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of 3.22 cM (Table 2). The longest LG with a map length of 
140.3 cM (40 CNMS markers) was observed in chromosome 
4, followed by chromosome 1 (27 markers spanning 124.3 
cM). Chromosome 8 had the shortest LG, spanning 63.5 cM 
(19 markers). The average intermarker distance for the tran-
script map varied from 2.31 cM (chromosome 6) to 4.60 cM 

(chromosome 1) (Table 2). This is in agreement with the range 
of average intermarker distances that was estimated (1.77–
8.01 cM) previously for microsatellite marker-based genetic 
linkage maps of chickpea (Winter et al., 2000; Nayak et al., 
2010; Gaur et al., 2011; Gujaria et al., 2011; Choudhary et al. 
2012; Kujur et  al. 2013). The genic CNMS marker-based 
transcript map constructed in the present study would thus 
expedite the identification and targeted mapping of genes/
QTLs (eQTLs), particularly those that are associated with 
yield and stress tolerance in the chickpea.

Significant differences in 100-seed weight between the 
parental chickpea genotypes and the RIL mapping indi-
viduals (13.5–37.2 g) was observed based on the ANOVA. 
A  normal frequency distribution of  seed weight among 
the 190 RIL mapping individuals and parental genotypes 
(Supplementary Fig. S4 at JXB online) indicated the util-
ity of  the developed mapping population for seed weight 
QTL mapping studies. The QTL mapping of  238 CNMS 
markers in the RIL mapping population allowed for the 
identification of  two major and significant (LOD >4.0) 
QTLs on chromosomes 2 [phenotypic variation explained 
(PVE) R2=27.8%] and 7 (R2=23.6%) in association with 
the 100-seed weight (Fig. 6). These target seed weight QTL 
regions identified on chromosomes 2 (39.3–42.1 cM) and 
7 (24.3–25.6 cM) included three (Ca-CNMS 98–100) and 
four (Ca-CNMS 544–547) gene-based CNMS markers, 
respectively (Fig. 6). To establish correlations between the 
genetic map and the sequence-based physical map, the seed 
weight-associated target regions identified by genetic/QTL 
mapping were combined with those that were derived from 
the latest available genomic sequence information for the 
chickpea (Varshney et  al., 2013). The integration of  the 
genetic and physical maps indicated that the seed weight 
QTL regions identified on chromosomes 2 and 7 corre-
sponded to physical intervals of  ~5885 bp and 8451 bp, 
respectively (Fig.  6). Interestingly, the seven CNMS 
marker-associated genes harbouring the seed weight QTL 
regions showed strikingly high seed-specific expression 
(≥4-fold) compared with the leaf  in the three low and high 
seed weight chickpea genotypes (ICCX-810800, ICC 4958, 
and ICC 20268) based on differential expression profiling 
(Fig. 5). Therefore, these seven genes were selected as can-
didates for dissecting the complex quantitative seed weight 
in the chickpea.

Table 2.  CNMS marker-associated genes mapped on the eight chromosomes of the chickpea [Cicer arietinum (Ca)] transcript map

Linkage groups/chromosomes Mapped CNMS markers Map length covered (cM) Average intermarker distance (cM)

CaLG(Chr)1 27 124.3 4.60
CaLG(Chr)2 20 78.9 3.94
CaLG(Chr)3 28 70.6 2.52
CaLG(Chr)4 40 140.3 3.50
CaLG(Chr)5 29 103.4 3.56
CaLG(Chr)6 37 85.4 2.31
CaLG(Chr)7 38 100.5 2.64
CaLG(Chr)8 19 63.5 3.34
Total 238 766.9 3.22

Fig. 5.  Hierarchical cluster display of the expression profile for 17 CNMS 
marker-associated genes showing high levels of seed-specific expression 
at two seed developmental stages/tissues compared with vegetative leaf 
tissues of three contrasting low and high/very high seed weight chickpea 
genotypes (ICCX-810800, ICC 4958, and ICC 20268). The scale at the 
top represents the average log of the signal expression values (expression 
levels) of the genes in the various tissues and developmental stages. 
The tissues/seed developmental stages of the contrasting genotypes 
and CNMS marker-associated genes that were used for the expression 
profiling analysis are indicated on the right side and top of the expression 
map, respectively. Details of CNMS marker-associated genes are given 
in Table 1. Seven CNMS marker-associated genes harbouring the seed 
weight QTLs/eQTLs are marked with arrows. S1, seed development 
stage 1 (10–20 DAP); S2, seed development stage 2 (21–30 DAP). 
The expression values across different tissues/developmental stages of 
genotypes were normalized against the endogenous control elongation 
factor-1 alpha in the quantitative RT-PCR assay. The gene expression in 
leaf tissues of all the genotypes was considered as the reference calibrator 
and assigned as 1. (This figure is available in colour at JXB online.)
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CNMS marker-based eQTL mapping, expression 
profiling, and selective genotyping

Seven CNMS marker-associated genes selected based on their 
seed-specific expression and localization in seed weight QTL 
regions were further analysed for eQTL mapping, large-scale 
expression profiling, and selective genotyping. A differential 
expression analysis of the seven seed weight-regulating CNMS 
marker-associated genes at the two seed developmental stages 
of the parental genotypes (ICC 4958 and ICC 17163) and 190 
individuals, including 30 low and high seed weight homozy-
gous RIL mapping individuals, was performed. The cor-
relation of differential expression profiling with CNMS 
marker-based seed weight QTL mapping identified signifi-
cant (LOD >5.0) eQTLs for three CNMS marker-associated 
genes (Ca-CNMS 99, 100, and 545) on chromosomes 2 and 7 

governing 100-seed weight (Fig. 6). The target eQTLs identi-
fied for the three genes explained a total of 26.3% of the vari-
ation in their expression levels (Fig. 6). One of the high seed 
weight parental genotypes (ICC 4958)  exhibited increased 
relative expression levels during seed development for eQTLs 
of all three of the CNMS marker-associated genes. The map-
ping of a single eQTL in the URRs of two CNMS marker-
associated genes (Ca-CNMS 100 and 545)  suggested that 
allelic polymorphism of microsatellite repeat units at known 
regulatory element regions/TFBS of such genes directly 
impact their expression levels. Despite the quantitative genetic 
inheritance patterns of the seed weight in the chickpea, it was 
observed that each of the two seed weight-governing genes 
was independently regulated by a single eQTL for chromo-
somes 2 and 7, with their major effect (R2=25.7%) being trait 

Fig. 6.  Integration of the genetic and physical maps of the target genomic regions underlying seed weight QTLs and eQTLs identified on chickpea 
chromosomes 2 and 7. The target seed weight cis- and trans-eQTLs (LOD >5.0) for three CNMS marker-associated genes identified on chromosomes 
2 and 7 are indicated. The genetic (cM) and physical (bp) distances and identities of the CNMS marker loci integrated on the chromosomes are indicated 
on the left and right sides of the chromosomes, respectively. (This figure is available in colour at JXB online.)
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expression variation. This correlates well with earlier eQTL 
mapping studies involving the dissection of complex quan-
titative agronomic traits in maize (Schadt et  al., 2003) and 
barley (Potonika et al., 2006). The co-localization of CNMS 
marker-associated TF genes (Ca-CNMS100/LOB-domain-
containing protein and Ca-CNMS545/KANADI protein) 
and their eQTLs (LOD >5.0) based on congruent genetic 
map positions for two chromosomes (Chr 2, 42.1 cM; and 
Chr 7, 25.1 cM) indicated the cis-regulation of these CNMS-
containing known regulatory elements for controlling differ-
ential gene expression involving seed weight in the chickpea. 
Such cis-regulation-mediated differential gene expression has 
commonly been observed in mammals and plants at higher 
LOD scores (Doss et al., 2005; Hubner et al., 2005; Salvi et al., 
2007; Boerjan and Vuylsteke, 2009; Terpstra et  al., 2010). 
However, the genetic position (Chr 2, 41.2 cM) of the sin-
gle remaining CNMS marker-associated gene [Ca-CNMS 99/
AP2/ERF (APETALLA 2/ethylene response factor) TF] and 
its eQTL was not congruent. Interestingly, the eQTL of this 
gene was positioned with another CNMS marker-associated 
gene (Ca-CNMS 547/homeodomain TF) that was mapped to 
chromosome 7 (Chr 7, 26.5 cM), thus indicating that both of 
these genes are trans-regulated for the control of the differen-
tial expression of seed weight. The four cis and trans eQTLs 
regulating seed weight identified on two chromosomes by 
the differential expression profiling were well correlated and 
situated within the genomic regions harbouring seed weight 
QTLs (as detected in the QTL mapping studies using CNMS 
marker-based genotyping information) (Fig. 6). These find-
ings confirm that four seed weight-governing CNMS marker-
associated genes identified at both the QTL and eQTL target 
regions for seed weight could serve as potential candidates 
for the regulation of seed weight expression in the chickpea.

To validate further the results of the eQTL mapping and 
the cis-regulation of the genes, the eQTLs that were identified 
for the four CNMS marker-associated genes were analysed 
for differential expression at two seed developmental stages 
of low (100-seed weight 5–13 g) and high/very high (47–55 g) 
seed weight in 12 contrasting germplasm lines along with 
parents (ICC 4958 and ICC 17163) and 10 homozygous RIL 
mapping individuals using semi-quantitative and quantitative 
RT-PCR assays. Two of these genes (cis-regulated eQTLs) 
(one on chromosome 2 and another on chromosome 7) were 
differentially expressed during seed development (as com-
pared with the leaf). The two genes remaining showed almost 
equal levels of gene expression at the seed developmental 
stages of both the low and high/very high seed weight germ-
plasm lines, parents, and mapping individuals. The CNMS 
marker-associated gene [LOB-domain protein 40 (LBD40)] 
on chromosome 2 was down-regulated (at least 2-fold) at the 
seed developmental stages of the low seed weight germplasm 
lines, parents, and mapping individuals (as compared with 
the leaf), while for the high/very high seed weight germplasm 
lines, parents, and mapping individuals, this gene was up-reg-
ulated during seed development (as compared with the leaf) 
(Fig.  7A). In contrast, another CNMS marker-associated 
gene [KANADI protein (KAN)] on chromosome 7 was up-
regulated (at least 2-fold) at the seed developmental stages of 

both the low and high/very high seed weight germplasm lines, 
parents, and mapping individuals under study (Fig. 7B).

The comparison of 17 seed tissue-/developmental stage-
specific genomic and cDNA sequences, including two seed 
weight-regulating differentially expressed CNMS marker-
associated genes (LOB-domain protein- and KANADI pro-
tein-encoding genes) (Fig. 4) in the low and high/very high 
seed weight desi and kabuli germplasm lines and homozy-
gous RIL mapping individuals and parental genotypes 
revealed the presence of the expected microsatellite repeat 
motif  sequences. The detailed comparative sequence analy-
sis with the existing genome sequence database of five low 
and high/very high seed weight genotypes (ICC 4958, ICC 
4951, CDC Frontier, ICCV2, and PI489777) confirmed the 
occurrences of variable numbers of microsatellite repeat 
units in the known regulatory elements/TFBS of all 17 of the 
CNMS marker-associated genes that differentiated at least 
two of the low and high/very high seed weight contrasting 
germplasm lines and mapping individuals studied (Table 1). 
Notably, the presence was observed of variable repeat units, 
such as (GA)n and (CAA)n, in the signal sequence binding 
sites of the regulatory elements (GAGA8HVBKN3 and 
RAV1AAT) of two seed weight-regulating differentially 
expressed CNMS marker-associated genes (LOB-domain 
protein- and KANADI protein-encoding genes), respectively, 
which differentiated all of the low seed weight germplasm 
lines, homozygous RIL mapping individuals, and parental 
genotype (ICC 17163)  from the high/very high seed weight 
germplasm lines, parent (ICC 4958), and homozygous RILs 
(Fig. 4). These findings thus infer the significant correlation 
between fragment length polymorphism due to microsatellite 
repeat unit variability at known regulatory elements/TFBS 
of genes with their differential expression during seed devel-
opment in the chickpea. The expansion and contraction of 
microsatellite repeats in the regulatory regions of genes have 
significance in controlling the gene expression of many traits, 
including amylose content in rice (Bao et al., 2002), protein 
quality in maize (Dresselhaus et al., 1999), and light and sali-
cylic responses in Brassica (Zhang et al., 2006).

Molecular haplotyping and association analysis in seed 
weight-regulating CNMS marker-associated genes

A genetic association analysis was conducted by correlating 
the genotyping data of two seed weight-regulating CNMS 
marker-associated TF genes with the seed weight-specific 
phenotyping information (5–55 g) of 96 germplasm lines 
(association panel). This analysis revealed a significantly 
high degree of association of two of these CNMS markers 
derived from the LOB-domain protein- (P=1.2 × 10–4 with 
R2=0.39) and KANADI protein- (P=3.1 × 10–2 with R2=0.18) 
encoding TF genes with 100-seed weight in the chickpea. 
The estimation of marker allele effects in these two CNMS 
marker-associated genes depicted their overall strong effect 
on seed weight regulation in the germplasm lines (Fig.  4). 
There was a >3-fold increase in the marker allele effects of 
the LOB-domain protein- and KANADI protein-encoding 
TF gene-derived CNMS markers, amplifying 160/162 bp and 
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Fig. 7.  Differential expression profiling of seed weight-regulating CNMS marker-associated LOB-domain protein- (A) and KANADI (B) protein-encoding 
genes at two seed developmental stages of 10 low and high/very high seed weight homozygous RIL mapping individuals, parental genotypes (ICC 4958 
and ICC 17163), and 12 contrasting germplasm lines compared with their vegetative leaf tissues using quantitative RT-PCR assay. HL, homozygous lines; 
S1, seed development stage 1 (10–20 DAP); S2, seed development stage 2 (21–30 DAP). The expression values across different tissues/developmental 
stages of germplasm lines, parents, and mapping individuals were normalized against the endogenous control elongation factor-1 alpha in the 
quantitative RT-PCR assay. The gene expression in leaf tissues (indicated as All-Leaf) of all the germplasm lines and mapping individuals was considered 
as the reference calibrator and assigned as 1. Each bar represents the mean (± SE) of three independent biological replicates with two technical 
replicates for each sample used in the quantitative RT-PCR assay. *Significant differences in expression of CNMS marker-associated genes at two seed 
developmental stages of low and high seed weight germplasm lines, parents, and mapping individuals as compared with leaf at P<0.01 (LSD-ANOVA 
significance test). (This figure is available in colour at JXB online.)

 at International C
rops R

esearch Institute for the Sem
i-A

rid T
ropics on July 20, 2015

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


1286  |  Bajaj et al.

156 bp alleles in the high/very high seed weight germplasm 
lines compared with the low seed weight germplasm lines 
amplifying 158 bp and 150 bp alleles, respectively (Fig.  4). 
The differential marker allele effects of the CNMS markers 
in the regulatory regions of the genes thus reflect their sig-
nificance for rapid trait association analyses in the chickpea. 
Collectively, the results of the differential expression profil-
ing, seed weight QTL and eQTL mapping, selective genotyp-
ing, and association analysis identified one regulatory element 
in each of the two seed weight-governing CNMS marker-
associated TF genes (LOB-domain protein- and KANADI 
protein-encoding genes) controlling seed weight in the chick-
pea. The significance of these two identified TF genes was 
clearly understood by correlating their differential expression 
profiling and the cis-regulation of the varied CNMS repeats 
in the known regulatory elements/TFBS (GAGA8BKN3 and 
RAV1AAT) with strong biased CNMS marker allele effects 
in the contrasting high/very high seed weight rather than 
low seed weight RILs, segregating mapping individuals and 
germplasm lines.

To perform the seed weight-regulating gene haplotype-
specific association mapping, the genotyping information of 
the CNMS marker in the regulatory element/TFBS and one 
synonymous SNP identified in the coding sequence of the 
CNMS marker-associated LOB-domain protein-encoding 
TF gene (showing the potential for strong association with 
seed weight) among 96 germplasm lines (association panel) 
were utilized. It enabled six haplotypes in the entire 3400 bp 
sequenced amplicon of this gene to be constituted (Fig. 8). 
The haplotype-specific LD mapping and genetic association 
analysis using these CNMS-SNP marker-based haplotypes 
in the LOB-domain protein-encoding TF gene revealed a 
higher association potential (P=1.7 × 10–5 with R2=0.47) of 
the gene haplotypes with seed weight compared with that 
of the individual CNMS marker (Fig. 8). This suggests that 
the CNMS-SNP marker-based gene–haplotype combina-
tions efficiently provide higher LD resolution (r2>0.20 with 
P<0.0001) and enhance the association potential of genes 
for seed weight in the chickpea. Interestingly, three specific 
haplotype groups, [(GA)12-A/G], [(GA)13-A/G], and [(GA)14-
A/G], differentiating the low (42 germplasm lines, 100-seed 
weight varied from 5 g to 13 g), high (23, 31–41 g), and very 
high (31, 47–55) seed weight chickpea germplasm lines were 
identified, respectively (Fig. 8). These three gene haplotypes 
thus showed significantly higher association potentials for 
low (P=1.5 × 10–3 with R2=0.43) and high (P=1.2 × 10–4 with 
R2=0.48)/very high (P=1.1 × 10–6 with R2=0.49) seed weight 
differentiation among the chickpea genotypes. The differen-
tial expression profiling at the two seed developmental stages 
of the contrasting germplasm lines representing the three 
varying seed weight haplotype groups of the CNMS marker-
associated gene (LOB-domain protein-encoding TF) revealed 
their up-regulated expression (at least 2.5-fold), specifically at 
the seed developmental stages of 12 germplasm lines, parents, 
and 10 homozygous RIL mapping individuals (selected ran-
domly from each of the low and high/very high seed weight 
haplotype groups) compared with that of the leaf (Fig.  8). 
These findings confirm the association potential of (GA)n 

CNMS repeat motifs carrying GAGA8HVBKN3 regulatory 
elements and the haplotypes identified in the LOB-domain 
protein-encoding TF gene for seed weight differentiation and 
their implications in deciphering transcriptional regulatory 
gene functions during seed development in the chickpea.

The (GA)n CNMS repeat motif  in the regulatory ele-
ment region (GAGA8HVBKN3) of the LOB-domain 
protein-encoding TF gene (LBD40, plant-specific LOB 
TF gene family) has been implicated in a variety of tran-
scriptional activities that occur during developmental pro-
cesses in plants, such as Arabidopsis and rice (Shuai et  al., 
2002; Yang et  al., 2006; Husbands et  al., 2007; Majer and 
Hochholdinger, 2011). Likewise, the involvement of the 
(CAA)n CNMS repeat motif  in the regulatory element 
region (RAV1AAT) of the KANADI protein-encoding TF 
gene (higher plant-specific class III HD-Zip gene family) in 
controlling growth and development has also been reported 
in Arabidopsis (Hawker and Bowman, 2004; Izhaki and 
Bowman, 2007; Ilegems, 2010). Two seed weight-governing 
cis-regulated CNMS marker-associated genes (LOB-domain 
protein- and KANADI protein-encoding genes), identified 
and validated by integrating the differential expression pro-
filing, QTL and eQTL mapping, selective genotyping, hap-
lotyping, and association mapping, were analysed in detail 
using the AGRIS regulatory network database (AtRegNet; 
http://arabidopsis.med.ohio-state.edu). The direct interaction 
of the (CAA)n CNMS repeat motifs carrying the C-terminal 
domain of the RAV1 TF DNA-binding protein (B3; VP1/
ABI3 TF) that is present in the upstream sequences of 
KANADI protein-encoding genes was observed with one of 
the seed weight-regulating CNMS marker-associated LOB-
domain protein-encoding TF genes, LBD40 (as identified in 
the present study) along with the MADS (SEPALLATA3) 
TF gene. These interacting genes have been established to be 
key regulators of embryogenesis during seed development 
in Arabidopsis (Zheng et al., 2009; Le et al., 2010; Agarwal 
et  al., 2011; Majer and Hochholdinger, 2011). Therefore, it 
would be interesting to identify the upstream (upstream fac-
tors interacting/regulating the TF genes) and downstream 
(TFs regulating/interacting with the downstream structural 
genes) targets of these two seed weight-regulating CNMS 
marker-associated TF genes and their interactions specifi-
cally at CNMS repeat-containing known regulatory element-
binding sites for understanding the transcriptional regulation 
of such potential regulatory elements (alleles and haplotypes) 
during seed development in the chickpea.

In summary, the 666 informative functional CNMS mark-
ers possessing relatively high intraspecific polymorphic 
potentials that were developed from the non-coding URRs 
of genes have been shown to have pronounced applicability 
in chickpea genome analyses, including the construction of a 
functional transcript map and QTL/eQTL mapping and for 
the quantitative assessment of seed weight (Supplementary 
Fig. S5 at JXB online). Significantly, most of these mapped 
CNMS markers controlling cis-/trans-regulatory gene expres-
sion and functions are based on differential expression pro-
filing, strong biased marker allele/haplotype effects, and 
fragment length polymorphism due to varied CNMS repeats 
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at TFBS, which could expedite the comprehensive use of inte-
grative genetical genomics in the chickpea. Consequently, it 
would pin down the potential candidate gene targets (regu-
latory elements, alleles, and haplotypes) underlying QTLs 
(eQTLs) involved in transcriptional regulation of complex 
seed weight. The CNMS markers (allelic variants and hap-
lotypes) in the seven genes, including the two (LOB-domain 
protein- and KANADI protein-encoding genes) harbouring 
seed weight QTLs/eQTLs identified in this study, once vali-
dated via large-scale fine-mapping/map-based gene cloning 
and transgenics (overexpression/knock-down), could be uti-
lized for marker-assisted varietal improvement in chickpea. 
Although good candidates, the causal genes for seed weight 

QTLs/eQTLs may not necessarily be among the seven CNMS 
marker-associated genes found in the confidence intervals of 
QTLs/eQTLs.

Supplementary data

Supplementary data are available at JXB online.
Figure S1. A  physical map of the chickpea constructed 

using 666 CNMS marker-associated genes with an average 
density of 521.4 kb.

Figure S2. Hierarchical cluster display representing the 
expression profile of 220 CNMS marker-associated genes 

Fig. 8.  The seed weight-specific molecular haplotyping, LD mapping, genetic association analysis, and gene haplotype-specific expression profiling of 
a CNMS marker-associated LOB-domain protein-encoding TF gene, validating its potential for seed weight regulation in chickpea. The genotyping of 
one CNMS marker in the regulatory element/TFBS and one synonymous SNP (A/G) identified in the coding sequence component of this TF gene (A) 
among 96 contrasting low and high seed weight germplasm lines (association panel) constituted six haplotypes (B). Three specific haplotype (B) groups 
[(GA)12-A/G], [(GA)13-A/G], and [(GA)14-A/G], which were represented by 42, 23, and 31 germplasm lines showed significant association potentials for 
low (100 seed weight varied from 5 g to 13 g) and high (31–41 g)/very high (47–55 g) seed weight differentiation (C), respectively. (D) The LD mapping 
with genotyping data of six haplotypes produced higher LD estimates (r2>0.20 and P<0.0001) across the entire 3400 bp sequenced region of the TF 
gene. The columns below the diagonal indicate the correlation frequency (r2) among a pair of six different haplotypes constituted in a gene, whereas 
columns above the diagonal specify the P-value (P<0.01) of LD estimates (r2) for these haplotype combinations at 1000 permutations. (E) The differential 
up-regulated expression of the haplotypes of this gene in seed developmental stages of low and high/very high seed weight germplasm lines, parents, 
and homozygous RIL mapping individuals representing haplotype groups compared with the leaf was also observed. Each bar represents the mean (± 
SE) of three independent biological replicates with two technical replicates for each sample used in the quantitative RT-PCR assay. *Significant differences 
in expression of gene haplotypes at two seed developmental stages of low and high seed weight germplasm lines, parents, and mapping individuals as 
compared with leaf at P<0.01 (LSD-ANOVA significance test). (This figure is available in colour at JXB online.)
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that were differentially expressed in six different vegetative 
and reproductive tissues of the chickpea genotype ICC 4958.

Figure S3. A functional transcript map (genetic linkage 
map) of the chickpea (ICC 4958×ICC 17163)  constructed 
using 238 parental polymorphic CNMS marker-associated 
genes..

Figure S4. The frequency distribution of 100-seed weight 
(g) among 190 individuals of a RIL mapping population 
(ICC 4958×ICC 17163) revealed the significant variation of 
seed weight between parental genotypes and among mapping 
individuals, and depicted a goodness-of-fit to the normal 
distribution.

Figure S5. Characteristics, functional significance, and 
utility of genome-wide CNMS marker-associated genes for 
large-scale genotyping applications, including integrative 
genetical genomics for understanding the complex quantita-
tive trait of seed weight in chickpea.

Table S1. Chickpea genotypes used in the study for evaluat-
ing the amplification and polymorphic potential of CNMS 
markers among 25 chickpea genotypes.

Table S2. Characteristics of 666 CNMS markers developed 
from the non-coding upstream regulatory sequence compo-
nents of 603 protein-coding genes of chickpea.

Table S3. Genomic distribution of physically mapped 
CNMS marker-associated genes on eight chickpea 
chromosomes.

Table S4. CNMS marker-associated chickpea genes pre-
dicted to function as master regulatory transcription factors 
in plants.
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