Plant Biotechnology

Journal

SEB

Society for
Experimental Biology

QQb

Association of Applied Biologists.

Plant Biotechnology Journal (2012) 10, pp. 716-732

doi: 10.1111/].1467-7652.2012.00710.x

Large-scale development of cost-effective SNP marker
assays for diversity assessment and genetic mapping in
chickpea and comparative mapping in legumes

Pavana J. Hiremath'2, Ashish Kumar', Ramachandra Varma Penmetsa®, Andrew Farmer?, Jessica A. Schlu-
eter®, Siva K. Chamarthi', Adam M. Whaley>, Noelia Carrasquilla-Garcia®, Pooran M. Gaur', Hari D. Up-
adhyaya’, Polavarapu B. Kavi Kishor?, Trushar M. Shah', Douglas R. Cook® and Rajeev K. Varshney'*

'International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India

20smania University, Hyderabad, India
3Un/'versiz‘y of California, Davis, CA, USA

“4National Center for Genome Resources (NCGR), Santa Fe, NM, USA
>University of North Carolina, Charlotte, NC, USA
®Generation Challenge Program (GCP), Mexico DF, Mexico

Received 20 December 2011;

revised 5 April 2012;

accepted 25 April 2012.
*Correspondence (Tel +91 40 30713305;
fax +91 40 30713074/3075; email
r.k.varshney@cgiar.org)

Re-use of this article is permitted in
accordance with the Terms and Conditions
set out at http://wileyonlinelibrary.com/
onlineopen#0OnlineOpen_Terms

Keywords: chickpea, single nucleo-
tide polymorphisms, KASPar assay,
linkage map, legume synteny.

Summary

A set of 2486 single nucleotide polymorphisms (SNPs) were compiled in chickpea using four
approaches, namely (i) Solexa/lllumina sequencing (1409), (ii) amplicon sequencing of tenta-
tive orthologous genes (TOGs) (604), (iii) mining of expressed sequence tags (ESTs) (286) and
(iv) sequencing of candidate genes (187). Conversion of these SNPs to the cost-effective and
flexible throughput Competitive Allele Specific PCR (KASPar) assays generated successful
assays for 2005 SNPs. These marker assays have been designated as Chickpea KASPar Assay
Markers (CKAMs). Screening of 70 genotypes including 58 diverse chickpea accessions and
12 BC3F; lines showed 1341 CKAMs as being polymorphic. Genetic analysis of these data
clustered chickpea accessions based on geographical origin. Genotyping data generated for
671 CKAMs on the reference mapping population (Cicer arietinum 1CC 4958 x Cicer reticula-
tum Pl 489777) were compiled with 317 unpublished TOG-SNPs and 396 published markers
for developing the genetic map. As a result, a second-generation genetic map comprising
1328 marker loci including novel 625 CKAMs, 314 TOG-SNPs and 389 published marker loci
with an average inter-marker distance of 0.59 cM was constructed. Detailed analyses of 1064
mapped loci of this second-generation chickpea genetic map showed a higher degree of synt-
eny with genome of Medicago truncatula, followed by Glycine max, Lotus japonicus and least
with Vigna unguiculata. Development of these cost-effective CKAMs for SNP genotyping will
be useful not only for genetics research and breeding applications in chickpea, but also for
utilizing genome information from other sequenced or model legumes.

Introduction

Among different marker systems, simple sequence repeats
(SSRs) and SNPs are the markers of choice for genetics and

Chickpea (Cicer arietinum) is the third most important legume
crop, a source of dietary protein and a beneficial agricultural
crop in the semi-arid regions of the world. The development of
sustainable high yielding varieties against persisting abiotic stres-
ses and biotic stresses is a prerequisite to meet the world hun-
ger. Molecular breeding strategies have been adopted to
improvise crop improvement programmes in several crops
including legumes such as soybean and common bean (see
Chamarthi et al.,, 2011). In case of chickpea, progress in the
area of implementation of markers in breeding programmes,
however, has been relatively slow. Availability of limited molec-
ular markers coupled with narrow genetic diversity has been
the major constraints to hamper development of genetic maps
and undertaking trait mapping studies. Marker genotyping cost
is another critical factor that determines adoption of markers in
breeding programmes as it involves genotyping of large number
of segregating lines.

plant breeding applications (Close et al.,, 2009; Gupta and
Varshney, 2000). Although the genotyping assays are expensive
and/or time consuming, the SSR markers have been an inevita-
ble choice till date in many crop species including chickpea
for large-scale characterization of germplasm collections (Up-
adhyaya et al., 2008), construction of genetic maps (Choudhary
et al., 2009; Nayak etal, 2010; Thudi etal, 2011; Winter
et al., 1999) and QTL identification (Aryamanesh et al., 2010;
Santra et al., 2000). On the other hand, SNPs are biallelic and
the most abundant genetic variations, which are evenly distrib-
uted in higher frequencies throughout the genome of most
plant species (Allen et al, 2011; Yan etal., 2009). As these
markers are amenable for automation and high-throughput
approach, the genotyping costs for SNPs can be lowered down.
As a result, SNP genotyping of large-scale segregating popula-
tions as well as germplasm collections becomes cost-effective
for developing high-density genetic maps, genome-wide
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association mapping, marker-assisted selection (MAS) and geno-
mic selection (GS) studies (see Varshney, 2010).

Depending on the sample size and number of markers to be
analysed, medium- to high-throughput assay platforms such as
BeadXpress and GoldenGate assays from lllumina Inc. (San
Diego, CA) with varying set of multiplexes (96, 384, 768 or
1536 SNPs per assay) are available. Such platforms have been
developed and used in several crop species such as barley
(Close et al., 2009), wheat (Akhunov et al,, 2009), maize (Yan
et al., 2009), oil seed rape (Durstewitz et al., 2010), soybean
(Hyten et al., 2008), cowpea (Muchero et al., 2009), pea (Deul-
vot et al.,, 2010) and chickpea (Choudhary et al, 2012; R.V.
Penmetsa, N. Carraquilla-Garcia, A.D. Farmer, R.K. Varshney,
D.R. Cook, unpublished data). These platforms, however, are
cost-effective only when a minimum of 96, 384, 762 or 1536
SNPs are used for genotyping a large number of genotypes
(R.R. Mir, P.J. Hiremath, O. Riera-Lizarazu, R.K. Varshney,
unpublished results). In cases of molecular breeding applications
such as MAS where only few markers are required for genotyp-
ing a large number of segregating lines, lllumina-based geno-
typing assays do not seem to be cost-effective. In such cases,
Competitive Allele Specific PCR (KASPar) assay from KBiosciences
(Hertfordshire, UK) (http://www.kbioscience.co.uk) seems to be
an attractive marker genotyping assay (Allen et al., 2011; Cor-
tes et al, 2011). KASPar assay is a PCR-based novel homoge-
neous fluorescent SNP genotyping system. It is a very flexible
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assay and can be carried out on undefined set of markers (http:/
www.kbioscience.co.uk/reagents/KASP_manual.pdf, http://www.
kbioscience.co.uk/download/KASP.swf).

This study has been undertaken in chickpea with the follow-
ing objectives: (i) to compile a large set of informative SNPs, (ii)
to develop KASPar assays for cost-effective SNP genotyping, (iii)
to analyse genetic diversity in the selected Cicer spp. accessions,
(iv) to develop a second-generation genetic map based on SNPs,
and (v) to determine the extent of genetic synteny of chickpea
with some closely related legume species.

Results
Large-scale identification of SNPs

With an objective of developing the cost-effective KASPar
assays for chickpea genetics and breeding applications, 2486
informative SNPs were compiled following four approaches
(Figure 1).

Solexa/lllumina sequencing

Solexa/Illumina 1G sequencing was carried out on total RNA
samples of four genotypes, namely ICC 4958, ICC 1882, ICC
506-EB and ICCC 37 of the cultivated species (C. arietinum),
and one genotype (Pl 489777) of wild species (Cicer reticula-
tum) (Hiremath et al., 2011). In total, approximately 96 million
Solexa/Illumina sequence reads were generated (Table 1). After

SNPs from allele-
specific re-sequencing
of candidate genes

SNPs from multiple
sequence
alignments of ESTs

SNPs based on legume
tentative orthologous
(TOGs) (Penmetsa et

Based on mapping onto chickpea transcriptome reference assembly (CaTA) of

al, unpublished) (Varshney et al., (Gujaria et al., 2011;

103 215 TUSs and those with 23 read depth; frequency difference of 20.75 and <0.25 2009) Nayak et al., 2009)
Vi i
’ 10 368 SNPs ‘ ’ 586 SNPs ‘ 4677 SNPs
Excluding redundant SNPs by comparing with SNPs developed from
other studies (Gujaria et al., 2011; Nayak et al., 2010; Penmetsa et al,
unpublished)
(b) (c) (d)
(a) 604 SNPs 286 SNPs 187 SNPs
1409 SNPs \l/

2486 non-redundant SNPs |

—

1341 CKAMs polymorphic
across 58 accessions

\:

N
2005 SNPs (CKAMs)
validated
Analysis of 119 polymorphic CKAMs on
BC,F, and parents (JG 11 x ICC 4958)

930 CKAMs polymorphic
between ICC 4958 and Pl 489777

\2

671 CKAMs genotyped on RILs of
1CC 4958 x P1 489777 cross

\

625 CKAMs mapped on ICC
4958 x P1 489777 linkage map

Figure 1 A schematic representation to select the informative SNPs for conversion into KASPar assay and their utilization for genetic mapping and
germplasm analysis. A total of four approaches—(i) Solexa/Illumina sequencing, (ii) tentative orthologous genes (TOGs), (i) mining of expressed
sequence tags from public domain (iv) and allele-specific resequencing—were used to identify a set of 2486 nonredundant SNPs. Although efforts were
made to develop KASPar assays for all SNPs, successful assays were developed for 2005 SNPs. Screening of these assays on 58 Cicer spp. accessions
showed polymorphism with 1341 CKAMs, including 119 CKAMs showed polymorphism with JG 11 and ICC 4958, the parental lines of 12 BCsF; lines
analysed. Furthermore, genotyping data were generated for 651 CKAMs on 131 RiLs of the interspecific mapping populations, of which 625 CKAMs

were integrated into the chickpea genetic map.
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Table 1 A summary of identification of single nucleotide polymorphisms (SNPs) based on Solexa/lllumina sequencing

Average No. of Total number of SNPs (>3 read depth,
Genotype Treatment read length (bp) reads (million) frequency difference of >0.75 and <0.25)
Pl 489777 - 36 263] 10 368
ICC 4958 Drought stress 36 15.6 586
ICC 1882 Drought stress 36 22_1]
ICC 506 EB Helicoverpa stress 36 5.2 4677
ICCC 37 Helicoverpa stress 36 26.8:|

aligning these sequence reads with the chickpea transcriptome
assembly  (CaTA) comprising 103 215 tentative unique
sequences (TUSs) (Hiremath et al., 2011) using Alpheus pipeline
(Miller et al., 2008) and pair-wise comparison of parental
genotypes considering selection criteria such as read depth of
>3 and frequency difference of >0.75 and <0.25 (Azam et al.,
2012), a total of 15361 SNPs in 9517 TUSs were selected
(Table 1). By comparing the identified SNPs across the three
parental combinations, 14 454 unique SNPs were identified
from 9517 nonredundant TUSs. To select nonredundant SNPs,
all the 14 454 SNPs in 9517 TUSs were compared with already
available SNPs developed in other studies (Gujaria et al., 2011;
Nayak et al., 2010; R.V. Penmetsa, N. Carraquilla-Garcia, A.D.
Farmer, R.K. Varshney, D.R. Cook, unpublished results). As a
result, a final set of 1409 SNPs from 1409 TUSs was selected.

Mining of sanger ESTs

On the basis of cluster analysis of 27 259 Sanger expressed
sequence tags (ESTs), 9569 unigenes including 2431 contigs
and 7138 singletons were identified in an earlier study (Varsh-
ney etal, 2009). A set of 729 contigs having ESTs from at
least two genotypes and read depth of >5 was explored for
SNP selection. An SNP with high polymorphism information
content (PIC) value (=0.5) and having at least 50 bp window
on either sides was considered from each contig. Finally, a
nonredundant set of 286 SNPs from 286 TUSs were selected
(Figure 1).

Allele-specific sequencing of candidate genes

Allele resequencing of 220 genes on a set of 2-20 genotypes
representing nine Cicer species provided 1893 SNPs in our ear-
lier study (Gujaria et al.,, 2011). By considering the criteria of
selecting one SNP with higher PIC value from each gene and
50-bp region on both flanking side of the SNP, a total of 183
SNPs present in 183 genes were selected. In addition, four SNPs
coming from two drought-responsive genes (Nayak et al.,
2009) were also selected (Figure 1).

Allele-specific sequencing of TOGs

With a goal of identification of cross-species genetic markers,
allele-sequencing was conducted on ICC 4958 and Pl 489777
for a total of 1440 tentative orthologous genes (TOGs) (R.V.
Penmetsa, N. Carraquilla-Garcia, A.D. Farmer, R.K. Varshney,
D.R. Cook, unpublished data). On the basis of SNP analysis on
this data set, a GoldenGate assay was developed for 768 SNPs
including 733 SNPs from TOGs and 155 SNPs from other
sources. Genotyping of the reference mapping population with
this GoldenGate assay integrated a total of 450 SNPs including
429 TOG-SNPs onto the genetic map. On the basis of design-

able criteria for KASPar assays, a total of 604 TOG-SNPs includ-
ing 410 mapped and 194 unmapped SNPs were selected
(Figure 1).

In brief, a set of 2486 SNPs including 1409 SNPs from
Solexa/lllumina sequencing, 286 SNPs from mining Sanger ESTs,
187 SNPs from allele-specific sequencing of candidate genes
and 604 TOG-SNPs was assembled (Table S1). It is important to
mention here that except for the 187 SNPs from allele rese-
guencing of candidate genes and 604 SNPs from TOGs, the
assembled SNPs were not validated earlier. Therefore, the com-
piled SNPs can be considered as putative SNPs.

Development and validation of KASPar assay

The selected set of 2486 SNPs was used for developing KASPar
assays (Table S1). The developed KASPar assays have been des-
ignated as Chickpea KASPar Assay Markers (CKAMs). All 2486
CKAMs were used for validation on a panel of 70 genotypes
(Table S2). These genotypes include 55 lines/varieties of the cul-
tivated species (C. arietinum) from 11 countries, three acces-
sions from the wild species (C. reticulatum) and 12 BCsF, lines
generated after introgressing a genomic region containing QTLs
for several drought tolerance traits from ICC 4958 into JG 11
by using marker-assisted backcrossing approach (unpublished
results).

A total of 2005 (80.6%) CKAMs were validated of the
2486; of these, 1341 (66.8%) CKAMs were polymorphic
among 58 genotypes, 664 (33.1%) were monomorphic in
the genotypes tested, and 481 (19.4%) failed to generate a
useful amplification signal (Table S1, Figure 2). No attempt
was made to redesign the primer for failed CKAMs. A com-
parison of SNP predicted in silico (assembled) and alleles
called in the KASPar assays for the 2005 validated CKAMs
showed 100% consistency. The PIC values for the polymor-
phic CKAMs varied between 0.02 and 0.50 with an average
of 0.12 (Table S1).

Analysis of CKAMs on the parental genotypes of the map-
ping populations showed higher polymorphisms in interspecific
(C. arietinum x C. reticulatum) crosses than in intraspecific
(C. arietinum x C. arietinum)  crosses. Among interspecific
crosses, maximum number of polymorphisms (930 CKAMs) was
observed in the reference mapping population (ICC 4958 x Pl
489777) followed by crosses segregating for Helicoverpa resis-
tance, that is, ICC 3137 x |G 72953 (620 CKAMs) and ICC
3137 x IG 72933 (276 CKAMs). In the case of the intraspecific
crosses, maximum polymorphism was identified between Arerti
and ICC 4958 (159 CKAMs), which represent parents of MABC
population for improvement of chickpea for drought tolerance.
The polymorphism status of CKAMs between different parental
combinations is given in Table 2.

© 2012 The Authors
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Figure 2 Snapshots showing SNP genotyping with KASPar assays. Different possible scenarios of SNP genotyping in germplasm collection (a—c) and
interspecific RIL mapping population (d—f) have been shown. Marker genotyping data generated for each genotype were used for allele calling using
the automatic allele calling option. Allelic discrimination (two alleles) for a particular marker in the genotypes examined has been shown on a scatter
plot with axes ‘X" and "Y". The snapshot (a) shows monomorphic pattern, that is, occurence of only one allele (blue spots) for CKAMO0790 marker. In
the snapshot (b), polymorphism pattern, that is, occurence of two alleles (blue and red spots) for CKAM1175 marker in almost equal proportion in the
germplasm collection, has been shown. All germplasm accessions show homozygosity for the corresponding alleles, and one accession shows missing
data (pink spot). The snapshot (c) shows heterozygosity, that is, occurence of both alleles (green spots) for CKAM1802 marker in nine germplasm
accessions in addition to occurence of two alleles in homozygous condition in several accessions (blue and red spots) and three accessions with missing
data. The snapshot (d) shows occurence of one allele (red spots) in majority of RILs, except two RILs with the other allele (blue spots) and two RILs with
missing data (brown spots). Two clusters of about 50% of RILs each with one allele (blue and red spots) along with two RILs with missing data (brown
spots) have been shown in the snapshot (e). The snapshot (f) shows occurence of one allele (blue spots) in several RILs and missing data in majority of
the lines.

Genetic diversity analysis comprised 56 genotypes of C. arietinum species, with an excep-
tion of one genotype IG 72933, belonging to C. reticulatum
species, that branches off sequentially at the base of the den-
drogram closer to the Cluster-I. In the Cluster-Il, few landraces
and cultivars from India (Annigeri, ICC 4593, ICCC 37, ICCV
05530), Ethiopia (Arerti), Mexico (ICC 12037) and Israel (ICC
7571) formed a clear outlying group, with the remaining 48
genotypes clustering into two main groups—the Cluster-lla and
the Cluster-llb. The Cluster-lla has 13 genotypes that mainly
belong to Afghanistan (2), Chile (1), Ethiopia (1), Iran (4), Portu-
gal (1), Turkey (1), Mexico (1) and former USSR (2). The Cluster-
Ilb is comprised of 35 genotypes, of which 33 belong exclusively
to India, one to Iran and one to Cyprus. Within the Cluster-Ilb,

Genotyping data obtained for all 1341 polymorphic CKAMs on
58 chickpea genotypes (Table S3) were used for assessing the
genetic diversity and understanding their genetic relationships.
Genetic dissimilarity between different pairs of genotypes varied
from 0.02 (ICC 7554 and ICC 3137) to a maximum of 0.74 (PI
48977 and IG 72933) with a mean of 0.37. On the basis of the
dissimilarity data and UPGMA method, a hierarchical cluster
analysis was performed on all the 58 genotypes using DARwiN
V5.0.128 software (Perrier et al., 2003) (Figure 3). In the den-
drogram, the genotypes were grouped into two discrete major
clusters: the Cluster-l comprised only two wild species (C. retic-
ulatum) genotypes (IG 72953 and PI 489777), and the Cluster-Il

© 2012 The Authors
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Table 2 CKAMs-based polymorphisms in some segregating populations of chickpea

Parental genotypes of
segregating population

Features of segregating populations

Marker data available for Polymorphic

both parental lines markers (%)

Interspecific mapping populations (Cicer arietinum x Cicer reticulatum)

ICC 4958 x Pl 489777 International reference mapping population 1900 930 (48.9)
ICC 3137 x IG 72953 Helicoverpa resistance 1744 620 (35.6)
ICC 3137 x IG 72933 Helicoverpa resistance 1839 276 (15.0)
Intraspecific mapping populations (C. arietinum x C. arietinum)
ICC 4958 x ICC 1882 Drought tolerance and root traits 1966 148 (7.5)
ICC 283 x ICC 8261 Drought tolerance and root traits 1960 58 (3.0)
ICC 6263 x ICC 1431 Salinity tolerance 1966 54 (2.7)
JG 62 x ICCV 05530 Fusarium wilt (FW), Ascochyta blight (AB), 1947 32 (1.6)
Botrytis grey mould (BGM)
Annigeri x ICC 4958 Root traits 1939 125 (6.4)
ICC 506-EB x Vijay Helicoverpa resistance 1969 27 (1.4)
Marker-assisted backcrossing (MABC) populations
Arerti x ICC 4958 Introgressing root trait QTL 1964 159 (8.1)
Ejere x ICC 4958 Introgressing root trait QTL 1967 140 (7.1)
ICC 97105 x ICC 4958 Introgressing root trait QTL 1981 147 (7.4)
ICCV 10 x ICC 4958 Introgressing root trait QTL 1982 136 (6.8)
ICCV 95423 x ICC 4958 Introgressing root trait QTL 1984 124 (6.2)
JG 11 x ICC 4958 Introgressing root trait QTL 1986 119 (6.1)
DCP 92-3 x ICC 4958 Introgressing root trait QTL 1982 137 (6.9)
KAK 2 x ICC 8261 Introgressing root trait QTL 1967 40 (2.0)
ICCV 92318 (Chefe) x ICC 8261 Introgressing root trait QTL 1971 37 (1.9)
C 214 x ILC 3279 Introgressing AB resistance 1963 53 (2.7)
C 214 x WR 315 Introgressing FW resistance 1934 15 (0.8)
Phule G5 x Vishal Introgressing FW resistance 1954 27 (1.4)
Phule G12 x WR 315 Introgressing FW resistance 1980 26 (1.3)
JG 74 x)G 14 Introgressing FW resistance 1959 51(2.6)
JG 74 x WR 315 Introgressing FWV resistance 1970 35(1.8)
Annigeri x WR 315 Introgressing FW resistance 1934 34 (1.8)
Annigeri x ICCV 10 Introgressing FWV resistance 1935 29 (1.5)
Marker-assisted recurrent selection (MARS) mapping populations
JG 130 x ICCV 05107 Enriching drought tolerance alleles 1977 31(1.6)
ICCV 2 xJG 11 Enriching salinity tolerance alleles and early flowering 1973 30 (1.5)
JG 11 x ICCV 04112 Enriching drought tolerance alleles 1975 27 (1.3)

SNP, single nucleotide polymorphisms.

ICC 1882 is separated from the rest of the genotypes. Overall,
the clustering pattern showed a distinctive grouping of geno-
types into separate clusters based on their geographical origin
and also based on species background (Figure 3a).

Relationship of BC5F, lines with the recurrent parent

A set of 12 BCsF, generated after introgressing a genomic
region containing QTLs for several drought tolerance-related
traits in JG 11 variety after maker-assisted backcrossing (MABC)
with ICC 4958 genotype were tested with all 2005 CKAMs to
assess the genome recovery of JG 11 parent in the MABC lines.
As a result, 108-117 markers showed similarity between the
given BCsF, line and JG 11 (Table S4). In brief, the tested BCsF,
lines showed genome recovery of JG 11 from 91% (BCsF,_170,
BCsF, 187, BCsF, 195) to 98% (BCsF,_ 120, BCsF, 248)
(Figure 3b). Furthermore, comparison of the BCsF, lines with
ICC 4958 showed the presence of allele of ICC 4958 in
the BCsF, lines for 10 CKAMs (CKAMO0017, CKAM1802,
CKAM1444, CKAM0042, CKAMO0043, CKAM1641, CKAM1963,
CKAM1933, CKAM1709 and CKAM1604). These markers seem

to be the potential mappable markers in the genomic region
transferred from ICC 4958 to JG 11.

Second-generation genetic map of chickpea

The reference mapping population (ICC 4958 x PI 489777) was
targeted for integrating CKAMs in the genetic map of chickpea.
In this context, a total of 930 CKAMs showed polymorphism
between the parental genotypes. The polymorphic CKAMs
include 503 Solexa/Illumina SNPs, 377 TOG-SNPs and 50 candi-
date gene sequencing—based SNPs. As genotyping data were
already available on the reference mapping population for all
371 TOG-SNPs via GoldenGate assay, only 118 markers repre-
senting all the linkage groups were selected for genotyping via
KASPar assays mainly for quality control. Therefore, genotyping
data were generated on the reference mapping population for
a total of 671 CKAMs (503 Solexa/Illlumina SNPs, 50 candidate
genes SNPs and 118 TOG-SNPs). High-quality genotyping data,
however were generated for 651 CKAMs (492 Solexa/lllumina
SNPs, 46 candidate genes SNPs and 112 TOG-SNPs). Analysis of
genotyping data showed Mendelian segregation ratio for a total

© 2012 The Authors
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Figure 3 Genetic relationships in germplasm and BCsF, lines. Hierarchical clustering of chickpea accessions was carried out based on UPGMA using
DARwin. The part (a) of the figure shows phylogenetic relationships among 58 germplasm lines based on allelic data for 1341 CKAMs. All the geno-
types analysed could be grouped into two main clusters (I and Il). The Cluster-I comprised two wild species genotypes (Cicer reticulatum) and Cluster- I
comprises accessions mainly of Cicer arietinum species coming from 11 different countries. The part (b) of the figure shows genetic dissimilarity of 12

BCsF, lines with JG 11, the recurrent parent.

of 525 markers, and the remaining 126 (19.3%) markers exhib-
ited segregation distortion (Table S5) owing to skewed occur-
rence/distribution of one of the two parental alleles or high
percentage (60%) absence of allele data (Figure 2d,e,f).

As genotyping data were available for a total of 429
TOG-SNPs via GoldenGate assay (R.V. Penmetsa, N. Carraquilla-
Garcia, A.D. Farmer, R.K. Varshney, D.R. Cook, unpublished
data) and high-quality genotyping data were generated for 112
TOG-SNPs from this set via KASPar assay in the study, the
genotyping data for the remaining 317 TOG-SNPs generated via
GoldenGate assay were added to the data set of 651 CKAMs.
In addition, genotyping data were also assembled for (i) 61
genic molecular markers (GMMs) including 31 CGMMs, 15 CIS-
Rs and 15 ICCeMs (Gujaria et al., 2011), and (ii) 335 legacy
markers including SSRs from different sources (H-series, ICCMs,
CAMs, SSRs-Frankfurt University, ISSRs), SNaPshot assays-based
SNPs, CAPS, DArTs (Thudi et al., 2011), and RAPDs. In sum-
mary, genotyping data were compiled for 1364 markers and
used for constructing the genetic map. The most likely order of
the markers was determined based on the verified position of

© 2012 The Authors

GMMs (Gujaria etal, 2011), TOG-SNPs (R.V. Penmetsa,
N. Carraquilla-Garcia, A.D. Farmer, R.K. Varshney, D.R. Cook,
unpublished data) and legacy markers (Nayak et al., 2010; Thu-
di etal, 2011). By using JonMar v 4.0 program (Van Ooijen
et al., 2006), a total of 1328 markers were mapped onto eight
linkage groups (CaLG01-CalLGO08) as per the nomenclature
given in Thudi et al. (2011). The developed genetic map spans
a total of 788.6 cM distance with an average intermarker
distance of 0.59 cM (http://cmap.icrisat.ac.in/cmap/sm/cp/hire-
math/) (Figure 4). Details about different type of markers inte-
grated in this map are given in Table 3. The number of markers
per linkage group varied from 107 (CaLG08) to 255 (CaLG04).
The total distance of individual linkage groups ranged from
70.5 (CaLG08) to 116.6 ctM (CaLGO1).

Uneven distribution and clustering of markers was observed
along the length of all the chickpea linkage groups in this map.
Occurrence of both minor (3-5 cM) and major (>5 cM) gaps
between adjacent loci was observed (Table 4). A detailed obser-
vation revealed extensive clustering of CKAMs and TOG-SNPs
near the telomeric regions of CalGO03, CalLG06, CaLG07 and
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Figure 4 A second-generation genetic map of chickpea. The genetic map based on reference mapping population (ICC 4958 x Pl 489777) is comprised of a
total of 1328 marker loci including newly developed 625 CKAMSs, 314 tentative orthologous genes (TOGs)-SNPs (R.V. Penmetsa, N. Carraquilla-Garcia, A.D.
Farmer, R.K. Varshney, D.R. Cook, unpublished data) and 389 published marker loci in earlier studies. Eight different linkage groups are shown and designated as
CalLGO1 to CaLGO8. For the visualization of marker names and orders, each LG has been split into 2-5 parts. For instance, four LGs, namely CaLG02, CaLG07
and CaLGO8, are split into A and B parts; three LGs, namely CaLG04, CaLGO5 and CaLGO06, are splitinto A, B and C parts; the CaLGO01 is divided into A, B, C
and D parts; and CaLGO3 is divided into A, B, C, D and E parts. Map distances (cM) are presented on the left side of the bars, and corresponding markers are
listed on the right side of the bars. Each marker class is colour coded as follows: green, CKAMs; red, TOGs-SNPs; black, CGMMs; dark blue, CISRs; golden yellow,
ICCeMs; light blue, DArTs; and brown, legacy markers. High resolution genetic map is available at http:cmap.icrisat.ac.in/fcrnap/sm/cp/hiremath/.

© 2012 The Authors
Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 716-732



CalLG04 (A)

o

0.0 ——— ISSR8901

7.3 ISSR842

10.9 cbc2
12.6 L/ TOG899684

141~ |~ s TC87270
14.4\ /

CKAM1691 CKAM1742

CKAMO0032 CKAM1119

TOG897469
17.21 Y= 7 cpPb675919
185 TOG894099
19.9 cpPb491143
20.2 TOG896166
22.1 TA46
22.8 T0G902037
23.0 CKAMO0017
24.1 STMS24
25.1 CKAM1933
25.7 CGMMO089
26.4 TOG895163
27.0 ICCM0257
28.5 CKAM1076
28.7 TOG946905
30.4 CKAM1179
30.5 | CKAM1712 CKAM1209
30.6 CKAM1598
30.8 | CKAM1618 CKAM1449
30.9 CKAM1405
31.0 CKAMO0039

Figure 4b (Continued)

© 2012 The Authors

CaLG04 (B)
36.1 CGMMO079
36.3 TOG897521
36.4 Ir ICCM0212¢
36.9 Jr STMS26
37.3 TS72
38.2 //r CKAMO0476
38.5 {//| CKAM1517 CKAM1280
38.6 CKAM1248
39.1 TOG895229
39.6 TOG913370
39.8 TA13
39.9 TR20 TOG917721
40.6 CKAMO0798
40.9 TA2
41.2 \' H1G22
41.6 \' TA146
419 ' CKAM1364
42.9 I TA72
43.3 TOG922889
43.4 GA2
43.6 TOG906662
43.9 TOG913321
44.4 TA130
45.4 TOG900323
45.6 PpPF
45.7 I TOG897326
46.3 CKAMO0244
48.4 TOG915802 H1B17
48.8 CaM0507
491 H1H13 H1G20
49.8 ICCMo0127
49.9 tk_515
50.2 TOG927609 ICCM0249
50.4 | TOG895060 TOG903155
51.0 TOG908504
51.1 TOG902016 TOG899516
. TOG901045
51.2 TOG896733
51.6 ICCM0068
52.3 CKAMO0770
52.5 CKAM1576
52.7 | CKAM0847 CKAM1469
52.8 CKAM1088
52.9 CKAM1636 CKAM1198
CKAM1818
53.0 CKAM1384 CKAM1790
. CKAMO0869 CKAMO0875
53.1 CKAM1210
53.3 CKAM1359
53.4 1 CKAM1201 CKAMO0931
CKAM1589 CKAM1999
535 CKAM1581 CKAM1458
y CKAM1185 CKAM1754
CKAM1690
53.7 CKAM1447
53.8 CKAM1587
53.9 { CKAM1099 CKAM1826
54.1 CKAM1761 CKAM1606
. CKAMO0812 CKAMO0978
CKAM1056 CKAM1328
54.2 CKAM1356 CKAM0750
- CKAM1832 CKAM1788
CKAM1842
54.4 1 | CKAM1796 CKAM1481
54.5 1 CKAM1417
55.2 1 H1H15
55.4 1 Gm2084815
56.2 1 CKAMO0885
56.8 1 ICCeMO015
57.0 1 CKAM1330
57.7 1 | CKAM1455 CKAMO0966
58.2 1 ICCM0063
58.9 1 | CKAM0769 CKAM1191
59.0 1 | CKAM0923 CKAM1129
50.1 TOG899078 TOG922957
. TOG935579
59.5 1 CKAMO0814 CKAMO0701
CKAM1432 CKAM1721
59.8 1 CKAM1623
59.9 1 CKAM1032
60.3 1 CKAM1984
CKAM1726 CKAM1220
60.7 1 CKAM1488 CKAMO0443
CKAMO0920 CKAM1624
61.8 1 CKAMO0787
61.9 1 CKAM1535
62.5 1 | CKAM1177 CKAM1354
62.7 1 CKAMO0737
63.0 - TOG910718

Large-scale development of chickpea KASPar assays 723

CaLG04 (C)
64.1 CKAM1062

64.2 CKAM1681

64.6 \'| CKAM0747 CKAM1045

65.1 i\ ICCM0003

65.2 \' TOG897715

65.3 | ICCM0004

65.7 ' TOG895578

66.1 i ' RL3

66.7 || LG99

67.17 TOG903593

67.3 TOG896007

67.4 CKAMO0649

67.7 CKAM1808

67.8 CKAM1394

68.1 CGMMO036

68.5 CISP5_dcaps CGMMO074

68.8 ICCM0024

69.7 ICCM0293

70.0 TOG895535

701 CKAM1270

70.5 REP

71.0 CKAM1760

711 CKAMO0944

71.6 CKAM1619

7.7 CKAM1508

73.0 CKAM1353

73.4 | CKAM1007 CKAM1033

73.7 CKAMO0646

73.9 CKAM1268

74.0 | CKAM1770 CKAM1146

741 TOG900006

74.4 CKAMO0826

74.6 TOG896540

74.7 CKAM1716

74.8 CKAM1012

74.9 TOG901549

751 CKAM1450 CKAM1010
- CKAMO0285

75.2 CKAM1776

75.3 CKAMO0990

75.4 CKAMO0897

76.5 CGMMO044

77.5 DslI

78.0 | TOG908289 TOG903969

78.2 CALTL

78.3 TOG895877

78.6 TOG904041

78.8 | TOG894357 TOG898075

78.9 1 TOG896981 TOG922990

79.3 CKAM1205

704 TOG895846 TOG900259

TOG910388 TOG916001

79.7 ICCeM036 TOG900053

79.9 TOG906507

80.0 GAA47

80.2 GA24

80.3 STMS11

81.0 TOG901184

2.3 1 TOG897003 TOG898887
- TOG910862

83.1 CKAM1502

83.21 CKAMO0979 CKAM1501
: CKAMO0434

84.2 1 TOG896495

84.3 1 CGMMO002

84.6 1 TOG910203

84.7 1 CKAM1471

85.0 1 CKAM1096

85.1 1 TOG894321 TOG896976
. TOG901729 TOG930121

85.2 1 TOG910567 CKAM1349

86.2 1 TOG896911

86.5 1 TOG896066

88.0 1 TC86606

89.0 1 | CKAM1703 CKAM0338

89.1 1 CKAMO0880

89.2 1 CKAM1043

89.9 1 CKAMO0925

90.2 1 CKAM1063

90.5 1 CKAM1232

91.7 1 TOG899054

91.9 1 TOG908396

92.0 1 HRIP

92.2 1 TOG912749

92.5- TC76700

CalLGo5 (A)

0.0 —

s

I TOG896852 CGMMO023

5.1 ISSR8682
76 cpPb326684
9.1 Ca14402150174189
10.4~]_|- T0Go13042
10.5-"| [ STMS20
119 STMS8
12.9 CGMMO038
145 ISSR889
16.7~]_| - CKAMO196
17.5~] ] AlGP
195 CKAM1193
19.6 \ / CKAM1640
21.6 Y= 7 CKAM1289
22.2\ CKAM1812
23.7 \ |LG103 cpPb488668
24.8 CKAMO0558
24.9 CKAM1374
25.4 CKAM1946
25.6 \ TOG901215
264~/ TOG895760
27.8 CKAMO0732
26,5\ CKAM1422
295 STMS22
312\ 1/, msus3
313 \ TOG903079
32.2 TOG905363
33.1 \ CKAM1000
33.2-\ | T0G916130
33.5 —=— CKAM1042
34.5~|_|— AF457590
35.6~] | T0G918373
36.4~J | CKAM1632
36.9 —|—— CKAM1158
37.5 —|—[~ CKAMO0310
38.6 —j= CKAM0941
38.7 | TOG900269 TOG8Y9T751
39.7" 7\ cpPb489565

Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 716-732



724 Pavana J. Hiremath et al.
CalLGO05 (B)

41.0 \ M1433P
Gm2091985 TOG894358

42.5 A\ TOG895900 CISR022
TOG896702 TOG904656

43.7 ~—|—— Ts35

43.9 / TOG894965

44.4 ICCeM041

46.5 ~ CKAMO0905

47.3 cpPb675429

47.8 — TOG899600

48.1 TOG896050

48.4 ICCM0205

48.8 TC80362

50.3 { CKAM1768 CKAM1860

50.5 \* CKAM0788

50.6 CKAM1024

50.8 CKAM1448

70.4

70.7 1
70.8
70.9
71.3
71.4 7
71.5

72.0

73.6
74.5
75.0
75.4
75.8 1
75.9 1
76.1 1
76.2
76.4
76.5
76.9 1
77.5 7
78.0
78.3 1
78.6
78.8 1
79.21
79.9-

Figure 4c (Continued)

\ IcCM0120b

I\ ckam1810

l ckAM1586 CKAM1120

TOG897884

|| CKAM1526 CKAM1464
CKAM1621 CKAM1068

Il CKAM0839 CKAM1506

CKAMO351

CKAM1006

CISR027

CISR016

li T0G898007 CKAM1186
CKAM1053

CKAM1362 CKAM1518

CKAMO0960 CKAMO0539

CKAM1233

CKAM1020

| TOG894669 TOG902476

CKAM1720

CKAM1155

CKAM1649

CKAM1108

| CKAM1017 CKAMO0971

CKAM1883

TOG903813

TOG895630

cpPb350493

CKAM1224 TOG903928

CKAM0278

CKAM1677

CKAM1002

CKAM1710

CKAMO0827 CKAM0830

CKAM1430

CKAM1805

TOG900987

GA4

CKAM1718

CKAM1538

CKAM1722 TOG903939

CKAMO0400 CKAM1292

CKAM1442

| CKAM1052 CKAM1039

| CKAM1769 CKAM1252

CKAM1237

| CKAM1171 CKAM1444

CKAM1434 CKAM1414

CKAM1413 CKAM1126

CKAM1733 CKAMO0668

CKAM1030 CKAM0927

CKAM1316

CKAM1307

| CKAM1075 CKAM0722

| CKAM0937 CKAM1830

| CKAMO0727 CKAM1473

TOG913047 CKAM1261

TOG917719 CKAM1665

CKAM1663

CKAM2004

CISR025

TCMO

TOG899130

H2B202

H4H11

H1001

H2J09

ICCM0123a

H2L102

H1HO7

HaFo7

ICCM0134

| TOG895545 TOG918150

ICCMO0081

| T0G902462 TOG910676

TOG895816

TS43

CaLG05 (C)
80.1 TA71

80.3 TA179

80.6 TRPT

81.0 STMS19

81.8 ICCM0076

82.8 Mt133126

83.0 TA5

85.0 TA39

871 CGMMO050

87.2 TR29

88.5 GAA42

89.3 ICCM0079

89.4 CaM0038

89.9 TOG927739

90.2 TOG915805

90.6 TOG896285 CaM0639

TOG895358 TOG896202
TOG897350 TOG915278
TOG915293 TOG936005
92.0 TOG895876

TOG894007 TOG897198

91.9

9241 TOG902902 TOGY07096

92.2 TOG896967

92.3 | TOG894267 TOG900450
TOG907169 TOG894043

230 TOG904027
TOG895467 TOG903716

954 TOG912629

95.6 TOG903808

CaLG06 (A)

21.7
22.7
23.7
25.8 1
27.3
27.9
28.0
28.17
28.9 1
29.8

30.9 1
31.7
32.0 7

32.2

32.31
33.6 1

34.9-

MTUO7
TOG898284
CKAMO0626
CKAMO0967
CKAM1758
CKAM1825
CKAM1041
CKAM1629
CKAMO0775

l\| ckam1403

CKAM1921
CKAM1347
EST948
CKAMO0190
CKAM1522
CKAM1351
CKAMO0953
CKAM1612
CKAMO0914
CKAM1553
CKAMO0996
CKAMO0662
CKAM1859
CKAMO0819
CKAMO0906
CKAMO0876
CKAM1386
CKAM1689
CKAM1872
CKAMO0792
CKAMO0845
CKAM1707
CKAM1247
CKAM1125
CKAMO0822
CKAM1653
CKAM1162
CKAM1275
CKAMO0911
CKAMO0411
CKAM1049
CKAM1583
CKAMO0895
CKAMO0034
CKAMO0844
CKAM1541
CKAM1431
CKAMO0943
CKAM1834
CKAMO0871
CKAM1563
CKAM1704
CKAMO0735
CKAM1766
CKAMO0021
CKAMO0801
CKAM1676
CKAM1100
CKAM1013
CKAM1399
CKAMO0870
CKAM1420
CKAM1592
CKAM1928
CKAM1005
CKAM1144
CKAMO0270
CKAM1765
CKAM1437
CKAMO0843
CKAMO0982
CKAM1250
CKAM1014
CKAMO0992
CKAM1878
TOG897528
CGMMO034
CISR029
GA9
CKAM1290
CKAM1334
TA106
CKAM1477
CKAMO0332
CKAM1920
CKAM1285
CKAM1715
CKAMO0867
CKAMO0695
CKAM1195
CKAMO0848
CKAM1408
CISR041
GA34

CaLG06 (B)
37.0 TC78756
37.4 H116
39.0 TRAL
204 CGMM020
411 CKAMO0010
41.9 Pc1722835
422 TOG906822
424 TC88727
427 CaM0421
433 ICCM0284a
436 \ IccMo284b
43.7 ICCM0242a
43.9  H3A03
441 It iccmo104
44.2 H6G10
CaM1402
44.4 HAL161
445 H3B08
CaM0753
4.7 CaM0677
44.9 ICCM0242b
45.2 ICCM0191
45.7 CISR030
45.9 TOG905619
46.1 TOG906575
46.2 TC88598
474 CcpPb679928
48.2 STMS2
48.3 ICCeM039
50.2 TC79726
50.7 CISR036
52.3 TA80
53.2 TOG896584
53.7 TA176
55.9 TR1
58.5 TR44
59.7 TGDH
63.0 TOG906936
63.4 TOG894270
63.6 ISSR8402
64.0 | ToGa13329
65.3 TA14
69.1 DNABP
CaLGo06 (C)
734 TOG910601
73.6 TOG896498
74.0 TOG901133
743 cpPb323556
75.0 TOG900075
753 TOG907934
TOG901197
757 TOG902560
80.0 TOG897362
80.4 T0G914210
81.8 TOG908356
TOG916065
TOG897351
TOG897956
82.1 TOG898034
TOG903023
TOG903841
TOG914910
TOG894921
TOG898370
2.2 TOG902834
TOG902901
82.9 TOG899640
83.2 TOG899062
83.9 TOG898533
CKAMO0568
84.3 T0G902919
TOG899538
84.4 TOG900871
85.6 TOG894408
86.0 TOG919211
TOG894314
86.2 TOG903717
86.4 TOG909974
86.6 TOG894415
87.1 TOG901904
88.9 T0G922092
89.0 TOG895029
TOG896103
89.2 TOG906599
90.1 TOG899728
90.5 TOG899657
96.6 T0G900222
97.4 TOG946804
99.8 TOG894248
99.9 TOG917794
1032 TOG907144
106.4 TOG916452

TOG897973
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CaLGo07 (A) CaLGO07 (B) CalLGO08 (A) CaLGo08 (B)
0.0 —— AJ276275 60.4 CKAM1590 CISR066 CKAM1301
2.9 cpPb677096 CKAM1089 CISR067 CKAM1600
7.9 cpPb490874 60.5 CKAM1147 AAMCTTO02 CKAM1732
13.3 1 ICCM0034 612 CKAM1605 cYsK CKAM1706
19.0 CaM0598 . | ckam1608 cyss CKAM1286
224 I H5E11 61.3 1 M\ ckam1339 ICCM0072 CKAM1836
241 H1C22 61.7 TOG903027 cpPb172945 CKAM1547
24.9 MSU82 61.9 CKAMO706 MSU89 CKAM1519
25.6 H1118 62.5 STMS25 \ CKAM1493 CKAM1667
26.8 AGL178 62.6 CKAMO0846 CKAM1018 CKAM1344
27.9 H1012 CKAM1485 CKAMO711 CKAMO0779
29.4 ICCM0196 64.0 CKAM1499 CKAM1460 T0G904000
318 TA18 CKAM0894 CKAM1124 TA3R-TA23L
34.0 TAAS58 CKAM1035 CKAM1611 TOG919655
35.0 TOG903911 CKAM1178 CKAM1483 TOG901744
35.2 ISSR8231 64.1 CKAM1734 CKAM1523 CGMMO17
36.9 GAA44 CKAM1843 || ckaM1245 TOG919584
385 EST671 CKAM1468 CKAM0802 TOG902063
205 cpPb677011 64.2 CKAM1497 CKAM1773 PGMb
43.6 coao 64.6 CKAM1845 CKAMO761 TOG895142
448 TA180 CKAMO749 CKAM1574 CKAM1903
TOG897306 64.9 CKAMA1775 CKAM1782 CKAM1651
TOG908917 65.3 TOG918556 CKAM1288 CKAMO0343
45.01i TOG916106 65.6 CKAMO168 || ToGs95871 TOG924405
TOG927781 66.9 TOG896040 CKAM0340 H1D24
45.4 ISSR8591 67.0 CKAMO984 TOG896172 H1C092
46.3 {Ill_M AJas9614 CKAM1123 CKAM1345 H5B04
48.3 ll=MF cPox2 67.6 CKAM1546 ICCM0130a CKAM1410
493 H3H121 67.7 CKAM1200 CISRO054 CKAM1740
495 H2E13 CKAM1265 CKAMO544 CKAM1685
49.6 1 TOG897618 CKAM1670 CKAM0999 CKAM1393
50.5 ISSR8562 67.9 CKAM1977 CKAM1407 CKAMO430
51.0 STMS6 CKAM1202 CKAMO0014 CKAM1397
51.7 ICCM0074a 69.0 ICCeM029 CKAM0709 CKAM1614
52311 oPC11-1 69.5 TA4L-TA191R_291-284 CKAM1840 CGMM028
53.2 CGMMO041 CKAM1630 H3C11 TA3
53.4 TOG894885 69.6 CKAM1539 CKAM1634 TS12
\ CcpPb677907 69.7 CKAM1555 CKAM0932 ICCeM054
53.6| TC87800 70.8 1 CKAM2005 CKAM1631
54.0 AJ276270 71.6 1 CKAM1646 CKAM1750
54.6 FIS-1 7181 CKAMO935 uT
55.2 ICCM0074b 719 ICCM0065b X60755
55.5 CGMM004 73.2 OPA14-1 CKAMA772
CKAM1990 79.0 TOG896873 CKAMO342
56.6 CKAM1058 TOG901547 CKAM0856
CKAM0795 793 TOG905278 CKAM0900
571 CKAMO0842 81.6 1 TA4L-TA199R-3_300 CKAM1512
CKAMO366 87.51 CKAM1550 CKAM1871
57.2 CKAM1960 92.01 0PS13-3 CKAM1402
CKAM1543 93.71 CKAMO166 CKAM1743
CKAMO460 106.9 ISSR8902 CKAM1461
57.6 CKAMO0854 112.17 ISSR8401 CKAM1978
CKAM1529 CKAM1456
CKAM1498 CKAM1908
57.7 CKAM1828 TOG902768
CKAM1748 FENR
58.3 TOG908268 Tsd5
TOG905371 CKAM1889
CKAM1181 TOG919502
CKAM1693 oPQ11-2
58.9 CKAMO0837 CKAMO0229
CKAM1662 CKAM1854
CKAM0910 CKAM1890
59.0 ] CKAM1303 TOG903898
592 TOG946834 CKAMA1727
| TOG900261 CKAM0918
59.3 | cpPb675317 CKAMO730
59.4 TOG905443 35.61 CKAM1159
| CKAM1304 36.11 TOG897619
59.6 CKAMO0610
| TOG899683
59.7 CKAM1073

Figure 4d (Continued)

CalLGO08 (Figure 4). In the case of CaLGO1, CalLG02, CalLG04
and CalLGO05, more CKAMs were clustered near the subtelomeric
regions.

Comparison of the developed genetic map with other
chickpea maps

The developed genetic map with 1328 marker loci was com-
pared with the 1291 loci genetic map (Thudi et al., 2011) and
300 loci transcript map of Gujaria et al. (2011). The details of
comparison of these maps are available at http://cmap.icri-

© 2012 The Authors

sat.ac.in/cmap/sm/cp/hiremath/. These comparisons reflect a
greater congruency in terms of grouping of markers into spe-
cific linkage groups. A few exceptions were also observed. For
instance, TA4L-TA199R-3_300 and TA4L-TA191R_291-284 loci
were mapped on LG04 by Thudi et al. (2011) and on LGO6 by
Guijaria et al. (2011); these loci have been assigned to CaLGO7
in the present map. Similarly, the marker loci TA5L-TS38R-
1_470 and TAS5L-TS129R_208 that were present on LGO5 and
LG08 of genetic maps developed by Thudi et al. (2011) and
Gujaria et al. (2011), respectively, could not be assigned to any
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Table 3 Distribution of markers on the second-generation linkage map of chickpea

Chickpea linkage group

Total markers

Marker type Total markers used  CalGO1 CalG02 CalG03 CalG04 CalGO5 CalG06 (CalGO7 CalG08 mapped
CKAMs 651 52 81 57 132 90 86 59 68 625
TOG-SNPs 317 56 29 16 67 58 56 19 13 314
Published marker loci
GMMs
CGMMs 32 4 10 2 6 3 2 2 2 31
CISRs 15 2 - - 4 4 - 3 15
ICCeMs 15 2 2 2 1 1 1 1 12
Legacy markers
H-series 44 4 7 5 7 5 6 4 44
ICCMs 46 3 4 10 7 6 5 46
CAMs 10 1 1 1 2 4 1 - 10
SSRs 93 14 11 16 14 14 10 9 5 93
ISSRs 26 8 8 - 2 2 1 5 - 26
SNaPshot assay-based SNPs 79 8 8 18 12 8 8 10 7 79
CAPS 13 = 1 2 2 1 - - 10
DArTs 19 1 - 2 5 2 5 1 19
RAPD 4 1 - - - - - 2 1 4
Total no. of markers 1364 156 161 136 255 203 186 124 107 1328
Total distance (cM) 116.6 9294 1018 92.5 95.6 106.6 1121 70.5 788.6
Average intermarker distance (cM) 0.75 0.58 0.75 0.36 0.47 0.57 0.90 0.66 0.59

SNP, single nucleotide polymorphisms; SSR, simple sequence repeats; TOG, tentative orthologous genes.

Table 4 Distribution of marker clusters on the second-generation linkage map of chickpea

Linkage No. of Length Intermarker No. of Genetic mapping position and number of markers
group (LG) markers (cM) distance clusters (in parenthesis) in clusters observed

CalGo01 156 116.6 0.75 3 23 (8), 39 (5), 61 (6)

CalLG02 161 92.94 0.58 7 17 (6), 41 (6), 53 (5), 56 (6), 57 (8), 71 (7), 72 (8)
CalGo3 136 101.8 0.75 1 35 (8)

CalG04 255 92.5 0.36 5 52 (8), 53 (19), 54 (14), 60 (7), 30 (11)

CalLGO05 203 95.6 0.47 5 53 (7), 58 (7), 69 (10), 70 (15), 91 (6)

CalLG06 186 106.6 0.57 4 3(7), 10 (15), 19 (20), 82 (12)

CalGo7 124 1121 0.90 2 57 (11), 64 (12)

CalLGo8 107 70.5 0.66 2 8 (8), 38 (7)

Total 1328 788.6 5.04 29

Average 166 98.58 0.63 3.6

linkage group in this genetic map. Apart from these shifts in
marker locations, no other discrepancy was observed.

Genome relationships of chickpea with closely related
legume species

We combined both the genetic map position information for
chickpea loci and genome sequence information of closely
related species of different clades to evaluate the degree of
synteny between genomes of chickpea and other related
legume species. A set of 1064 of 1328 mapped loci for
which both genetic map positions and sequence information
were available were compared with genome assemblies of
Medicago truncatula (Mt 3.5), Lotus japonicus (Lj 2.5 pseudo-
molecules), soybean (Glycine max) (Glymal) and the genetic
map of cowpea (Vigna unguiculata, Muchero et al., 2009)
(Figure 5).

In the case of chickpea and Medicago, 555 unique chickpea
loci showed significant matches with 1558 genomic regions on
Medicago chromosome (Table 5). Most of the chickpea loci
have >2 matches in Medicago. About 111 chickpea loci from
CalGO1 showed similarity with Mtchr02 genomic regions. Simi-
larly, loci from CaLGO02 showed maximum matches to Mtchr05,
followed by CalLGO3 with Mtchr07, CalG04 with MtchrO1,
CalGO5 with MtChr03, CalLG06 with Mtchr04, CalLGO07 with
MtChr04, and CalLGO08 with MtChr05. In brief, each linkage
group of chickpea showed considerable synteny with one or
more chromosomes of Medicago, although internal duplication
of DNA sequences/blocks was not observed (Figure 5a).

In the comparison of chickpea with soybean, 494 chickpea
unigue loci matched 1798 short stretches distributed on differ-
ent chromosomes of soybean (Glyma1l assembly) (Figure 5b,
Table S6). Each chickpea marker locus showed similarity to

© 2012 The Authors
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Figure 5 Genome relationships of chickpea with closely related legume species. Homologous relationship of chickpea genome with four legume spe-
cies, that is, Medlicago truncatula (a), soybean (b), Lotus japonicus (c) and cowpea (d), has been shown by comparing sequence data of 1064 mapped
markers of chickpea with genome sequence of Medicago (Mt 3.5), L. japonicus (Lj 2.5 pseudomolecules), soybean (Glyma1l genome assembly) and
cowpea genetic map (Muchero et al., 2009). Maximum similarity was observed with Medicago (1558), followed with soybean genome (1798), Lotus
(438) and least with cowpea (55). The percentage of matches in each species is in congruence with their phylogenetic distances.

Table 5 Mapping of chickpea marker loci on Medicago chromosomes

Medicago truncatula chromosomes
Chickpea linkage ~ Number of chickpea

groups unique loci MtChr01 ~ MtChr02 ~ MtChr03 ~ MtChr04 ~ MtChr05  MtChr06  MtChr07 ~ MtChr08  MtChr0  Total
CalLGo1 69 9 1 18 16 22 9 19 8 15 227
CalGo02 61 7 9 10 14 920 23 12 8 7 180
CalLGO3 62 12 25 30 20 41 15 929 26 12 280
CalLG0o4 95 104 1 7 24 12 11 9 10 19 197
CaLGO05 93 11 3 129 13 14 5 9 13 19 216
CalLGO6 76 6 5 8 87 39 1 1 51 9 227
CalLGo7 46 1 7 5 54 8 3 2 11 1 92
CalLG0o8 53 4 2 3 4 929 6 14 1 6 139
Total 555 154 163 210 232 325 83 175 128 88 1558

*The numbers shown in bold represent the highest matches between chickpea and Medlicago.

© 2012 The Authors
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approximately 3-4 regions on Glyma1. This reflects the number
of matches one would expect to see based on the one round
of whole genome duplication in soybean. Only 267 unique
chickpea loci matched with 438 regions on Lotus (Table S7, Fig-
ure 5¢). In the case of cowpea in which genetic map was used
for the comparison, least matches were observed between
chickpea and cowpea genomes. Only 50 unique chickpea loci
showed synteny with 55 loci of cowpea map (Table S8,
Figure 5d).

Discussion
Cost-effective KASPar assays for SNP genotyping

Until recently, SSR markers were the commonly used markers
for chickpea genetics research and breeding applications
(Upadhyaya et al.,, 2011). Nevertheless, in some cases, genetic
maps have also been developed using DArTs (Thudi et al.,
2011), CISRs (Guijaria et al., 2011) and SNPs/CAPs (Choudhary
et al., 2012; Gujaria et al., 2011; Nayak et al., 2010). With the
availability of whole genome or EST sequences in many crop
species, the use of SNP markers has been proven attractive for
high-throughput use in molecular breeding (Rafalski, 2002;
Varshney, 2010). High-throughput SNP genotyping platforms
such as lllumina’s GoldenGate or Infinium assays are being used
for large-scale SNP genotyping. While the high-throughput SNP
genotyping platforms are very useful for rapid genotyping of
mapping population or germplasm collections, they are not
generally economical for projects such as in silico SNP valida-
tion, gene-specific SNP assays, marker saturation in the regions
of interest and marker application projects that utilizes defined
set/panel of smaller number of SNP markers on varying number
of genotypes. In such cases, SNP genotyping technologies such
as arrayed primer extension reaction (APEX) (Podder et al.,
2008), dynamic allele-specific hybridization (DASH) (Podder
et al., 2008), molecular beacons (Mhlanga and Malmberg,
2001), primer extension followed by MALDI-TOF (alternative to
Sequenom’s assays) (Sauer et al., 2000) and KASPar assay
(http:/Awww kbioscience.co.uk/reagents/KASP.html) have been
developed. While choosing a particular SNP genotyping plat-
form, several features such as the reproducibility, accuracy,
capability of multiplexing, the level of throughput, time con-
sumption and cost (considering both the equipments required
and the cost per genotype) need to be considered. As molecu-
lar breeding applications, generally, require screening of large
populations with a few markers, this study developed cost-
effective KASPar marker assays for SNP genotyping in chickpea.

A total of 2486 SNPs were assembled from different sources
for developing KASPar assays. KASPar assays developed for
chickpea have been referred as CKAMs. Genotyping of these
2486 CKAMs on a panel of 70 genotypes provided a validated
set of 2005 CKAMs. This includes KASPar assays for 539 TOG-
SNPs that were initially assayed on GoldenGate assays. Conver-
sion of these TOG-SNPs into KASPar assay will facilitate use of
TOG-SNPs in chickpea genetics and breeding application.

To compare the success rate of converting putative SNPs into
successful and informative KASPar assays, amplification and
polymorphism statistics were checked across the four sets of
SNPs. The set of markers that gave higher rate of failures were
those SNPs identified from alignments of Sanger ESTs (172 SNP
markers, i.e. 60% of a total of 286). The possible reasons could
be attributed primarily to (i) SNPs were mined from the ESTs

with sequencing artefacts, (i) frequency of one of two alleles
for a given SNP is very low in the EST data set, and (iii) all the
genotypes for which EST-based mining approach provided SNPs
were not included in the genotype panel used in the current
study (Varshney et al., 2009). The remaining number of markers
that could not be validated include 222 (15.7% of total of
1409) from Alpheus pipeline predicted SNPs, 65 SNPs (10.7%
out of 604) from TOG-SNPs and 22 SNPs (11.7% out of 187)
from allele resequencing data. Overall, the KASPar assay has
shown 81% validation success rate in our study. Comparison of
costs and time involved in genotyping the SNPs via KASPar
assays and GoldenGate assays for the same set of SNPs in this
study, showed superiority of KASPar assays over GoldenGate
assays, especially when limited number of SNPs (<500) are
genotyped with <100 lines.

The PIC values of validated CKAMs varied from 0.02 to 0.50
with an average of 0.12. Low range of PIC value of CKAMs is
not unexpected as genetic variation in the chickpea gene pool
is limited (Nayak et al, 2010; Thudi et al, 2011). Also, this
study identifies polymorphic markers (15-930) for different
mapping populations segregating for drought, salinity, Fusarium
wilt, Ascochyta blight, etc. It, therefore, provides opportunities
for mapping resistance to biotic and tolerance to abiotic stres-
ses in chickpea.

Diversity analysis and molecular breeding applications

This study demonstrates the suitability of KASPar assays for SNP
genotyping for understanding the relationships in the germplasm
collection as well as for molecular breeding applications. Despite
using a wide diverse collection of genotypes with all 2005
CKAMs, an overall success rate of 81% was achieved. The
genetic dissimilarity analysis of the germplasm accessions deter-
mines relationships of accessions with each other. The dendro-
gram developed based on genetic dissimilarity coefficient
depicted clear clustering of chickpea accessions into two main
clusters as per their geographical origin and species type of all 58
accessions (55 accessions of C. arietinum species and three
accessions of C. reticulatum species) analysed. Two accessions of
C. reticulatum are resolved as a separate group; however, 1G
72933, a C reticulatum, was found closer to C. arietinum.
Similar results were observed in an earlier genetic diversity study
using 513 SSR markers in which the IG 72933 genotype showed
40% similarity with the C. arietinum genotypes (Gudipati, 2007).
The Cluster-Il contained more geographically divergent material
of the C. arietinum species. As expected, accessions of all Indian
origin formed a separate clade, and the remaining accessions
from other countries were grouped into another clade (lla). Over-
all, these results are in general congruence with earlier studies
and indicate that the cluster topology is reliable.

The study also demonstrates the utility of CKAMs for assess-
ing the genome recovery of BCsF, lines. This study identified
five lines (BC5F,_120, BC5F,_ 170, BCsF,_ 187, BCsF, 195 and
BCsF,_268) with > 95% genome recovery of JG 11 in MABC
experiments. These lines may be used for multi-location field tri-
als for evaluating agronomic performance as well as for devel-
oping the near isogenic lines (NILs) for fine mapping the QTLs.

Second-generation genetic map of chickpea with more
anchoring points with other legume genomes

As expected, the number of polymorphic markers observed
between interspecific mapping populations is higher than intra-
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specific mapping populations. For instance, maximum number
of polymorphic markers is 930 (ICC 4958 x Pl 489777) in
interspecific crosses as compared with 159 (Arerti x ICC 4958)
in intraspecific crosses. As ICC 4958 x Pl 489777 population is
a reference mapping population, genotyping data were gener-
ated for the polymorphic CKAMs. Although genotyping data
were earlier generated for TOG-SNPs on the mapping popula-
tion via GoldenGate assays (R.V. Penmetsa, N. Carraquilla-
Garcia, A.D. Farmer, R.K. Varshney, D.R. Cook, unpublished
data), a set of 118 TOG-SNPs distributed on all eight LGs was
also targeted for generating genotyping data via KASPar assays
for quality control purpose. Comparison of high-quality data for
112 markers generated via KASPar assay with that of Golden-
Gate assay showed no discrepancy. After assembling genotyp-
ing data for 539 remaining CKAMs, 317 TOGs and 396 marker
loci from other sources (Gujaria et al, 2011; Nayak etal.,
2010; R.V. Penmetsa, N. Carraquilla-Garcia, A.D. Farmer, R.K.
Varshney, D.R. Cook, unpublished data; Thudi et al, 2011),
genotyping data for a total of 1364 marker loci were consid-
ered for mapping. As a result, a comprehensive genetic map
comprising 1328 marker loci including 939 new marker loci
(625 CKAMs, 314 TOGs-SNPs) and 389 already published
mapped marker loci was developed. The second-generation
genetic map has a coverage of 788.6 cM genetic distance. On
an average, each of the linkage group has 166 markers with an
average distance of 98.6 cM. This map has probably the highest
number of gene-based SNP markers (1088) mapped in chickpea
so far. Earlier to this map, Gujaria et al. (2011) developed a
transcript map with 126 gene-based markers and Choudhary
et al. (2012) developed a genetic map with 406 marker loci
including 177 gene-based markers. This map has approximately
eightfold gene-based markers as compared with the above-
mentioned studies. Another important feature with this genetic
map is the availability of cost-effective KASPar assays for the
mapped gene-based markers that can be used in any number
as well as on a variable number of lines. The quality and accu-
racy of the second-generation genetic map was evaluated by
comparing it with several genetic maps developed in earlier
studies (Gujaria et al., 2011; Nayak et al, 2010; Thudi et al.,
2011; Winter et al., 1999).

Clustering of two or more markers is a commonly occurring
phenomenon observed in several earlier genetic maps of chick-
pea (Nayak etal, 2010; Thudi etal, 2011; Winter etal.,
1999). Only CKAMs and TOG-based SNPs were clustered, which
constitute a large proportion of mapped markers [i.e. 625
CKAMs and 314 TOG-SNPs (939, 71%) of 1328] compared
with other marker types. This clustering may be attributed
mainly to random selection of markers from the closely spaced
regions of the genome that have undergone comparatively less
number of recombination events.

As a complement to the gene-based linkage map developed
in this study, we compared the sequences of these mapped loci
with genome assemblies/genetic maps of four legume species
(Medicago, Lotus, cowpea and soybean). Through the compar-
ative analysis, high conservation of synteny was observed
between chickpea and Medicago, whereas lowest level of synt-
eny conservation was observed between chickpea and cowpea.
Apparently, during the time of analysis genome sequence infor-
mation was not available for cowpea; hence, the analysis was
carried out by comparing with high-density linkage map devel-
oped by Muchero et al. (2009) available then. As a result, least
similarity was identified between chickpea and cowpea,
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although chickpea is phylogenetically closer to cowpea than it
is to soybean, which shares the same common ancestor relative
to the ancestor of chickpea, Medicago and Lotus (Wojscie-
chowski et al.,, 2004). In all the other cases, high level of
similarity was observed (>70%, 1E-05) between sequences of
chickpea, and those of compared legumes, however, are often
punctuated or interrupted by chromosomal rearrangements,
thereby resulting in disruption of the linear order of the genes.
Subsequently, these variations (insertion, deletion, duplication
or rearrangements) form the basis for evolution of diverse
genomes. One or more chickpea loci match to a single locus
on Medicago chromosome, and similar pattern was observed
for the remaining three legume genomes with chickpea. This
may reflect segmental duplication events of chromosomal
stretches, or the mapped loci may correspond to paralogous
genes or same gene family members. Recent analysis of Medi-
cago genome has revealed that higher rates of mutations and
chromosomal rearrangements are known to have occurred
after the whole genome duplication event as compared with
other model legumes such as Glycine max and L. japonicus
(Young et al., 2011).

A number of chickpea unique loci matching to different
chromosomal regions on Mt 3.5, Glyma1, Lj 2.5 and cowpea
genetic map were identified. Of the 69 chickpea unique loci
that mapped on 227 regions distributed over eight chromo-
somes of Medicago, approximately 49% (i.e. 111 of 227)
matched to the MtChrO2 and the remaining 116 were similar
to those on other chromosomes. Only 53 loci are in linear
order with Mtchr02 chromosomal regions, and the remaining
are in nonlinear positions. These findings support the earlier
reports by Choi et al. (2004), Nayak etal. (2010) and Zhu
et al. (2005) that one to one synteny does not hold true
between chickpea and the compared legume species, and the
synteny is restricted only to small genetic or genomic intervals
(Young etal.,, 2011). Our comparative results showed that
regions of CaLG02 and CalLGO8 are strongly similar to Mt05,
which in turn shows high similarity to regions on GmOT1,
GmO02 and Gm11, which are consistent with the findings of
Young et al. (2011).

Conclusions

The study reports compilation of a large number of SNPs and
their conversion into cost-effective KASPar assays. A set of
2005 KASPar assays have been developed for accelerating
chickpea genetics research and breeding applications. Together
with these markers and recently developed SSR markers from
genomic libraries (Nayak et al., 2010) and BAC-end sequences
(Thudi et al.,, 2011), DArT markers (Thudi et al., 2011), CISR-
and CAPS-based CGMMs, >10 000 markers have become avail-
able in chickpea. The available marker resource should be able
to tackle the issue of narrow genetic diversity in the gene pool
as it is now possible to identify reasonable number of polymor-
phic markers in any given combination of cross. Genetic struc-
ture information gained on 58 chickpea accessions may be
useful in finding suitable parental combinations for developing
the new mapping populations segregating for different traits of
interest to chickpea breeders. Furthermore, a number of poly-
morphic markers were identified in many existing mapping pop-
ulations that can be used for developing genetic maps and
mapping of different agronomic traits. Many polymorphic mark-
ers were found to be common in many mapping populations,
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revealing their usefulness in providing bridging markers and for
comparing different chickpea maps. Developed genetic map is
the most enriched genetic map for gene-based markers. This
map should be useful not only in comparing different chickpea
genetic maps, but also in anchoring the physical map, currently
underway, as well as establishing more anchor points among
genomes of chickpea and other legume species.

Experimental procedure
Plant material and DNA extraction

A set of 70 different chickpea genotypes was used for valida-
tion of SNPs using KASPar assays. Details of these genotypes
are given in Table 2 and Table S2. Furthermore, a set of 131
recombinant inbred lines (RILs) derived from the cross between
ICC 4958 (C. arietinum) and Pl 489777 (C. reticulatum) was
used for genetic mapping.

Total genomic DNA of all the accessions was extracted from
leaves of two-week-old seedlings using high-throughput mini
DNA extraction protocol as mentioned in Cuc etal. (2008).
The quality and quantity of extracted DNAs were assessed on
0.8% agarose gel. The DNA was normalized to 5 ng/uL for

genotyping.
RNA Sequencing by Solexa/lllumina

Five different chickpea genotypes, viz. ICC 4958, ICC 1882, PI
489777, ICC 506 and ICCC 37, which are parents of different
mapping populations, were selected for RNA sequencing. Roots
of 22-day-old seedlings of ICC 4958 and ICC 1882 were sub-
jected to drought stresses, and subsequently total RNA was
extracted from both genotypes (Hiremath et al.,, 2011). About
22-day-old leaves of ICC 506 and ICCC 37 were infested with
larvae of Helicoverpa armigera for a period of 5 days under
green house conditions (temperature of 28 £ 5 °C and relative
humidity of >65%). After a brief infestation period, leaf sam-
ples from both genotypes were harvested for total RNA extrac-
tion. Total RNA was also extracted from 22-day-old root tissues
of Pl 489777, a wild species genotype. Subsequently, the total
RNA samples of all the genotypes were sent for Solexa/lllumina
sequencing at National Center for Genome Research (NCGR),
USA.

Development and analysis of KASPar assays

For developing the KASPar assays, 50 bp upstream and 50 bp
downstream flanking sequences around the variant position
(SNP) were selected (Table S1). Subsequently, KASPar assays for
the targeted SNPs were carried out at KBioscience, UK. Com-
plete details on principle and procedure of the assay are avail-
able at http:/Awww.kbioscience.co.uk/reagents/KASP_manual.
pdf and http://www .kbioscience.co.uk/download/KASP.swf. On
the basis of the fluorescence obtained, allele call data are
viewed graphically as a scatter plot for each marker assayed
using the SNPViewer. The consistency between the predicted
SNP and assayed ones was checked for each SNP marker.

Evaluation of polymorphism in chickpea accessions

The PIC refers to the value of a marker for detecting polymor-
phism within a given germplasm, depending on the number of
detectable alleles and the distribution of their frequency. In this
study, the PIC value of markers was calculated using the follow-
ing formula (Anderson et al., 1993):

n
PIC=1-Y p?
i—1

Where ‘n" denotes the total number of alleles and ‘p" refers
to the frequency of the ‘i'th allele at a genetic locus in different
genotypes.

Genetic diversity analysis

To evaluate the relationship between chickpea germplasm
accessions, SNP allele call data obtained for polymorphic mark-
ers were used for calculating both pair-wise genetic distance
and per cent dissimilarity matrix to construct a dendrogram
using DARwn V5.0.128 software (darwin.cirad.fr/darwin/
Home.php, Perrier et al., 2003). Cluster analysis was carried out
using the UPGMA method.

Genetic mapping

Genotyping data obtained using KASPar assays (CKAMs) were
compiled with the marker data for TOGs-SNPs (R.V. Penmetsa,
N. Carraquilla-Garcia, A.D. Farmer, R.K. Varshney, D.R. Cook,
unpublished data) and selected markers from all 8 linkage
groups mapped in earlier studies (Gujaria et al.,, 2011; Nayak
et al, 2010; Thudi et al., 2011). Segregation data for CKAMs
were tested for goodness of fit to the expected Mendelian ratio
of 1:1 using chi-square (3?) analysis (P < 0.05). All markers were
primarily divided into linkage groups using the ‘group’ com-
mand of mapmaker/exp 3.0 program (Lander et al., 1987). How-
ever, to construct high-quality genetic map, those markers
grouped by mapmaker were mapped using JonMap 4 program
(Stam, 1993; Van Ooijen, 2006; http://www.kyazma.
nl/index.php/mc.JoinMap/). 'Kosambi’ mapping function was
used to calculate centimorgan (cM) distances. LOD values rang-
ing from 3 to 7 were considered for grouping and mapping.
MaprCHART (2.1v) was used for drawing maps (Voorips, 2002,
http:/Awww.biometris.wur.nl/uk/Software/MapChart/).

Comparative mapping between chickpea and closer
legumes

Sequences data for mapped chickpea marker loci were queried
using BLAST against genomes of M. truncatula (Mt 3.5),
L. japonicus (Lj 2.5 pseudomolecules), soybean (Glymal genome
assembly) and cowpea genetic map (Muchero et al., 2009). All
the databases mentioned are available at http://comparative-
legumes.org/. Hits matching a minimum of 70% sequence
identity were retained for comparative study. Identification
of homologous blocks was performed using -ADHoRe v2.1
(Vandepoele et al., 2002). For the purpose of developing Circos
images, ¢cM distances on the chickpea linkage groups were
scaled up by a factor of 250 000 to match similar base pair
lengths of the chromosomes of other legumes’ genomes.
Visualization of blocks was performed with Circos26. Scales
along the outer edge of the chickpea linkage groups show
actual cM distances, while the scale along the outer edge of
the Medicago chromosomes are in Mb.

Acknowledgements

The authors are thankful to the CGIAR Generation Challenge
Programme (GCP), Mexico; the Bill and Melinda Gates Founda-
tion (BMGF), USA; Department of Biotechnology (DBT) of
Government of India (Centre of Excellence grant) for financial
support of the study. Thanks are also due to Neha Gujaria,

© 2012 The Authors

Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 716-732



Reyaz R. Mir, Abhishek Bohra, A Bhanu Prakash and Mahendar
Thudi of ICRISAT for useful discussions received from them dur-
ing the course of this study. We also thank Hari C. Sharma
from ICRISAT, Paul Kimurto from Egerton University, Kenya,
Asnake Fikre from Ethiopian Institute of Agricultural Research,
Shailesh Tripathi from Indian Agricultural Research Institute
(IARI), PN Harer from Mahatma Phule Krishi Vishwavidalya,
India, SK Chaturvedi of Indian Institute of Pulse Research (IIPR)
and D Mannur from the University of Agricultural Sciences,
Raichur, India, for sharing plant materia/DNA/RNA of some
genotypes used for validation of KASPar assays in this study.

References

Akhunov, E., Nicolet, C. and Dvorak, J. (2009) Single nucleotide
polymorphism genotyping in polyploid wheat with the lllumina GoldenGate
assay. Theor. Appl. Genet. 119, 507-517.

Allen, A.M., Barker, G.L.A., Berry, S.T., Coghill, J.A., Gwilliam, R., Kirby, S.,
Robinson, P., Brenchley, R.C., D'Amore, R., McKenzie, N., Waite, D., Hall,
A., Bevan, M., Hall, N. and Edwards, K.J. (2011) Transcript-specific, single-
nucleotide polymorphism discovery and linkage analysis in hexaploid bread
wheat (Triticum aestivum L.). Plant Biotech. J. 9, 1086—-1099.

Anderson, J.A., Churchill, G.A., Autrique, J.E., Tanksley, S. and Sorrells, M.E.
(1993) Optimizing parental selection for genetic linkage maps. Genome,
36, 181-186.

Aryamanesh, N., Nelson, M.N., Yan, G., Clarke, H.J. and Siddique, K.H.M.
(2010) Mapping a major gene for growth habit and QTLs for aschochyta
blight resistance and flowering time in a population between chickpea and
Cicer reticulatum. Euphytica, 173, 307-319.

Azam, S., Thakur, V., Ruperao, P., Shah, T., Balaji, J., Amindala, B., Farmer,
A.D., Studholme, D.J., May, G.D., Edwards, D., Jones, J.D.G. and
Varshney, R.K. (2012) Coverage-based consensus calling (CbCC) of short
sequence reads and comparison of CbCC results to identify SNPs in
chickpea (Cicer arietinum; Fabaceae), a crop species without a reference
genome. Am. J. Bot. 99, 186-192.

Chamarthi, S.K., Kumar, A., Voung, T.D., Blair, M.\W., Gaur, P.M., Nguyen,
H.T. and Varshney, R.K. (2011) Trait mapping and molecular breeding. In
Biology and Breeding of Food Legumes (Pratap, A. and Kumar, J., eds), pp.
296-313, Oxfordshire: CAB International (in press).

Choi, H.K., Kim, D., Uhm, T., Limpens, E., Lim, H.,, Mun, J.H., Kalo, P.,
Penmetsa, R.V., Seres, A., Kulikova, O., Roe, B.A., Bisseling, T., Kiss, G.B.
and Cook, D.R. (2004) A sequence-based genetic map of Medicago
truncatula and comparison of marker colinearity with M. sativa. Genetics,
166, 1463-1502.

Choudhary, S., Sethy, N.K., Shokeen, B. and Bhatia, S. (2009) Development
of chickpea EST-SSR markers and analysis of allelic variation across related
species. Theor. Appl. Genet. 118, 591-608.

Choudhary, S., Gaur, R., Gupta, S. and Bhatia, S. (2012) EST-derived genic
molecular markers: development and utilization for generating an
advanced transcript map of chickpea. Theor. Appl. Genet. 124, 1449-
1462.

Close, T.J., Bhat, P.R., Lonardi, S., Wu, Y.H., Rostoks, N., Ramsay, L., Druka,
A., Stein, N., Svensson, J.T., Wanamaker, S., Bozdag, S., Roose, M.L.,
Moscou, M.J., Chao, S.M., Varshney, R.K., Szucs, P., Sato, K., Hayes, P.M.,
Matthews, D.E., Kleinhofs, A., Muehlbauer, G.J., DeYoung, J., Marshall,
D.F., Madishetty, K., Fenton, R.D., Condamine, P., Graner, A. and Waugh,
R. (2009) Development and implementation of high-throughput SNP
genotyping in barley. BMC Genomics, 10, 582.

Cortes, A.J., Chavarro, M.C. and Blair, M.\W. (2011) SNP marker diversity in
common bean (Phaseolus vulgaris L.). Theor. Appl. Genet. 123, 827-845.
Cuc, L.M., Mace, E., Crouch, J., Quang, V.D., Long, T.D. and Varshney, R.K.
(2008) Isolation and characterization of novel microsatellite markers and
their application for diversity assessment in cultivated groundnut (Arachis

hypogaea). BMC Plant Biol. 8, 55.

Deulvot, C., Charrel, H., Marty, A., Jacquin, F., Donnadieu, C., Lejeune-

Henaut, ., Burstin, J. and Aubert, G. (2010) Highly-multiplexed SNP

© 2012 The Authors

Large-scale development of chickpea KASPar assays 731

genotyping for genetic mapping and germplasm diversity studies in pea.
BMC Genomics, 11, 468.

Durstewitz, G., Polley, A., Plieske, J., Luerssen, H., Graner, E.M., Wieseke, R.
and Ganal, M.W. (2010) SNP discovery by amplicons sequencing and
multiplex SNP genotyping in the allopolyploid species Brassica napus.
Genome, 53, 948-956.

Gudipati, S. (2007) SSR Polymorphism Survey in Parental Genotypes of

Chickpea ~ Mapping  Populations. — Dissertation, ~ Jawaharlal ~ Nehru
Technological University, Hyderabad, India.
Gujaria, N., Kumar, A., Dauthal, P., Dubey, A., Hiremath, P,

BhanuPrakash, A., Farmer, A., Bhide, M., Shah, T. Gaur, P.M,
Upadhyaya, H.D., Bhatia, S., Cook, D.R., May, G.D. and Varshney, RK.
(2011) Development and use of genic molecular markers (GMMs) for
construction of a transcript map of chickpea (Cicer arietinum L.) Theor.
Appl. Genet. 122, 1577-1589.

Gupta, P.K. and Varshney, R.K. (2000) The development and use of
microsatellite markers for genetics and plant breeding with emphasis on
bread wheat. Euphytica, 113, 163-185.

Hiremath, P.J., Farmer, A., Cannon, S.B., Woodward, J., Kudapa, H., Tuteja,
R., Kumar, A., Bhanuprakash, A., Mulaosmanovic, B., Gujaria, N.,
Krishnamurthy, L., Gaur, P.M., KaviKishor, P.B., Shah, T., Srinivasan, R.,
Lohse, M., Xiao, Y., Town, C.D., Cook, D.R., May, G.D. and Varshney, R.K.
(2011) Large-scale transcriptome analysis in chickpea (Cicer arietinum L.),
an orphan legume crop of the semi-arid tropics of Asia and Africa. Plant
Biotechnol. J. 9, 922-931.

Hyten, D.L., Song, Q., Choi, I.Y., Yoon, M.S., Specht, J.E., Matukumali, L.K.,
Nelson, R.L., Shoemaker, R.C., Young, N.D. and Cregan, P.B. (2008) High-
throughput genotyping with the GoldenGate assay in the complex genome
of soybean. Theor. Appl. Genet. 116, 945-952.

Lander, E.S., Green, P., Abrahamson, J., Barlow, A., Daley, M., Lincoln, S.
and Newburg, L. (1987) MAPMAKER: an interactive computer package for
constructing primary genetic linkage maps of experimental and natural
populations. Genomics, 1, 174-181.

Mhlanga, M.M. and Malmberg, L. (2001) Using molecular beacons to detect
single-nucleotide polymorphisms with real-time PCR. Methods, 25, 463—
471.

Miller, N.A., Kingsmore, S.F., Farmer, A.D., Langley, RJ., Mudge, J., Crow,
J.A., Gonzalez, A.J., Schilkey, F.D., Kim, R.J., Velkinburgh, J.V., May, G.D.,
Black, C.F., Myers, M.K., Utsey, J.P., Frost, N.S., Sugarbaker, D.J., Bueno,
R., Gullans, S.R., Baxter, S.M., Day, SW. and Retzel, E.F. (2008)
Management of high-throughput DNA sequencing projects: Alpheus.
J. Comput. Sci. Syst. Biol. 1, 132-148.

Muchero, W., Diop, N.N., Bhat, P.R., Fenton, R.D., Wanamaker, S., Pottorff,
M., Hearne, S., Cisse, N., Fatokun, C., Ehlers, J.D., Roberts, P.A. and Close,
T.J. (2009) A consensus genetic map of cowpea [Vigna unguiculata (L)
Walp.] and synteny based on EST-derived SNPs. Proc. Natl. Acad. Sci. USA,
106, 18159-18164.

Nayak, S.N., Jayashree, B., Upadhyaya, H.D., Hash, C.T., Kavi Kishor, P.B.,
Chattopadhyay, D., Rodriquez, L.M., Blair, M.W., Baum, M., McNally, K.L.,
This, D., Hoisington, D.A. and Varshney, R.K. (2009) Isolation and
sequence analysis of DREB2A homologues in three cereals and two legume
species. Plant Sci. 117, 460-467.

Nayak, S.N., Zhu, H., Varghese, N., Datta, S., Choi, H.K., Horres, R., Jingling,
R., Singh, J., Kavi Kishor, P.B., Sivaramakrihnan, S., Hoisington, D.A., Kahl,
G., Winter, P., Cook, D.R. and Varshney, R.K. (2010) Integration of novel
SSR and gene-based SNP marker loci in the chickpea genetic map and
establishment of new anchor points with Medicago truncatula genome.
Theor. Appl. Genet. 120, 1415-1441.

Perrier, X., Flori, A. and Bonnot, F. (2003) Data analysis methods. In Genetic
Diversity of Cultivated Tropical Plants (Hamon, P., Seguin, M., Perrier, X.
and Glaszmann, J.C., eds), pp. 43-76, Montpellier: Enfield, Science
Publishers.

Podder, M., Ruan, J., Tripp, B.W., Chu, Z.E. and Tebbutt, S.J. (2008) Robust
SNP genotyping by multiplex PCR and arrayed primer extension. BMC Med.
Genomics, 1, 5.

Rafalski, J.A. (2002) Applications of single nucleotide polymorphisms in crop
genetics. Curr. Opin. Plant Biol. 5, 94-100.

Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 716-732



732 Pavana J. Hiremath et al.

Santra, D.K., Tekeoglu, M., Ratnaparkhe, M., Kaiser, W.J. and Muehlbauer,
F.J. (2000) Identification and mapping of QTLs conferring resistance to
ascochyta blight in chickpea. Crop Sci. 40, 1606-1612.

Sauer, S., Lechner, D., Berlin, K., Lehrach, H., Escary, J.L., Fox, N. and Gut,
I.G. (2000) A novel procedure for efficient genotyping of single nucleotide
polymorphisms. Nucleic Acids Res. 28, e13.

Stam, P. (1993) Construction of integrated genetic-linkage maps by means of
a new computer package: JoinMap. Plant J. 3, 739-744.

Thudi, M., Bohra, A., Nayak, S.N., Varghese, N., Shah, T.M., Penmetsa, R.V.,
Thirunavukkarasu, N., Gudipati, S., Gaur, P.M., Kulwal, P.L., Upadhyaya,
H.D., KaviKishor, P.B., Winter, P., Kahl, G., Town, C.D., Kilian, A., Cook,
D.R. and Varshney, R.K. (2011) Novel SSR markers from BAC-End
sequences, DArT arrays and a comprehensive genetic map with 1291
marker loci for chickpea (Cicer arietinum L.). PLoS One, 6, €27275.

Upadhyaya, H.D., Dwivedi, S.L., Baum, M., Varshney, R.K., Udupa, S.M.,
Gowda, C.LL., Hoisington, D. and Singh, S. (2008) Genetic structure,
diversity, and allelic richness in composite collection and reference set in
chickpea (Cicer arietinum L.). BMC Plant Biol. 8, 106.

Upadhyaya, H.D., Thudi, M., Dronavalli, N., Guijaria, N., Singh, S., Sharma, S.
and Varshney, R.K. (2011) Genomic tools and germplasm diversity for
chickpea improvement. Plant Genetic Resour. Charact. Util. 9, 45-58.

Van Ooijen, J.W. (2006) JoinMap 4, Software for the Calculation of Genetic
Linkage Maps in Experimental Populations. \Wageningen: Kyazma BV.

Vandepoele, K., Saeys, Y., Simillion, C., Raes, J. and Van de Peer, Y. (2002)
The automatic detection of homologous regions (ADHoRe) and its
application to microlinearity between Arabidopsis and rice. Genome Res.
12, 1792-1801.

Varshney, R.K. (2010) Gene-based marker systems in plants: High throughput
approaches for discovery and genotyping. In Molecular Techniques in Crop
Improvement, Vol. 2 (Jain, S.M. and Brar, D.S., eds), pp. 119-142, the
Netherlands: Springer.

Varshney, R.K., Hiremath, P.J., Lekha, P., Kashiwagi, J., Balaji, J., Deokar,
AA., Vadez, V., Xiao, Y., Srinivasan, R., Gaur, P.M., Siddique, K.H.M.,
Town, C.D. and Hoisington, D.A. (2009) A comprehensive resource of
drought- and salinity- responsive ESTs for gene discovery and marker
development in chickpea (Cicer arietinum L.). BMC Genomics, 10, 523.

Voorips, R.E. (2002) Mapchart: software for the graphical presentation of
linkage maps and QTLs. J. Hered. 93, 77-78.

Winter, P., Pfaff, T., Udupa, S.M., Huttel, B., Sharma, P.C., Sahi, S., Arrequin
Espinoza, R., Weigand, F., Muehlbauer, FJ. and Kahl, G. (1999)
Characterization and mapping of sequence-tagged microsatellite sites in
the chickpea (C. arietinum L.) genome. Mol. Gen. Genet. 262, 90-101.

Wojsciechowski, F.M., Lavin, M. and Sanderson, M.J. (2004) A phylogeny of
legumes (Leguminosae) based on analysis of the plastid matK gene resolves
many well-supported subclades within the family. Am. J. Bot. 91, 1846—
1862.

Yan, J.,, Yang, X., Shah, T., Sanchez-Villeda, H., Li, J., Warburton, M., Zhou,
Y., Crouch, J.H. and Xu, Y. (2009) High-throughput SNP genotyping with
the GoldenGate assay in maize. Mol. Breed. 15, 441-451.

Young, N.D., Debelle, F., Oldroyd, G.E.D., Geurts, R., Cannon, S.B., Udvardi,
M.K., Benedito, V.A., Mayer, K.F.X., Gouzy, J., Schoof, H., Van de Peer, Y.,
Proost, S., Cook, D.R., Meyers, B.C., Spannagl, M., Cheung, F., Mita, S.D.,

Krishnakumar, V., Gundlach, H., Zhou, S., Mudge, J., Bharti, A.K., Murray,
J.D., Naoumkina, M.A., Rosen, B., Silverstein, K.A.T., Tang, H., Rombauts,
S., Zhao, P.X., Zhou, P., Barbe, V., Bardou, P., Bechner, M., Bellec, A.,
Berger, A., Berges$, H., Bidwell, S., Bisseling, T., Choisne, N., Couloux, A.,
Denny, R., Deshpande, S., Dai, X., Doyle, J.J., Dudez, A., Farmer, A.D.,
Fouteau, S., Franken, C., Gibelin, C., Gish, J., Goldstein, S., Gonzélez, A.J.,
Green, P.J., Halla, A., Hartog, M., Hua, A., Humphray, S.J., Jeong, D., Jing,
Y., J6cker, A., Kenton, S.M., Kim, D., Klee, K., Lai, H., Lang, C., Lin, S.,
Macmil, S.L., Magdelenat, G., Matthews, L., McCorrison, J., Monaghan,
E.L., Mun, J., Najar, F.Z., Nicholson, C., Noirot, C., O'Bleness, M., Paule,
C.R., Poulain, J., Prion, F., Qin, B., Qu, C., Retzel, E.F., Riddle, C., Sallet, E.,
Samain, S., Samson, N., Sanders, I., Saurat, O., Scarpelli, C., Schiex, T.,
Segurens, B., Severin, A.J., Sherrier, D.J., Shi, R., Sims, S., Singer, S.R.,
Sinharoy, S., Sterck, L., Viollet, A., Wang, B., Wang, K., Wang, M., Wang,
X., Warfsmann, J., Weissenbach, J., White, D.D., White, J.D., Wiley, G.B.,
Wincker, P., Xing, Y., Yang, L., Yao, Z., Ying, F., Zhai, J., Zhou, L., Zuber,
A., Dénarie, J., Dixon, R.A., May, G.D., Schwartz, D.C., Rogers, J., Quétier,
F., Town, C.D. and Roe, B.A. (2011) The Medicago genome provides
insight into the evolution of rhizobial symbioses. Nature, 480, 520-524.

Zhu, H., Choi, H.K., Cook, D.R. and Shoemaker, R.C. (2005) Bridging model
and crop legumes through comparative genomics. Plant Physiol. 137,
1189-1196.

Supporting information

Additional Supporting information may be found in the online
version of this article:

Table S1 Details on 2486 selected SNPs along with their SNP
variants, 50 bp upstream and downstream flanking sequence,
marker ID and PIC values.

Table S2 Details on 70 chickpea genotypes used for validation
of 2486 CKAMs.

Table S3 Details of genotyping data for 1341 CKAMs on 58
chickpea genotypes.

Table S4 Details of genotyping data for 119 CKAMs on 12
BCsF, lines along with parental genotypes ICC 4958 and JG 11.
Table S5 Details of genotyping data on 131 RILs for 651
CKAMs and their respective Chi-square (x?) test values.
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