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Abstract

In the era of genomic-assisted breeding for crop improvement, developing new molecular markers and validating them for
use in breeding programs are the prelude. Dolichos bean is one of the most important vegetable legume crops owing to its
nutrient-rich green pods used as vegetables. Limitations in genomic resources, including molecular markers, restrict the
accelerated improvement of the crop. In the present investigation, a set of 430 new simple sequence repeat markers was
developed from sequence information of a reference variety. These markers included di- and tri-nucleotide repeats. The
markers were assayed on an association panel, which was evaluated for green pod yield over 5 years. A multi-locus model,
FarmCPU, was used to assess the marker-trait association analysis. A total of 106 marker-trait associations were identi-
fied using an efficient mixed-model approach. Tri-nucleotide repeats were more informative and predominantly associated
with trait. Among these markers, 17 were associated with a high level of significance. Markers LP-D-68 and LP-D-14 were
identified with a high level of significance in 5-year pooled data and explained 12.70% and 12% of the phenotypic variance,
respectively. These markers associated with a high level of confidence have significant scope for use in marker-assisted
selection programmes. Other associated markers may be utilized for improving parents through marker-assisted recurrent
selection or genomic selection programs.
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Introduction

Field bean, or dolichos bean (Lablab purpureus L. Sweet),
is an ancient legume vegetable crop grown under rainfed
conditions in semi-arid regions of India and Africa. It serves
as a major source of protein for people in India and develop-
ing countries in Africa (Ramesh and Byregowda 2016). The
dolichos bean extracts are proven to inhibit viral infections
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caused by influenza and the SARS-CoV-2 virus (Liu et al.
2020). The fresh green pods are the harvestable and consum-
able economic product of the dolichos bean. Fresh green
pods emit a fragrance that is preferred by consumers (Uday-
kumar et al. 2016), and fresh seeds are known to have 28%
protein, 2% fat, 8.5% fiber, and 60% carbohydrates. Moreo-
ver, it is a rich source of micronutrients like calcium, phos-
phorous, and iron (Kay 1975). Despite its multi-purpose util-
ity, the dolichos bean is considered an underutilized orphan
legume crop owing to its low yielding abilities. The devel-
opment of high yielding cultivars with consumer-favored
traits and wide adaptability to different growing climates is
expected to enhance production. Breeding efforts are being
made to increase the productivity of green pod yield with
higher adaptability of the crop both in India and Africa
(Ramesh and Byregowda 2016).

Dolichos bean is a self-pollinated crop. Thus, natural var-
iation is being exploited for varietal development programs.
The variation in green pod yield caused by genetic (Ajayku-
mar et al. 2021; Spoorthi et al. 2022) and non-genetic factors
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was extensively investigated and reported as a quantitative
characteristic. Considering predominant self-pollination
mechanisms (Kukade and Tidke 2014), pure-line varieties
are the only potential cultivar option in the crop. With the
improvements in breeding methodologies, it is important to
use new molecular markers to increase precision. The devel-
opment of new genomic resources, including genome-wide
markers, is important to adapt new breeder approaches like
genomic selection (Anilkumar et al. 2022) and accelerate
the breeding process for rapidly achieving genetic gains in
orphan crops. However, the physical map information and
chromosome-level genome sequence information of the
dolichos bean were not available until recently. Njaci et al.
(2023) reported a high-quality genome assembly highlight-
ing the genome organization of anti-nutritional factors like
trypsin inhibitor. The genome sequence also helped in delin-
eating two events of dolichos domestication in Africa. The
new molecular markers help to unearth the crop domestica-
tion events and exploit them in genetic improvement pro-
grams. Exploring genomic regions associated with economic
traits and deploying them in marker-assisted breeding pro-
grams enhance the efficiency of dolichos breeding. There
is only limited literature available on the identification of
genetic determinants for harvestable economic products,
such as green pod yield. However, generating knowledge
on quantitative trait loci (QTL) for green pod yield will serve
as a prelude to the strategic planning of breeding programs
(Vaijayanthi et al. 2019).

Among the QTL mapping approaches in plants, bi-paren-
tal populations are frequently used to detect and quantify
the effect of QTL. However, the variation explained by the
QTL discovered in bi-parental populations is limited to vari-
ation that existed between two parents used for population
development. On the other hand, the genome-wide associa-
tion study (GWAS) approach utilizes genetic variation from
diverse/natural populations to detect all possible genetic
components responsible for the expression of a quantita-
tive trait (Korte and Farlow 2013). Diverse populations are
excellent sources for QTL mapping and allele mining (Qiu
et al. 2013). GWAS is found to be promising for identifying
causative alleles for quantitative traits by exploiting ancestral
linkage disequilibria between genome-wide marker alleles
and genes responsible for the trait. Natural dissimilarities
that exist between diverse dolichos bean populations help
exploit historical recombination frequencies and increase the
resolution of QTL mapping (Rafalski 2010). Furthermore,
multi-season precision phenotype information and evenly
distributed genome-wide marker information increase the
precision of the identification of QTL for complex traits.
Hence, the GWAS approach can be considered highly effi-
cient and effective for the identification of all possible causa-
tive alleles for green pod yield in dolichos bean.
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In the present investigation, a statistically strong associa-
tion panel evaluated over five years and assayed with newly
developed simple sequence repeat (SSR) markers was used
to identify marker-trait associations for green pod yield
in dolichos bean with a multi-locus model. The results of
this study will have significant scope for adapting marker-
assisted breeding strategies for improving dolichos varieties
with high green pod yield.

Materials and methods
Genetic material and experiment location

The association panel was constituted of 96 diverse geno-
types, which were collected from major dolichos growing
regions in India and some accessions in Kenya. The experi-
mental material covers most of the genetic diversity avail-
able in India. The information on geographic origin of these
genotypes is presented in Fig. S1 and Table S1. The panel
included two advanced breeding lines and one released vari-
ety from the University of Agricultural Sciences, Bangalore.
The seed material of these genotypes was maintained at the
Department of Genetics and Plant Breeding, University of
Agricultural Sciences, Bangalore. Experimental genotypes
were evaluated for green pod yield during the rainy seasons
of 2012, 2014, 2015, 2018, and 2019 at the experimental
plots of the University of Agricultural Sciences, Bangalore.
The experimental location represents ideal climatic condi-
tions for dolichos cultivation.

Evaluation for green pod yield

The experimental genotypes were planted in a simple lat-
tice design with two replications in all the years. Ten square
lattice design was used to evaluate 96 experimental geno-
types and two dummy genotypes in two sets to complete the
design. Each genotype was planted in 4 mt rows with 20-cm
spacing between plants and 45 cm between rows. Recom-
mended agronomic and protection practices were followed
to raise a healthy crop. Briefly, the crop was grown in wet
seasons under rainfed conditions, and supplementary irriga-
tion was provided to save the crop during dry spells. The
experiment was conducted in fertile soils, and recommended
dose of fertilizers (20 N:60 P:60 K) were applied every year
while sowing. The weeding was done manually, and chemi-
cal pest control measures were taken to protect the crop till
the harvesting. The green pod yield was recorded from ten
plants in each row, leaving border plants. The green pod
yield was recorded at multiple pickings at the mature green-
filled pod stage. Cumulative yield over multiple pickings
was considered as green pod yields per plant.
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Marker development and marker assay

A set of 413 new simple sequence repeat markers was devel-
oped from sequence information generated by double digest
restriction-site associated DNA (ddRAD-seq) sequencing of
the popular variety HA-4. The ddRAD approach was cho-
sen considering the non-availability of reference genome
in the crop. The young leaves were supplied to Eurofins
Scientific® for extraction of pure-quality DNA and use it
for sequencing. The SSR markers were developed from the
sequence information using SSR identification tool (Tem-
nykh et al. 2001) for finding potential repeat sequences
and Primer 3 software to select potential SSRs (Rozen and
Skaletsky 1999). The markers included tri-nucleotide and
di-nucleotide repeats. The genome size of dolichos is 367
mb with 2n =22 chromosomes (Iwata et al. 2013). Young
leaves of 35-day-old seedlings were collected, and genomic
DNA was extracted following the cetyl-tri-methyl ammo-
nium bromide (CTAB) method (Doyle and Doyle 1990). The
quality of DNA was examined using gel electrophoresis and
quantified using NanoDrop (Thermo Fisher Scientific). The
genomic DNA was diluted to 20 ng/uL before use in ampli-
fication. A polymerase reaction mixture was prepared with
1 uL of 20 ng/uL of genomic DNA, forward and reverse
primers each with 1 pL of 10 pmol/uL, standard PCR master
mix (Takara®) of 4 L and a volume of 10 uL by adding 3
pL of nuclease-free water. The PCR program was adjusted at
95 °C for 5 min for the initial hot start, followed by 40 cycles
of denaturation at 95 °C for 30 s, primer annealing for 1 min
with the respective annealing temperature of the marker, and
primer extension for 1 min at 72 °C, followed by a final
extension for 8 min at 72 °C. The amplified fragments were
visualized on a gel electrophoresis unit with 3.4% agarose
gel (combination of metaphor agarose and low EEO normal
agarose in 1:1 ratio was used for high resolution) contain-
ing 0.05 pL/ml ethidium bromide immersed in a 0.5 X Tris
borate EDTA (TBE) solution at a constant voltage of 85 V
for 4 h. Visualized amplicons were scored in a binary format
and used as genotype information for further analysis.

Statistical analysis
Variation in green pod yield

The green pod yield per plant was subjected to preliminary
analysis in all years. The summary statistics, including
distribution and range, skewness, and kurtosis parame-
ters, were estimated considering mean values for green
pod yield over replications. An analysis of variance using
a lattice design was performed for all the years separately
to verify the significant variation between genotypes
in the study panel. All these preliminary analyses were
completed using RStudio version 1.4.17. The normal

distribution of green pod yield in the population in all
the years was tested by estimating Shipir-Wilk’s p. The
measures of descriptive statistics and distribution pattern
of the panel with respect to green pod yield were estimated
to ensure the suitability of the population for genome-wide
association analysis.

Population structure and allele diversity analysis

Information generated using 413 new markers was used to
estimate allelic diversity and population structure. Allelic
information on the population was estimated using Pow-
erMarker V3.25 (Liu and Muse 2005). The population
structure of the panel was described using three different
approaches: (a) principal component analysis (PCA) to
differentiate genotypes into possible subgroups based on
marker information. The PCA was performed using “facto-
extra” package in RStudio (Kassambara and Mundt 2017).
(b) Phylogenetic distances between genotypes in the panel
were delineated using the neighbor-joining approach in
DARwin software, which was further represented as an
unrooted tree with clusters using the iTOL online tool (Letu-
nic and Bork 2021). (¢) The familial relationships between
genotypes in the association population were estimated
using the VanRaden kinship algorithm (VanRaden 2008) and
presented in the form of a heatmap. A familial relationship
index between+ 1 and — 1 was considered an indication of
a good population fit for genome-wide association analysis.

Genome-wide association analysis

Genome-wide association analysis was performed to asso-
ciate the marker alleles with green pod yield variation in
the population. Marker alleles of new markers developed
were assayed in the population and used to identify markers
associated with green pod yield in all 5 years. Analysis was
performed using the GAPIT package in RStudio (Lipka et al.
2012). While analyzing genome-wide association, a multi-
locus model, fixed and random model circulating probabil-
ity unification (FarmCPU), was used (Liu et al. 2016). The
multi-locus model was preferred over the single-locus model
considering their efficiency in detecting marginal QTL
effects for quantitative traits in diverse backgrounds (Wang
et al. 2016; Cui et al. 2018). The GAPIT package is in-built
with an efficient mixed model approach (EMMA) for simul-
taneous correction of population structure while detecting
marker trait associations (Yu et al. 2006). The threshold used
to decide the significance of marker-trait associations was
false discovery rate (FDR) corrected p <0.05 values. The
marker-trait associations with p <0.05 were considered sig-
nificant associations.
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Results
Variation in green pod yield

The green pod yield per plant significantly varied in all the
experimental years (Table S2). The variation explained by
genotypes was significant in all the years, as indicated by the
significance in the analysis of variance. Yield of green pods
per plant was ranged between 39.64 g (2012) and 332.76 g
(2018) when considering all the years. The mean perfor-
mance varied between 105.20 g (2012) and 164.87 g (2018).
Considering the non-significance of the homogeneity test,
the data over different years was pooled. Within the pooled
data, the green pod yield ranged from 94.76 to 179.93 g,
with an average of 129.33 g (Table 1). The green pod yield
was distributed normally in all the years with negligible
skewness and kutrosis less than three, indicating a platykur-
tic distribution of the data in all the years (Fig. 1). Skewness
and kurtosis support the quantitative inheritance of green
pod yield in dolichos bean, with several minor genes con-
trolling the trait with additive effects. The broad-sense herit-
ability coefficient estimated and averaged over all the years
of experimentation was significantly high (0.65). The non-
significant estimates for Shipiro-Wilk’s p values indicate the
normal distribution of green pod yield in the population in
all the years and in the pooled data.

Allele diversity and population structure

Among the 413 new markers, some markers failed to
amplify in all the genotypes, and some were monomorphic
among the genotypes of the association panel. Out of 413
markers, 370 were amplified and exhibited polymorphism
among the individuals on the association panel (Table S3
and Fig S2). Most of the markers were bi-allelic in the popu-
lation, and the maximum number of alleles per individual
in the population was three, totaling 783 alleles amplified
in the population. Among them, 562 alleles were identi-
fied as effective alleles that are significantly contributing
to the diversity of the population. The allele diversity index
in the population ranged between 0.021 and 0.65, with the

Shannon information index ranging from 0.06 to 1.06. The
polymorphic information content (PIC) of the new markers
used in the study ranged from 0.02 to 0.38, with an average
of 0.24 (Table S4). Di- and tri-nucleotide repeat markers
together accounted for about 98.11% of the polymorphism in
the population. The allelic patterns of di- and tri-nucleotide
repeats for estimated population parameters are presented
in Table 2.

To address the population structure and identify sub-
populations within the association population, different
approaches were followed. Principal component analysis
classified the main population into three subpopulations
(Fig. 2a). The existence of these subpopulations was fur-
ther envisaged by a phylogenetic tree constructed based on
genetic distances between genotypes (Fig. 2b). Based on
familial relationships between individuals in the association
panel, the VanRaden kinship algorithm also classified the
main population into three subpopulations (Fig. 2c). The
structure of the population was accounted for by considering
three principal components while analyzing for marker-trait
associations, and an efficient mixed model approach was
used to correct the population structure.

Marker-trait associations for green pod yield

The FarmCPU model identified a total of 106 markers
associated with green pod yield across different years-
wise data and pooled data used for association analysis
at the threshold probability of 0.05 (p <0.05) (Fig. 3;
Table S5). Among the years, 18 markers were found to be
significantly associated with the trait in 2012, 16 markers
in 2014, 16 markers in 2015, 24 markers in 2018, and 11
markers in 2019. There were 21 markers associated with
the trait in pooled data over the years. Among the 21 mark-
ers identified as significant in the pooled data, two mark-
ers, LP-D-68 and LP-D-14, were associated with a high
level of significance and a high level of explained vari-
ance. Tri-nucleotide repeats were more prevalent among
the associated markers, with a wide range of phenotypic
variation explained. The phenotypic variation explained by
the associated markers ranged between 5.10% and 12.70%.
Some associations were significant at a probability < 0.01

Table 1 Descriptive statistics

for green pod yield (GPY) Year Mean Min Max Skewness Kurtosis ANQVA Shipiro-Wilk’s p
significance
2012 105.2 39.64 208.58 0.65 0.33 o 0.32
2014 117.14 62.51 196.77 0.49 -0.72 ok 0.54
2015 130.19 84.32 206.21 0.71 -0.59 o 0.27
2018 164.87 95.22 332.76 1.39 1.95 o 0.18
2019 125.08 86.95 193.32 0.57 -0.47 HkE 0.39
Pooled 129.33 94.76 179.93 0.66 —-0.04 *E 0.26
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Table 2 Allelic patterns of SSR marker Na Ne I L uh %P
SSR markers in dolichos bean
association panel Di- and tri-nucleotide motif ~ Mean ~ 2.097 1532 0486 0309 0315  98.11%
SE 0.018 0.020 0.012 0.008 0.008
Di-nucleotide motif Mean 2.138 1.549 0.504 0.321 0.327 99.47%
SE 0.026 0.026 0.015 0.011 0.011
Tri-nucleotide motif Mean 2.055 1.514 0.467 0.297 0.302 96.69%
SE 0.026 0.030 0.018 0.013 0.013

Na=no. of different alleles, Ne=no. of effective alleles=1 / (sum pi*2), /=Shannon’s information
index= —1Xxsum (piXLn (pi)), h=diversity=1—sum pi’2, uh=unbiased diversity=(N / (N—1))xh,
%P =percentage of polymorphic loci, where pi is the frequency of the ith allele for the population and sum
pi”2 is the sum of the squared population allele frequencies
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Fig.2 Population structure analysis: a 3D representation of principle
component analysis showing three subpopulations, b phylogenetic
tree classifying the genotypes into three groups based on genetic
distances, and ¢ heat map of kinship matrix; the heat map shows the

with high explained train phenotypic variance (Table 3). A
total of 17 markers over years and pooled data were asso-
ciated with green pod yield at high level of significance
and explained phenotypic variation. Most of the associ-
ated markers were consistent at least over 2 or 3 years,
and many of them were significant in pooled analysis
(Table S6).

The allelic effects of associated markers ranged from
significant negative effects to significant positive effects.
Two major associations identified in pooled analysis with
high phenotypic variance explained showed highly positive
allelic effects. Marker LP-D-14 was significantly positively
associated with green pod yield (12% PVE), where a 260-
bp allele was associated with high green pod yield and a
280-bp allele was associated with lower green pod yields
(Fig. 4). Similarly, marker LP-D-68 was significantly associ-
ated with 12.70% phenotype variance explained, and allele
250 bp was associated with high green pod yields, whereas
allele 200 bp was associated with lower green pod yields.
The markers associated with higher levels of significance
may be used in marker-assisted improvement of green pod
yield in dolichos bean.
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level of relatedness among the population. The darker areas show the
level of relatedness between varieties, and dendrogram drawn at the
top represents the phylogenetic grouping/clustering of genotypes in
the association panel

Discussion

Improving the green pod yields of field beans or dolichos
beans enhances the farmers’ income for those who grow
them for vegetable purposes. The dolichos bean has its
demand in the southern states of India and most parts of
Africa, owing to its fragrant green pods used as vegetables.
The pods are proven to be highly nutritional vegetables rich
in micronutrients (Udaykumar et al. 2016). Conventional
breeding strategies are being used to develop improved vari-
eties. However, the genetic gain achieved is slow, and the
time requirement for development is relatively high (Byre-
gowda et al. 2015). The genetic improvement of dolichos
bean for enhanced yields is limited considering the lack of
molecular markers. Developing new genomic resources,
including molecular markers and their association with
economic traits, has significant importance in accelerat-
ing breeding programs. In this context, a set of new marker
resources was developed and associated those markers with
genomic regions for economic traits like green pod yield.
Proper phenotyping and understanding the genetic
diversity that exists in the population are prerequisites in
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Fig.3 Quantile—quantile plots for markers associated with green pod yield across the genome. Quantile—quantile plots shows deviation of
observed — log(p) values and expected — log(p) values indicating the significant marker trait associations identified through GLM model

Table 3 Significant marker-trait associations based on FarmCPU
model for green pod yield

Year Marker p value PVE (%) Effect
Pooled LP-D-68 0.006 12.70 6.608
LP-D-14 0.009 12.00 8.474
2012 LP-T-190 0.003 11.00 18.004
LP-T-99 0.004 10.40 —30.933
LP-T-129 0.005 9.90 —16.063
LP-T-200 0.006 9.50 12.805
LP-T-17 0.009 8.60 32.936
2014 LP-T-245 0.001 13.80 —40.623
LP-T-236 0.004 11.00 —40.376
LP-T-81 0.009 9.20 —31.540
2015 LP-T-245 0.002 12.10 —42.585
LP-T-236 0.006 9.40 —42.232
LP-T-81 0.008 8.70 —35.213
2018 LP-D-144 0.006 13.50 —-23.126
LP-D-20 0.007 13.30 20.196
LP-T-205 0.007 13.10 —32.656
2019 LP-D-229 0.010 11.10 —8.823

any genetic study, including strategizing an appropriate
selection program. More specifically, association map-
ping demands highly precise phenotype information to
tag molecular markers to the respective genomic regions
(Alqudah et al. 2020). Phenotype information from the
association panel over years/environments is more impor-
tant for precise results (Campbell et al. 2003). In the
present investigation, the association panel genotypes
were evaluated over 5 years for their green pod yields.
The analysis of variance year-wise and pooled data over
the years indicated significant variation in the genotypes’
performance for green pod yield. The significance of
Shipiro-Wilk’s test in all the experimental years indicated
continued variation for green pod yields following normal
distribution, which is a characteristic of typically quan-
titative traits. Substantial variability in green pod yield
in dolichos bean over a multi-year evaluation was docu-
mented earlier by Vaijayanthi et al. (2015) and Spoorthi
et al. (2022). Further, the negligible skewness and playkur-
tic distribution of green pod yields in all the years dem-
onstrate the involvement of several minor genes acting
additively in the expression of the trait. Phenotypic diver-
sity and distribution suggest the suitability of a selected
population for association mapping to identify the markers
associated with QTL for green pod yield in dolichos bean.
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Fig.4 Boxplots depicting the
effect of alleles of representa-
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The new molecular markers developed and utilized in
the present investigation were found superior for delineat-
ing population diversity and population structure. Among
di- and tri-nucleotide repeats, tri-nucleotide repeats
accounted for the maximum diversity in the population
due to their high informativeness compared to di-nucleo-
tide repeats. Hence, these markers may help overcome the
impediment of low marker availability in dolichos bean
breeding (Spoorthi et al. 2024). Similar efforts to assess
the genetic diversity using simple sequence repeat markers
were made for chickpea (Upadhyaya et al. 2008) and com-
mon bean (Blair et al. 2009). Additionally, the new mark-
ers explained the familial relationship between genotypes
in the association panel. The population was classified into
three subpopulations based on genetic distances between
genotypes. This suggests an unequal distribution of alleles
within the population, and differences arise due to ances-
tral linkage disequilibrium among genotypes. This varia-
tion in allele distribution directly affects the linkage dis-
equilibrium throughout the genome. Hence, three principal
components were considered before analyzing marker-trait
associations to account for population structure. Similar
numbers of subpopulations were detected in dolichos bean
core collection population used for association mapping
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(Vaijayanthi et al. 2019). Addressing the population
structure by considering a significant number of princi-
pal components and an effective model like the effective
mixed model algorithm (EMMA) ensures the precision of
marker-trait associations identified (Mather et al. 2004).
The phenotype information of green pod yield in differ-
ent years and genotype data obtained by assaying 370 new
simple sequence repeat markers helped in the identification
of 106 significant marker-trait associations. The multi-locus
model used in the present investigation identified all those
markers associated with traits, even with marginal levels
of phenotypic variation. Among them, 17 markers were
associated with a high level of significance. The markers
associated with high explained phenotypic variance may
be directly used in marker-assisted selection programs for
improving green pod yield in dolichos bean. Similarly,
remaining markers may be utilized in marker-assisted recur-
rent selection programs for parental population improve-
ment. Furthermore, the markers associated with traits may
be best utilized in genomic selection program for improving
prediction accuracy (Anilkumar et al. 2023). Hence, all the
markers associated with green pod yield may be utilized
in genomic selection for green pod yield in dolichos bean.
Overall, the results of this study have significant application
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in the strategic improvement of dolichos bean through
marker-assisted selection or genomic selection programs.

Conclusion

Dolichos bean is considered one of the most underutilized
and highly nutritious orphan legume vegetables. The crop
is popular in southern Indian states and many African
countries due to its nutritional quality and pod fragrance.
Breeding efforts to improve this orphan vegetable legume
are being made continuously. However, the lack of genome-
wide molecular markers and molecular tools limits the
improvement of this crop. In the present investigation, a set
of 413 new molecular markers developed from sequence
information was utilized for genetic diversity and marker-
trait association analysis. The study identified new molecular
markers associated with green pod yields. The findings of
this investigation have scope for marker-assisted improve-
ment of dolichos beans for higher green pod yield. Further,
the associated markers may be utilized in genomic selec-
tion programs for accelerated improvement of dolichos bean
green pod yield.
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