, and ICC14778) were identified
(Krishnamurthy, et al., 2010). A germplasm line (ICC4958)
developed by Saxena et al. (1993) has been extensively used for
breeding drought-tolerant varieties. In-depth molecular analysis of
the ICC4958 line has identified a QTL-hotspot region that harbors
several traits related to drought tolerance (Bharadwaj et al., 2021).
Certain other drought stress tolerant lines have been identified under
field conditions (Ganjeali et al., 2011). A mini-core set was also
screened for salinity stress resistance under pot conditions and
artificial application of saline water (100 mM), which led to the
identification of 10 highly tolerant accessions (Serraj et al., 2004).
Genotypes ICCV 00104, ICCV 06101, CSG8962, and JG62 have also
been identified as promising in terms of salinity tolerance (Kumar
et al., 2016). Additionally, a total of 3,276 germplasm lines of chickpea

were evaluated against cold stress at the ICARDA, Tel Hadya, Syria,
between 1981 and 1987; 21 lines were found to be tolerant of cold
stress (Singh et al., 1989). Choudhary and coworkers (2018) list several
popular donors that represent the major sources for improvement of
chickpea tolerance to abiotic stress. An extensive list of chickpea
germplasm lines that have been identified as promising in relation to
various abiotic stresses is also given in Table 5.

3.1.4 Nutritional Quality
The chickpea is well known for its nutritionally rich grains, which

are widely used as an alternative source of supplementary nutrients.
Chickpea grains contain 63% total carbohydrate, 21% protein, and
2.70%–6.48% total fat (Wang et al., 2021). The prominent minerals are
K (1.2 g/100 g in desi type, 1.1 g/100 g in Kabuli type), P (0.38 g/100 g
in desi, 0.5 g/100 g in Kabuli), Mg (169 mg/100 g in desi, 178 mg/100 g
in Kabuli), and Ca (162 mg/100 g in desi, 107 mg/100 g in Kabuli;
Wang et al., 2021). Chickpea grains are also a good source of vitamins
C, B2, B3, B5, γ–tocopherol, E (α–tocopherol), and folic acid.

Large-scale nutritional profiling has not yet been carried out for
legumes, primarily due to a lack of high-throughput nutritional
profiling platforms. However, nutrient-specific donors with high
mineral content have been identified, such as for Zn (MG–13,
MG–17), Ca (PI518255, PI358934), and P (PI339154), and these
can be used for biofortification of modern chickpea cultivars
(Constantini et al., 2021). In an analysis of 79 accessions, one
(LEGCA728) was identified as having high lutein content
(28.32 μg g−1), and distinct morphotypes were identified as superior
in terms of high concentration of specific nutrients (Serrano et al.,
2017). In this study, it was observed that nutritional variation is
associated with seed morphology. Black and brown seeded varieties
were found to have higher dietary fiber content, ranging from 18.0 to
22.1 g 100 g−1, and higher polyunsaturated fatty acid (PUFA) content
(67.0 g 100 g−1 of total fatty acids; Summo et al., 2019). Accessions with
brown coloring also have high water absorption capacity (1.9 g water
g−1 of flour), which makes these varieties suitable for mixing with
cereal flours to produce nutritionally rich cereal-based food products.
The vitamins, minerals, and fibers present in chickpea grains promote
their utilization for many health benefits. Finally, carotenoid
concentration (with the exception of lycopene) has been found to
be higher in wild germplasm as compared to cultivated types (Jukanti
et al., 2012).

3.2 Lentil

3.2.1 Agronomic traits
Lentil is one of the eight founder crops of agriculture (Ambika

et al., 2022) and the most nutritious cool season legume cultivated in
many farming systems worldwide. Lentil is divided into two categories

TABLE 4 (Continued) List of important resistance sources identified for various important biotic stresses in grain legume crops.

Crop Trait Screened germplasm Screening method Sources identified References

Fusarium wilt (Fusarium
oxysporum) resistance

248 wild germplasm Greenhouse, small pots, and
artificial inoculation

PI661845 and PI535441 highly
resistant; 16 others resistant

Haus et al. (2021)

Bacterial wilt (Curtobacterium
flaccumfaciens pv. flaccumfaciens)
resistance

467 diverse germplasm Pot conditions, artificial
inoculation

PI 325691 Urrea & Harveson,
(2014)
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TABLE 5 List of important resistance sources identified for various important abiotic stresses in grain legume crops.

Crop Trait Germplasm screened Screening method Sources identified References

Chickpea Salinity tolerance 600 selected based on various
strategies

Pot conditions 33 lines Maliro et al.
(2008)

211 acc. of chickpea mini-core
collection and 41 popular
varieties

Pot conditions with 100 mM NaCl solution
to field capacity of the soil

ICC 10755, ICC 13124, ICC
13357, ICC 15406, ICC 15697,
and 5 others

Serraj et al. (2004)

180 germplasm lines Paper cup, greenhouse conditions, 8 ds/m
electrical conductivity

ICCV 00104, ICCV 06101,
CSG8962, and JG62

Kumar et al.
(2016)

Heat stress tolerance References set of 200 accessions
having very long duration

Late-sown, field conditions 18 lines Krishnamurthy
et al. (2011)

167 accessions Late- vs. timely-sown, field conditions ICCV 95311, ICCV 98902, ICCV
07109, ICCV 92944, ICC 6969,
and 5 others

Devasirvatham
et al. (2015)

35 early-maturing lines Late- vs. timely-sown, field conditions ICC 14346 Upadhyaya et al.
(2011a)

Drought tolerance 211 accessions of mini-core
collection

Field conditions ICC 867, ICC 1923, ICC 9586,
ICC 12947, and ICC 14778

Krishnamurthy
et al. (2010)

1,500 diverse germplasm Field conditions ICC4958 Saxena et al.
(1993)

150 Kabuli type germplasm Field conditions MCC544, MCC696, and
MCC693

Ganjeali et al.
(2011)

Cold tolerance 14 accessions Field and controlled environments ICCV 88502 and ICCV 88503 Srinivasan et al.
(1998)

3,276 germplasm and breeding
lines

Field conditions 21 lines Singh et al. (1989)

Green
gram

Heat stress tolerance 41 elite lines Late- vs. timely-sown, field conditions EC693357, EC693358,
EC693369, Harsha, and ML1299

Sharma et al.
(2016)

Drought tolerance 100 diverse germplasm Hydroponics in controlled conditions IC333090 and IC507340 Meena et al.
(2021)

Black
gram

Salt tolerance 48 genotypes Various salinity levels at seedling stage VNBG 017, AUB 3, and AUB 20 Priyadharshini
et al. (2019)

Waterlogging tolerance 290 germplasm lines Pot conditions, 10 days of flooding 30 days
after sowing

IC530491 and IC519330 Bansal et al. (2019)

Moth
bean

Drought tolerance 32 diverse germplasm Withdrawal of irrigation, field conditions IC129177, IC103016, IC415139,
IC 415155, IC36157, Maru moth,
and Jadia

Malambane and
Bhatt, (2014)

15 diverse germplasm Withdrawal of irrigation, field conditions IC103016, IC36011, and IC36157 Sachdeva et al.
(2016)

Cowpea Drought tolerance 1,288 randomly selected lines Withdrawal of irrigation, field conditions TVu1436, TVu9693, TVu12115,
TVu14632, and TVu15055

Fatokun et al.
(2012)

Salt tolerance 151 germplasm lines Artificial conditions with 150 mM NaCl
application at germination stage

PI582422, 09–529, PI293584, and
PI582570

Ravelombola et al.
(2017)

155 germplasm lines Artificial conditions with 200 mM NaCl
application at seedling stage

PI354686, PI353270, PI354666,
and PI354842

Dong et al. (2019)

116 acc. at germination stage
and 155 acc. at seedling stage

Artificial conditions with 150 and 200 mM
NaCl application at germination and
seedling stage screening, respectively

Trait-specific promising
genotypes

Ravelombola et al.
(2018)

Heat tolerance 130 germplasm lines Field conditions, multiple seasons EC472250, EC472267,
EC$&2285, EC472286,
EC472289, and Pusa Komal

Mishra et al.
(2005)

Lentil Combined terminal heat
and drought stress
tolerance

166 selected through FIGS# Field conditions at two contrasting locations ILL 7835, ILL 6075, ILL 6362, ILL
7814, ILL 7835, and ILL 7804

Rajendran et al.
(2020)

(Continued on following page)
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TABLE 5 (Continued) List of important resistance sources identified for various important abiotic stresses in grain legume crops.

Crop Trait Germplasm screened Screening method Sources identified References

Boron tolerance 310 germplasm lines Field conditions at seedling stage ILL213A and ILL2024 Hobson et al.
(2006)

Salt tolerance 133 germplasm lines Germination and seedling stage, NaCl
application

ILL 5845, ILL 6451, ILL 6788, ILL
6793, and ILL 6796

Ashraf and
Waheed, (1990)

Pigeon
pea

Waterlogging tolerance 272 diverse accessions In vitro laboratory conditions and natural
field conditions

ICPH 2431, ICPH 2740, ICPH
2671, and 9 others

Sultana et al.
(2013)

146 accessions of mini-core
collection

Pots placed in water tanks, multiple
durations and seasons

24 accessions Krishnamurthy
et al. (2012)

Adzuki
bean

Drought tolerance 80 germplasm lines Mannitol-induced drought stress - Zhu et al. (2019)

Field pea Cold tolerance 3,672 germplasm lines Field conditions 214 accessions Zhang et al. (2016)

Frost tolerance 83 accessions collected from
34 countries

Controlled environmental chamber ATC 104, ATC 377, ATC 968,
ATC 3992, and ATC 4204

Shafiq et al. (2012)

Salinity tolerance 780 globally distributed
germplasm

Artificial conditions, using NaCl ATC1836 Leonforte et al.
(2013)

High temperature
tolerance

150 genotypes Field conditions; timely, moderately late, and
very late sowing

IPFD 11-5, Pant P-72, P-1544-1,
and HUDP 11

Lamichaney et al.
(2021)

#FIGS: focused identification of ermplasm strategy.

FIGURE 3
Highlights of various important agro-morphological variations. Genotype (ICC16358) with a large number of branches per plant (A); genotype
(IC486088) having upright peduncle and pods (B); genotype (ICC15559) with two to three flowers/peduncle (C); genotype (EC398937) with greater pod
length (>15 cm) and a higher number of seeds/pod (D); leaflet size variation (E); leaf size variation (F); genotype with short internode length and compact
phenotype (G); genotype (IC24417) with erect and tall growth habit (H); an erect genotype (NBeG 47) in chickpea (I); early-maturing (IC347181) (J) and
erect type (VLG 39) (K) genotypes of horse gram; sona mung with bright yellow seeds having superior visual appeal (L) in green gram; a common bean
germplasm (IC341862) having pea-shaped, bright white-colored seed with superior visual appeal (M); and a pigeon pea genotype with determinate growth
habit (N).
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based on seed size, i.e., microsperma (seed diameter 2–6 mm) and
macrosperma (seed diameter 6–9 mm), with 100 seed weight ranging
from 1.5 to 8.0 g. In order to identify new germplasm for various agro-
morphological traits, extensive germplasm exploration,
characterization, and evaluation programs have been undertaken
globally. As a result, several trait-specific donors have been
identified and used to develop improved varieties. High biomass,
good plant standing, higher seed weight, and number of pods/
peduncle are considered to be crucial traits for yield enhancement
in lentil. With the availability of such genotypes having tall (>30 cm),
erect growth habits and good standing ability with good ground
clearance (>15 cm), high-yielding varieties that are suitable for
mechanical harvesting have been developed, such as ILL590,
ILL1005, ILL6037, ILL6212, ILL6994, ILL7155, and ILL7947
(Sarker and Erskine, 2006; Kumar et al., 2013). Germplasm lines
for early flowering (IC560333, IC559639, IC560111, and IC560148),
high biomass (IC559744, IC559608, IC559767, and IC560040), a large
number of primary branches (IC559870, IC318881, IC398688, and
IC560182), and high yield (IC398094, IC560212, IC560332, and
IC560206) have also been identified through gene bank germplasm
characterization (Gautam et al., 2013). Mishra et al. (2022b) identified
PMF-1, PMF-2, PMF-3, and PMF-4 as producing multiple flowers per
peduncle, which is an important trait in lentil breeding. The GRIS
portal indicates the registration of accessions for a range of important
unique traits, such as extended funiculus, which helps with rapid water
uptake (IC317520); multiple flowers and pods per peduncle
(IC241473); early flowering and maturity (IC241532); and extra

bold seeds (EC499760). A core set of 287 accessions was developed
for lentil using diversity documentation on 3,068 accessions conserved
at the WRPIS, USDA, by Simon and Hannan (1995). Promising
germplasm lines have been identified for various agronomic traits,
such as seedling vigor, earliness, number of pods/peduncle, number of
pods/plant, and seed weight (Singh., 1995). In another large-scale
characterization conducted at the ICAR–NBPGR, accessions were
characterized on 26 agro-morphological traits, and a core set of
170 accessions was developed (Tripathi et al., 2021a). Kumar et al.
(2013) have also highlighted important lines for traits such as winter
hardiness, short duration type, mechanical harvesting, and higher seed
weight.

3.2.2 Biotic stress
The major diseases in the lentil crop are fusarium wilt

(Fusarium oxysporum f. sp. lentis (Fol)), root rot complex, rust
(Uromyces viciae-fabae), stemphylium blight (Stemphylium
botryosum), powdery mildew (Erysiphe spp.), and ascochyta
blight (Ascochyta lentis); the major pests are pod borer (Etiella
zinkenella), aphids (Aphis craccivora), and seed weevil (Bruchus
spp.). Several studies have been conducted to identify resistant
donors, some of which are listed in Table 4. For example,
12 accessions were identified as resistant to fusarium wilt out of
196 landraces screened under both field and controlled conditions
(Pouralibaba et a., 2015). In another study, 93 accessions were
screened under three different screening conditions (specifically, a
hotspot location, field sick plot, and artificial greenhouse

FIGURE 4
Several promising newly identified resistance donors: IC486215 (A) for resistance against dry root rot in chickpea; IC275447 (B) for resistance against
ascochyta blight in chickpea; IC118998 (C) for yellow mosaic disease (YMD) resistance in green gram; and IC278261 (D) for powdery mildew resistance in
field pea.
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conditions) for resistance to wilt, and two highly resistant
germplasm lines (viz., IG 69549 and IG 70238) were identified
(Meena et al., 2017). Sources for fusarium disease resistance, such
as ILL5883, ILL5588, ILL4400, and ILL590, and for resistance to
other important diseases, such as rust (ILL358, ILL4605, ILL5604,
ILL6002, and ILL6209), ascochyta blight (Indianhead, ILL358,
ILL857, ILL5562, ILL5588, ILL5684, ILL5883, and ILL6024), and
Stemphylium blight (ILL 4605), have been highlighted by Kumar
et al. (2013). Additionally, 4 lines (RR–107, ILL7207, ILL7716, and
ILL7618) have been identified as resistant to rust (Uromyces fabae
(Pers.) de Bary) out of 286 accessions screened under controlled
conditions (Rubiales et al., 2013). Blight (Stemphylium botryosum
Wallr.) resistance has also been identified in wild lentil germplasm
(Podder et al., 2013). Seed weevil (Bruchus spp.) is another major
threat to lentil grains; therefore, 571 accessions of lentil originating
from 27 different countries were evaluated under natural field
conditions in central Spain, with wide variation (0%–70%) being
observed in infestation rate in the lentil germplasm (Laserna–Ruiz
et al., 2012). In this study, a total of 32 accessions with lower levels
of infestation were identified. In a separate screening of 300 lentil
accessions against root-knot nematode (Meloidogyne incognita),
9 accessions were identified as tolerant (Khan et al., 2017; Table 4).
Furthermore, these have been registered with the GRIS portal to
enhance the utilization of such important sources in lentil breeding
programs. Examples of such accessions include IC296883 for
multiple resistance against Meloidoyne incognita, M. javanica,
Botrytis gray mold, and pod borer; IC567650 for rust resistance;
and IC559673 and IC559890 for nematode resistance.

3.2.3 Abiotic stress
Drought, heat, cold, frost, salinity, and waterlogging are the

major abiotic stresses affecting lentil cultivation around the
world. Several studies have been conducted to identify
germplasm tolerant to these stresses (Table 5). In one such
study, 166 lentil accessions were screened under field
conditions, and six lines (ILL 7835, ILL 6075, ILL 6362, ILL
7814, ILL 7835, and ILL 7804) were identified for combined
heat and drought stress tolerance (Rajendran et al., 2020). The
Focused Identification of Germplasm Strategy (FIGS) was used to
select 162 accessions for screening against heat and combined
heat–drought stresses under field conditions at two locations (El
Haddad et al., 2020); one germplasm line (IC621470) has been
registered for drought tolerance on the GRIS portal. Based on a
salt stress tolerance index, several promising accessions (ILL
5845, ILL 6451, ILL6788, ILL 6793, and ILL 6796) were
identified in a screening of 133 accessions under artificial
conditions (Ashraf and Waheed, 1990). Accessions ILL52,
ILL465, ILL 1878, ILL 1918, ILL7115, ILL7155, ILL468, ILL590,
ILL662, ILL669, ILL780, ILL857, ILL975, WA8649041, and
WA8649090 have been selected for winter hardiness (Erskine
et al., 1981; Hamdi et al., 1996). Additionally, Stoddard et al.
(2006) have identified ILL5865 and ILL1878 as lines with good
levels of tolerance to freezing. In Australia, in order to expand
lentil cultivation, 310 accessions were screened in soils with a high
boron concentration; accessions originating from Afghanistan
and Ethiopia were found to perform comparatively well under
these conditions. Boron-tolerant accessions ILL213A and
ILL2024 were also recorded as having higher biomass than
boron-intolerant accessions (Hobson et al., 2006).

3.2.4 Nutritional quality
Lentil has a high protein content (20%–27%; Zaccardelli et al.,

2012) and contains 2%–3% fat, 50%–65% starch, and 8%–9% soluble
sugars (Jood et al., 1998). Lentil protein is considered to be among the
most beneficial, as it has good Leu/Ile and Leu/Lys ratios
(1.24–1.98 and 1.08–2.03, respectively), high digestibility (~83%),
and strong potential for use in food products (Jarpa-Parra, 2018).
Among pulses, lentil is also one of the richest sources of Zn and Fe. A
screening of over 2000 cultivated and wild germplasm has revealed a
wide range of variation in Fe (42–168 ppm) and Zn (22–101 ppm;
Mehra et al., 2018), with accessions EC78933 and EC 78414 found to
have particularly high Fe and Zn content, respectively. In one of the
experiments conducted by Kumar et al. (2014), 41 genotypes were
examined for stability of Zn and Fe content over three locations; L
4704 (136.91 mg/kg grain) and VL 141 (81.542 mg/kg grain) were
found to be promising in relation to Fe and Zn, respectively. A
germplasm line (IC317520) with an extended funicle has also been
identified; this is expected to be associated with shorter cooking time
(Tripathi et al., 2021b). Several genotypes have been registered with
GRIS: IC208329 and IC208326 for high protein content (27.4%–

28.5%), and IC0616579 for high iron 136.91 (mg/kg grain) and
zinc (71.69 mg/kg grain) content.

3.3 Common bean

3.3.1 Agronomic traits
Common bean is an economically important legume and is

cultivated worldwide. In order to assess phenotypic variability in
the ex-situ collections of the Indian National Gene Bank,
4,274 accessions were characterized on 22 traits, and a good range
of variation was observed in leaf length, leaf width, pod length, number
of pods per plant, number of seeds per pod, and seed weight (Rana
et al., 2015). Promising accessions were identified for early flowering
(IC370764), pod length (IC328871, EC271552), pods/plant
(EC500299), early maturity (EC0944456), a large number of seeds/
pod (IC383008), etc. In another study, 203 accessions of a core
collection were examined for seed quality traits and to identify
promising germplasm lines (Saba et al., 2016). The Andean
Diversity Panel (ADP), a regional core collection comprising
396 accessions, with the majority originating from the Andean
region, was established in order to enhance germplasm utilization
in the region’s common bean improvement program (Cichy et al.,
2015a). The ADP consists primarily of popular cultivars, breeding
lines, and landraces. The CIAT gene bank conserves over
40,000 common bean accessions, making it the largest collection in
the world. In an evaluation of a core set of 1,414 accessions, Amirul
et al. (2006) observed wide variability in their morphological,
biochemical, and nutritional traits. Through 12 multi-environment
trials, a recent study has also identified four specific germplasm from
481 breeding lines with notable agronomic traits; the authors also
developed a model to predict genotypic performance under different
environmental conditions (Keller et al., 2020).

3.3.2 Biotic stress
The common bean is affected by many bacterial, fungal, and viral

diseases, as well as insect pests. Several studies have been conducted to
identify resistant sources in common bean germplasm (Table 4). A
recent study has identified 14 accessions resistant to angular leaf spot
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(Phaeoisariopsis griseola) under field conditions (Rezene and
Mekonin, 2019). Peña et al. (2013) screened 274 germplasm lines
under artificial and pot conditions and identified two lines (PI
310668 and PI 533249) showing resistance against damping-off
disease (Rhizoctonia solani). A set of 248 accessions of wild bean
(Phaseolus spp.) were screened under greenhouse, pot, and artificial
conditions against fusarium root rot (Fusarium cuneirostrum) and
fusarium wilt (Fusarium oxysporum), resulting in the identification of
21 and 16 lines resistant to fusarium root rot and fusarium wilt,
respectively (Haus et al., 2021). Urrea and Harveson (2014) carried out
screening of 467 germplasm lines against bacterial wilt
(Curtobacterium flaccumfaciens pv. flaccumfaciens) under pot and
artificial conditions, and identified PI 325691 as a resistant line to the
disease. The GRIS portal also indicates that several accessions have
been registered as resistant to important diseases, such as anthracnose
(IC0341862, IC635031, and IC635032), white mold disease
(EC271515 and IC278744), and bean common mosaic virus
(IC340947 and IC0360831).

3.3.3 Abiotic stress
The common bean is severely affected by abiotic stresses, such as

cold, drought, heat, and salinity, and not a great deal of work has been
carried out to identify trait-specific donors, with a few exceptions.
Urrea and Porch (2009) screened 277 accessions of P. vulgaris and P.
acutifolius under terminal drought stress conditions at Mitchell. The
G35346 line has been identified for aluminum (Al) tolerance and used
to transfer Al tolerance to common bean varieties (Butare et al., 2012).
Tepary bean (P. acutifolius Gray), a relative of common bean, is
known to have comparatively better tolerance for drought and sub-
zero temperatures; on this basis and through preliminary screening of
tepary bean accessions, one accession (W6 15578) has been identified
as a potential donor for tolerance of both these stresses (Souter et al.,
2017). Additionally, Dasgan and Koc (2009) screened 64 lines at
125 mM NaCl to identify salt-tolerant donor lines; a good level of
variation was observed, and five highly tolerant genotypes were
identified: Yalova 5, TR68587, Kibris Amerikan, Magnum, and
Yerhammadisi.

3.3.4 Nutritional quality
Common bean is an excellent source of protein, dietary fiber,

vitamins, and minerals. Its grains are a rich source of water-soluble
vitamins, particularly thiamin, riboflavin, niacin, and folic acid.
Analysis of a Chilean bean core collection of 246 accessions
revealed protein content ranging from 183.5 to 259.7 g kg−1, Fe
content from 68.9 to 152.4 mg kg−1, and Zn content from 27.9 to
40.7 mg kg−1 (Paredes et al., 2009). Kaur et al. (2009) also studied the
physicochemical, hydration, textural, and cooking properties of
common bean, observing a wide range of variation in terms of
seed density (0.51–2.15 g/ml), hydration capacity (0.03–0.62 g/seed),
hydration index (0.16–0.97), swelling capacity (1.24–1.93 ml/seed),
cooking time (50–120 min), and amylose content (0.09%–5.02%).
Another study revealed the ranges of variation in common bean
for antioxidant activity (5.5%–44.9%), starch content (17.4%–

40.7%), size of starch granules (1.64–176 μm), rapidly digestible
starch (11.1%–19.5%), slowly digestible starch (8.5%–17.3%), and
resistant starch (63.9%–76.1%; Sharma et al., 2015). Common bean
is well known for rich diversity in seed coat color, and this color plays a
major role in the selection, taste, and palatability of particular
genotypes. Therefore, to investigate the relationship between color

and protein and mineral content, a study was conducted in
100 genotypes having carioca, black, and other grain color patterns
(Silva et al., 2012). The results indicated that black-colored beans are
richer in protein, iron, and zinc; carioca grains are richer in manganese
andmagnesium; and grains of other colors are rich in calcium. Ciat-A-
257, Bolinha, Iapar 81, Linea 29, and Roxo PV were found to be rich in
protein (28.95%–30.40%). Additionally, 206 accessions from the
Andean Diversity Panel were evaluated on cooking time, and five
accessions (ADP0367, ADP0521, ADP0469, ADP0518, and
ADP0452) were identified as promising in terms of shorter cooking
time (Cichy et al., 2015b). Germplasm was also compared on
nutritional composition and cooking characteristics with its closely
related cultivated species, the tepary bean (Phaseolus acutifolius), in
order to identify superior donors, as the latter species is highly tolerant
to abiotic stresses (Porch et al., 2017). The results of this study
indicated that there were no species-level differences on most
nutritional parameters, with the exception of shorter cooking times
for tepary bean accessions (Porch et al., 2017).

3.4 Pigeon pea

3.4.1 Agronomic traits
Pigeon pea is a legume of Indian origin (Ambika et al., 2022), and

India remains its largest producer and consumer (Bohra et al., 2012).
Pigeon pea is a resource-rich crop in terms of genetic and genomic
resources, whole genome sequencing information, availability of
trait-specific germplasm, genetic stocks, etc. The largest collection
of pigeon pea germplasm is currently conserved at the ICRISAT gene
bank (13,632 acc.), followed by the Indian National Gene Bank,
ICAR–NBPGR (11,210 acc.); these collections are the major
resources for trait identification and crop improvement. To
enhance germplasm utilization, a set of 1,290 pigeon pea
accessions (Reddy et al., 2005) has been developed, followed by a
mini-core set of 146 accessions (Upadhyaya et al., 2006) and a
composite core set of 1,000 accessions, plus a reference set of the
most diverse 300 accessions (Upadhyaya et al., 2011a). An
exceptionally good level of phenotypic variation has been
observed for traits such as pods/plant, number of racemes, plant
height, seed yield/plant, and days to maturity (Reddy et al., 2005).
Promising accessions included in the pigeon pea composite core set
have been listed for important economic traits, such as early
flowering, a large number of pods/plant, seed weight, and yield/
plant (Upadhyaya et al., 2011b). A vast amount of variability in
flowering period has been observed, and a number of genotypes have
been reported to show exceptionally short and long flowering
durations. ICPL 90011 is reported to be an extra-short duration
genotype with the lowest photoperiod sensitivity (Silim et al., 2007).
Diverse trait-specific germplasms have been identified for use as
potential sources for improvement programs (Upadhyaya et al.,
2007c; Mir et al., 2014; Yohane et al., 2020). As of December
2022, 55 pigeon pea germplasms have been registered with the
GRIS portal for a range of unique traits, including genetic male
sterility (IC296750), cytoplasmic genetic male sterility (IC471860,
IC471861, IC296590, IC296592, IC555904, etc.), cytoplasmic male
sterility (IC296625, IC296623, etc.), fertility restoration (IC296805,
IC296806, IC296807, etc.), early maturity (IC0587711, IC0587712),
open flower (IC0573418, IC0573419, IC0573420), determinate
growth habit (IC296589), and several other important traits.

Frontiers in Genetics frontiersin.org14

Gayacharan et al. 10.3389/fgene.2023.996828

400401

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.996828


3.4.2 Biotic stress
Pigeon pea production is adversely affected by many insects

and diseases, such as wilt (Fusarium udum Butler), sterility mosaic
virus (PPSMV) disease, phytophthora blight (Phytophthora
drechsleri f. sp. cajani), Gram pod borer (Helicoverpa
armigera), pod fly [Melanagromyza obtusa (Malloch)], and
spotted pod borer [Maruca vitrata (Geyer)]. In one experiment,
Saxena et al. (2002) evaluated 271 accessions under natural field
conditions, and found that disease severity scores in pigeon pea
germplasm ranged from 3 to 9. Screening against fusarium wilt
and sterility mosaic disease (SMD) was carried out under artificial
conditions for multiple seasons, resulting in the identification of
several resistant accessions, viz., ICP 6739, ICP 8860, ICP 11015,
ICP 13304, and ICP 14819 (Sharma et al., 2012). Accession ICPW
94 of the wild species C. scarabaeoides has been identified as
resistant to all isolates of SMD, and is used in crossing programs
(Hema et al., 2014). Earlier similar studies were also conducted
using petiole grafting and artificial conditions in search of donors
for SMD resistance in pigeon pea (Kulkarni et al., 2003; Sharma
et al., 2015). Several sources of resistance for various biotic stresses
in pigeon pea are listed in a review by Sultana et al. (2021) and in
Table 4.

3.4.3 Abiotic stress
Pigeon pea is considered to be a drought-tolerant crop due to its

deep root system and wide range in maturity period, which allows it
to fit into a wide range of environments and cropping systems
(Choudhary et al., 2011). Major abiotic stresses limiting pigeon pea
productivity are waterlogging, drought, low temperatures (<10°C),
and photoperiod sensitivity. Through several germplasm
evaluation programs in pigeon pea, a number of popular donors
have been identified; these are major sources for abiotic stress
tolerance (Choudhary et al., 2018). In one study, 96 pigeon pea
accessions were identified for early flowering; these are considered
potential sources for the breeding of early-maturing pigeon pea
varieties in order to avoid terminal drought and heat stress
(Upadhyaya et al., 2011b). Sultana et al. (2013) screened
272 pigeon pea lines for waterlogging stress tolerance under
laboratory and field conditions, and identified 12 lines tolerant
to waterlogging. Similarly, in another study conducted under pot
conditions for multiple seasons, 24 pigeon pea accessions were
identified as waterlogging-tolerant (Krishnamurthy et al., 2012).
Various other sources for resistance to important abiotic stresses
are also listed in a review by Sultana et al. (2021) and in Table 5.

3.4.4 Nutritional quality
Pigeon pea contains approximately 86.6%–88.0% dry matter,

19.0%–21.7% crude protein, 1.2%–1.3% crude fat, 9.8%–13.0%
crude fiber, and 3.9%–4.3% ash content (Amarteifio et al., 2002).
Pigeon pea mineral content (mg/100 g dry matter) ranges are as
follows: 1845–1941 K, 163–293 P, 120–167 Ca, 113–127 Mg,
11.3–12.0 Na, 7.2–8.2 Zn, 2.5–4.7 Fe, and 1.6–1.8 Cu. However,
these values vary with genotype and across different studies (Talari
and Shakappa, 2018). Biochemical evaluation of a total of 55 genotypes
comprising advanced lines, improved cultivars, and landraces resulted
in the identification of variation in four parameters: crude protein
content (16.7%–28.4%), total phenol (21.9–84.4 mg/100 g), total
flavonoid (16.4–33.4 mg/100 g), and total antioxidant activity
(19.2–82.5 mg/100 g) (Cheboi et al., 2019).

3.5 Field pea

3.5.1 Agronomic traits
Field pea is cultivated in over 100 countries for fresh and dry

grains and for fodder. Over 31,000 germplasm accessions of Pisum are
conserved ex situ in various gene banks, including the Australian
Grains Genebank, Australia; the Western Regional Plant Introduction
Station, USDA, United States of America; the Leibniz Institute of Plant
Genetics and Crop Plant Research, Germany; and the ICAR–NBPGR,
New Delhi, India. Although a limited number of large-scale studies
have been conducted on the agro-morphological characterization of
field pea and for trait identification, several studies nevertheless
indicate a substantial amount of phenotypic variability on
qualitative as well as quantitative traits, such as days to 50%
flowering, seed weight, plant height, and number of pods/plant
(Azmat et al., 2011; Bhuvaneswari et al., 2017). The accessions
IPF–5–19, EC 8495, HUDP–15, and DDR–30 have been found to
show promise in terms of seed yield (Bhuvaneswari et al., 2017). Singh
et al. (2010) evaluated 71 accessions on agronomic performance and
seed and flower characteristics, identifying promising accessions in
terms of early flowering (IC279013), early maturity (IC394017), a
large number of pods/cluster (IC279195), longer pods (IC279013),
pods/plant (IC219027), seed yield (IC279082), and seeds/pod
(IC394028). Genotypes with five flowers per peduncle
(VRPM–901–5) and three flowers per peduncle at multiple
flowering nodes have been reported in garden pea, which could be
highly useful in field pea improvement (Devi et al., 2018). Several
unique trait-specific pea accessions have been registered in the GRIS
portal, such as IC296677 (leafletless, dual purpose, and high-yielding),
IC296678 (dwarf, leafletless), IC296737 (male sterile line governed by
a single gene), IC279125 (bold seed with 50.14 g 100 seed weight),
IC0610501 and IC630592 (≥ three pods/peduncle), IC636671 and
IC640781 (extra-early flowering), and EC414478 (extended funicle).

3.5.2 Biotic stress
The major biotic stresses affecting field pea are powdery mildew

(Erysiphe pisi), rust (Uromyces viciae-fabae), ascochyta blight (complex of
Ascochyta spp.), white rot (Sclerotinia sclerotiorum (Lib) de Bary), wilt
(Fusarium oxysporum f. sp. pisi), root rot (many pathogenic fungi), and
collar rot (Sclerotium rolfsii). Screening against pea weevil (Bruchus
pisorum L.) in 602 field pea lines, primarily from the Ethiopian
Institute of Biodiversity (EIB), Addis Ababa, Ethiopia, resulted in the
identification of four resistant lines: 32454, 235002, 226037, and 32410
(Teshome et al., 2015). Large-scale germplasm screening against powdery
mildew disease under natural epiphytotic conditions has also been carried
out, with the germplasm lines EC598655, EC598878, EC598704, IC278261,
and IC218988 being identified as promising (Rana et al., 2013). Nisar et al.
(2006) also reported three germplasm lines (Fallon, PS99102238, and
PS0010128) to be highly resistant against powdery mildew.

3.5.3 Abiotic stress
Cold, frost, salinity, and heat stresses are the major sources of

abiotic stress in field pea crop production. Many studies have taken up
the aim of developing lines tolerant to abiotic stresses. In one such
study, five field pea germplasm (ATC 104, ATC 377, ATC 968, ATC
3992, and ATC 4204) were identified as frost-tolerant at the
reproductive stage through screening of 84 accessions under
controlled environmental conditions (Shafiq et al., 2012). Screening
of 3,672 pea germplasm lines under field conditions led to the

Frontiers in Genetics frontiersin.org15

Gayacharan et al. 10.3389/fgene.2023.996828

401402

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.996828


identification of 214 cold-tolerant lines (Zhang et al., 2016).
Additionally, 780 accessions were screened for salinity stress
tolerance under artificial conditions (Leonforte et al., 2013). Finally,
in a recent study, IPFD 11–5, Pant P–72, P–1544–1, and HUDP
11 were identified as heat-tolerant lines based on evaluation under
timely- and late-sown field conditions (Lamichaney et al., 2021).

3.5.4 Nutritional quality
Field peas in general have lower protein content (~25%), very low

fat content (~0.1%), and very high carbohydrate content (~70%).
Major yield-attributing traits in field pea are pods/plant, number of
grains/pod, and seed weight. In one study, 94 pea genotypes were
examined for pea carotenoid content; higher carotenoid content
(10–27 μg/g) was observed in accessions with green cotyledons, and
comparatively low carotenoid content (5–17 μg/g) in accessions with
yellow cotyledons (Ashokkumar et al., 2015). Pea grains have
comparatively higher antioxidant activity than chickpeas.
Promising field pea accessions have also been identified in terms of
mineral content, such as Zn (IG52442, IG134828), Cu (IG116297,
IG52442) and Ca (IG51520, IG52442), by Costantini et al. (2021).
Additionally; Singh et al. (2010) have identified lines with shorter
cooking time (IC260344) and observed that the genotypes that absorb
more water and swell more during soaking require less cooking time.
The authors have also identified IC320964 as superior in terms of ash
content (3.73%), and several other accessions as promising in terms of
their physicochemical properties. In a nutritional analysis of
96 accessions from diverse collections at the USDA National
Germplasm Center, Pullman, WA, a wide range of variation was
observed inmineral micronutrient content (Hacisalihoglu et al., 2021).
An atypical morphotype having extended funicle (EC0414478) was
identified in pea germplasm, and this accession was found to be
associated with faster water uptake in comparison to the checks
included (Tripathi et al., 2021b); this is likely to help with the
development of pea cultivars with shorter cooking times.

3.6 Cowpea

3.6.1 Agronomic traits
Cowpea is a multi-purpose grain legume (yielding grains, green pods,

and leaves) and is widely cultivated in Asia, Africa, and America. It is
considered to be one of the best suited crops for hotter, semi-arid agro-
climatic conditions, as it requires less water and also grows well in sandy
soils. The germplasm conserved in various gene banks has exhibited a good
amount of genetic variability, which enables it to grow in various agro-
climatic regions and in various soil types. To enhance the utilization of
cowpea germplasm, over 12,000 accessions of cowpea were characterized
on 28 agro–botanical descriptors at the International Institute of Tropical
Agriculture (IITA), Ibadan, and a core set of 2,062 accessions was
developed (Mahalakshmi et al., 2007). In another study,
4,000 accessions were characterized in multi-location trials by the
ICAR-National Bureau of Plant Genetic Resources (unpublished
records). A great deal of variability was observed in plant and seed
morphology. Gerrano et al. (2015) identified germplasm lines having
desirable grain yield characteristics, such as Fahari, IT93K129-4, Glenda,
and vegetable cowpea dakama cream; Nkhoma et al. (2020) identified lines
Bubebe, CP411, CP421, CP645, Chimponogo, and MS1–8–1-4 as high-
yielding and genetically divergent among 90 genotypes studied, making
them ideal parental lines. Cowpea genotypes IT96D-604, 93K-619-1,

IT97K-569-9, and IT99K-1060 have also been identified as high-
yielding (Goa et al., 2022).

3.6.2 Biotic stress
The major diseases affecting cowpea are cowpea mosaic virus

(CpMV) disease, Cercospora leaf spot (CLS), brown blotch
(Colletotrichum capsici), and bacterial blight (Xanthomonas
axonopodis pv. vignicola), while the major pests are pod borer,
aphids, thrips and bruchids. The severity of these biotic factors
varies with agro-climatic zone and growing conditions. Although
cowpea is one of the more prominent legume crops and the largest
of the Vigna group, it has not received commensurate research
attention. As a result, cowpea improvement has suffered from a
lack of reliable donors for resistance to many of these biotic
factors. Nonetheless, efforts have recently been undertaken in this
direction, and several important and promising donors for
resistance to a small number of these biotic stresses have been
identified; these are listed in Table 4. In a study that aimed to
identify resistant donors for aphid (Aphis craccivora), cultivated
germplasm (105 accessions) and wild germplasm (92 accessions)
were screened under greenhouse conditions; only a single
accession (TVNu 1,158) was identified as a resistant line
(Souleymane et al., 2013). The findings of this study also
indicated that both the cultivated and the wild relatives of this
crop have poor genetic bases. Boukar et al. (2019) identified
14 lines having resistance to bacterial blight (Xanthomonas
axonopolis pv. vignicola) under artificial inoculation. In
another study, 225 germplasm lines were screened against
CpMV, CLS, and cowpea rust (Uromyces vignae), resulting in
the identification of promising accessions for resistance to these
pathogens (Deshpand et al., 2010; Table 4). Finally, Tripathi et al.
(2020) identified EC528425 and EC528387 as tolerant to bruchid
(Callosobruchus maculatus) through the screening of 103 cowpea
lines using a ‘no-choice’ test method.

3.6.3 Abiotic stress
The major abiotic stresses are drought, heat stresses, and poor soil

fertility, especially in sub-Saharan Africa (SSA), where cowpea is
grown as a major crop, as well as soil salinity in almost all
irrigated areas worldwide (Horn and Shimelis, 2020). Several
studies have been conducted to identify resistant donors (see
Table 5). Five lines with superior drought stress tolerance (viz.,
TVu1436, TVu9693, TVu12115, TVu14632, and TVu15055) have
been identified using the water withdrawal method under field
conditions (Fatokun et al., 2012), while Dagupan Pangasinan, UCR
369, and Negro have been identified as tolerant to waterlogging at the
seedling stage (Olorunwa et al., 2022). Accessions EC472250,
EC472267, EC472285, EC472286, EC472289, and Pusa Komal have
been identified as tolerant to heat stress through screening in multiple
seasons under field conditions (Mishra et al., 2005). Accessions
PI582422, 09–529, PI293584, and PI582570 have been identified as
tolerant to salinity stress under artificial screening conditions through
imposition of salinity stress (150 mM NaCl) at the seed germination
stage (Ravelombola et al., 2017). Other similar studies have also
identified lines tolerant to salt stress using different NaCl
concentrations (150 mM and 120 mM) at the germination and
seedling stages (Ravelombola et al., 2018; Dong et al., 2019). Based
on screening of 155 cowpea lines in 200 mM NaCl, several promising
lines were identified as salt tolerant, i.e., PI354686, PI353270,
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PI354666, PI354842 PI548785, PI582466, PI339599, and 09-697
(Dong et al., 2019).

3.6.4 Nutritional quality
Cowpea is a major source of nutrition in sub-Saharan Africa, Asia,

and Latin America. Based on nutritional profiling of 100 breeding lines
on a dry weight basis, a significant range of variation has been
observed in terms of protein content (22.9%–32.5%), ash content
(2.9%–3.9%), fat content (1.4%–2.7%), and carbohydrate content
(59.7%–71.6%; Nielsen et al., 1993). Genotypes also vary in 50%
cooking time, which ranges from 21.1 to 61.9 min, and promising
donors have been identified, such as IT83S–872 for protein content,
IT84S–2085 and IT86D–466 for ash content, and IT85F–2805 for
shortest cooking time (Nielsen et al., 1993). In a study aiming to
investigate nutritional variability in immature cowpea pods,
22 genotypes were analyzed on various nutritional composition
parameters; genotypes such as ITOOK-1060, TVU-14196, and
98K–5301 were found to be superior on such parameters as Mg,
Na, Mn, Boron, Al, Zn, Cu, K, P, and protein (Gerrano et al., 2017).
The fresh young leaves of cowpea are also consumed in several
countries; therefore, analyses have been conducted of the
nutritional composition of 15 varieties and the sensory attributes of
10 varieties (Ahenkora et al., 1998). In this study, nutrient
concentration in cowpea leaves on a dry weight basis was found to
range from 303.8 to 468.9 mg/100 g for phosphorus, from 33.5 to
148.0 mg/100 g for ascorbic acid, and from 27.1% to 34.7% for protein.

3.7 Black gram

3.7.1 Agronomic traits
Black gram is a grain legume of Indian origin, primarily cultivated

in South Asian regions. Although black gram is an important legume,
its productivity level is very poor compared to that of other legumes,
which can mainly be attributed to a lack of good plant ideotypes and
resistance sources for major diseases in its cultivated gene pool
(Kumar and Singh, 2014; Shanthi et al., 2019; Subramaniyan et al.,
2022). Therefore, to identify donors for desired agro-morphological
traits, 484 accessions have been characterized on qualitative and
quantitative traits; a good deal of variation was observed in
flowering and maturity period and in yield (Ghafoor et al., 2001).
Recently, 840 accessions of black gram were also characterized,
resulting in the identification of promising germplasm lines in
terms of early flowering (IC343936, IC436615), synchronous
flowering (IC73523, IC396032, IC485444), pod length (IC438379),
number of seeds/pod (IC472051_2, IC565238), and seed weight
(IC485605_2, IC485588) (Gayacharan et al., 2022). For novel trait
generation in black gram, gamma-irradiated mutants were generated
using black gram cultivars ADT 3, Co 6, and TU 17-9, which have
exhibited high plant yield (Dhasarathan et al., 2021). Additionally,
RBU1012 and Pant U-19 have been found to be the most stable
genotypes in terms of yield when evaluated under field conditions
(Singh N. P et al., 2016). The GRIS portal indicates that unique
germplasms of black gram such as IC296878 (dwarf with ground pod
bearing habit), IC553269 (brown pods with yellow seeds), IC594172
(male sterile flowers with protruded stigma and crumpled petals),
IC594173 (sympodial pod-bearing habit), IC426765 (photosensitive),
and IC636672 (extra-early maturing) have been registered for
important traits.

3.7.2 Biotic stress
Urdbean leaf crinkle disease (ULCD) and mungbean yellow

mosaic disease (MYMD) are the two major diseases of the black
gram crop. Yield losses may reach or exceed 60%, depending on the
susceptibility of the host plant, if the crop is affected in its early
vegetative stage. Nevertheless, unlike green gram, black gram has a
high level of resistance against MYMD in its cultivated gene pool, as
revealed in a large-scale evaluation under field and artificial conditions
conducted during 2019 and 2020 (unpublished records). Several black
gram sources of MYMD resistance, identified on the basis of field
screening, are highlighted in a review published by Mishra et al.
(2020a). Urdbean leaf crinkle virus (ULCV) disease has spread across
all the cropping systems in India, and yield losses can reach 100% if the
disease outbreak occurs at the early growth stage under favorable
weather and host genotype conditions (Biswas et al., 2009). Resistance
sources for ULCV have been reported by several researchers (Ashfaq
et al., 2007; Gautam et al., 2016); several such sources for this and other
diseases are listed in Table 4. In the GRIS database, accessions
IC0570267, IC0570268, IC0570269, IC11613, IC636672, IC0144901,
and IC485638 are registered as MYMD resistant, and IC0585931 as
bruchid resistant. Powdery mildew (Erysiphe polygoni) and Cercospora
leaf spot (Cercospora canescens) are the other major diseases of black
gram. The major pests affecting this crop include spotted pod borer
(Maruca testulalis r), whitefly (Bemicia tabaci), bruchids
(Callosobruchus chinensis. and C. maculatus), and nematodes
(Meloodogyne incognita, M. javanica, and Heterodera cajani), for
which reliable sources of resistance are lacking. Bruchids begin
infesting the crop during the pod maturity stage, and they are the
cause of up to 90% of produce losses (Soundararajan et al., 2012).

3.7.3 Abiotic stress
The crop is grown in a rainfed environment under tropical and

sub-tropical climatic conditions. Therefore, terminal drought and
heat, as well as waterlogging, are the major constraints on black
gram production. Salinity is another problem, particularly in arid
and semi-arid regions. Only a small number of studies have examined
the potential for improvement of black gram in terms of resistance to
abiotic stresses. Saline-tolerant lines, such as BARI Mash-1 (Hasan
et al., 2017), VNBG 017, AUB 3, and AUB 20 (Priyadharshini et al.,
2019), have been identified as promising under artificial screening
conditions. Under natural waterlogging conditions during a
germplasm characterization program, a small number of
germplasm lines have been identified as tolerant; these were further
evaluated under artificial waterlogging conditions, and accessions
IC530491 and IC519330 were found to be tolerant to waterlogging
(Bansal et al., 2019). In another study, 26 genotypes were analyzed
under waterlogging stress; a large amount of variation was observed in
various quantitative traits, and BU Acc 25, BU Acc 17, and BU Acc
24 were identified as the strongest performers in terms of yield (Rana
et al., 2019). In terms of drought stress tolerance, cultivars VBN4 and
K1 have been identified as promising based on protein and
biochemical analyses (Sai and Chidambaranathan, 2019).

3.7.4 Nutritional quality
Black gram grains are a rich source of protein (22%–26%) and

moderately high in calories (ca. 350 cal/100 g), carbohydrates (ca.
56.6%), and fat (1.1%–1.2%) (Panhwar, 2005; Suneja et al., 2011). They
also contain vitamins, viz., Vit. B1 (0.42 mg/100 g), Vit. B2 (0.37 mg/
100 g), Niacin (2 mg/100 g), and minerals, viz., Ca (185 mg/100 g), Fe

Frontiers in Genetics frontiersin.org17

Gayacharan et al. 10.3389/fgene.2023.996828

403404

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.996828


(8.7 mg/100 g), and P (345 mg/100 g) (Panhwar, 2005). However, a
limited amount of germplasm has been nutritionally profiled for the
identification of nutrient-rich lines. Black gram is reported to exhibit a
substantial amount of variation in nutrient content between the whole
grain and its milled fraction (Girish et al., 2012). A small number of
genotypes among 26 investigated, such as Shekhar 2, have been found
to have high Fe and Zn content, and genotypes Yakubpur, PU 31, IPU
99–200, and PDU 1 have been found to have high polyphenol content
(Singh J et al., 2017). There is a need for large-scale nutritional
profiling to develop an understanding of nutritional variability in
the germplasm and to identify superior genotypes with minimal levels
of anti-nutritional factors to enhance the palatability of the crop.

3.8 Green gram

3.8.1 Agronomic traits
Green gram is a highly nutritious and palatable grain legume

cultivated in Asia, primarily for its grains. Green gram cultivation faces
constraints such as a narrow genetic base in the cultivated gene pool, a
lack of ideal plant type, and many biotic and abiotic stresses. In order
to identify new donors, 1,532 ex situ collections of green gram
conserved in the Indian National Gene Bank were characterized,
potential donors for certain agro-morphological traits were
identified, and a core set of 152 accessions was also developed
(Bisht et al., 1998). A good level of variation was observed in
branch length, nodulation, number of pods bearing a peduncle,
number of pods per plant, and yield per plant. The World
Vegetable Center, Taiwan, holds over 6,700 accessions of green
gram, which have been utilized for the development of a core set
of 1,481 accessions based on geographic stratification and clustering of
genotypes on eight phenotypic traits (Schafleitner et al., 2015). This
core set was genotyped using 20 microsatellite markers, and a mini-
core set of 289 accessions was developed; this is now extensively
utilized for trait identification. In another large-scale characterization
and preliminary evaluation of green gram germplasm, promising
germplasm lines were identified in terms of early flowering
(EC398944, EC398883), synchronous flowering (EC396115,
IC76414, and IC488968), greater pod length (EC398937), seed
weight (EC398903, EC398884, and EC396413), etc. (Gayacharan K.
et al., 2020). Recently, the entire green gram ex situ collection of the
Indian National Gene Bank has been characterized in multi-location
trials, and a diverse core set of 400 accessions has been developed
(unpublished records). Photoperiod-insensitive genotypes (EC
318985–319057) have also been identified in green gram (Pratap
et al., 2014; Pratap et al., 2019). The GRIS portal lists a number of
accessions with unique traits, such as a photosensitive nature
(IC546478), high seed weight (IC418452), early maturity
(IC0589309, IC589310, IC39289, and IC639796), and penta-foliate
leaves (IC296679).

3.8.2 Biotic stress
Green gram production is affected by biotic stresses such as yellow

mosaic disease (YMD), pod borers, and storage pests. YMD is a
comparatively new disease in green gram and is spreading rapidly
into new areas, which is a cause for concern. In YMD-susceptible
genotypes of green gram, yield losses up to 85% are reported
(Karthikeyan et al., 2014), but it has been observed that losses may
reach 100% if the crop is infected at seedling stage. Resistance sources

are lacking in the entire cultivated gene pool of the crop, as revealed in
a field screening of 4,100 accessions at New Delhi (a YMD hotspot
location). However, variability in the severity of the disease is observed
according to multiple factors, such as genotypic constitution, vector
population load, weather conditions, presence of multiple virus
strains, etc. (unpublished record). Similar reports have also made
by other researchers based on germplasm screening (Shad et al., 2006).
Several resistant sources for YMD are listed in a review (Mishra et al.,
2020a). There are also several reports of YMD resistance in green gram
under field conditions (Iqbal et al., 2011; Mohan et al., 2014; Nainu
and Murugan, 2020). Aside from YMD, Duraimurugan et al. (2014)
identified four lines (viz. LM 131, V 1123, LM 371, and STY 2633) as
resistant against bruchid beetle based on a ‘free choice’ and ‘no choice’
test method. Spotted pod borer (Maruca vitrata) also causes severe
damage to the crop, if not controlled at the appropriate stage of crop
growth, and there are no resistant sources available for this pest.
Sandhya et al. (2014) have reported that KM–9–128, KM–9–136,
RMG–492, LGG–5, and LGG–538 are tolerant to Maruca vitrata
following field screening of 110 genotypes.

3.8.3 Abiotic stress
Green gram is primarily grown under rainfed conditions; thus,

abiotic stresses such as drought, waterlogging, heat, and salinity affect
crop production (Singh and Singh, 2011). In general, reliable tolerant
donors for these abiotic stresses are lacking in this crop. Forty-one elite
lines were screened for heat stress tolerance under late-sown
conditions; of these, five lines (viz., EC693357, EC693358,
EC693369, Harsha, and ML1299) showed heat stress tolerance
(Sharma et al., 2016). Additionally, IC333090 and IC507340 were
found to be drought tolerant, out of 100 lines screened under
hydroponics conditions (Meena et al., 2021). Mung bean lines
OBGG-2013-9 and OBGG-2013-14 have also been reported to
exhibit cold tolerance (Kabi et al., 2017).

3.8.4 Nutritional quality
Green gram is nutrient-rich and possesses various health benefits,

such as antioxidant, anti-cancer, anti-inflammatory and
hypolipidemic activity (Sudhakaran and Bukkan, 2021). Because of
its high nutritional value, green gram is regarded as “green pearl” (Nair
et al., 2013). It contains approximately 19.7%–29.1% protein (Bartwal
et al., 2022), 61%–63% carbohydrates, 1.1%–2.3% fat, 3.2%–4.2% ash,
0.03–0.06 g Fe kg−1, and 0.02–0.04 g Zn kg−1 (Nair et al., 2013;
Sudhakaran and Bukkan, 2021). The nutritional composition of
green gram and black gram is very similar, but green gram is
reported to have higher moisture, fat, and protein content
(Shaheen et al., 2012). A small number of accessions with
particularly high nutritional value are listed in the GRIS portal;
these could potentially function as donors for nutritional
improvement of the crop. Specifically, accessions IC296771 (27.8%)
and IC573456 (25.8%) are registered for high protein content, and
IC573449, IC573450, IC573451, IC573453, and IC573454 for high Fe
and Zn content.

3.9 Horse gram

3.9.1 Agronomic traits
Horse gram is one of the least utilized and least studied legumes.

The crop is known for its nutritional and therapeutic value, and is
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primarily cultivated in hill states and dry areas of southern India. This
crop has failed to attract the attention of breeders and researchers due
to a lack of ideal ideotypes and morphological variation. A small
number of characterization and evaluation studies have been
conducted, indicating comparatively wide variation in terms of
plant height, pod length, seed test weight, and pods per plant
(Singh et al., 2019). Additionally, genotypes CRHG-6 and CRHG-8
are of the non-shattering type, which has been developed through
mutation breeding (Salini et al., 2014). In a characterization study
examining seven qualitative and quantitative traits in 66 horse gram
genotypes, a good amount of variability was observed for pod length
and pods per plant (Gomashe et al., 2018). Priyanka et al. (2021)
studied 12 quantitative traits across 252 horse gram genotypes,
reporting that the highest yield was 65.61 g per plant. Another
characterization and evaluation study of 51 accessions led to the
identification of several promising accessions (viz., S44/L23, S56/
L29, S8/L4, S96/L49, and S29/L14) in terms of early flowering and
maturity (Kaundal and Kumar, 2021). In the GRIS portal, only one
accession (IC587788) is registered for high fodder yield.

3.9.2 Biotic stress
Horse gram is susceptible to various biotic stresses and still lacks

resistant donors for use in crop improvement programs. Only a small
number of studies have been carried out to identify resistant donors
for selected diseases and pests, such as YMD, wilt, anthracnose, and
storage pests. Parimala et al. (2011) identified horse gram accessions
AK-38, HG-14, HG-52, HG-59, HG-63, HG-75 as having resistance
against horse gram YMD, and AK-38 and HG-46 as resistant to
powdery mildew disease. In another study, accessions HG 63, HG 58,
HG 50, and Palem 2 were identified as resistant to wilt disease (Durg,
2012). Accession IC470275 has also been identified as resistant to
anthracnose disease (Colletotrichum dematium) (Sankar et al., 2015).
Finally, horse gram lines Palem-1, Palem-2, AK-21, and NSB-27 have
been identified as resistant against Callosobruchus chinensis, a storage
pest (Divya et al., 2012; Divya et al., 2013). Accession IC587786 is
registered on the GRIS portal as resistant to anthracnose disease.

3.9.3 Abiotic stress
Horse gram germplasm have been screened against abiotic

stresses, such as drought, salinity, moisture, and heavy metal stress.
Several germplasm lines, such as M-249 and HPK-4, have shown
resistance against drought stress (Bhardwaj and Yadav, 2021). Yasin
et al. (2014) identified a line tolerant to moisture stress, namely D13.
The variety Paiyur-2 was found to have high proline and glycine
betaine content and lower lipid peroxidation under salinity stress
(Kanagaraj and Sathish, 2017). This genotype was further tested for
antioxidant activity, and was found to exhibit enhanced antioxidant
activity under salinity stress (Desingh and Kanagaraj, 2019).
Separately, the same Paiyur-2 variety was found to be promising
for salinity tolerance, and heavy metal tolerance was observed in
Madhu (for chromium) and in HGR-4 (for nickel; Dhali et al., 2021;
Edulamudi et al., 2021). Based on a screening of 88 germplasm lines
for biochemical parameters, accessions TCR491, IC110286, IC56145,
and IC53641 were identified as suitable for environments imposing
drought stress (Sharma and Chahota, 2022).

3.9.4 Nutritional quality
Horse gram is used as a food and fodder crop and is known for its

medicinal and therapeutic uses. It provides protein (17.9%–25.3%),

carbohydrates (51.9%–60.9%), lipids (0.58%–2.06%), and vitamins,
such as riboflavin, niacin, and vitamin C (Jha et al., 2022). The protein
content of horse gram is relatively high compared to that of green
gram, black gram, dry peas, the kidney bean, chickpea, or pigeon pea
(Longvah et al., 2017). As consumers have become more health
conscious, consumption of sprouted horse gram seeds has
increased. In the seeds, albumin–globulin is a major contributor
(~75.27–78.76%) to the total protein content. The seeds are low in
fatty acid content but rich in dietary fiber, required for proper
functioning of the lower intestine (Kawale et al., 2005). Horse gram
seeds also exhibit antioxidant activity and radical scavenging activity.
In a recent study, metabolic profiling was conducted for 96 accessions
of horse gram, which were derived from 700 accessions spread across
the entirety of India (Gautam and Chahota, 2022). Tremendous
variability in protein content was observed, with the lowest protein
content (13%) being found in IC120837 and TCR-1439, while a related
wild species (Macrotyloma sar-gharwalensis) had the highest protein
content (40%). Accessions IC280031 and IC139356 were found to be
most nutritive, as the largest number of metabolites (44) was observed
for these among the 96 lines selected in an analysis using 1H NMR
spectroscopy (Gautam and Chahota, 2022). An earlier study had also
identified the species Macrotyloma sar-gharwalensis (IC212722) as
containing 34.88% protein (Yadav et al., 2004).

3.10 Moth bean

3.10.1 Agronomic traits
Moth bean is considered to be a hardy crop suitable for hot, arid

regions. In addition to this, it also helps to reduce soil erosion,
particularly in sandy deserts, due to its extensive root system and
profuse foliage cover. Most local cultivars continue to have wild traits,
such as pod-shattering, a trailing and spreading growth habit,
asynchronous maturity, and a photo-sensitive nature. Few studies
have been conducted to explore the existing variability in the gene
pool. However, a good amount of phenotypic variability in moth bean
was reported by Chaudhary et al. (2021) in an evaluation of
40 genotypes on 10 morphological traits. In another study,
accessions IC 36607, IC 39675, IC 251908, IC 36563, and IC
36245 exhibited higher seed yield as compared to checks (Vir and
Singh, 2015). Similarly, 50 genotypes of moth bean were phenotyped
on 12 quantitative traits and exhibited high levels of variability (Sahoo
et al., 2019). Additionally, Singh S et al. (2017) have developed a
variety (RMO 257) with superior agronomic traits, such as plant
height, dry matter accumulation, and seed yield. A small number of
moth bean genotypes are registered in the GRIS portal for early
maturity (IC432859 and IC120963) and for single stem formation
(IC432859).

3.10.2 Biotic stress
The major biotic stresses are YMD, leaf crinkle disease (LCD),

bacterial leaf spot (Xanthomonas phaseoli), Cercospora leaf spot
(Cercospora dolichi), charcoal rot (Macrophomina phaseolina
Tassi), pod borer, and bruchids. Accessions IC36522 and
IC36217 have been identified as YMD resistant as a result of
screening under field conditions in multiple seasons (Singh et al.,
2020). Meghwal et al. (2015) screened 204 germplasm lines and
identified 14 accessions resistant to YMD. Resistance to leaf crinkle
virus and Cercospora leaf spot has also been reported in the crop
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(Singh et al., 2020). Vir and Singh (2015) identified LCD resistance in
moth bean under field conditions in multiple seasons.

3.10.3 Abiotic stress
Moth bean is one of the best-suited crops for arid and semi-arid

environments, and is highly tolerant to drought and heat stress.
Although only a small number of moth bean accessions have been
investigated, a good amount of variation in the germplasm has been
revealed in terms of resistance to drought and heat stress; this could be
exploited for crop improvement in order to sustain its productivity
amid climate change (Vir and Singh, 2015; Pal et al., 2020). Accessions
such as IC129177, IC103016, IC415139, IC 415155, IC36157, Maru
moth, and Jadia, which have been identified as tolerant to drought
stress, can serve as donors for crop improvement (Malambane and
Bhatt, 2014). Additionally, in a separate study, lines IC103016,
IC36011, and IC36157 have been identified as promising for
drought tolerance (Sachdeva et al., 2016).

4 Role of genomics in enhancing grain
legume germplasm utilization and
attaining higher genetic gains

The first step toward enhancing the utilization of grain legume
crop germplasm accessions for trait discovery and subsequent genetic
improvement requires thorough and extensive genotypic and
phenotypic characterization of such accessions using large-scale
data (Rasheed et al., 2017). The numerous germplasm resources
(including landraces, wild accessions, cultivated varieties, and
breeding lines) available for diverse grain legume crop species,
representing diverse agro-climatic regions of the world, have been
stored efficiently at various national and international gene banks and
repository centers. Considering the difficulties involved in genotypic
and phenotypic characterization of this vast set of available germplasm
resources, efforts are currently being made to develop core and mini-
core collections in the case of several legumes by identifying the
greatest amount of genetic diversity that can be represented with a
minimal number of accessions (Table 3). This is where the crucial role
of genomics comes into play, especially as a means of producing
realistic estimates of the level of molecular diversity existing among
germplasm accessions, which enables efficient screening of
unduplicated authentic accessions in the process of constructing
core collections of grain legumes.

Tremendous technological advances made over the last decade in
sequencing and other high-throughput sequence- and array-based
genotyping assays have supplied much-needed momentum to
germplasm characterization. Draft and reference whole genomes,
resequencing information, and global transcriptome information
have now been decoded for many important grain legume crop
plants using first-generation Sanger sequencing and next-
generation sequencing (NGS)-based second-generation short read
and third-generation long read sequencing assays; the results of
these are now publicly accessible (Table 6; Michael and Jackson,
2013; http://www.embl.de; http://www.ebi.ac.uk; http://www.ddbj.
nig.ac.jp; http://www.phytozome.org). Grain legumes were once
considered to be resource-poor crops, but recent efforts by national
and international organizations has altered this trend. As a result, a
vast amount of genome sequence information, including whole
genome sequences, is available in public databases (Table 6). This

sequence information has since been used to understand the genomic
features and evolutionary characteristics of the crops in question, and
also to develop a vast range of genomic resources, including molecular
markers (Garg et al., 2022). Among several sequence-based molecular
markers that have been made available, simple sequence repeats
(SSRs) and single-nucleotide polymorphisms (SNPs) have occupied
a central position, finding extensive use in allelic diversity screening
and other genomics-assisted crop improvement programs due to their
genome-wide distribution, multi/bi-allelic nature, and amenability to
high-throughput detection and genotyping assays (Lateef, 2015). The
availability of several high-throughput genotyping platforms and the
rapid evolution of the chemical techniques that they employ has
enhanced the precision and pace of large-scale mining and
genotyping of SSR and SNP markers (Kujur et al., 2015). High-
throughput genotyping of SSR and SNP markers in a larger set of
germplasm accessions and core or mini-core collections of grain
legumes has been expedited via the use of various array-based and
NGS assays, especially automated fragment analyzer (ABI3730xl
automated DNA sequencer), Illumina GoldenGate, and Infinium
assays; the Fluidigm dynamic array; KASP (KBioScience Allele-
Specific Polymorphism) profiling; MALDI–TOF; the Affymetrix
GeneTitan SNP Chip array; and Genotyping-By-Sequencing (GBS)
assay (Varshney et al., 2013a; Jain et al., 2013). Among these, the
MALDI–TOF, Illumina GoldenGate, and Infinium assays, SNP Chip
Array, and KASP profiling have come to be considered highly
advantageous and are utilized widely for high-throughput
genotyping of previously mined SNP markers in many crop plants
(Gaur et al., 2012; Hiremath et al., 2012). In particular, GBS assay has
been extensively utilized for simultaneous genome-wide discovery and
genotyping of SNPs in diverse plant species (Sonah et al., 2013; Spindel
et al., 2013). Its development has thus expedited the mining of novel
functional allelic variants and their large-scale validation and
genotyping at the whole genome level for efficient trait association
mapping of diverse small- and large-genome grain legume crop plants.

Using the aforementioned high-throughput marker-based
genotyping strategies, along with large-scale multi-environment
phenotyping information, sets of 211, 146, 184, and 289 germplasm
accessions belonging to core or mini-core collections of chickpea,
pigeon pea, groundnut, and green gram, respectively, have been
developed. These have been collated based on the 16,991, 13,632,
15,490, and 6700 accessions available for these respective crop
species as a result of the efforts of international institutes such as the
IRRI, ICRISAT, USDA, and the World Vegetable Center (Upadhyaya
et al., 2001; 2002; Zhang et al., 2011; Schafleitner et al., 2015). These core
or mini-core germplasm resources, readily available for many grain
legume crop plants, are the primary sources of trait discovery once these
collections have been thoroughly characterized genotypically and
phenotypically for diverse traits of agronomic importance, including
yield, (a)biotic stress tolerance, and nutritional quality traits. Under this
perspective, candidate gene-based association mapping and genome-
wide association studies (GWAS) relying on the large-scale genotyping
of informative SNP markers and robust field phenotyping information
on these core or mini-core germplasm lines (i.e., association panels) are
now considered to be an effective approach for the identification of
major and minor genes/QTLs and alleles regulating both simple
qualitative and complex quantitative traits in grain legume crop
plants (Varshney et al., 2011). Candidate gene-based association
mapping, which is carried out using genotyping information from
SNPs in various coding and regulatory sequence components of
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TABLE 6 Whole genome sequence information available for grain legume crops.

Crop Project ID Cultivar Assembly
level

Assembly
size (Mb)

Scaffold
N50 (Mb)

Sequencing
chemistry

Genome
coverage %

No. of predicted
protein-coding genes

References

Chickpea (Cicer arietinum) ASM33114v1 CDC Frontier Chromosome 532.29 39.99 Illumina Hiseq 2000 73.8 28,269 Varshney et al.
(2013b)

Chickpea (Cicer arietinum) ASM34727v4 ICC4958 Chromosome 511.02 39.90 454; Illumina GAIIx 94 30,257 Parween et al.
(2015)

Chickpea (Cicer reticulatum) ASM368901v2 PI489777 Chromosome 416.9 39.84 Illumina HiSeq 78 25,680 Gupta et al.
(2017)

Cowpea (Vigna unguiculata) ASM411807v1 IT97K-499-35 Chromosome 519.43 1.64 PacBio; Bionano 91 29,773 Lonardi et al.
(2019)

Asparagus bean (Vigna
unguiculata ssp. sesquipedialis)

ASM395868v2 Xiabao II Chromosome 632.8 2.7 Illumina HiSeq
4000

342 42,609 Xia et al. (2019)

Green gram (Vigna radiata) Vradiata_ver6 VC 1973A Chromosome 431 1.52 Illumina HiSeq2000 80 22,427 Kang et al. (2014)

Green gram (Vigna radiata) SRRS9994113 VC 1973A Chromosome 476 5.2 PacBio RS II 87.1 30,958 Ha et al. (2021)

Black gram (Vigna mungo) ASM1909614v1 Pant U-31 Scaffold 474 1.42 Illumina HiSeq; Oxford
Nanopore GridION

82 42,115 Jegadeesan et al.
(2021)

Black gram (Vigna mungo) ASM1342719v1 Chai Nat 80 Chromosome 499 43.17 Illumina HiSeq 92 29,411 Pootakham et al.
(2021)

Rice bean (Vigna umbellata) ASM1883591v1 Himshakti Scaffold 414 0.08 Illumina; PacBio - 31,276 Kaul et al. (2019)

Pigeon pea (Cajanus cajan) PRJNA72815 ICPL 87119
(Asha)

Chromosome 605.78 0.52 Illumina Hiseq 2000; Sanger
sequencing

72.7 46,750 Varshney et al.
(2011)

Pigeon pea (Cajanus cajan) PRJNA68667 ICPL 87119
(Asha)

Contig 510.8 - FLX 454; Illumina HiSeq 75.6 47,004 Singh et al.
(2012)

Adzuki bean (Vigna angularis) PRJNA261643 Jingnong 6 Chromosome 450 1.29 Illumina HiSeq 2000 83 34,183 Yang et al. (2015)

Adzuki bean (Vigna angularis) PRJDB3778 Shumari Chromosome 462 3.0 PacBio RSII; Illumina
HiSeq2500

85.6 30,507 Sakai et al. (2015)

Adzuki bean (Vigna angularis) PRJNA253346 Kyungwonpat Chromosome 443 0.7 Illumina Roche 75 26,857 Kang et al. (2015)

Pea (Pisum sativum) PRJEB31320 Caméor Chromosome 3920 0.41 Illumina 88 44,756 Kreplak et al.
(2019)

Common bean (Phaseolus
vulgaris)

PRJNA41439 G19833 Chromosome 472.5 50.3 ABI 3730; 454 FLX; Illumina
GAII

98 27,197 Schmutz et al.
(2014)

Common bean (Phaseolus
vulgaris)

PRJNA221782 BAT93 Chromosome 458.2 0.43 454; SOLiD; Sanger 81 30,491 Vlasova et al.,
2016

Lima bean (Phaseolus lunatus) PRJNA596114 G27455 Chromosome 541.5 47.8 PacBio Sequel; Illumina
HiSeq

28,326 Garcia et al.
(2021)

Lima bean (Phaseolus lunatus) PRJNA647124 Bridgeton-DES4 Scaffold 597.4 2.9 Illumina HiSeq 91 64,541

(Continued on following page)
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genes in a trait-specific association panel, plays a significant role in the
identification of genes/QTLs controlling yield, nutritional quality, and
stress tolerance traits in grain legume crops. With the availability of
high-throughput genome-wide SSR and SNP marker-based genotyping
information on germplasm lines belonging to an association panel, the
GWAS has now become a routine approach for high-resolution
scanning of the whole genome to identify target genomic regions,
including genes/QTLs (both major and minor) associated with traits
of agricultural importance in many grain legume crops (Varshney et al.,
2017; Varshney et al., 2021). The trait-influencing molecular signatures
once identified using trait association mapping are significant for their
potential utilization for genomics- (marker-)assisted crop improvement
programs.

The delineated molecular signatures regulating traits of agronomic
importance have been utilized for introgression, combining, and
pyramiding into selected grain legume crop genotypes of interest
through traditional and advanced genomics-assisted breeding
approaches in order to develop superior crop varieties in terms of
yield and stress tolerance (Varshney, 2016). Recently, a chickpea
cultivar ‘Pusa JG16’ has been released in India as a drought-hardy
cultivar; this was developed through genomics-assisted breeding
utilizing a QTL-hotspot region from ICC4958 (Bhardwaj et al.,
2021). Introgressions of functional natural genetic variations and of
favorable genes, QTLs, alleles, and chromosomal segments identified
from a larger set of grain legume germplasm accessions (including
landraces and wild species), particularly for yield and stress
component traits, have been transferred into the cultivated genetic
background for improvement of the relevant crop through the use of
such approaches as introgression lines (ILs), advanced-backcross QTL
(AB–QTL) analysis, association genetics, and multi-parent advanced
generation intercross (MAGIC) populations (Roorkiwal et al., 2020;
Bohra et al., 2021). For example, the ‘Geletu’ chickpea variety was
developed through marker-assisted back-crossing (MABC) and
released in Ethiopia; it provided a yield advantage of 15% over the
check variety ‘Teketay’ and 78% over a local check (https://www.
icrisat.org/). The MABC technique has been used in the development
of introgression of QTLs into elite cultivars in order to develop
introgressed lines (Bharadwaj and Yadav, 2012; Varshney et al.,
2013b; Barmukh et al., 2022). The ‘Pusa Chickpea 20211’ variety is
another example in which resistance genes for multiple races (foc
1,2,3,4, and 5) of fusarium wilt have been stacked through MABC in
the mega desi chickpea variety ‘Pusa 391’ (Bharadwaj et al., 2022).
Molecular tags associated with major effects on qualitative and
quantitative trait regulation have now been transferred into diverse
grain legume crop genotypes for their genetic enhancement through
marker-assisted selection (MAS), including MABC and marker-
assisted foreground and background selection. The identification of
a QTL-hotspot region in linkage group 4 (CaLG04) in chickpea that
harbors major QTLs for multiple drought adaptive traits, followed by
its introgression into elite chickpea cultivars, is an excellent example of
genomics-assisted breeding (Barmukh et al., 2022). This region
accounts for 58.2% of explained phenotypic variation and a 16%
yield enhancement under drought conditions in introgressed lines,
which is primarily attributed to improvements in root traits, such root
length, density, surface area, and volume (Varshney et al., 2013b;
Roorkiwal et al., 2020; Bharadwaj et al., 2021).

Complications in the domain of genetic background effects/
epistasis and linkage drag of QTLs, as well as minor effects of both
minor and major QTLs/genes on complex trait regulation, haveTA
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impeded the use of the traditional MAS (QTL–MAS) approach in the
genetic enhancement of grain legume crops on complex quantitative
traits. To overcome these complexities, many novel advanced
genomics-assisted breeding approaches are currently emerging,
such as marker-assisted recurrent selection (MARS), MAGIC, and
genomic/genome-wide (haplotype) selection. These involve the
transferal and pyramiding of the favorable alleles of minor-effect
genes/QTLs controlling complex quantitative traits for the genetic
enhancement of grain legume crop plants in terms of yield, nutritional
quality, and stress tolerance. Varshney et al. (2021) have identified
superior haplotypes through whole genome sequencing (WGS) of
3,336 accessions, both cultivated (3,171) and wild (195), for important
traits relating to yield enhancement; these can then be introgressed
into elite chickpea cultivars. The study also identified target genomic
regions for the purging of deleterious alleles, which can be achieved
through genomics-assisted breeding and/or gene editing (Varshney
et al., 2021). Similarly, superior haplotypes have been identified in
pigeon pea based on the 292 pigeon pea genotypes of a reference set
that included breeding lines, landraces, and wild species (Sinha et al.,
2020). In this study, haplotype–phenotype association analysis for
drought-responsive traits resulted in the identification of promising
haplotypes (C. cajan_23080-H2, C. cajan_30211-H6, C. cajan_26230-
H11, and C. cajan_26230-H5) for three genes regulating five drought
component traits (Sinha et al., 2020). Genomic selection (GS) and
integrated genomic–enviromic prediction (iGEP) are other promising
strategies that can be used to improve genetic gain in legume crops
(Heffner et al., 2009; Xu et al., 2022). GS uses a smaller training
population that is well genotyped and phenotyped, while iGEP uses
additional data on genotype–environment interactions to build a
prediction model. These models are then used to predict the true
breeding values of selecting particular candidates based on multi-
omics data, big data technology, and artificial intelligence (Xu et al.,
2022). Thus, genomics plays an integral role in improving genetic gain
in modern agricultural practices and has immense potential to
expedite future grain legume crop improvement programs. The
traditional and novel genomics-assisted breeding approaches that
are now available provide clues to the quantitative dissection of
complex trait regulation, and thus have potential to expedite
studies of the genetic enhancement of complex traits in diverse
grain legume crops.

5 Future outlook

Grain legumes are a major source of food and nutrition globally.
However, it has not been possible to enhance gain legume production
to the required level, primarily due to the narrow genetic base of most
of the legume crops, coupled with changing climatic conditions. Most
grain legumes are lacking in desired plant ideotypes and resistance
sources for various biotic and abiotic stresses. The genetic diversity
conserved in gene banks globally is a major resource for crop breeding
programs, but it is utilized only marginally. Therefore, in order to
broaden the genetic base of grain legume crops and enhance the

genetic gains made in improvement programs, conventional
approaches and modern scientific tools should be integrated in a
phased and carefully judged manner. The first phase should focus on
the search for desired traits and the infusion of diversity into the
cultivated gene pool through use of landraces and CWRs. The second
phase should focus on the utilization of advanced selection tools, such
as genomics, high-throughput precision phenotyping, and artificial
intelligence, to exploit the hidden potential of the available genetic
diversity; and the third phase should involve technologies such as
mutational breeding, genome editing, and transgenic technologies to
improve, modify, or introgress any novel or alien traits that are not
available in the entire crop gene pool. We presume that enrichment of
the genetic diversity of cultivated grain legume gene pools, along with
simultaneous improvements in their yield and plant type with the aid
of advanced scientific tools, will enhance grain legume crop yields to
the required level.
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