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Abstract

The present study used a whole-genome, NGS resequencing-based mQTL-seq (multiple QTL-seq)

strategy in two inter-specific mapping populations (Pusa 1103 × ILWC 46 and Pusa 256 × ILWC 46)

to scan the major genomic region(s) underlying QTL(s) governing pod number trait in chickpea.

Essentially, the whole-genome resequencing of low and high pod number-containing parental

accessions and homozygous individuals (constituting bulks) from each of these two mapping popu-

lations discovered >8 million high-quality homozygous SNPs with respect to the reference kabuli
chickpea. The functional significance of the physically mapped SNPs was apparent from the identi-

fied 2,264 non-synonymous and 23,550 regulatory SNPs, with 8–10% of these SNPs-carrying genes

corresponding to transcription factors and disease resistance-related proteins. The utilization of

thesemined SNPs in Δ (SNP index)-led QTL-seq analysis and their correlation between twomapping

populations based on mQTL-seq, narrowed down two (CaqaPN4.1: 867.8 kb and CaqaPN4.2: 1.8 Mb)

major genomic regions harbouring robust pod number QTLs into the high-resolution short QTL in-

tervals (CaqbPN4.1: 637.5 kb andCaqbPN4.2: 1.28 Mb) on chickpea chromosome 4. The integration of

mQTL-seq-derived one novel robust QTL with QTL region-specific association analysis delineated

the regulatory (C/T) and coding (C/A) SNPs-containing one pentatricopeptide repeat (PPR) gene at

a major QTL region regulating pod number in chickpea. This target gene exhibited anther, mature

pollen and pod-specific expression, including pronounced higher up-regulated (∼3.5-folds) tran-
script expression in high pod number-containing parental accessions and homozygous individuals

of two mapping populations especially during pollen and pod development. The proposed mQTL-

seq-driven combinatorial strategy has profound efficacy in rapid genome-wide scanning of potential

candidate gene(s) underlying trait-associated high-resolution robust QTL(s), thereby expediting

genomics-assisted breeding and genetic enhancement of crop plants, including chickpea.
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1. Introduction

Chickpea (Cicer arietinum L.) is the third most vital food legume with
a genome size of ∼720 Mb.1,2 The current climatic conditions are
adversely affecting the world-wide chickpea productivity to a large
extent by highly variable phenotypic plasticity in conjunction with
multiple abiotic and biotic stresses, including drought, terminal heat
stress, salinity, Fusarium wilt and Ascochyta blight.2–5 Therefore,
the primary goal of present chickpea genomics is focused towards
minimizing the effect of climate change and biotic/abiotic stresses
upon chickpea yield and productivity by developing genetically tai-
lored high-yielding stress-tolerant chickpea cultivars. However, most
of the stress tolerance and yield component traits targeted for chickpea
genetic enhancement usually have complex genetic architecture and
are regulated by multiple major and/or minor genes/QTLs (quantita-
tive trait loci). It is thus imperative to delineate the potential genes/
alleles underlying QTLs associated with various traits of interest
(yield contributing and stress-tolerant traits) by fine mapping/
map-based cloning prior to their effective deployment in marker-
assisted genetic enhancement of chickpea. So far, very limited atten-
tion has been paid towards fine mapping of trait-regulatory QTLs
and their subsequent utilization in marker-assisted genetic improve-
ment of chickpea.6–13 The narrow genetic base including lowmarker
genetic polymorphism especially between parental accessions of
diverse intra-specific mapping populations along with inadequate
accessibility of high-density, intra-specific genetic linkage maps
are the major bottlenecks in identification and fine mapping of
QTLs in chickpea. In this perspective, an alternative genome-wide
strategy is crucial for rapid molecular mapping of trait-associated
high-resolution QTLs/genes, which in turn will benefit marker-
assisted breeding in chickpea.

To accelerate molecular mapping of QTLs in chickpea, traditional
QTL mapping strategy14–16 that primarily relies on genome-wide
discovery and large-scale genotyping of simple sequence repeat (SSR)
and single-nucleotide polymorphism (SNP) markers in individuals of
diverse inter-/intra-specific mapping populations (recombinant inbred
and near-isogenic lines) by using multiple high-throughput genotyping
assays, including NGS (next-generation sequencing)-based GBS
(genotyping-by-sequencing) assay, are found to be most fruitful in chick-
pea.9–13, 17–23 This approach successfully identified a number of low-
resolution major QTLs governing various yield contributing (i.e. flower-
ing and maturation time, seed size/100-seed weight, double podding and
seed/pod number per plant) and abiotic/biotic stress tolerance traits (viz.
salinity and drought tolerance root traits, Fusariumwilt,Ascochyta blight
and Botrytis gray mold) in chickpea.1,2, 8–13, 22–41 In light of the added
advantages and its broader applicability vis-à-vis the diverse aforesaid
traditional QTL mapping approaches, the high-throughput NGS-based
QTL-seq has recently been used fruitfully as a cost-effective strategy
for rapid genome-wide scanning and mapping of major QTLs gov-
erning multiple qualitative and quantitative traits such as seedling
vigour and blast resistance in rice, flowering time in cucumber,
fruit weight and locule number in tomato, and 100-seed weight in
chickpea.42–45 Nonetheless, most of the major QTLs identified
through QTL-seq are being localized within sizeable long genetic
marker intervals of chromosomes, which requires large-scale valid-
ation in multiple mapping populations and subsequent fine mapping
through traditional QTL mapping. This will ensure the effective
practical utilization of these well-validated robust QTLs/genes in
marker-assisted genetic improvement of chickpea.

Simultaneously to expedite the above-mentioned, a multiple
QTL-seq (mQTL-seq) approach that involves QTL-seq analysis in

multiple mapping populations derived from the common parental
accessions could be an attractive genome-wide strategy. Essentially,
mQTL-seq deals with NGS-based whole-genome resequencing of
DNA bulks (showing two extreme contrasting phenotypic trait values)
of progenies that are derived from each of the multiple segregating
mapping population with at least single common parental accession
(detailed strategy illustrated in Fig. 1). Collectively, the utility of this
strategy is evident from the large-scale validation of major QTLs
derived from QTL-seq of each preliminary/advanced generation
mapping population in diverse genetic backgrounds (multiple map-
ping populations) along with its efficiency to scale down each
QTL-seq originated QTLs into potential candidate genes regulating
diverse agronomic traits in chickpea. Henceforth, implementing this
mQTL-seq approach can be beneficial for quick genome-wide scan-
ning and fine mapping of trait-associated major genes harbouring
robust QTLs (validated in diverse mapping populations) with optimal
expense of resources in chickpea. This will provide much needed
inputs for molecular dissection of complex quantitative traits culmin-
ating into genomics-assisted crop improvement in chickpea at a
faster pace.

As a proof of concept, we made an effort to implement an
NGS-based genome-wide high-throughput mQTL-seq approach in
two F5 mapping populations of C. arietinum and C. reticulatum inter-
specific crosses (Pusa 1103 × ILWC 46 and Pusa 256 × ILWC 46) for
identifying the major genomic regions harbouring the robust QTLs as-
sociated with pod number per plant in chickpea. The integration of
mQTL-seq with QTL region-specific association analysis and differen-
tial expression profiling delineated a potential novel candidate gene
and natural allelic variants at the major QTL interval governing pod
number in chickpea.

2. Materials and methods

2.1. Development of inter-specific mapping populations

and their phenotyping for pod number

Two inter-specific F5 mapping populations of Pusa 1103× ILWC 46
(population size, 102) and Pusa 256× ILWC 46 (population size,
98) derived from high (cultivated C. arietinum desi accessions Pusa
1103 and Pusa 256 with 129 and 120 pods/plant, respectively) and
low (wild C. reticulatum accession ILWC 46 with 10 pods/plant)
pod number-containing parental accessions were developed using sin-
gle seed descent method. Thewild accession ILWC 46 serves as a com-
mon parent for both the populations generated. The mapping
individuals and parental accessions of both populations were grown
(following random complete block design with two replications)
and phenotyped in the real field conditions at two diverse geographical
locations of India (CSKHPKV, Palampur: latitude 32.1°N and longi-
tude 76.5°E and NBPGR, New Delhi: 28.6°N and 77.2°E) for two
consecutive years. A set of 15–20 representative plants were selected
from each mapping individual and parental accession of both popula-
tions, and pod number (PN) was measured by counting the average
number of fully developed pods per plant at maturity stage. The
mean, standard deviation, coefficient of variation (CV%), broad-sense
heritability (H2) and frequency distribution of PN (based on ANOVA)
were measured in both populations individually as per Kujur et al.10,11

and Bajaj et al.23 To determine the trait inheritance pattern, the effects/
interactions among accessions/genotypes (G) and environments (E) (i.e.
experimental years and geographical locations) were measured. The
broad-sense heritability among accessions [H2 = σ2g/(σ2g + σ2ge/n +
σ2e/nr)] was measured based on σ2g (genetic), σ2ge (G x E) and σ2e
(error) variancewith n (number of experimental years/environments) = 2
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and r (number of replicates) = 2. Additionally, 92 desi and kabuli chick-
pea accessions representing a PN-specific association panel were also
grown in the field and phenotyped for pod number following aforesaid
methods.

2.2. Whole-genome resequencing and mQTL-seq

analysis

According to the preliminary clues obtained from our traditional QTL
mapping analysis, 10 of each high and low pod number-containing
homozygous mapping individuals (a total of 20 individuals) represent-
ing two utmost ends of PN normal frequency distribution curve were
selected individually from the mapping populations of Pusa 1103 ×
ILWC 46 and Pusa 256 × ILWC 46 for QTL-seq analysis. The homo-
zygous genetic constitution of these selected 20 individuals from each
of the two mapping populations for either of the high and low pod
number trait was ascertained by utilizing their PN field phenotyping
information and genotyping data of 96 genome-wide SSR markers
in QTL mapping. The isolation and quantification of genomic
DNA, pooling of equal concentration DNA to constitute low pod
number bulk (LPNB) and high pod number bulk (HPNB), construc-
tion and sequencing of pair-end sequencing libraries (100-bp read
length) using HiSeq2000 (Illumina Inc., San Diego, CA, USA) NGS
platform and generation of high-quality genomic sequences were per-
formed according to Das et al.44 The BWA with default parameters
was used to align and map the high-quality sequence reads onto the
reference kabuli genome.46 Subsequently, normalization of the map-
pable sequence reads based on depth of read coverage amongmapping
parents and individuals constituting LPNB andHPNBwas performed.
The high-quality homozygous SNPs (minimum sequence read depth:
10 with SNP base quality ≥20) between two parental accessions as
well as among mapping individuals constituting the LPNB and
HPNB were discovered and further structurally and functionally
annotated with respect to reference genome as per Kujur et al.12,13

A SNP index and Δ (SNP index)-based QTL-seq approach was
deployed individually in two mapping populations to scan major
PN QTLs in chickpea following the earlier defined recommended
parameters.42–45, 47 The Δ (SNP index) was estimated according to
subtraction of SNP index (proportion of sequence reads supported
the SNPs, which are entirely different from the reference kabuli
genome sequences) between LPNB and HPNB. The SNP index was
estimated as ‘0’ and ‘1’ based on the representation of genomic frag-
ments derived from Pusa 1103/Pusa 256 and ILWC46, respectively, in
entire high-quality sequence reads generated. A sliding window
approach with 1-Mb window size and 10-kb increment was utilized
to measure the average distribution of Δ (SNP index) of SNPs physic-
ally mapped across eight kabuli chromosomes in a given genomic
interval. The SNP index plots were generated for two mapping popu-
lations individually by plotting the Δ (SNP index) of LPNB and HPNB
and their corresponding SNP index within the specified window size in
the graphs. The statistical confidence intervals of Δ (SNP index) with a
given sequence read depth under the null hypothesis of no QTLs were
calculated to assure the accuracy of QTLs derived from QTL-seq as
per Takagi et al.,42 Lu et al.43 and Das et al.44

2.3. QTL region-specific association analysis

The major genomic regions underlying PN QTLs identified from two
mapping populations individually using QTL-seq were compared/cor-
related to identify the consensus robust QTLs that are well-validated
across these diverse populations. One of the selected novel genomic re-
gion harbouring robust PN QTL was sequenced in low and high pod
number-containing homozygous mapping individuals (constituting

LPNB and HPNB in QTL-seq analysis) and parental accessions
from each of the two mapping populations using the multiplexed
amplicons sequencing protocol (as per manufacturer’s instructions)
of TruSeq Custom Amplicon v1.5 in Illumina MiSeq next-generation
sequencer. The mapping of high-quality amplicon sequence reads
onto the reference kabuli genome and detection of high-quality
SNPs among parental accessions and mapping individuals was per-
formed as per Saxena et al.9 and Kujur et al.12,48 The SNPs discovered
at the sequenced genomic region harbouring robust PN QTL was
structurally and functionally annotated following Kujur et al.12,48

The physically mapped SNPs revealing differentiation between high
and low pod number-containing parental accessions and individuals
of twomapping populations at QTL region of interest were genotyped
in the genomic DNA of 92 desi and kabuli chickpea accessions belong-
ing to a PN-specific association panel using Illumina GoldenGate
assay as per Saxena et al.9 and Bajaj et al.23 The replicated multi-
location/years PN field phenotyping data, population structure (K = 2)
statistics, principal component analysis (PCA) and kinship matrix of
92 accessions were obtained from Kujur et al.13 The association
analysis was performed by correlating the genotyping information
of SNPs at robust PN QTL interval with aforesaid phenotyping and
diversity statistics using general linear model (GLM), mixed linear
model (MLM at optimum level of compression with P3D method)
and mixed model approach of EMMA49 following the methods of
Kujur et al.13 and Kumar et al.50 The Bonferroni correction of
P-value was used for each trait-associated SNPs at 5% significance
level to eliminate the confounding effect of population structure and
correct the false discovery rate (FDR) based on multiple comparisons.
The informative SNPs-carrying candidate gene associated (R2 =
correlation potential of significant SNPs with traits) with PN at signifi-
cant cut-off P ≤ 10−5 was screened by combining the outcomes of
GLM and MLM with EMMA and FDR correction.

2.4. Differential gene expression profiling

To infer the gene regulation, differential expression profiling of
SNPs-containing gene annotated at the major genomic interval har-
bouring a novel robust PN QTL (validated by both QTL-seq and
QTL region-specific association analysis) was performed. The vegeta-
tive (leaf and root) and reproductive (flower bud, ovary, anther and
mature pollen) tissues and two-pod (∼5 mm beginning pod size at
5–10 days after anthesis/DAA and ∼2 cm full pod at 15–20 DAA)
developmental stages were collected (at least with three biological
replicates) from 40–60 days old healthy plants of low and high pod
number-containing homozygous mapping individuals (constituting
LPNB and HPNB in QTL-seq analysis) and parental accessions
from each of the twomapping populations under study. The RNA iso-
lated from all the tissues/stages of mapping individuals and parents
were amplified with desirable gene-specific primers and internal con-
trol elongation factor 1-alpha (EF1α) using semi-quantitative and
quantitative RT–PCR assays. The differential expression level of
gene observed in diverse tissues/developmental stages of high and
low pod number-containing mapping individuals and parents was
compared/correlated following Bajaj et al.22

3. Results and discussion

3.1. Genetic inheritance pattern of pod number in two

inter-specific mapping populations

We observed a significant difference of PN (5-237) with 13% CV and
81%H2 in 102 individuals and parental accessions of an inter-specific
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F5 mapping population of Pusa 1103 × ILWC 46 (Table 1). A wider
phenotypic variation for PN (5-229) with 14.8% CV and 80% H2

was detected in another 98 individuals and parents of an inter-specific
F5 mapping population of Pusa 256 × ILWC 46 (Table 1). The con-
tinuous variation as well as normal frequency distribution of PN
trait was observed in these two mapping populations, which indicates
the quantitative genetic inheritance pattern of target trait under study.
The pod number is a complex yield component quantitative trait in
chickpea, which is known to be governed bymultiple abiotic (drought,
heat, cold and salinity) and biotic (pod bores and other diseases) stress
factors and often influenced by climate/growing conditions. To over-
come these intricacies, present study selectively used three contrasting
parental accessions-derived inter-specific mapping populations exhi-
biting wider phenotypic variability and higher heritability (consistent
phenotypic expression) for pod number across geographical locations/
years for molecular mapping of major QTLs regulating pod number in
chickpea through mQTL-seq.

3.2. NGS-based whole-genome resequencing for

QTL-seq

The NGS-based high-throughput whole-genome resequencing of two
high and low pod number-containing parental accessions as well as
bulks (LPNB and HPNB) of two inter-specific mapping populations
[(Pusa 1103 × ILWC 46) and (Pusa 256 × ILWC 46)] were generated
on an average of 81.5 million high-quality sequence reads (ranging
from 80.7 to 83.5 million reads) with a ∼11.6-fold sequencing
depth coverage. Notably, 82.1% (varying from 82.3 to 83.6%) se-
quence reads of these were mapped (minimum mapping quality: 30)
to unique physical locations of kabuli reference genome with a 69%
mean coverage. The high-quality uniquely mapped sequence reads
generated from parental accessions and bulks (LPNB and HPNB) of
two mapping populations were normalized based on depth of read
coverage to reduce the potential biasness of read depth in the studied
samples. Subsequently, the sequencing depth coverage (fold) and gen-
ome coverage (%) of uniquely mapped non-redundant sequence reads
in mapping parents and bulks were estimated individually, with the
average coverage of ∼11.6-fold and 64.1% (474.2 Mb) of kabuli
chickpea genome (with an estimated genome size of ∼740 Mb),
respectively (Supplementary Table S1). The normalized individual
sequence reads of mapping parents and bulks were compared with ref-
erence kabuli genomic sequences (pseudomolecules and scaffolds) to
mine the valid homozygous SNPs for QTL-seq analysis. The sequen-
cing data generated in the present investigation was submitted to
NCBI-sequence read archive (SRA) database (http://www.ncbi.nlm.

nih.gov/sra) with accession number SRR2228974 under BioProject
ID: PRJNA294404 (submission ID: SUB1081829). The comparative
assessment on desi and kabuli draft chickpea genome assemblies
provided clues regarding high-quality and uniform whole-genome
sequence assembly of kabuli, including its large size (Mb) chromo-
some pseudomolecule and scaffolds than desi chickpea genome.51

Henceforth, kabuli rather than the desi genome sequence was pref-
erably utilized as a reference for whole-genome resequencing-based
SNPs mining and QTL-seq analyses in mapping parents and bulks of
chickpea.

3.3. Discovery and annotation of genome-wide SNPs

in a mapping population of Pusa 1103 × ILWC 46

The comparative genome sequence data analysis of high (Pusa 1103
and HPNB) and low (ILWC 46 and LPNB) pod number-containing
mapping parents and bulks with reference genomic sequence (pseudo-
molecule) of kabuli accession (CDC Frontier) identified 243,896 and
234,921 high-quality homozygous SNPs (with read depth ≥10 and
SNP base quality ≥20) (Supplementary Tables S2 and S3, Fig. 2A
and B). Of these, 108,170 SNPs irrespective of monomorphic/poly-
morphic allele types were found to be common between high (Pusa
1103 and HPNB) and low (ILWC 46 and LPNB) pod number-
containing mapping parents and bulks based on their congruent phys-
ical positions (bp) on the reference kabuli genome (with a mean map
density of 4.8 kb) (Table 2, Supplementary Table S4, Fig. 2A). These
selected SNPs were further used for QTL-seq analysis. The 54,731
(50.6% of identified 108 170 SNPs) SNPs were physically mapped
on eight chromosomes of kabuli genome with a mean map density
of 6.3 kb that varied from 4.3 (chromosome 7) to 9.1 (chromosome
6) kb (Table 2, Fig. 2B). At a genome-wide level, the density of phys-
ically mapped SNPs was maximum on chromosome 7 (235.1 SNPs/
Mb) followed by chromosome 4 (213.2 SNPs/Mb) and minimum on
chromosome 6 (109.9 SNPs/Mb), with a mean of 157.6 SNPs/Mb
(Supplementary Fig. S1A). The remaining 53,439 (49.4%) SNPs were
mapped on the unanchored scaffolds of kabuli genome with an average
map density of 3.2 kb (Table 2). All the 243,896 and 234,921 high-
quality homozygous SNPs were submitted to NCBI dbSNP (http://
www.ncbi.nlm.nih.gov/SNP/snp_viewTable.cgi?handle=NIPGR) with
SNP submission (SS) accession numbers (1940124817-1945872952;
Supplementary Tables S2 and S3) for unrestricted public access.

The structural annotation of SNPs exhibited the occurrence of
84,529 (78.1% of total mined 108,170 SNPs) and 23,641 (21.9%)
SNPs in the intergenic and different sequence components of 6,179
genes, respectively (Fig. 2D). A maximum (9,280 SNPs, 39.2%) and

Figure 1. (A) Development of multiple mapping populations by inter-crossing of parental accessions (with at least one common parent) contrasting for a particular

agronomic trait such as pod number. LPNP: low pod numbermapping parent (green colour) and HPNP1 and 2: high pod numbermapping parents 1 (red colour) and 2

(blue colour). LPNP is considered the common parent. (B) Genetic inheritance study on normal frequency distribution of target trait (such as pod number) in mapping

populations for selection of homozygous individuals (constituting the bulks) from eachmapping population exhibiting two extreme contrasting phenotypic trait values

(like low and high pod number). LPNB and HPNB: low and high pod number bulks. (C) The Δ (SNP index)-based QTL-seq analysis (following detailed strategies of

Takagi et al.42 and Das et al.44) using NGS-genome resequences of parents and bulks from each of the multiple mapping populations to identify major genomic

regions that underlie QTLs governing particular agronomic trait in chickpea. The major QTLs identified from each of the multiple mapping populations are

localized at varying physical sequence intervals (Mb) spanned by flanking SNP markers on the chromosomes. For instance, QTL-seq analysis in two contrasting

pod number mapping populations identified two genomic regions harbouring two major pod number QTLs (PNQTL1 and PNQTL2) that spanned X and Y-Mb

sequence intervals between M1 and M2 as well as M3 and M4 flanking SNP markers, respectively, on the same chromosomes. (D) Integration of QTL-seq-derived

individual QTL outcomes from multiple mapping populations (with at least one common parent) called ‘mQTL-seq (multiple QTL-seq)’ for large-scale validation of

these identified major QTLs in multiple genetic backgrounds to scan the robust QTLs, and further to narrow down the longer robust QTL intervals into shorter

genomic intervals for delineation of candidate gene(s) regulating the trait under study. The integration of QTL-seq-derived two pod number QTLs (PNQTL1 and

PNQTL2) identified from two mapping populations enabled to validate these QTLs in two diverse genetic backgrounds to ascertain their robustness for pod

number regulation in chickpea. Further, the mQTL-seq analysis scaled-down a longer QTL interval (spanned X Mb) into a shorter pod number robust QTL interval

(spanned Y Mb) flanking within M3 and M4 SNP markers on the chromosome; this can serve as a potential target genomic region for rapid identification and

delineation of candidate gene(s) regulating pod number in chickpea. This figure is available in black and white in print and in colour at DNA Research online.
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minimum (1,948 SNPs, 8.2%) frequency of SNPs were observed in the
upstream regulatory regions (URRs) and CDS of genes, respectively
(Fig. 2E). Notably, 445 and 706 coding SNPs-containing genes exhib-
ited synonymous (666 SNPs) and non-synonymous (1,282 SNPs)

(missense and nonsense) substitutions, respectively (Fig. 2F). The non-
synonymous SNPs comprise 1,194 missense and 88 nonsense SNPs
in the 625 and 81 genes, respectively. The average frequency of
SNPs within genes was estimated as 3.8 SNPs/gene. The functional

Figure 2.Genome-wide distribution pattern of SNPs identified by comparing thewhole-genome resequencing data of high and low pod number-containing parental

accessions and homozygous individuals (constituting bulks) from each of twomapping populations [(Pusa 1103 × ILWC46) and (Pusa 256 × ILWC 46)] with respect to

kabuli chickpea (CDC Frontier). SNPs differentiating high and low-pod number-containing parental accessions and homozygous bulks of two mapping populations

[A: (Pusa 1103 × ILWC 46) and B: (Pusa 256 × ILWC 46)] fromCDC Frontier are illustrated by venn diagrams. HPNB: high pod number bulk and LPNB: low pod number

bulk. (C) The relative genomic distribution of SNPs physicallymapped on eight chromosomes of kabuli chickpea genome are depicted by a Circos circular ideogram.

The outermost circles denote the different physical size (Mb) of eight chromosomes coded with multiple colours as per the pseudomolecule size reported in kabuli
chickpea genome.46 SNPs (Pusa 1103 and HPNB) vs. CDC Frontier (a), (ILWC 46 and LPNB) vs. CDC Frontier (b), (Pusa 256 and HPNB) vs. CDC Frontier (c), and (ILWC

46 and LPNB) vs. CDC Frontier (d) are indicated. (e) Total SNPs, including non-synonymous (f) and regulatory SNPs (g) common between high (Pusa 1103 and

HPNB) and low (ILWC 46 and LPNB) pod number-containing parental accessions and homozygous mapping individuals. (h) Total SNPs, including

non-synonymous (i) and regulatory SNPs ( j) common between high (Pusa 256 and HPNB) and low (ILWC 46 and LPNB) pod number-containing parental

accessions and homozygous mapping individuals. Frequency of SNPs discovered from the intergenic and various coding (synonymous and non-synonymous)

and non-coding (introns and regulatory regions) sequence components of protein-coding genes (D, E and F) annotated on kabuli chickpea genome. Parenthesis

designates the number of SNPs-containing genes. The CDS (coding sequences), URR (upstream regulatory region) and DRR (downstream regulatory region) of

genes were defined as per the gene annotation of kabuli genome. This figure is available in black and white in print and in colour at DNA Research online.

Table 1. Statistical measures of pod number estimated in parental accessions and individuals of two inter-specific F5 mapping populations

Mapping populations Parental accessions F5 mapping individuals Broad-sense
heritability (H2%)

Pusa 1103 (Mean ± S.D.) ILWC 46 (Mean ± S.D.) Mean ± S.D. Range Coefficient of
variation (CV%)

Pusa 1103 × ILWC 46 129 ± 2.2 29 ± 1.9 145.5 ± 18.9 5.0–237.0 13.0 81

Pusa 256 (Mean ± S.D.) ILWC 46 (Mean ± S.D.) Mean ± S.D. Range Coefficient of
variation (CV%)

Pusa 256 × ILWC 46 125 ± 2.4 29 ± 1.5 129.1 ± 19.1 5.0–229.0 14.8 80
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annotation of 6,179 SNPs-carrying genes revealed correspondence of
∼9.6 and 8.4% of SNPs to transcription factors and disease
resistance-related proteins, respectively. The numerous informative
SNPs differentiating desi (Pusa 1103), kabuli (CDC Frontier) and
wild (ILWC 46) accessions, structurally and functionally annotated
at a genome-wide scale, can be deployed for multi-dimensional high-
throughput genotyping applications in chickpea.

3.4. Discovery and annotation of genome-wide SNPs

in a mapping population of Pusa 256 × ILWC 46

We identified 170,032 and 175,796 high-quality genome-wide homo-
zygous SNPs differentiating the high (Pusa 256 and HPNB) and low
(ILWC 46 and LPNB) pod number-containing mapping parents and
bulks from reference kabuli accession (CDC Frontier) (Supplementary
Table S5 and S6, Fig. 2B and C). Of these, 77,097 SNPs identified to
be common between high (Pusa 256 and HPNB) and low (ILWC 46
and LPNB) pod number-containing mapping parents and bulks fol-
lowing the aforesaid criteria were further used in QTL-seq analysis
(Supplementary Table S7, Fig. 2C). All these 77,097 SNPs were
mapped on the kabuli genome with an average map density of
6.7 kb (Table 2). The 34,713 (45% of identified 770,987 SNPs)
SNPs mined were physically mapped on eight chromosomes of kabuli
genome with a mean map density of 10 kb that ranged from 6.7
(chromosome 4) to 13.2 (chromosome 5) kb (Table 2, Fig. 2B). At a
whole-genome level, the density of physically mapped SNPs was high-
est on chromosome 4 (149.1 SNPs/Mb) followed by chromosome 1
(116.7 SNPs/Mb) and minimum on chromosome 5 (75.9 SNPs/Mb),
with a mean of 99.9 SNPs/Mb (Supplementary Fig. S1B). The rest
42,384 (55%) SNPs were mapped on the unanchored scaffolds of ka-
buli genomewith an average map density of 4.0 kb (Table 2). All these
170,032 and 175,796 high-quality homozygous SNPs were submitted
to NCBI dbSNP (http://www.ncbi.nlm.nih.gov/SNP/snp_viewTable.
cgi?handle=NIPGR) with SNP submission (SS) accession numbers
(1945872954–1947070701, Supplementary Tables S5 and S6) for
unrestricted use.

The structural annotation of SNPs showed the presence of 62,174
(80.6% of total mined 77,097 SNPs) and 14,923 (19.4%) SNPs in the
intergenic and various sequence components of 4,175 genes, respect-
ively (Fig. 2D). The URRs and CDS of genes contained maximum
(5,557 SNPs, 37.2%) and minimum (1,467 SNPs, 9.8%) frequency
of SNPs, respectively (Fig. 2E). Notably, 319 and 475 coding

SNPs-carrying genes revealed synonymous (485 SNPs) and non-
synonymous (982 SNPs) substitutions, respectively (Fig. 2F). The non-
synonymous SNPs contained 909 missense and 73 nonsense SNPs
in the 408 and 67 genes, respectively. The average frequency of
SNPs within genes was estimated to be 3.6 SNPs/gene. The function-
al annotation of 4,175 SNPs-carrying genes exhibited that ∼7.3 and
5.3% of SNPs were belonging to transcription factors and disease
resistance-related proteins, respectively. These functionally relevant
SNPs, discriminating desi (Pusa 256), kabuli (CDC Frontier) and
wild (ILWC 46) accessions annotated in diverse sequence com-
ponents of genome/genes, have tremendous practical utility towards
establishing efficient marker-trait association and rapid detection of
potential genes/QTLs governing important agronomic traits in
chickpea.

3.5. Molecular mapping of QTL-seq-derived major PN

QTLs in a mapping population of Pusa 1103 × ILWC 46

The SNP index of individual SNPs showing differentiation between
high (Pusa 1103 and HPNB) and low (ILWC 46 and LPNB) pod
number-containing mapping parents and bulks was assessed. We
estimated an average SNP index across a 1-Mb genomic interval indi-
vidually in Pusa 1103 and HPNB as well as ILWC 46 and LPNB using
a 10-kb sliding window approach. Further, these SNP indexes were
plotted against eight chromosomes of kabuli reference genome. The
Δ (SNP index) was measured through combining the SNP index
information of HPNB and LPNB, and plotted against the genomic
positions (Mb) of kabuli reference genome (Fig. 3A). Two major
genomic regions (CaqaPN4.1: 13690423 to 14558233 bp and
CaqaPN4.2: 31916540 to 33716608 bp) on chromosome 4 demon-
strating the average SNP index of higher than 0.8 in HPNB and
lower than 0.2 in LPNB were detected (Fig. 3A) following the SNP
index estimation criteria as defined in QTL-seq analysis.42–44 The
major genomic regions harbouring PN QTLs identified by QTL-seq
were assured by Δ (SNP index) value that is significantly different
from 0 at 99% significance level. Our comprehensive analysis of
these target genomic regions inferred that high and low pod number-
containing mapping individuals constituting the HPNB and LPNB
comprised majority of the SNP alleles from high (Pusa 1103) and
low (ILWC 46) pod number-containing mapping parental accessions,
respectively. Taken together, our findings by QTL-seq in an inter-
specific mapping population (Pusa 1103 × ILWC 46) ascertained the

Table 2. Genomic distribution of SNPs physically mapped on eight chromosomes and unanchored scaffolds of kabuli chickpea genome

Chromosomes Size (Mb) of kabuli
chromosomes

(pseudomolecules)

Number (%) of common SNPs mapped Average map density (kb)

(Pusa 1103 and HPNB)
vs. (ILWC 46 and LPNB)

(Pusa 256 and HPNB)
vs. (ILWC 46 and
LPNB)

(Pusa 1103 and
HPNB) vs. (ILWC
46 and LPNB)

(Pusa 256 and
HPNB) vs. (ILWC
46 and LPNB)

Ca_Kabuli_Chr01 48.4 6,191 (11.3) 5,643 (16.2) 7.8 8.6
Ca_Kabuli_Chr02 36.6 5,232 (9.5) 3,475 (10.0) 7.0 10.5
Ca_Kabuli_Chr03 40.0 5,712 (10.4) 3,505 (10.1) 7.0 11.4
Ca_Kabuli_Chr04 49.2 10,491 (19.2) 7,331 (21.1) 4.7 6.7
Ca_Kabuli_Chr05 48.2 6,770 (12.4) 3,659 (10.5) 7.1 13.2
Ca_Kabuli_Chr06 59.5 6,540 (11.9) 4,761 (13.7) 9.1 12.5
Ca_Kabuli_Chr07 49.0 11,507 (21.0) 4,564 (13.1) 4.3 10.7
Ca_Kabuli_Chr08 16.5 2,288 (4.2) 1,775 (5.1) 7.2 9.3
Total 347.2 54,731 (50.6) 34,713 (45.0) 6.3 10.0
Unanchored scaffolds 171.5 53,439 (49.4) 42,384 (55.0) 3.2 4.0
Total 518.7 108,170 77,097 4.8 6.7
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Figure 3. Graphs illustrating the SNP index and Δ (SNP index) of HPNB (high pod number bulk), LPNB (low pod number bulk) generated frommQTL-seq analysis in

two inter-specific chickpeamapping populations [A: (Pusa 1103 × ILWC 46) and B: (Pusa 256 × ILWC 46)]. The X-axis designates the physical positions (Mb) of kabuli
chickpea chromosome 4. The Y-axis denotes the SNP indexes that are measured according to 1-Mb physical interval with a 10-kb sliding window. The Δ (SNP index)

was plotted using the statistical confidence intervals under null hypothesis of no QTL (P < 0.01) (indicated by a black dotted line) as per Takagi et al.42 and Das et al.44

Two candidatemajor genomic intervals underlying the robust PNQTLs (CaqaPN4.1,CaqaPN4.2, CaqbPN4.1 and CaqbPN4.2) identified fromeach of the twomapping

populations using mQTL-seq were defined following the criteria of SNP index near to 1 and 0 in HPNB and LPNB, respectively, and the confidence value of

significant Δ (SNP index) >0.5 (significance level at P < 0.01). This figure is available in black and white in print and in colour at DNA Research online.
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presence of two major QTLs (CaqaPN4.1 and CaqaPN4.2) governing
PN at the 867.8 Kb [13690423 (SNP_20990A) to 14558233
(SNP_21161A) bp] and 1.80 Mb [31916540 (SNP_27349A) to
33716608 (SNP_28364A) bp] genomic intervals on chromosome
4 of chickpea (Fig. 3A). The SNPs flanking the QTL-seq-derived
major PN QTL (CaqaPN4.1 and CaqaPN4.2) were validated in
accordance with their expected allelic discrimination by resequencing
of PCR amplicons amplified from the parental accessions (Pusa 1103
and ILWC 46) and mapping individuals constituting the HPNB and
LPNB.

3.6. Molecular mapping of QTL-seq-derived major PN

QTLs in a mapping population of Pusa 256 × ILWC 46

The SNP index of individual SNPs revealing differentiation between
high (Pusa 256 and HPNB) and low (ILWC 46 and LPNB) pod
number-containing mapping parents and bulks was measured. The
estimation of average SNP index (across a 5-Mb genomic interval of
a 10-kb sliding window) and Δ (SNP index) of HPNB and LPNB,
and their plotting across eight kabuli chromosomes (following
aforementioned strategies) identified two major genomic regions
(CaqbPN4.1: 13770030 to 14407570 bp and CaqbPN4.2: 31916540
to 33195624 bp) on chromosome 4 exhibiting the average SNP index
of higher than 0.9 in HPNB and lower than 0.1 in LPNB (Fig. 3B). The
authenticity of these identified major genomic regions harbouring
PN QTLs was confirmed by valid significant Δ (SNP index) value (at
99% significance level). The detail analysis of these target genomic
regions indicated the presence of most of the SNP alleles from Pusa
256 and ILWC 46 in high and low pod number-containing mapping
individuals constituting theHPNBand LPNB, respectively. Collectively,
the QTL-seq in an inter-specific mapping population (Pusa 256 × ILWC
46) identified two major QTLs (CaqbPN4.1 and CaqbPN4.2) regulat-
ing PN at the 637.5 kb [13770030 (SNP_15561B) to 14407570
(SNP_15696B) bp] and 1.28 Mb [31916540 (SNP_18917B) to
33195624 (SNP_19254B) bp] genomic intervals on chromosome 4 of
chickpea (Fig. 3B). The SNPs flanking the QTL-seq-derived major PN
QTL (CaqbPN4.1 and CaqbPN4.2) were validated according to their
expected allelic discrimination by resequencing of PCR amplicons amp-
lified from the parental accessions (Pusa 256 and ILWC46) andmapping
individuals constituting the HPNB and LPNB.

3.7. QTL region-specific trait association mapping

The four major genomic regions underlying PN QTLs (CaqaPN4.1,
CaqaPN4.2, CaqbPN4.1 and CaqbPN4.2) detected in two mapping
populations of Pusa 1103 × ILWC 46 and Pusa 256 × ILWC 46
using QTL-seq were compared and correlated (Fig. 4A and B). This
led to identification of two consensus major genomic regions with
short physical intervals of 637.5 kb [CaqbPN4.1: 13770030
(SNP_15561B) to 14407570 (SNP_15696B) bp] and 1.28 Mb
[CaqbPN4.2: 31916540 (SNP_18917B) to 33195624 (SNP_19254B)
bp] on chromosome 4 harbouring PN QTLs (Fig. 4A and B). These
QTLs, being well-validated across two diverse chickpea mapping
populations under study, were considered as robust QTLs. The scale-
down of longer major PN QTL intervals identified by QTL-seq in in-
dividual mapping population into shorter QTL regions by mQTL-seq
implicates the significance of mQTL-seq over QTL-seq approach for
high-resolution molecular mapping along with fine mapping of
major potential genomic regions underlying robust trait-regulatory
QTLs in chickpea. Based on congruent physical position, one of the
robust QTL (CaqbPN4.1) of these exhibited correspondence with a
priorly identified known major QTL regulating pod number/plant

was mapped on an intra-specific genetic linkage map of chickpea
(Fig. 4A and B).41 The remaining one robust PN QTL (CaqbPN4.2)
was considered to be novel (not previously identified) and thus selected
by us to delineate potential candidate gene-regulating pod number
through QTL region-specific high-resolution trait association map-
ping. A wider practical applicability of mQTL-seq strategy for rapid
detection of major as well as robust high-resolution PN QTLs using
two F5 inter-specific chickpea mapping populations (with at least
one common parental accession) was evident. More recently, such
QTL-seq approach has been deployed in multiple mapping popula-
tions for scanning the major QTLs controlling fruit weight and locule
number in tomato.45 Collectively, this suggests the accuracy and
robustness of mQTL-seq as an approach for rapid delineation of high-
resolution major QTLs governing traits of agronomic importance at a
genome-wide scale in chickpea.

The targeted resequencing of this 1.28 Mb delineated novel
CaqbPN4.2 robust QTL region in high and low pod number-containing
mapping parents (Pusa 1103 × ILWC 46) and bulks (HPNB and LPNB)
detected 2,913 high-quality SNPs with an average SNP density of
1/439.4 bp. This contained 1,543 intergenic SNPs and 1,370 SNPs
derived from the coding and non-coding sequence components of
448 genes. For QTL region-specific trait association analysis, the geno-
typing information of 2,913 SNPs mined and mapped on a 1.28 Mb
(CaqbPN4.2) novel QTL region was correlated with PN field phenotyp-
ing data (PN: 21.9–204.5 with 33% CV and 70% H2) and diversity
statistics (population structure, PCA, kinship) of 92 desi and kabuli
chickpea accessions (PN-specific association panel). The comprehensive
association analysis by effective integration of GLM and MLM
outcomes with EMMA and FDR based on multiple-comparisons
detected two SNPs (SNP_1 at 32636428 bp: C/A and SNP_19172B
at 32640058 bp: C/T) in the CDS and URR of a pentatricopeptide re-
peat (PPR) protein-coding gene revealing strong association (P: 1.5–2.0
× 10−7 and R2 = 25–28%) with PN in chickpea (Fig. 4B and C). This is
further ascertained by identification of similar PPR gene-derived regula-
tory SNP (SNP_19172B at 32640058 bp: C/T) with high Δ (SNP index)
(0.8) at CaqbPN4.2 QTL region governing pod number based on our
mQTL-seq analysis in two inter-specific mapping populations of chick-
pea (Fig. 3A and B). Therefore, this strong PN-associated PPR gene
localized at a major PN novel QTL interval (CaqbPN4.2) was selected
as one of the potential candidate for understanding its efficacy in pod
number regulation through differential expression profiling.

3.8. Validation of a PN-associated PPR gene through

differential expression profiling

One strong PN-associated regulatory and coding SNPs-containing
PPR gene delineated at 1.28 Mb major genomic region harbouring a
novel CaqbPN4.2 robust QTL (validated by both mQTL-seq- and
QTL region-specific association analysis) was selected for differential
expression profiling. The primer-pair designed targeting this gene was
used for amplification with the RNA isolated from the vegetative (leaf
and root) and reproductive (flower bud, ovary, anther and mature
pollen) tissues and two pod (∼5 mm beginning pod size at 5–10
days after anthesis/DAA and ∼2 cm full pod at 15–20 DAA) develop-
mental stages of low and high pod number-containing homozygous
mapping individuals (used in QTL-seq analysis) and parental acces-
sions of two mapping populations using semi-quantitative and quan-
titative RT–PCR assays. A strong PN-associated PPR gene revealed
tissue-specific expression in the anthers, mature pollens and pods of
parental accessions and mapping individuals compared with their re-
spective vegetative (leaf and root) and reproductive (flower bud and
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ovary) tissues (Fig. 5). This gene also exhibited pronounced differen-
tial up-regulation (∼6.7-folds, P≤ 10−3) in anther, mature pollen and
two pod developmental stages (comparedwith vegetative tissues) of all
high and low pod number-containing parental accessions and indivi-
duals of twomapping populations under study (Fig. 5). Interestingly, a
significant higher (∼3.5-fold, P ≤ 10−3) differential up-regulation of
PPR gene in anther, mature pollen and pod developmental stages of
high pod number-containing parental accessions and mapping indivi-
duals compared with low pod number-containing parental accessions
and mapping individuals was evident (Fig. 5).

The integration of mQTL-seq (two inter-specific mapping popula-
tions, Pusa 1103 × ILWC 46 and Pusa 256 × ILWC 46) with QTL
region-specific association analysis (92 association panel) and differ-
ential expression profiling (anther, mature pollen and pod develop-
mental stages) has got functional relevance to identify potential
novel regulatory and coding SNP allelic variants in one of the major
PPR gene delineated at a novel robust QTL region (CaqbPN4.2)

associated strongly with pod number in chickpea. The efficacy of
the combinatorial approach integrating genetic and association
mapping with expression profiling to scale down potential candidate
gene and alleles at a major QTL region governing diverse agronomic
traits, including seed weight and pod/seed number is well established
in chickpea.9–13, 22,23 A pod number-regulating PPR gene identified in
our study, showing >80% sequence conservation with Arabidopsis
gene orthologue (At1g52620), is reportedly involved in controlling
growth and development-related traits (pollination and embryogen-
esis) in multiple crop plants, including Arabidopsis and Phaseo-
lus.52,53 Specifically, PPR gene family proteins have definite
functional role in regulating proper pollen development by higher
accumulation of transcripts in the mature pollen and efficient nuclear-
organelle interactions to produce higher fertile seeds (embryogenesis)
and pods in diverse plant species.54–62 Accordingly, we observed a
higher expression of PPR gene transcripts in the mature pollen and
two pod developmental stages of high pod number-containing parental

Figure 4. The integration of Δ (SNP index)-based QTL-seq-derived four pod number major QTLs in twomapping populations [A: (Pusa 1103 × ILWC 46) and B: (Pusa

256 × ILWC 46)] narrowed down one novel major genomic region harbouring a robust pod number QTL (CaqbPN4.2) into 1.28 Mb sequence interval [between

flanking SNP (SNP_18917B and SNP_19254B) markers] indicated by green font on kabuli chickpea chromosome 4. This QTL region was subsequently scaled

down into the regulatory (C/T) and coding (C/A) SNPs-containing one candidate PPR (pentatricopeptide repeat) gene associated strongly with pod number by

combining mQTL-seq with QTL region-specific association analysis (C). *Known pod number QTLs (CaqaPN4.1 and CaqbPN4.1) documented previously by

Varshney et al.41 The details regarding SNPs flanking/localized at the major PN QTLs and SNPs in a PPR gene associated with PN are mentioned in the

Supplementary Tables S4 and S7. This figure is available in black and white in print and in colour at DNA Research online.
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accessions and homozygous mapping individuals vis-a-vis low pod
number accessions and mapping individuals in chickpea. However, a
detail molecular characterization and functional validation of this
gene is essential to decipher its regulation specifically during pollen
and pod development causing high pod number in chickpea. The
PPR gene once validated in a large scale could be deployed for
genomics-assisted crop improvement to develop genetically tailored
varieties with higher pod/seed number and yield in chickpea.
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