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High experimental validation/genotyping success rate (94-96%) and intra-specific polymorphic potential
(82-96%) of 1536 SNP and 472 SSR markers showing in silico polymorphism between desi ICC 4958 and
kabuli ICC 12968 chickpea was obtained in a 190 mapping population (ICC 4958 X ICC 12968) and 92
diverse desi and kabuli genotypes. A high-density 2001 marker-based intra-specific genetic linkage map
comprising of eight LGs constructed is comparatively much saturated (mean map-density: 0.94 cM) in
contrast to existing intra-specific genetic maps in chickpea. Fifteen robust QTLs (PVE: 8.8-25.8% with
LOD: 7.0-13.8) associated with pod and seed number/plant (PN and SN) and 100 seed weight (SW) were
identified and mapped on 10 major genomic regions of eight LGs. One of 126.8 kb major genomic region
harbouring a strong SW-associated robust QTL (Caq’SW1.1: 169.1-171.3 cM) has been delineated by
integrating high-resolution QTL mapping with comprehensive marker-based comparative genome
mapping and differential expression profiling. This identified one potential regulatory SNP (G/A) in the
cis-acting element of candidate ERF (ethylene responsive factor) TF (transcription factor) gene governing
seed weight in chickpea. The functionally relevant molecular tags identified have potential to be utilized for
marker-assisted genetic improvement of chickpea.

cultivated food legume crops in the world. High yield potential but low crop productivity necessitates

genetic improvement of yield component and stress tolerant traits of chickpea cultivars. To expedite the
marker-assisted breeding for genetic enhancement in chickpea, identification and mapping of informative
markers tightly linked to the genes/QTLs (quantitative trait loci) regulating important agronomic traits is
essential. In recent years, such marker-assisted trait improvement in a large chickpea genome with narrow genetic
base is predominantly attributed to construction of high-resolution SNP (single nucleotide polymorphism) and
SSR (simple sequence repeats) marker-based intra- and inter-specific genetic linkage maps, and subsequently fine
mapping and map-based cloning of trait-governing genes/QTLs.

Until recently, about two thousand SSR and SNP markers have been validated and genotyped in diverse
mapping populations using high-throughput genotyping assays to construct the high-density inter-specific
genetic linkage maps in chickpea'™'®. By use of numerous such informative sequence-based codominant,
multi-/bi-allelic and abundant SSR and SNP markers in combinations, the resolution of constructed inter-specific
genetic linkage maps in terms of mean map-density has now increased upto 0.59-1.7 cM in chickpea®’. Several
efforts have also been made to construct SSR marker-based low resolution genetic linkage maps (map density
ranged from 2.5-7 cM) utilizing the diverse desi and kabuli intra-specific mapping populations''~'7*'*2%,

C hickpea (Cicer arietinum L.), represented majorly by desi and kabuli cultivar types, is one of the most
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However, only single report on construction of high-density intra-
specific genetic linkage maps (with map density varied from 1.74 to
2.16 cM) by high-throughput genotyping of about 1000 SSR and
SNP markers in RIL (recombinant inbred lines) mapping popula-
tions using automated fragment analyzer and Illumina GoldenGate
assay is available in chickpea®. Therefore, the combined use of SSR
and SNP markers in large-scale validation and high-throughput gen-
otyping of diverse mapping populations using suitable modern
advanced genotyping assays can significantly enhance the resolution
of intra-specific genetic linkage maps in chickpea.

Using the intra- and inter-specific genetic map information, many
QTLs associated with yield component and abiotic/biotic stress
tolerance traits have been identified and mapped in chickpea. It
includes identification and mapping of QTLs associated with
Fusarium wilt, Ascochyta blight, Botrytis gray mold and rust resist-
ance, salinity and drought tolerance, root traits, flowering time, plant
growth habit, seed size/100-seed weight, double podding, seed/pod
number per plant and harvest index in chickpea'"'>'*'*?'~¢_n spite
of such huge efforts on QTLs identification, most of the markers/
genes harboring QTL regions have not been fine mapped and vali-
dated across diverse mapping populations and/or environments to
be harnessed for efficient marker-assisted selection for chickpea gen-
etic improvement. The available draft assemblies of genome and
transcript sequences of diverse desi and kabuli chickpea have enabled
to select numerous chromosome-wise well distributed and inform-
ative in silico polymorphic SSR and SNP markers for genomics-
assisted breeding applications in chickpea”~°. In this perspective,
large-scale validation and high-throughput genotyping of genome-
wide polymorphic SSR and SNP markers and their use in construction
of diverse mapping population-derived high-resolution intra-specific
genetic linkage maps are now feasible in chickpea. It would also
accelerate the identification, fine mapping and map-based isolation
of genes/QTLs associated with traits of agricultural importance, and
thereby, genetic enhancement of chickpea through marker-assisted
selection.

Keeping all above in view, the present study was undertaken to
validate and genotype genome-wide physically mapped 1632 SNP
and 500 SSR markers showing in silico polymorphism between ICC
4958 (desi) and ICC 12968 (kabuli) in a 190 F, mapping population
(ICC 4958 X ICC 12968) using lllumina GoldenGate assay, gel-based
assay and fluorescent dye-labeled automated fragment analyzer. The
marker genotyping and robust field phenotyping information of
mapping individuals were utilized to develop a high-resolution
intra-specific genetic linkage map for identification of major QTLs
associated with pod and seed number/plant and 100-seed weight in
chickpea. The relevant high-resolution QTL mapping information
was integrated with comprehensive marker-based comparative gen-
ome mapping and differential expression profiling to delineate a
candidate gene at one of the robust seed weight-governing major
QTL region in chickpea.

Results and Discussion

The large-scale validation and high-throughput genotyping of gen-
ome-wide informative sequence-based robust SNP and SSR markers
in advanced generation mapping populations is useful in construction
of high-resolution genetic linkage maps and identification/mapping
of genes/QTLs associated with important agronomic traits, which
could accelerate genetic enhancement in chickpea. To expedite such
process in a large chickpea genome with narrow genetic base, the use
of whole genome SNP and SSR markers showing in silico poly-
morphism (based on repeat-unit variations) in the genomic and
transcript sequences among diverse desi and kabuli genotypes could
be an attractive strategy. In our study, we selected genome-wide
(physically mapped on eight chromosomes) in silico polymorphic
genic and genomic 1632 SNP and 500 SSR markers between desi ICC
4958 and kabuli ICC 12968 chickpea for their large-scale validation

and high-throughput genotyping in 190 F, mapping individuals
using the gel-based assay, fluorescent dye-labelled automated frag-
ment analyser and Illumina GoldenGate assay to construct a high-
density intra-specific genetic linkage map in chickpea.

Large-scale validation and high-throughput genotyping of SNP
and SSR markers. A selected set of 1632 SNPs with designability
scores of =0.8 were included to design chickpea “Ca-II-OPA” for
their genotyping in 190 F, mapping individuals (ICC 4958 X ICC
12968) and parental genotypes though Illumina GoldenGate assay.
Reproducibility of genotyping assay was estimated as 100% using
two parental genotypes as biological replicates. Of the 1632 SNP
loci, 1587 (97.2%) could be genotyped successfully on all 192
individuals showing distinct cluster separation at =0.3 GenCall
and GenTrain scores. After removal of missing SNP genotyping
data, including monomorphic and heterozygous SNPs from parental
genotypes, 1536 SNPs (Supplementary Table S1) were found relevant
with overall genotyping success rate of 94.1%. Genotype polar
coordinate plots [normalized sum of intensities of two channels
(Cy3 and Cy5) as y-axis vs. normalized theta {(2/m)Tan™'(Cy5/
Cy3)} as x-axis] of these 1536 SNPs were used to classify 192
individuals into one of three clusters: (I) homozygous AA (ICC
4958), (II) homozygous BB (ICC 12968) and (III) heterozygous
AB (both ICC 4958 and ICC 12968) allele types (Fig. 1a). High
reproducibility (100%) and overall experimental validation and
genotyping success rate (94.1%) of SNPs obtained in GoldenGate
assay is comparable/higher than the estimates (80-92%) determined
in diverse crop plants, including rice, maize, barley and
chickpea®'~>*%%_ It suggests the reliability, robustness and utility of
Mumina GoldenGate assay in large-scale validation and high-
throughput genotyping of SNPs in chickpea.

A total of 500 SSR markers showing = 2-bp in silico fragment
length polymorphism between ICC 4958 and ICC 12968 based on
variation in their repeats were selected for experimental validation
using gel-based assay. Of these, 479 markers (Supplementary Table
S1) produced single reproducible PCR amplicons in 3.5% metaphor
agarose gel with an average amplification success rate of 95.8%. Four
hundred seventy-two (98.5%) of 479 amplified SSR markers showing
in silico polymorphism between ICC 4958 and ICC 12968 based on
variation in their repeat-length were validated experimentally using
both gel-based assay and fluorescent dye-labeled automated frag-
ment analyzer (Fig. 2a, b). Moreover, high experimental validation
(95.8%) and genotyping (94.4%) success rate of in silico polymorphic
SSR markers in mapping individuals as well as parental genotypes
(ICC 4958 and ICC 12968) infer broader applicability of these SSR
markers in chickpea genome analysis and molecular breeding.

Polymorphic potential of SNP and SSR markers. A selected 96
genome-wide well-distributed (physically mapped on eight chickpea
chromosomes) SNP markers were genotyped in 92 desi and kabuli
chickpea genotypes using GoldenGate assay. Ninty-two (95.8%,
mean PIC: 0.43) of 96 SNP markers showed polymorphism among
these genotypes (Fig. 1b). Eighty (87%. mean PIC: 0.39) of 92 SNP
markers showed polymorphism between desi and kabuli, while 63
(68.5%, mean PIC: 0.32) and 43 (46.7%, 0.26) markers were
polymorphic within 52 desi and 40 kabuli chickpea, respectively. A
set of 96 SSR markers physically mapped on eight chickpea
chromosomes were selected to evaluate their polymorphic potential
among 92 desi and kabuli genotypes using gel-based assay and
automated fragment analyzer. Seventy-nine (82.2%) markers of
these showed polymorphism (with average PIC of 0.69) among
desi and kabuli genotypes (Fig. 2c). Sixty-six (83.5%, mean PIC:
0.65) of 79 markers were polymorphic between desi and kabuli.
Fifty-two (65.8%) of 79 markers showed polymorphism among 52
desi genotypes (varied from 1 to 4 alleles with mean PIC of 0.60),
while 34 (43%) markers detected polymorphism among 40 kabuli
genotypes (1 to 3 with 0.51). The 92 SNP and 79 SSR markers overall
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Figure 1| Example of one regulatory SNP (G/A) validated in a ERF TF gene by Illumina GoldenGate genotyping assay showing homozygous and
heterozygous cluster separation for 190 mapping individuals along with two parental genotypes (a) and 92 desi and kabuli genotypes (b) based on
plotting of normalised R [sum of intensities of the two channels (Cy3 and Cy5)] on the y-axis vs. normalised theta [(2/7) Tan'(Cy5/Cy3)] on the x-axis.
A normalised theta value nearest 0 is homozygous for allele A (red), a theta value nearest 0.5 is heterozygote AB (violet) and a theta value nearest 1 is
homozygous for allele B (blue).
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Figure 2 | Validation of a representative set of 14 SSR markers (physically mapped on eight chickpea chromosomes) showing in silico fragment length
polymorphism between parental genotypes (ICC 4958 and ICC 12968) of a F, mapping population (ICC 4958 X ICC 12968) using the gel-based
assay (a) and fluorescent-dye labeled automated fragment analyzer (b). (c) Segregation pattern of one selected SSR marker in a representative set of
mapping individuals. (d) Amplification and polymorphism profiles of one SSR marker in a selected set of desi and kabuli genotypes. The fragment sizes
(bp) of the amplified polymorphic alleles are indicated. The identities of SSR markers with their detailed information are provided in the Supplementary
Table S1. M: 50 bp DNA ladder size standard.
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produced a total of 528 alleles in 92 chickpea genotypes. The number
of alleles detected by these markers varied from 2 to 4 with an
average of 3.1 alleles per marker.

The intra-specific polymorphic potential detected by SNP (95.8%)
and SSR (82.3%) markers among 92 desi and kabuli chickpea geno-
types is much higher compared to that estimated using in silico
polymorphic SSR markers (50-60%,°>*). Remarkably, such intra-
specific marker polymorphic potential was comparatively much
higher than that estimated with random genome-wide SSR markers
among desi and kabuli chickpea genotypes (~35%)>**->. Therefore,
about 2000 highly informative in silico polymorphic SNP and SSR
markers developed in our study at a genome-wide scale have utility in
various high-throughput genotyping applications in chickpea.
Furthermore, these polymorphic markers have practical significance
in detecting a higher intra-specific polymorphic potential among
desi and kabuli chickpea genotypes than any other random and
sequence-based markers and thus, will serve as a valuable resource
for expediting the genomics-assisted breeding applications in
chickpea.

Construction of a high-resolution intra-specific chickpea genetic
linkage map. To construct a saturated intra-specific genetic linkage
map, 2008, including 1536 SNP (Fig. 1la) and 472 SSR (Fig. 2d)
markers showing parental polymorphism between ICC 4958 and
ICC 12968 were genotyped among 190 individuals of a mapping
population (ICC 4958 X ICC 12968). The linkage analysis using
2008 marker genotyping data mapped 2001 (1536 SNP and 465
SSR markers) marker loci onto eight LGs of an intra-specific
genetic map of chickpea (Table 1, Fig. 3, 4). This integrated high-
density intra-specific genetic map comprising of eight LGs constructed
by us supports the previous similar documentation''~*'**, The
genetic map comprising eight LGs covered a total map length of
1888.86 cM with an average inter-marker distance of 0.94 cM
(Table 1). Longest map length spanning 316.55 cM was observed
in LG4, while LG6 showed shortest map length of 195.57 cM.
Maximum (282 markers) numbers of markers were mapped on
LG4, followed by LG3 (266) and minimum on LG8 (234). The
LG6 had the most saturated genetic map (varying from 0.68 to
0.94 cM with an average inter-marker distance 0.82 cM), while
LG4 contained the least saturated map (0.91 to 1.21 cM with an
average of 1.12 ¢cM) (Table 1).

The average inter-marker distance (0.94 cM) obtained in the
presently constructed intra-specific genetic linkage map was much
lower and thus highly saturated in contrast to that reported
(2.5-7 cM) using diverse desi and kabuli intra-specific mapping
populations''~'7*%222_This intra-specific genetic linkage map has
remarkably higher map density compared to one of the integrated
SSR and SNP marker-based intra-specific genetic maps (1.74-
2.16 cM) of chickpea®. Therefore, we constructed a more advanced
and highly saturated intra-specific genetic linkage map in contrast to
all other intra-specific genetic maps reported so far in chickpea.

Henceforth, this integrated high-density intra-specific genetic link-
age map would be useful for mapping the whole genome and rapid
targeted mapping of genes/QTLs governing important agronomic
traits in chickpea as well as comparative mapping across legumes.

Identification and mapping of QTLs associated with agronomic
traits in chickpea. We observed a significant difference of three
quantitative agronomic traits, PN [37.1-119.0 with 76% broad-
sense heritability (H?)], SN (43.9-146.4 with 72% H?) and SW
(20.4-44.5 g with 89% H?) in 190 mapping individuals (ICC 4958
X ICC 12968) and two parental genotypes across two years based on
ANOVA (Supplementary Table S2). ANOVA results indicated highly
significant differences (P < 0.0001) among mapping individuals
(RILs) for all three traits despite significant environmental (years)
effects on these traits in both seasons (Supplementary Table S3). A
significant interaction between genotypes (G) and environment (E)
for PN, SN and SW traits was also observed. However, the G X E
(58% lower than total mean squares) and E (26.3% lower) variances
were found to be smaller for SW compared with PN and SN at
significance level of P < 0.001 (Supplementary Table S3). The
normal frequency distribution of three agronomic traits in mapping
individuals and parental accessions was observed across two years
(Supplementary Fig. S1). Remarkably, bi-directional transgressive
segregation of traits beyond that of parental genotypes in mapping
population was evident. A highly significant positive correlation
between PN and SN (r = 0.96, P < 0.0001) and negative
correlation of PN and SN with SW (—0.26, P < 0.001) based on
Pearson’s correlation coefficient estimation was observed (Sup-
plementary Fig. S2). A significant phenotypic variation and normal
frequency distribution of three quantitative agronomic traits (PN,
SN and SW) among 190 mapping individuals along with parental
genotypes indicates the involvement of multiple genes for regulation
of these traits, and thereby, suggests the utility of developed mapping
population (ICC 4958 X ICC 12968) in QTL mapping.

The QTL mapping using the genotyping information of 2001 SNP
and SSR markers mapped on an intra-specific genetic linkage map
(Fig. 3, 4) and field phenotyping data of 190 mapping population
identified and mapped 18 major genomic regions underlying 28
significant (LOD: 4.6-13.8) QTLs associated (R* 6.8-25.8%) with
PN, SN and SW on eight LGs of chickpea (Table 2, Fig. 3, 4). It
includes 10 major genomic regions harboring 15 PN, SN and SW-
associated QTLs, which were validated and showed consistent
phenotypic expression at higher LOD (7.0-13.8) across two years/
seasons. These were considered as robust QTLs for controlling PN,
SN and SW in chickpea (Table 2). Ten major genomic regions under-
lying robust QTLs covered (1.7 cM on LG8 to 3.5 cM on LG4) with
37 SNP and SSR markers were mapped on eight LGs (Table 2, Fig. 3,
4). The proportion of phenotypic variation explained (PVE) by indi-
vidual robust QTL (R?) varied from 8.8-25.8%. The combined PVE
estimated for all 15 robust QTLs was 31.7%. Ten QTLs associated
with multiple traits (PN and SN) were mapped on the five different

Table 1 | Markers mapped on eight LGs of an integrated high-density intra-specific genetic linkage map of chickpea
Infer-marker distance (cM)

Linkage groups (LGs) Genomic and genic SSR + SNP markers mapped Map length covered (cM) Minimum Maximum Average
LG1 57 + 192 = 249 210.80 0.75 1.38 0.85
LG2 59 + 192 = 251 225.37 0.85 1.29 0.90
LG3 74+ 192 =266 261.13 0.90 1.15 0.98
LG4 90 + 192 = 282 316.55 0.91 1.21 1.12
LGS 47 + 192 = 239 262.20 0.97 1.21 1.10
LG6 45 +192= 237 195.57 0.68 0.94 0.82
LG7 51 +192 =243 213.99 0.81 1.16 0.88
LG8 42 +192 =234 203.25 0.83 0.89 0.87
Total 465 + 1536 = 2001 1888.86 0.68 1.38 0.94

| 5:9264 | DOI: 10.1038/srep09264 4



CalLGO1 CalLG02
CalLGo1 [1] CalLGo1 [2] CaLGo1 [3] CalLGo01 [4] CalGo2 [1] CalGo02 [2] CalGo02 [3] CalLGo02 [4]
55.2 SNP59  110.2 Ca-lI-SNP96 o] SisiE 62.1 Ca-lI-SNP255 Ca-lI-SNP302
Ca-II-SNP1 56.1 SSR15  111.0 Ca-lI-SNP97 - s . Ca-Il-SSR74 62.9 Ca-lI-SSR58 Ca-II-SNP303
call.sNP2  57.0 SNP60  111.8 Ca-ll-SNP98 166.1 -SNP148 o CallSNpiss 638 Ca-I-SSR75 Ca-lI-SNP304
57.9 SNP61 Cal-SNP99  166.8 -SNP149 i 6 Cadl-SNP256 Ca-ll-SNP305
Ca-Il-SSR1 127 24 Ca-ll-SNP194 oy
CallsNP3 588 SNP62 1135 Ca-ll-SNP100  167.6 -SNP150 34 Call-SNP195 655 Call-SNE257 CallSNP306
Call-SNP4 597 -SSR46 1143/ Ca-Il-SNP101  168.3 -SSR34 44 Call-SNP196 663 Cadi-SNP258 CallSskao 1869 Call-SNP355
115.2\[{/ Ca-lI-SNP102  169.1 -SNP151 5.1 call.ssrR107  67.2 €a-ll-SNP239 : 187.8 Ca-Il-SNP356
Ca-Il-SNP5 -2\ s 68,0\l Ca-11-SNP260 . Ca-ll-SNP307 -
Ca-lIl-SNP6 116.0 [ ]/ Ca-Il-SNP103  169.8 -SNP152] 6.1\l ca--sNP197 S0 caisnpze SN 188.8\[]// Ca-ll-SNP357
116.8 ]y Ca-ll-SNP104  170.6 7.4 \-{fir Ca-1-sNP19g ¢ =P ¢ CadlSNP30e  189.7\[// Ca-ll-SNP358
Ca-Il-SNP7 . 8.2 Ca-ll-sSNP199  69.7 (|l Ca-lIl-SNP262 $ 2 190.7 \|H/, Ca-ll-SNP359
Ca-Il-SNP8 117.74\H/f Ca-Il-SNP105  171.3 -2 i 70.6 1/ Ca-lI-SNP263 1 Ca-ll-SSR96 L7\ -1
: H 1724 9.2 \\|-jr Ca-1I-SNP200 g 1916 Ca-ll-SNP360
Ca-Il-SNP9 118.5//r Ca-lI-SNP106 1] 102 W/ Catisnpaor 715 Ca-lIl-SNP264 X CadlSNP310 1916 \[Tj/ Ca-tl-SNP360
Ca-ll-SNP10 11931}y CarlSNeto7 1728 ] 112\l ca-r-ssre1 . Call sNp2es ; Sl SNRIIY 19355\ ]// Ca-ll-SNP362
Ca-ll-SNP11 1201 \[ SNP108 6\ 122\ ca--ssres a- g £ 194.5 |/ Ca-Il-SNP363
Call-SNP12 121.0\[}/; Ca-l-sNP109 1743 \{I'} 132 \(Hllf ca-n-ssr108 Ca-lI-SSR59 : S N2 195.4){/ CallSNP364
Ca-II-SNP13 121.84\[]/; Ca-Il-sNP110  175.1 i} 14.2\{lf Ca-lIl-SNP202 Ca-lI-SSR76 ° Call.aNp31s 1964~ Ca-ll-SNP365
Ca-Il-SNP14 122.6\[{/; Ca-ll-SNP111  175.8 (] 15.2\\("ffr Ca-Il-SNP203 Cadl-SNP267 g 197.3~J [/ Ca-Il-SNP366
e 123.5\1/; Ca-ll-sNP112 1766\ 16.2 [ Ca-ll-SNP204 Call-SNF285 ; SalSNrais 1983 CallSSRe4
b 3\ 177.3\1 17.2\[J ca-ll-sNP205 Cadl-SSR02 - Call-SNP3S o2 I Call SNP367
Ca-IIl-SNP16 124.3\[/ Ca-lI-SNP113 3\ -2\ Ca- Cadl-SSR99 X Ca-lIl-SNP316 -2~
Y/, ca-ll.sNp11a 1781 182 [/ Ca-II-SNP206 200.2 || Ca-ll-SNP368
Ca-ll-SNP17 1254 2 1 -8\l 19.2 Ca-II-SNP207 Ca-l-SSRE0 ¢ Cadl-SNP37 3 1.1 —|— Cadll-SNP369
Ca-ll-SNP18 126.0 \\[]// Ca-ll-SSR51 -2\ CadlssR77  142.7\\[])r Ca-ll-SNP318 - 5
! 20.2\\\{j/r Ca-Il-SNP208 Call-SSR113  202.1 —[— Ca-Il-SSR85
Ca-II-SNP19 126.8\{// Ca-lI-SNP115 2\ o snp209 Cal-SNP269  143.5\[ )y Ca-l- A s
-1 127.6\}{/ Ca-l-SNP116 Ll can Call-SSR109  144.4\\H)/ Ca-II-SNP319 .0 1]
Ca-II-SNP20 22.1 Ca-ll-SNP210 e\ SaiSNpase 2040 [ Cadl.SNP371
Ca-lIl-SNP21 128.4){/ Ca-ll-SSR8 23.1 1\ Ca-ll-SNP211 BelLSRS > \H 205.0 ][ Ca-Il-SNP372
Ca-Il-SNP22 129.3 [T~ Ca-Il-SNP117 24.1 Ca-lI-SNP212 Ca-I-SSR100  146.2\\\ /7 Ca-lI-SSR90 S0e0 CallSNRsT.
130.1 ~[ |- Ca-Il-SNP118 251 Ca-Il-SNP213 Ca-ll-SSRE1  147.0 \\-{/y CallSNP321 - 5 0 TN <l SNpa7a
Ca-ll-SNP23 130.9 — |- Ca-Il-SNP119 261\ 1//; Ca-ll-SNP214 Cadl-SNP270 - Cadl-SNP322  208:0 /|1 Caul-SNP375
Carll:SNP24 131.8 —H— Ca-ll-ssR21 27.0\[}//; Ca-ll-SNP215 Cal-SSR78 Cadl-SNP323  200.1 /-1 Call-sNP376
Ca-IIl-SNP25 L NI e eNrare Call-SNP271 CallSNP324 2004 1 €l aNPSTE
codlonpae e I 200 \[-{// Call-sNP217 [~ caitsnparz  150. S oNpaas 211471\ Cail-sSRes
Ca-II-SNP27 133.4 I~ Ca-Il-SSR52 30.0\[ ) Ca-llSNP218 891 — |~ Ca-ll-SNP273 151 Sl oNns2s 21211 /1\ Ca-ll-SSRes
Ca-Il-SNP28 134.3 4L~ Ca-IIl-SNP121 H e Ca-II-SSR110 ¥ Ca-lI-SNP327 I
Ca-ll-SSR32 21.0\['1jy CalbSNP219 CallSNp3zs 2134 Ca-Il-SSR67
Ca-II-SNP29 135.1 -\ Ca-ll- g 31.9\{}//; Ca-ll-SNP220 g Cadl: SNP274 g 21427/ |\ Ca-Il-SSR68
Ca-II-SNP30 1359 /H\ ca-ll-sNP122  188.1 1] 329\ ]/, Ca-1l-SNP221 ; Ca-Il-SNP275 g S SNpaaomR215.2 /[ \ CadlSNP378
Ca-ll-SNP31 136.8 7\ Ca-ll-SNP123 188977 339\ -{/ Ca-ll-SNP222 . Cadl-SNP276 - S anraslkz162 /1N Cacii-sneare
Ca-Il-SNP32 137.7 7|\ Ca-lI-SSR9 189.7 7/ 34.9\\[// Ca-ll-SNP223 .57\ Ca-ll-SNP277 4 “iesres NN217.2 71\ ca-i-sNp3so
Ca-Il-SNP33 138.6 Ca-ll-SNP124  190.47/14 35.7\[/; Ca-ll-SNP224  94.4 7/ _\" Ca-ll-SSR94 ¥ 218.2 //[\\ Ca-Il-SNP381
Ca-Il-SNP34 139.5//[ |\ ca-ll-sNp125  191.27/H 366 \[f// Call-sSNP225 953 /L Call-SNP27g  157.8 7/ g;':j:g::g 5193 7/ Ca-il-SSReo
Ca-Il-SNP35 120.4 /[ ]\ Ca--sNP126  191.97/f] 37.4\ CalisiPaze 227N calionpare 1592 /N Cadissrer 22037\ Ca-l-SSRee
s o2 s\ coswerar 1211 siPaiaen  gj\ensen BiNCIs, S\ Gise
Ca-IIl-SNP37 . 142.2 7\ Caill-SNP12s  193.5 CailsNpaze 98971\ CallsNP2st 1610 /0N Call-SNP33s 222377\ @2 -SRI,
Ca-l-SNP38 894 1431 Ca-Il-SSR38 -2 /) e 99.8 //f I\ ca-l-ssr7s  161.9 ///_N\ Ca-ll-SSR97 |
(i Ca-Il-SNP230 2244 Ca-ll-SSR87
- 90.3 144.0 Ca-ll-SSR22 195.0 /4 11 100.7 //H\ Ca-ll-sSR101  162.7 ///I\\* Ca-lI-SNP336 /s
ieNba 911 1449\ Ca-ll-sNp120 1957/ S liNpass 1017 /J1\ Cadisnpasz 636 J\ CadisNpazy 2254 J/L I\ Cadl-SNP3s
-11-¢ 8 . I -l1-: o (4 Ca-Il-SNP232 L] ¥ i~ A -11-¢
8:_::;:,‘:4“1’ 91.9 145.8 /[ \' Ca-ll-sNP130  196.5 /i) c:_"sm,zﬁ 102.6 /I |\ Ca-ll-SNP283  164.5 ///I"\\' Ca-ll-SSR104 gg-: g::::g:;;
-11- 197.3 -11-¢ 103.5 /i \\' Ca-ll-SNP284  165.4 Ca-ll-SNP338 s
Ca-ll-SNP42 928 146.7 //LI\\ Ca-ll-SSR33 Ca-II-SNP234f 2287 Ca-ll-SSR73
H 11 . -l o — —p %
CallSNP43 936 147.6 Call-SSR39 1980 Cadl.snp23sfl 104.4 Consenne 1o ol
a1a , p131 1988 Cail-snp23ef] 1053 J/I-|\ Ca-il-sSR111 ;
Ca-Il-SNP44 148.5 SN Ca-ll-SNP340
Ca-ll-SNP45 952 149.4 A\ Ca-ll-SNP132 1995 Cailsnpasrl] 1062 T Gl oNE2es 1030 Cadl- SNP341
Ca-Il-SNP46 gg; 150.3 /I’ g’::gzs:g: ig‘:‘? 2:}:23523; 3 Cadl-SSR102  169.8 gaj:iz::g:g PN
-1 . 151.2 a-11- - CadlSSR105 1707 a.
by oTT 1521 )} SNP135 2018 s CallssRiz 1715 Call-SNP344
Ca-IIl-SNP48 g -1 2026 Ca-I-SNP241 ¥ SSR82
CRLoNE ok 10\ Caiispisr 2053 calisnezaz 1108 JIH CailsNpzse  175. SsRe3
Ca-II-SNP50 . -9 JjH\\ Ca-1i- 5 Ca-lIl-SNP243 77
CailsNPs1 1002 154.8 JH\ Ca--sNP138  204.1 Cadi-SNP24s 1126 il Ca-ll-SNP289 it s N
Call.ssRa5 1011 155.7 I\ Ca-ll-SSR53  204.9 Ca-ll-SNP245  113.5 i Jii Ca-ll-SNP290 Call.SNP345
Cadl.ssRz 1019 156.6 Jj\\ Ca-ll-SNP139 2056 CadlsNpads 1144 L O o NPeo2 Call'SNP346
Call-sNP52  102.7 157.5 Ca-ll-SNP140 2064 Ca-II-SNP247 -3/ Call.SNP3
[ 2071 Ca-l-SNP248 1162 /ll i Ca-lI-SNP293
CallsNps3 1035 1584 I\ Call-SNP141 2071 iz 174 4L\ caiisnp2ss Y Ca-ll-SNP348 sw
Ca-ll-SNP54 1044 159.3 i\t Ca-lIl-SSR10 5067 Call.SNP250  118.0 Ca-Il-SNP295 ; Ca-ll-SNP349
Ca-ll-SNP55  105.2 160.2 4|\ Ca-II-SNP142 s Call.SNP251 1189 Ca-ll-SNP296 . -SSR
Ca-ll-sNPs6 1060 161.1 Ca-Il-SNP143 g?g: CadlSNp252  119.9 Ca-ll-SNP297 g Cadl SHPsse
i 106.9 162.0 Ca-IIl-SNP144 2 l- 1208 Ca-ll-SNP298 z a-Il-
Ca-lI-SNP57 1077 Cal.SNP145 Ca-Il-SNP253 1217 Cal-SNP299 Ca-II-SNP352
¥ g 162.9 a-ll- Ca-ll-SNP254 - 5 ¥
CallSNPSS: fies Ca-ll-SSR37 1638 Ca-Il-SNP146 1226 CallShpa > oo aes
11 il 1235 Ca. . a-ll-
109.4 Ca-ll-SSR41 1646 Ca-IIl-SSR23 b CAlSND354
CalLGO03 CalLGo4
CalLGo3 [1] CalLGo03 [2] CaLGo03 [3] CalLGo3 [4] CalLGo04 [1] CalLGo04 [2] CalLGo04 [3] CalLGo04 [4]
Cadll-SSR124 Caull-SSR278
Call-SNP430 1365 Ca-ll-SSR186 Ca-II-SNP671
Call-SNP431  137.5 Ca-l-SNP483 Ca-II-SNP672
10-3 : :2;51‘?3 Ca-lIl-SNP432  138.4 Ca-lIl-SNP484 ga-:g:::;i
- \siohe Ca-l-SSR178  139.4 Ca-II-SNP485 a-d
23 Cal-SNP386 Call-SSR152 1403 Ca-ll-SNP486 o Rty Ca-lI-SNPE75
34\ Ca-ll-SSR118 Ca-ll-SNP433 1413 Ca-II-SNP487 24 Cadll. SNP378 f Colishrers
4.5\\["Jjr Ca-ll-SNP3s7 Ca-ll-SNP434 1422 Ca-Il-SNP488 FRR\W /-earptiritded j Sollonrery
5.6\ "Jfiy Ca-lI-SSR146 Ca-lIl-SNP435  143.2 [ Ca-Il-SNP489 ] 25\, cai-snpsso| ol
6.8\ -SSR144 Ca-lIl-SNP436  144.1 |l ||/ Ca-lIl-SNP490 u 5.8\ Ca-ll-SNP581 Call-SNP680
7.9\ 1/ Ca-ll-SNP388 Call-SNP437 1451 \\[ 1/ Ca-II-SNP491 I 7.0\[{//; Ca-ll-SNP582 Ca-ll-SNPE81
9.0 \\|_Jjir Ca-II-SNP389 Ca-lI-SNP438  146.0 |(-{//r Ca-ll-SNP492 H 8.2\\/ Ca-ll-SNP583 Cadll.SNPE82
101\ ¥ Ca-ll-SNP439  147.0 Ca-Il-SNP493 — 9.4\ |/, Ca-ll-SNP584 Ca-II-SNP683
1.2\ Ca-ll-SNP440 1479 \\{ 1]/ Ca-Il-SNP494 H 10,6 \\\/// Ca-ll-SSR191 Ca-Il-SNPE84
1244\t Ca-ll-SNP441 1489 Ca-lI-SSR129 n 11.8\\H/; Ca-ll-SSR211 Ca-lI-SNP685
135\ Ca-ll-SSR125  149.8 \\[H{//r Ca-Il-SNP495 (| 13.0\\|H// Ca-lIl-SNP585 Ca-II-SNP686
14.6 |1 X Ca-lIl-SNP442  150.8 \\\\J// Ca-Il-SNP496 - 14.2\|4// Ca-IIl-SNP586 Ca-II-SNP687
5.7\ 85.2Ilflr Ca-lI-SNP443  151.7 \\{"J//r Ca-IIl-SNP497 - 154\ Ca-lI-SSR220
16.8\|jy Ca-ll-SSR147  gg 4 \\{ lflr Ca-Il-SNP444  152.7 \\{ /s Ca-II-SSR130 16.6\\[}// Ca-ll-SNP588 1 Ca-ll-SSR234
18.0 \\|ly Ca-ll-SNP393  g7.6 -}/ Ca-II-SNP445 1536 \\| ]/ Ca-II-SSR157 IZ AN/ e N Ca-ll-SNP688
19.1\|{Jjy Ca-II-SNP394 g7 \\J/l; Ca-ll-SNP446  154.6 Ca-ll-SNP498 LIN{ ok H Ca-II-SNPE89
20.2\ -SSR173  ggg \\[ ) Ca-Il-SSR153  155.5\|7J// Ca-Il-SNP499 u e H Call SNEGOD
21.3 [y Ca-ll-SNP395  go 7 \\|1//; Ca-Il-SNP447  156.5\| |/ Ca-II-SNP500 . 227\, cati-sNPsa1 W g gyt
224\ Ca-ll-SNP396 g g \{V/; Ca-Il-SNP448  157.5\|1// Ca-IIl-SNP501 H 23.9 /- Ca-ll-SNP592 H CallSSR235
23.6\\\|//; Ca-lI-SNP397 91.5\|/y Ca-ll-SSR179  158.4 \\|-{// Ca-Il-SNP502 H 25.1 /- Ca-ll-SNP593 H Ca-lI-SNP692
24.7\\|-|)y Ca-I-SNP398 o574 \'V//, Ca-Il-SNP449  159.4\|-{/; Ca-lI-SSR131 u 26.3~J{~ Ca-ll-SNP594 [ Ca-II-SNP693
25.8\[Jr Ca-ll-SNP399 953 \\{// Ca-Il-SNP450  160.3 \\|_|// Ca-Il-SNP503 . 27.5~J [ Ca-ll-SNP595 i Ca-lIl-SNP694
26.8\\[ |y Ca-ll-SNP400 945 \\V/ Ca-Il-SNP451 1613}/, Ca-Il-SNP504 I 28.7 ~[ |/~ Ca-Il-SNP596 H Cadl-SNPE9S
27.7 [y Ca-ll-SNP401 g5 4 Ca-ll-SNP452  162.3\} Ca-ll-SSR159 I 30,0~ [/~ Ca-IIl-SNP597 I Cadll-SNPE96
287 \\[Yy Ca-ll-SNP402 g6 Ca-ll-SNP453 Ca-Il-SNP505 T 31.2-J ] Call-SNP598 W
207 \[Tfy Ca-ll-SSR120 g9 Ca-Il-SNP454 Ca-Il-SSR132 i 32.4~J [~ Ca-ll-SSR236 M
30.6\\[}Jy Ca-lI-SNP403  g7.g N/, Ca-ll-SNPA55 Ca-II-SNP506 . 33.6 ~| [~ Ca-ll-SSR249 H
31.6 \\ -SSR121 - g9g.7 [/ Ca-II-SNP456 Ca-Il-SSR133 H 34.8 —{1— Ca-ll-SNP599 H
3256 \[/; Ca-Il'SNP404  o0'6c Y}~ Call.SNP457 Call.SNP507 — 36,0 —||— Ca-II-SNP60O H g
33.6\[]/ Ca-Il'SSR174  400's “1-[ Ca-II-SNP458 Call.SSR160 37.2— -II-SNP601 H .
34.5\\|/y Ca-lI-SSR175 a4 —= 38.4 —] -II-SNP602 1 5
(] 101.4 —{—— Ca-ll-SSR126 Ca-Il-SSR185 39'6 —H— Calll-SNPE03 H .
355\ Ca-ll-SNP405 4453 1 Ca-Il-SNP459 Ca-II-SNP508 £ B i { CedLENP701 ¥
36.5 Y - T~ 40.8 Ca-ll-SNP604 1 Call-SNP702
103.3 — [~ Ca-ll-SSR154 Ca-ll-SSR187 42.1 —— Call.SNPG0S S aNiss .
37.4 104.2 <[> Ca-II-SNP460 Ca-II-SNP509 43.3 —{ T~ Ca-ll-SNPE06 | st ¥
38.4~] [ Ca-l-SSR149 40575 ~I"I\ Ca-Il-SSR180 Ca-II-SNP510 44.5 ][> Ca-lI-SNP607 {f Ca-lI-SSR263 5
39.4~]"1~ Ca-ll-SNP407 4064 /J{\ Ca.I-SNP461 Ca-II-SNP511 45.7 [ ca-ll-SNP608 a Ca-lIl-SSR276 <
40.3~ 1~ Ca-ll-SSR122  447'4 //—\ Ca-II-SSR127 Ca-ll-SNP512 46.9 ]I Ca-ll-sNPG09 Cadl.eNp70s  288.0 ~J]- Ca-ll-SSR274
41.3 ~—— -SSR176  40g.0 //"\\ Ca-Il-SNP462 Ca-II-SNP513 - 481 7J-R ca-ll-ssr192 Cadl-SNP704  289.0 —{— Ca-ll-SNP757
42.3 71— Call-SSR150 4999 /| N\ Ca-II-SSR128 Ca-ll-SNP514 - 493} Ca-ll-SSR212 Cal-SNP705  230.0 T Call-SSR202
- [ Call-SNP408 1599 //1\ Ca-Il-SNP463 Ca-Il-SNP515 - 50.5 /R Ca-II-SSR240 Cadl-sNP7os 2311 THT Gal-eSRa0%
Ca-ll-SSR123 4409 //i—\ Ca-II-SSR181 Y Ca-ll-SNP516 H 51.7 71\ Ca-ll-SNP610 Cadll-sNp707 2921 =ia
Ca-II-SNP409 1115 -\ Ca.Il.SNP464 i Ca-II-SNP517 H 52.9 7\ Ca-Il-SNP611 Ca-ll-SNP708 g
Caiinperg 1128 P\ CalssRise e i\ cadisneats = sa2 7 Calrshestz Coirsnpros -
H .71\ ca-i-ssris2 .5 //\ Ca-ll-sNP519 - .47/ Ca-l Ca-II-SNP710
Caiisnpat1 113770 L 181813 a5 1 56.6 7/ I\" Ca-lI-SNP614. Cadl-SNP711 Ca-II-SNP761
147 Call-SSR156  182.4 ///|\' Ca-II-SNP520 e Coipriidn Ca-ll-SNP762
19/ N CalESSRIS. 45 Call-SNP465  183.4 /j |\ Ca-IIl-SSR134 . -8/ Call:SNR712 Ca-ll-SSR204
50.0 771\ Ca-lI-SNP412 A\ Ca-ll-sNP4ss 18433 Ca-II-SNP521 3907/ Sallanpeie Ca-ll-SNP713
51.0 /1" Ca-ll-SNP413 CallSNP467 1853 /[ |\ Ca-ll-SSR188 ) 802 /I ealloohese Call-SNP714 ol sshaos
52.0 //i\' Ca Ca-ll-sNP468 1863 I\ Ca-ll-SSR162 S/ e CalFSNETAD Ca-Il-SNP763
|- 2 X A\ Ca-lIl-SNP617 -
53.0 /1) Call-sNPaso  187.2 |\ Ca-ll-SNP522 o/ I\ it 414 Sellonrrie Ca-lI-SSR206
53.90 1 Ca-II-SNP470 .2 JI\ ca-l-sNP523 65.0 //F\\ Ca-ll-SNP619 CailaNBr1S Ca-ll-SSR226
54.9 7} Ca-Il-SNP471 . Ca-Il-SNP524 66.3 7/ ot eNP TS, Ca-Il-SNP764
55.9 J/\ Ca-II-SNP418 Ca-ll-SNP472  190.2 /JjfHl\' Ca-ll-SNP525 67.57//f N\ Ca-ll-SNP621 Ca-lI-SSR198 Caloana
56.8--\ Ca-ll-SNP419 Call-SNP473  191.2 JjL fil Ca-ll-SNP526 6.7/ \" Ca-ll-SNP622 Cadl-SSR218 Clrpeomicald
57.9 /j-|\ Ca-II-SNP420 Ca-lIl-SNP474  192.2 il Ca-l-SNP527 SNRoYD 69.9 7/ \\ Ca-ll-SNP623 Call-SNP720 Czd:-silﬂéﬁ
58.9 /I \\' Ca-lI-SNP421 R ca-l-ssr183 1932 /il Ca-ll-SSR135 & 714 LN\ ca-ll-sNP624 Ca-Il-SSR233 Coll.e8R280
59.9 1) -SNP422 Ca-ll-SSR158  194.2 JjfJil} Ca-1l-SSR189 72.3//JH\\ Ca-ll-SNP625 Ca-ll-SNP721 e ESK208
61.0 /i N\ Ca-ll-SNP423 CadlssR184 1952 JfI—f\\ Ca-ll-SSR163 73.5///H\\' Ca-ll-SNP626 Ca-ll-SSR246 oy gaRIs
62,0 Ca-ll-SNP424 Call-SNP475 1963 Call.SNP528 74.7J/JH\\ Ca-ll-sNP627 Ca-l-SNP722
-3 /- LN can Ca-Il-SNP766
63.0 Ca-ll-SNP425 75.9J/H\\ ca-ll-sNPe28 Cadl-SSR258
Call-SNP476  197.3 /|-l Ca-1l-SNP529 729 it Coplpelicis Ca-ll-SSR209
64.0 /)~ -SNP426 Ca-ll-SNP477 1983 Jjf W\ Ca-IIl-SNP530 2 i i Ca-ll-SSR229
65.1 Ca-ll-SNP427 78.4 Ca-II-SNP630 CadlSNP723
Call-SNP478 1993 Ca-lI-SNP531 ol CailaNpest Sellanera Ca-lI-SNP767
66.1 Ca-Il-SNP425 Ca-Il-SNP479 2003 Ca-II-SSR136 CallENP7Z5 Ca-II-SNP768
671 Cadll:SNP429 Ca-Il-SNP480 2013 Ca-II-SSR164 i
Call-SNP481 2023 Ca-ll-SNP532 SojieNb sy
Call-SNP482 2033 Ca-ll-SSR190 Ca-II-SNP728
Ca-lI-SSR161 Ca-lIl-SNP729

Figure 3 | Eight major genomic regions underlying 11 robust QTLs (PVE: 8.5-25.8%, LOD: 6.5-13.8) associated with three agronomic quantitative
traits (PN, SN and SW) identified and mapped on four LGs (CaLG01-CaLG04) using a 190 F, mapping population (ICC 4958 X ICC 12968) of
chickpea. The genetic distance (cM) and identity of the marker loci integrated on the chromosomes are indicated on the left and right side of the LGs,
respectively. Red, green and blue boxes indicate the QTLs regulating PN, SN and SW mapped on eight LGs, respectively. For clear visibility, the
individual LG has been divided into four parts; [1], [2], [3] and [4] based on lower to higher genetic positions of mapped markers.
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Figure 4 | Two major genomic regions underlying four robust QTLs (PVE: 8.8-14.7%, LOD: 7.3-9.6) associated with two agronomic quantitative traits
(PN and SN) identified and mapped on four LGs (CaLG05-CaLG08) using a 190 F, mapping population (ICC 4958 X ICC 12968) of chickpea.
The genetic distance (cM) and identity of the marker loci integrated on the chromosomes are indicated on the left and right side of the LGs, respectively.
Red and green boxes indicate the QTLs regulating PN and SN mapped on eight LGs, respectively. For clear visibility, the individual LG has been
divided into four parts; [1], [2], [3] and [4] based on lower to higher genetic positions of mapped markers.
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genomic regions with similar marker intervals of LGs (Fig. 3, 4). The
remaining five QTLs associated only with single SW trait were
mapped on five different genomic regions of LGs. The mapping
and clustering of multiple QTLs controlling PN and SN particularly
on a single major genomic region of eight LGs gave clues for pleio-
tropy and complex genetic inheritance patterns of target traits in
chickpea. For PN and SN, five major genomic regions underlying
10 robust QTLs (8.8-19.8% R? with LOD: 4.6-11.4) were identified
and mapped on five LGs (Table 2, Fig. 3, 4). The combined PVE of all
10 PN and SN robust QTLs was 23.6%. These QTL regions covered
(1.7 cm on LG8 to 3.4 cM on LG5) with 17 genetically mapped SNP
and SSR markers on LGs showed positive additive gene effects for
increasing pod and seed number with large effective allelic contribu-
tions from ICC 4958. For SW, five major genomic regions harbour-
ing five robust QTLs covered (2.2 cM on LG1 to 3. 5 ¢cM on LG4) by
20 SNP and SSR markers, were mapped on three LGs with 8.7-25.8%
PVE (6.5-13.8 LOD) (Table 2, Fig. 3, 4). The combined PVE for all
five SW robust QTLs was 27.6%. These SW-associated QTLs showed
positive additive gene effects for increasing seed weight with major
allelic contributions from ICC 4958. The SNP and SSR markers
tightly linked to the PN, SN and SW trait-regulating QTLs are men-
tioned in the Table 2.

To determine the validity of these identified QTLs, the genomic
regions harbouring the PN, SN and SW-associated QTLs were compared
with that of previous QTL mapping studies involving different intra-
and inter-specific chickpea mapping populations'®'*20222837:41:43-46,
We were able to detect correspondence of three trait-influencing
QTLs (Cagq’PN8.1, Cag’SW2.1 and Caq’SW4.1) identified by us with

known QTLs reported earlier’?**”***> based on their congruent
genetic or physical positions on three chickpea LGs/chromosomes.
It suggests that most of the QTLs associated with three agronomic
traits identified in our study are novel and may show population-
specific genomic distribution on eight LGs/chromosomes. These 12
novel and robust QTLs underlying seven major genomic regions
covered with different informative genomic and gene-based SNP
and SSR markers, once successfully validated in diverse genetic back-
grounds of populations and/or fine mapped, can be utilized for
marker-assisted genetic improvement of chickpea.

Integration of QTL mapping with comparative genome mapping
and differential expression profiling to delineate candidate
gene(s) at SW-influencing QTL interval. One thousand six
hundred fifty-seven of 2001 SNP and SSR markers genetically
mapped on eight LGs of an intra-specific genetic map were
physically mapped on eight desi chickpea chromosomes with an
average map density of 75.0 kb (varied from 41.9 kb in chromosome
7 t0 106.8 kb in chromosome 3) (Supplementary Fig. S3). Maximum
number of markers were physically mapped on desi chromosome 3
(219 markers, 13.2%) and least on chromosome 6 (201, 12.1%) (Sup-
plementary Table S4). The marker-based comparative genomics is
useful for evolutionary studies and for transferring information from
model crop species to related orphan species®>**. The integration of
markers into the genetic linkage map of chickpea is expected to serve
as a reference for comparative genomics in legumes as inferred from
their synteny and conservation of gene order. The comparative
mapping of 2001 SNP and SSR marker loci genetically and/or

Table 2 | Significant QTLs associated with pod and seed number/plant and seed weight identified and mapped on eight chickpea LGs/
chromosomes using an intra-specific mapping population (ICC 4958 x ICC 12968)
2012 2013
Markers associated PVE PVE

QTLs LGs/chromosomes Marker intervals with genetic positions (cM) with QTLs LOD (R*%) A LOD (R¥%) A

Cag’PN1.1&  CalG(ChrO1)  Ca-lISNP18 (16.8) to Ca-lISNP20 (18.6) CalISNP18 NS NS NS 4.6 12.7 89
Caqg’SNI.1

Cag’PN1.2&  CalG(ChrO1)  Ca-lISNP32 (29.5) to CalISNP35 (32.1) Ca-lISNP34 5.1 7.8 45 NS NS NS
Caq’SN1.2

Cag’PN1.3&  CalG(Chr01)  CailISNP116 (127.6) to Ca-lISNP119 (130.9) CalISNP116 85 124 63 7.8 147 54
Caq’SN1.3

Cag’PN2.1&  CalG(Chr02)  Ca-lISNP330 (154.9) to Ca-lISNP332 (157.5) Ca-lISNP331 10.5 10.8 114 9.8 124 8.9
Caq’SN2.2

Cag’PN3.1&  CalG(Chr03)  Ca-lISNP398 (24.7) to Ca-lISNP401 (27.7) CalISNP399 64 94 109 NS NS NS
Caq’SN3.1

Caq’PN4.1&  CalG(Chr04)  CarlISNP649 (12.7) to Ca-lISNP651 (123.1) Ca-lISNP649 114 19.8 129 10.2 185 9.5
Caq’SNA4.1

Cag’PN5.1&  CalG(Chr05)  CarlISNP831 (89.1) to Ca-lISNP834 (92.5) Ca-lISNP832 8.5 125 65 73 147 57
Caq’SN5.1

Caq’PN6.1&  CalG(Chr06)  CalISNP1104 (154.8) to Ca-lISNP1108 (157.6)  Ca-lISNP1106 NS NS NS 48 8.5 5.1
Caq'SN6.1

CagPN7.1&  CalG(Chi07)  CallSNP1332 (199.5) 10 CallSNP1335 (202.2) CalISNP1335 57 6.8 102 NS NS NS
Caq'SN7.1

°Caq’PN8.1 &  CalG(Chr08)  CalISNP1487 (152.9) to Ca-lISNP1489 (154.6) Ca-lISNP1487 9.6 9.5 3.1 85 88 25
Caq’SN8.1

Caq'SWI.1 CalG(Chr01)  Ca-lISNP151 (169.1) to Ca-lISNP154 (171.3) CarlISNP152 13.8 258 107 12.6 245 8.9

Caq’SW1.2 CalG(Chr01)  Ca-lISSR55 (196.5) to Ca-lISSR25 (199.5) Ca-lISSR55 8.5 11.6 3.9 NS NS NS

Caq’'SW1.3 CalG(ChrO1)  Ca-lISNP186 (202.6) to Ca-lISSR56 (204.9) CalISNP186 95 134 51 87 163 4.6

°Caq’'SW2.1 CalG(Chr02)  Ca-lISNP234 (44.2) to Ca-lISNP238 (47.6) CalISNP236 7.6 97 47 70 95 5.1

Caq'SW3.1 CalG(Chr03)  Ca-lISNP465 (115.6) to Ca-lISNP468 (118.5) Ca-lISNP466 NS NS NS 7.2 10.6 8.6

Caq’SWA4.1 CalG(Chr04)  Ca-lISNP579 (3.3) to Ca-ISNP581 (5.8) CalISNP579 8.5 10.3 47 7.8 11.4 3.8

°Caq’SWA4.2 CalG(Chr04)  Ca-lISNP749 (275.3) to Ca-lISNP752 (278.8) CalISNP751 6.9 9.8 71 65 85 67

Caq’SW6.1 CalG(Chr06)  Ca-lISNP972 (13.2) to Ca-lISNP975 (16.0) CalISNP974 4.7 8.7 89 NS NS NS

*Caq’PN1.1 (Cicer arietinum QTL for pod number on chromosome 1 number 1), Caq’SN1.2 (Cicer arietinum QTL for seed number on chromosome 1 number 2) and Caq’SW2. 1 (Cicer arietinum QTL for 100-

seed weight on chromosome 2 number 1), PVE: Percentage of phenotypic variation explained by QTLs, A: Additive effect; positive additive effect infers alleles from ICC 4958 with increasing trait values.

Details regarding Ca-ISSR and Ca-lISNP markers are provided in the Supplementary Table S1.

“known QTLs from previous studies by Cobos et al. (28,44), Hossain et al. (45), Varshney et al. (22) and Gowda et al. (37). NS: non-significant QTLs.
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physically mapped (including 1657 markers) on eight LGs (chro-
mosomes) of desi chickpea with their physical positions (bp) on
the pseudomolecules of kabuli chickpea, M. truncatula, G. max,
L. japoincus and C. cajan chromosomes revealed a significant
conserved syntenic relationships among five legume genomes (Fig. 5).
Maximum proportion of markers revealed a high-degree of homology
with kabuli chickpea (98.9%), followed by M. truncatula (44.7%), G.
max (43%), L. japonicus (10.3%) and minimum with C. cajan (9.6%)
chromosomes (Supplementary Table S5-S9), which gave clues to
their origin from a common ancestor. A high degree of marker-
based conserved syntenic relationships and collinearity among
eight chromosomes of desi and kabuli chickpea genomes was
evident (Fig. 5). However, the desi chickpea chromosomes 1, 3, 4,
5 and 7 showed conserved collinear synteny with Medicago chro-
mosomes 2, 7, 1, 3 and 4, respectively (Fig. 5). The integration of
genetic/physical map with comparative genome maps identified
many conserved collinear and duplicated chromosomal regions
among desi and kabuli chickpea, Medicago, Glycine, Lotus and
Cajanus.

The observed syntenic relationships among the chromosomes of
five legume species are similar to the previous marker-based com-
parative genome mapping studies®>®’. Striking synteny between
chickpea and Medicago chromosomes is expected keeping in view
their evolutionary closeness as they belong to the same clade
Galegoid***%"*. As compared to Medicago, the chromosome of
Glycine showed a lesser degree of synteny with chickpea, which
reemphasizes their distant phylogenetic relationship as Glycine
belongs to separate clade Phaseoloid®~®. The lowest degree of mar-
ker-based synteny among chickpea, Lotus and Cajanus genomes is
expected”*>**%. The comparative genome maps constructed among
the chromosomes of five legume crop species thus would guide clon-
ing and mapping of trait-regulatory genes/QTLs in the draft genome
sequenced chickpea using the positional information of candidate
genes/QTLs from completely sequenced model legume species like
Medicago and Glycine.

Considering the comparative genome mapping potential of SNP
and SSR markers, one strong (PVE 25.8% with highest LOD 13.8)
SW-associated robust QTL (Caq’SWI.1) region [Ca-II-SNP151
(169.1 cM) to Ca-II-SNP154 (171.3 cM)] genetically mapped on desi
LG1 (Fig. 3, 4, Table 2), revealing conserved collinear syntenic rela-
tionships with Medicago chromosome 2 (Fig. 6), was selected to
delineate candidate gene(s) regulating seed weight in chickpea. The
integration of genetic linkage map information of markers flanking
the Cag’SW1I1.1 QTL with that of physical map of desi chickpea gen-
ome defined a 126.8 kb genomic region (spanning 7550973-
7677748 bp) harbouring such major QTL on chromosome 1
(Fig. 6A and B). This target 126.8 kb Caq’SW1.1 QTL interval in desi
chromosome 1 corresponding to 13.9 Mb (spanning 23.8-37.7 Mb)
and 11 Mb (15.6-26.6 Mb) conserved collinear genomic regions of
kabuli chromosome 1 and Medicago chromosome 2, respectively
(Fig. 6C and D) was structurally and functionally annotated. Five
candidate protein-coding desi chickpea genes identified in the
Caq’SW1.1 QTL region showed conserved collinear syntenic rela-
tionships with five and four gene orthologs annotated that from
kabuli and Medicago genomes, respectively (Fig. 6C and D). The
detailed SNP and SSR marker-based gene synteny in the Caq'SW1.1
QTL interval among desi and kabuli chickpea chromosomes 1 and
Medicago chromosome 2 was performed to narrow-down the pos-
sible candidate gene(s) regulating seed weight in chickpea. One SNP
(G/A) (Ca-II-SNP152) in the cis-acting dehydration-responsive
element (DRE) (ACCGAC) binding site of upstream regulatory
region of AP2-domain containing ERF (ethylene-responsive factor)
transcription factor (TF) desi gene (Ca00596) (Fig. 7) showing tight
linkage with SW-governing Caq’SW1.1 QTL (based on high-
resolution QTL mapping, Table 2) and orthology with that of kabuli
(Cal9297) and Medicago (MEDTR2G043020) ERF genes (known to

regulate seed development and seed size/weight in crop plants,
including dicots) was primarily selected (Fig. 6C and D) as potential
candidate for seed weight regulation in chickpea. Interestingly, this
identified SNP showing transition substitution of ‘G’ nucleotide in
the cis-acting element (ACCGAC) of ERF TF gene of a high seed
weight mapping parental genotype (ICC 4958 with SW: 35.4 g) by
another nucleotide ‘A’ resulted in creation of the non-functional
cis-element (ACCAAC) in the corresponding ERF gene of a low seed
weight mapping parent (ICC 12968, 20.8 g).

To understand the differential regulation pattern of upstream reg-
ulatory SNP-carrying ERF TF gene, the expression profiling of five
selected desi chickpea genes (including ERF gene) annotated in the
126.8 kb major genomic region harboring robust Caq’SW1.1 QTL
was performed. The RNA isolated from three different vegetative
tissues (root, shoot and leaf) and two seed developmental stages
(early cell division and late maturation phase occurring at 10-20
and 21-30 days after podding, respectively) of eight low [kabuli:
ICC 12968 (SW: 20.8 g), desi: ICCX-810800 (11 g), desi: ICC 4926
(7.4 g) and desi: ICC 12654 (8.9 g)] and high [desi: ICC 4958 (SW:
35.4 g), kabuli: ICC 20268 (47 g), desi: ICC 7410 (32.5 g) and desi:
ICC 6121 (30.7 g)] seed weight contrasting chickpea genotypes as
well as parents of mapping population was amplified using the gene-
based primers through semi-quantitative and quantitative RT-PCR
assays (Supplementary Fig. S4). An ERF gene of these selected five
genes in the Cag’SW1.1 QTL region showed seed-specific expression
as well as pronounced up-regulated expression (~4-fold) in seed
developmental stages as compared to vegetative tissues (root, shoot
and leaf) of all eight low and high seed weight chickpea genotypes
and mapping parents (Supplementary Fig. S4, Fig. 8). Notably, the
‘G” allele-containing cis-acting element (ACCGAC) of ERF TF
gene exhibited its pronounced up-regulated (~6.5 fold) pattern of
expression specifically in seed developmental stages of three high
seed weight desi and kabuli chickpea genotypes (ICC 4958, ICC
20268 and ICC 7410). In contrast the ‘A’ allele-carrying cis-
element (ACCAAC) of ERF TF gene revealed its ~3-fold lower
differential up-regulation in seed developmental stages of three low
seed weight desi and kabuli chickpea genotypes (ICC 12968, ICC
4926 and ICC 12654) compared to that of high seed weight geno-
types. However, no significant differential expression of the ‘G’ and
‘A’ SNP alleles-containing cis-acting elements of ERF genes in
remaining two low (ICCX-810800) and high (ICC 6121) seed weight
desi chickpea genotypes, respectively during seed development was
observed. The seed-specific pronounced differential up-regulation of
this ERF TF gene expression particularly in high seed weight con-
trasting chickpea genotypes than that of low seed weight genotypes
during seed development further ascertained its potential as candi-
dates controlling seed weight in chickpea.

Comparing our present and past reports of seed weight QTLs
mapped especially on chromosome 1, we observed that one regula-
tory SNP revealing ‘G’ (high seed weight mapping parental genotype
ICC4958) to ‘A’ (low seed weight mapping parent ICC 12968) trans-
ition substitution in the cis-acting element of ERF TF gene delineated
at a major SW-governing Caqg’SW1.1 QTL was absent in the corres-
ponding ERF gene of another low (G-allele in ICCX-810800) and
high (G-allele in ICC 20268) seed weight contrasting chickpea
genotypes [used earlier as mapping parents to identify a major SW
QTL (CaqSW1.1) in chickpea]. This indicates that the two major
seed weight QTLs identified in our present (Caq’SWI.1) and past
(CagSW1.1) studies using two different intra-specific mapping
populations are altogether dissimilar. Therefore, TF genes harboring
these two distinct major SW QTLs validated by us in two different
studies using an integrated approach possibly involved in discrete
transcriptional regulatory pathways governing seed development as
well as seed weight in chickpea. The novelty and population-specific
characteristic of this presently identified SW QTL (Caq’SW1.1) is
further evident from its non-congruence (based on genetic/physical
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Figure 5| Comparative genome mapping of 2001 SNP and SSR markers genetically/physically mapped on eight desi chickpea LGs/chromosomes
with their physical position on the pseudomolecules of kabuli chickpea (A), M. truncatula (B), G. max (C), L. japoincus (D) and C. cajan (E)
chromosomes depicted conserved syntenic relationships among five legume genomes, which are depicted in the Circos circular ideogram. A high-
degree of conserved collinear synteny among the chromosomes of desi and kabuli chickpea and Medicago genomes was evident. The outermost
circles represent the LGs/chromosomes of five legume genomes coded with different colours. The syntenic relationships of each LGs/chromosomes
between two legume species are marked individually with different coloured lines.
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Figure 6 | Integration of genetic (A) and physical (B) map identified and mapped one robust SW-governing major Caq’SW1.1 QTL on 126.8 kb
genomic region of desi chickpea chromosome 1. The marker-based comparative genome mapping revealed a high-degree of conserved collinear
syntenic relationships of five candidate protein-coding desi genes annotated at this target genomic sequence interval with kabuli chickpea chromosome
1 (C) and Medicago chromosome 2 (D). A regulatory SNP (G/A) (Ca-II-SNP152) in a ERF TF gene showing strong linkage with Caq’SW1.1 QTL and
conserved synteny with ERF orthologous genes annotated from kabuli chromosome 1 (C) and Medicago chromosome 2 (D), was selected as potential
candidate for seed weight regulation in chickpea. The genetic (cM)/physical (bp) distance and identity of the markers mapped on the chromosomes are
indicated on the left and right side of the chromosomes, respectively. Red and blue dotted lines represent the gene- and marker-based syntenic
relationships, respectively among desi and kabuli chickpea and Medicago chromosomes.
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Figure 7 | Structural annotation of one candidate SW-associated AP2-domain-containing ERF TF gene delineated at a major Caq’SW1.1 QTL interval
by integrating QTL mapping with comparative genome mapping and differential expression profiling. Diverse coding (functional domain) and
non-coding upstream (URR) and downstream (DRR) regulatory regions of gene are highlighted. One functionally relevant SNP (G/A) identified in the

DRE cis-acting element (ACCGAC) of ERF gene possibly involved in transcriptional regulation of this gene for seed weight and development in
chickpea is indicated. CDS: coding sequences.
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Figure 8 | Differential expression profiling of a strong SW-associated regulatory SNP-containing ERF TF gene in three different vegetative (shoot,
root and leaf) and two seed developmental stages (S1 and S2: Seed development stages 1 and 2 occurring at 10-20 and 21-30 days after podding,
respectively) of eight low (ICC 12968, ICCX-810800, ICC 4926 and ICC 12654 with 100 seed weight: 8.9-20.8 g) and high (ICC 4958, ICC 20268,
ICC 7410 and ICC 6121 with 30.7-47.0 g) seed weight contrasting chickpea genotypes as well as parents of mapping population using quantitative
RT-PCR assay. The elongation factor-1 alpha gene was used as an internal control in the RT-PCR assay to normalize the expression values across
different tissues/developmental stages of chickpea genotypes and mapping parents. The bars indicate mean (* standard error) of three independent
biological replicates with two technical replicates for each sample used in RT-PCR. *Significant differences in gene expression at seed developmental
stages of genotypes as compared to leaf at p =< 0.01 (LSD-ANOVA significance test). *Significant differences in gene expression between S1 and S2
seed developmental stages of genotypes at p = 0.001 (LSD-ANOVA significance test). The ‘G’ and ‘A’ SNP-alleles identified in the cis-acting element of
ERF TF gene possibly regulating seed weight in desi (D) and kabuli (K) chickpea genotypes are represented.

positions of markers flanking/tightly linked to the QTLs) with one
of our earlier mapped CaqSWI1.I QTL on the chromosome 1 of
chickpea.

Collectively, the integration of QTL mapping with comparative
genome mapping and expression profiling were able to delineate one
regulatory SNP (G/A)-containing candidate ERF TF gene in a major
SW-governing robust QTL (Cag’SW1.1) region for controlling seed
weight in chickpea. Such integrated approach of high-resolution
genetic/QTL mapping and marker-based comparative genome map-
ping (specifically between chickpea and Medicago) for narrowing
down the QTL region into specific functionally relevant candidates
have been recently implemented in chickpea for isolation/fine-
mapping of a nodulation gene®. Three TF genes harboring a known
major QTL (CaqSW1.1) regulating 100-seed weight mapped on
chromosome 1 (on which Caq’SW1I1.1 QTL identified in the present
study) have been validated recently by integrating association ana-

lysis with QTL mapping, differential expression profiling and gene-
based molecular haplotyping in chickpea®. The identified regulatory
SNP-containing ERF gene harboring a major SW-regulating robust
QTL has significance in controlling diverse transcriptional functions
during seed development and determining the seed size/weight in
crop plants, including legumes®***. The SNP marker-based allelic
variations in the upstream cis-acting elements of genes is known to
regulate gene expression for controlling diverse traits of agricultural
importance in crop plants’®7>. In this context, novel SNP-based
allelic variants identified within a functional genomic element in
the upstream regulatory region of ERF gene is significant for under-
standing the seed weight regulation in chickpea. The validation of
this candidate TF gene delineated at trait-influencing QTL interval is
required through fine mapping and map-based cloning for its sub-
sequent use in marker-assisted genetic improvement of chickpea. An
integrated strategy established in our study for identification of seed
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weight candidate gene in chickpea can be applied to diverse crop
plants for narrowing-down the trait-specific QTL intervals and in
rapid isolation/positional cloning of functionally relevant candidate
gene(s) regulating many useful agronomic traits for crop genetic
enhancement.

In conclusion, high experimental validation, genotyping success
rate (94-96%) and intra-specific polymorphic potential (82-96%) of
1536 SNP and 472 SSR markers showing in silico polymorphism
between ICC 4958 (desi) and ICC 12968 (kabuli) in 190 advanced
generation mapping population (ICC 4958 X ICC 12968) as well as
92 diverse desi and kabuli genotypes have suggested their immense
use in large-scale genotyping applications of chickpea. An intra-
specific 2001 marker-based genetic linkage map comprising of eight
LGs constructed by us is highly saturated (mean map density:
0.94 cM) in contrast to previous documentation of intra-specific
genetic maps in chickpea. Fifteen robust QTLs harbouring 10 major
genomic regions associated with three agronomic traits, PN, SN and
SW (PVE: 8.8-25.8% with LOD: 7.0-13.8) were identified and
mapped on eight chickpea chromosomes. Positive additive effects
of all these QTLs for high seed and pod number and seed weight
were evident. An integrated approach of high-resolution QTL map-
ping, comprehensive marker-based comparative genome mapping
and differential expression analysis have been utilized to delineate
one of the strong SW-associated major genomic region (126.8 kb)
underlying robust QTL (Caq’SW1.1). This led to identify one poten-
tial SNP (G/A) in the cis-acting element region of a gene encoding an
ethylene responsive factor, which presumably regulate seed weight in
chickpea. The functionally relevant molecular tags (markers, intra-
specific genetic linkage map, high-resolution PN, SN and SW QTLs,
and genes/novel alleles regulating seed weight) identified have
immense utility in diverse genomics-assisted breeding applications
for chickpea genetic improvement.

Methods

Development of an intra-specific chickpea mapping population and their
phenotyping. An intra-specific F, mapping population (consisting of 190 segregating
individuals) derived from the bi-parental crosses between desi ICC 4958 [high pod
(101.6 * 2.2) and seed (137.2 * 2.1) number/plant and high 100-seed weight (35.4 g
* 2.2)] and kabuli ICC 12968 [low pod (46.7 £ 2.3) and seed (54.2 * 1.8) number/
plant and low 100-seed weight (20.8 g == 2.1)] chickpea genotypes was generated by
single seed descent method. The mapping individuals along with their parental
genotypes were grown (planted in a single row with 35 X 10 cm spacing) in the
experimental field according to randomized complete block design (RCBD) with at
least two replications for two consecutive years (2012 and 2013) during crop season at
New Delhi (latitude 28.6°N and longitude 77.2°E). The mapping parental genotypes
(ICC 4958 and ICC 12968) sown after every 10 rows of the RILs served as reference in
field experimental design to test the homogeneity of mapping population across two
seasons. The mapping population was phenotyped for three yield component traits
(pod number and seed number per plant and 100-seed weight) in two experimental
years/environments (environment I: 2012 and environment II: 2013). The pod
number (PN) and seed number (SN) was measured as average number of fully formed
pods and seeds per plant from 10-12 representative plants (selected from the middle
of each row) at maturity in each of the 190 mapping individuals along with parental
genotypes. The 100-seed weight (SW) was estimated by taking the average weight (g)
of 100-matured seeds at 10% moisture content from 10-12 representative plants
(selected from the middle of each row) of each mapping individuals and parental
genotypes. The diverse statistical measures, including mean, standard deviation,
coefficient of variation (CV), least square difference (LSD), analysis of variance
(ANOVA), frequency distribution and Pearson’s correlation coefficient of three
agronomic traits in a mapping population were estimated using SPSS v17.0. The
inheritance patterns of three traits under study were determined by estimating the
effects of genotypes (G), experimental years/environments (E) and G X E interactions
based on two-way ANOVA. The broad-sense heritability [H> = c’g/(c°g + o’ge/n +
c’e/nr)] was estimated using 6°g (genetic), 6°ge (G X E) and c7e (error) variance
with n (number of experimental years/environments) = 2 and r (number of
replicates) = 2.

High-throughput genotyping of SNP and SSR markers. A set of 1632 genomic and
genic SNPs (physically mapped on eight chromosomes of ICC 4958) differentiating
ICC 4958 and ICC 12968*7*° were selected for their validation and high-throughput
genotyping using Illumina GoldenGate assay. For this, the chromosome-wise

physically mapped 2000 SNPs (between ICC 4958 and ICC 12968) along with their
60-bp either side flanking genomic and transcript sequences were analyzed using the
Illumina Assay Design Tool (ADT) to design the custom oligo pool assay (OPA). The

custom made OPA, “Ca-II-OPA” contained one locus-specific oligo (LSO) and two
allele-specific oligos (ASO) designed for each 2000 SNPs. The physically mapped
1632 SNPs with oligo designability ADT score =0.8%°7 were selected for synthesis of
a custom Sentrix Array Matrix (SAM) by Illumina (San Diego, CA, USA). The
GoldenGate SNP genotyping assay was performed according to the standard
manufacturer’s protocol with minor modifications as described earlier for crop
plants, including chickpea®. The allele-specific oligonucleotide hybridization, allele-
specific multiplexed primer extension and ligation reaction and hybridization of
fluorescent dye-labeled (Cy3 and Cy5) PCR products onto a decoded SAM using the
genomic DNA of 190 mapping individuals and parental genotypes were performed by
Illumina BeadArray Express Reader. The intensity data for each SNP was normalized
and cluster positions were assigned using Illumina GenomeStudio Genotyping
software V2011.1. Minimum GenCall and GenTrain cut-off scores of 0.3 were used to
assign valid genotypes at each SNP locus and for measuring the reliability of SNP
detection based on distribution of genotypic classes. The cluster separation score
provided by GenCall software module for 190 mapping individuals and parental
genotypes was optimized manually based on degree of separation between
homozygous and heterozygous clusters as normalized 0 value [(2/m) Tan™ (Cy5/
Cy3)] in each SNP locus.

Additionally, 500 genomic SSR markers (physically mapped on eight chromo-
somes of ICC 4958) showing in silico fragment length polymorphism between ICC
4958 and ICC 12968 based on variation in their repeats were acquired”’. The syn-
thesized SSR markers (normal and/or fluorescent dye-labeled) were PCR amplified in
the genomic DNA of parental genotypes and 190 mapping individuals using touch-
down thermal cycling profiling and standard PCR constituents as described by
Jhanwar et al.*’ and Kujur et al."”. The PCR products amplified by each SSR markers
were resolved on 3.5% metaphor agarose gel and automated fragment analyzer. For
automated fragment analysis, the amplified three fluorescent dye (FAM, VIC and
NED)-labeled PCR products were multiplexed (based on different dyes and amplified
fragment size) with ABI GeneScan-600 LIZ size standard (Applied Biosystems, IL,
USA) and resolved in automated 96 capillary ABI 3730 xI DNA Analyzer. The
electrophoregram containing trace files were analyzed using GeneMapper V4.0 fol-
lowing Kujur et al."®.

Assessment of polymorphic potential of SSR and SNP markers. To determine the
polymorphic potential of designed markers, the Illumina GoldenGate assay, gel-
based assay and automated fragment analyzer were employed (following
aforementioned methods) for genotyping of genome-wide physically mapped 96 SNP
and 96 SSR markers (showing polymorphism between ICC 4958 and ICC 12968) in
the genomic DNA of 92 desi and kabuli chickpea genotypes (Supplementary Table
$10). The genotyping data of markers were used to estimate the average polymorphic
alleles per marker, percent polymorphism and polymorphism information content
(PIC) among desi and kabuli genotypes.

Construction of an intra-specific genetic linkage map. The genotyping data of
parental polymorphic 1536 SNP and 465 SSR markers assayed in 190 F, mapping
individuals (ICC 4958 X ICC 12968) were analyzed using the y’-test (p < 0.05) to
determine their goodness-of-fit to the expected Mendelian 1 : 1 segregation ratio. The
linkage analysis among the markers was performed using MAPMAKER/EXP 3.0 and
classified into different linkage groups (LGs). To eliminate spurious linkage among
markers, the genotyping data of markers grouped by MAPMAKER were further
analyzed using JoinMap 4.1 at higher LOD threshold (3.5-8.0) with Kosambi
mapping function. The SNP and SSR markers were allocated into defined LGs
according to their centiMorgan (cM) genetic distances and an intra-specific genetic
map was constructed using MapChart v2.2. The LGs with genetically mapped
markers were designated (LG1 to LG8) based on the corresponding marker physical
positions (bp) on the chromosomes.

QTL mapping. For QTL mapping, the genotyping data of SSR and SNP markers
genetically mapped on eight LGs of chickpea and field phenotypic data (SN, PN and
SW) of 190 mapping individuals and parental genotypes were correlated using single
marker analysis, interval mapping and composite interval mapping functions of QTL
Cartographer v2.5 and MapQTL v6.0. The LOD threshold score of more than 4.0 at
1000 permutations was considered significant (p < 0.05) to identify and map the
major QTLs on LGs governing PN, SN and SW traits in chickpea. The positional
genetic effects and phenotypic variation explained (PVE) by QTLs were evaluated at
significant LOD. The multiple-trait composite interval mapping (MCIM) of QTL
Cartographer was employed to detect pleiotropic QTLs. The additive effect of marker
loci harboring the QTLs was determined using QTL Network v2.0. The confidence
interval (CI) of each significant major QTL peaks was measured by using *1-LOD
support intervals (95% CI).

Comparative genome mapping. The genomic and transcript sequences flanking the
SNP and SSR markers that were genetically mapped on the eight LGs of chickpea were
BLAST searched (E = 0) against the chromosome pseudomolecules of draft genome
sequences of desi (ICC 4958) chickpea®” to determine the physical positions (bp) of
markers on eight chromosomes. For comparative genome mapping, the markers
genetically and/or physically mapped on eight LGs (chromosomes) of desi chickpea
were BLAST searched (1e =-10) against the pseudomolecules of kabuli chickpea®,
Medicago truncatula, Glycine max, Lotus japoincus and Cajanus cajan’™
chromosomes. Reciprocal best hit method””® of OrthoMCL was used to define
orthologous relationships of marker sequences among five dicot genomes. The
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marker-based syntenic relationships among chickpea and five other dicot genomes
were visualized with visualization blocks using Circos 0.55.

Differential expression profiling. To determine the differential expression patterns
of genes annotated at the SW-regulating major genomic region harboring a robust
QTL, suitable primer-pairs from these genes were designed for expression profiling.
The gene-based primers along with internal control elongation factor 1-alpha (EF1a)
were amplified using the RNA isolated from three different vegetative tissues (shoot,
root and leaf) and two seed developmental stages [(early cell division at 10-20 days
after podding (DAP) and late maturation phases 21-30 DAP as defined by Kujur
etal."”] of eight low [kabuli: ICC 12968 (SW: 20.8 g), desi: ICCX-810800 (11 g), desi:
ICC 4926 (7.4 g) and desi: ICC 12654 (8.9 g)] and high [desi: ICC 4958 (SW:35.4 g),
kabuli: ICC 20268 (47 g), desi: ICC 7410 (32.5 g) and desi: ICC 6121 (30.7 g)] seed
weight contrasting chickpea genotypes as well as parents of mapping population
using semi-quantitative and quantitative RT-PCR assays. The expression level of
genes was compared with each other and along with control (vegetative tissues of
respective genotypes) following Kujur et al.".
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