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Abstract Ascochyta blight, caused by the fungus

Ascochyta rabiei (Pass.) Labr., is a highly destructive

disease of chickpea (Cicer arietinum L.) on a global

basis, and exhibits considerable natural variation for

pathogenicity. Different sources of ascochyta blight

resistance are available within the cultivated species,

suitable for pyramiding to improve field performance.

Robust and closely linked genetic markers are desir-

able to facilitate this approach. A total of 4,654 simple

sequence repeat (SSR) and 1,430 single nucleotide

polymorphism (SNP) markers were identified from a

chickpea expressed sequence tag (EST) database.

Subsets of 143 EST–SSRs and 768 SNPs were further

used for validation and subsequent high-density

genetic mapping of two intraspecific mapping

populations (Lasseter 9 ICC3996 and S95362 9

Howzat). Comparison of the linkage maps to the

genome of Medicago truncatula revealed a high

degree of conserved macrosynteny. Based on field

evaluation of ascochyta blight incidence performed

over 2 years, two genomic regions containing resis-

tance determinants were identified in the Lass-

eter 9 ICC3996 family. In the S95362 9 Howzat

population, only one quantitative trait locus (QTL)

region was identified for both phenotypic evaluation

trials, which on the basis of bridging markers was

deduced to coincide with one of the Lass-

eter 9 ICC3996 QTLs. Of the two QTL-containing

regions identified in this study, one (ab_QTL1) was

predicted to be in common with QTLs identified in

prior studies, while the other (ab_QTL2) may be

novel. Markers in close linkage to ascochyta blight

resistance genes that have been identified in this study

can be further validated and effectively implemented

in chickpea breeding programs.
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Introduction

Cultivated chickpea (Cicer arietinum L.) is a highly

valuable global food crop that provides a good source of

protein, dietary fibre, carbohydrates and minerals.

Chickpea is a self-pollinating annual plant species

capable, like other legumes, of improving soil fertility

through fixation of atmospheric nitrogen. As a crop of

semi-arid regions, it can be grown on non-irrigated

farmland, providing an effective source of dietary

protein for humans, while stubble residues may also

be used for animal fodder. Chickpea seed can be highly

diverse in morphological terms. However, only two

major types (morphotypes) are cultivated, termed Desi

and Kabuli. Desi kernels are smaller and darker in

colour, while Kabuli kernels are larger and rounder, and

they are usually beige or cream in colour (Moreno and

Cubero 1978; Sefera et al. 2011). In Australia, chickpea

is cultivated in the eastern and southern regions of the

continent, and is used as a rotation crop by many

farmers. To date, both Australian-based and global

chickpea production industries have been hindered by

several damaging diseases including phytophthora root

rot, viruses, botrytis grey mould and ascochyta blight,

the last being particularly devastating. Different inter-

national chickpea breeding programs have obtained

superior varieties which exhibit enhanced resistance to

some diseases, but conventional breeding for such

outcomes is a time-consuming and laborious exercise.

Genomics-assisted breeding strategies are therefore

required to develop superior varieties with greater

disease resistance in a reduced time frame.

Compared to other cool-season legume crops such

as lentil, field pea and faba bean, genomic resources

supporting effective molecular genetic marker-based

breeding and identification of disease resistance genes

for chickpea are at present relatively abundant. To date,

several transcriptome sequencing studies for cultivated

and non-domesticated chickpea varieties have been

completed (Hiremath et al. 2011; Garg et al. 2011;

Jhanwar et al. 2012) and reference genome sequences

have recently been determined (Jain et al. 2013;

Varshney et al. 2013). Although valuable, such infor-

mation still requires subsequent marker development

and integration into breeding programs for deployment

in crop improvement programs.

Genetic map construction for use in marker-assisted

breeding has been a part of breeding programs for

major crops over several decades. So far, there has been

a large emphasis on maps based on interspecific

crosses, particularly those between cultivated chick-

pea C. arietinum and a non-domesticated species,

C. reticulatum L. A saturated reference genetic linkage

map of this type has been constructed through the use

of simple sequence repeat (SSR) and single nucleotide

polymorphism (SNP) markers (Thudi et al. 2011; Gaur

et al. 2011, 2012). However, despite significant efforts

in marker development, few high-density intraspecific

linkage maps are available, in comparison to the status

of many other legume species such as soybean

(Glycine max [L.] Merr.), cowpea (Vigna unguiculata

[L.] Walp) and common bean (Phaseolus vulgaris L.)

(Thudi et al. 2011). The rationale for the use of

interspecific mapping populations has been the low

levels of genetic diversity that are known to be present

within the gene pool of cultivated chickpea (Labdi et al.

1996; Thudi et al. 2011; Jhanwar et al. 2012). However,

interspecific mapping populations are liable to detec-

tion of quantitative trait loci (QTLs) of major effect on

domestication-related traits, which are unlikely to be

present in cultivated germplasm, limiting the proba-

bility of successful information transfer into breeding

programs (Cong et al. 2002; van der Knaap and

Tanksley 2003). For chickpea, therefore, an intraspe-

cific genetic linkage map constructed from a cross

between genotypes from the cultivated gene pool

would be more valuable for breeding applications.

To date, no chickpea intraspecific reference linkage

map based on gene-based markers such as SNPs has

been constructed, although some recently published

interspecific linkage maps have been populated with

such markers (Thudi et al. 2011; Choudhary et al.

2012a). Until recently, SSRs have been the marker

system of choice because of their abundance, reproduc-

ibility and co-dominant nature, but recently advances in

sequencing technology and multiplexing capabilities

have increased the popularity of SNP markers for

construction of genetic maps and genetic diversity

studies. SNP markers offer many advantages, being

generally biallelic in nature, co-dominantly inherited

and present at high density within genomes. In addition,

discovery of SNP loci from transcribed regions of the

genome can provide a direct link between sequence
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polymorphism and putative functional variation. High-

density genetic maps constructed from gene-based

markers hence represent a powerful resource for

genome analysis, providing an important opportunity

to directly identify genes related to agronomic traits

(Choudhary et al. 2012b). However, only a limited

number of reports are available for expressed sequence

tag (EST)-derived markers of chickpea (Buhariwalla

et al. 2005; Choudhary et al. 2009; Varshney et al. 2009;

Nayak et al. 2010; Gujaria et al. 2011). For this reason,

enrichment of transcribed sequence resources to gener-

ate EST-based functional markers will be important to

increase both marker resources and marker density for

detection of important genomic loci in chickpea.

Ascochyta blight, caused by the fungus Ascochyta

rabiei (Pass.) Labr. [teleomorph: Didymella rabiei

(Kovacheski) von Arx (synonym: Mycosphaerella

rabiei Kovacheski)] is managed through crop rotation,

hygiene, seed treatment, preventive fungicide applica-

tion and planting of varieties with improved resistance.

Various molecular marker-based studies have identified

QTLs for ascochyta blight resistance through intraspe-

cific genetic mapping (Udupa and Baum 2003; Iruela

et al. 2007; Anbessa et al. 2009; Madrid et al. 2012).

However, to date, only a limited number of gene-based

markers capable of efficient implementation within a

breeding program have been described in close linkage

to ascochyta blight resistance determinants segregating

within cultivated germplasm (Madrid et al. 2013).

The current study describes the following steps:

transcriptome sequencing of four distinct chickpea

genotypes, followed by development of both SSR and

SNP markers; construction of genetic linkage maps from

two chickpea mapping populations (Lass-

eter 9 ICC3996, S95362 9 Howzat) that segregate for

ascochyta blight resistance; determination of conserved

synteny with the M. truncatula genome; and identifica-

tion of QTLs associated with ascochyta blight resistance,

along with linked genetic loci suitable for marker-assisted

selection. The implications for effective use in chickpea

germplasm enhancement programs are discussed.

Materials and methods

Plant material and DNA extraction

Four chickpea genotypes (Lasseter, ICC3996, S95362,

Howzat) exhibiting various differences in levels of

resistance to ascochyta blight were selected to perform

transcriptome sequencing, linkage mapping and QTL

analysis. Two F6 recombinant inbred line (RIL)

populations were generated from intraspecific crosses

between chickpea genotypes, followed by single seed

descent. The Lasseter (ascochyta blight-susceptible

Desi type) 9 ICC3996 (ascochyta blight-resistant

Desi type) and S95362 (ascochyta blight-resistant

Kabuli type) 9 Howzat (ascochyta blight- moderately

susceptible Desi type) populations contained 150 and

119 individuals, respectively. Leaf material was

harvested from young plants, and genomic DNA was

extracted using the Qiagen DNeasy 96 Plant Kit

according to the manufacturer’s instructions. DNA

was eluted into 80 ll of sterile water and stored at

-20 �C until required.

Transcriptome sequencing and marker discovery

Transcriptome sequencing

Each of the mapping parents (Lasseter, ICC3996,

S95362, Howzat) was used to perform transcriptome

sequencing. Different plant tissues were used for RNA

isolation from chickpea plants at various developmen-

tal stages: seedlings, leaf (young and mature), stem,

flowers, immature pods, mature pods and immature

seeds. RNA isolation and cDNA library preparation

was performed using protocols as described in Kaur

et al. (2012). EST sequencing was performed using 454

GS-FLX Titanium technology following the manufac-

turer’s instructions (Roche Diagnostics). Sequence

reads were assembled de novo using NextGene soft-

ware (Softgenetics, State College, PA, USA), with

adaptor and primer sequences being removed prior to

assembly using the ‘trimming’ function (by trimming

sequences with 100 % similarity to the primer/adaptor

sequence). De novo assembly was performed using the

Greedy algorithm and error correction condensation.

SSR discovery and validation

EST contigs generated as a result of de novo assembly

of 454 transcriptome data were used for SSR detec-

tion. Primer pair design was performed using the

methods and parameters described in Kaur et al.

(2011, 2012). All forward primers were designed with

M13 sequence to enable fluorescent labelling of the

PCR products (Schuelke 2000).
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For validation, a total of 96 SSRs were randomly

selected and tested on five chickpea genotypes (four

mapping parents and one genotype of a related non-

domesticated species [Cicer reticulatum]). PCR reac-

tions were performed as mentioned in Kaur et al.

(2011, 2012). All PCR reactions were performed in a

384-well format using a Biomek FX liquid handling

robot (Beckman Coulter, Inc., Brea, CA, USA) using

custom protocols and were amplified using a Bio-Rad

MJ PTC-200 thermocycler. Post-PCR pooling was

conducted as appropriate, and all samples were run

using an ABI 3730xl with the ABI GeneScan LIZ500

size standard (Applied Biosystems, Foster City, CA,

USA) according to the manufacturer’s instructions.

PCR product sizes for genotyping were determined

using the GeneMapper� v3.7 software (Applied

Biosystems).

SNP discovery and validation

SNP prediction was performed from EST-contigs

using NextGENe software v1.96 (Softgenetics). Qual-

ity-trimmed reads from all four cultivars were refer-

ence-aligned against the EST contig database using

the ‘Alignment’ tool and ‘SNP/Indel discovery’

applications to detect all possible base variants, which

were further filtered to obtain a subset of high quality

SNPs. Any base variants that segregated within a

genotype and all insertion–deletion mutants (indels)

were excluded. The data set was further filtered on the

basis of sequencing depth ([6 reads) and presence of

other sequence variants within 20 bp flanking the

targeted SNP, in order to obtain a set of high-

confidence SNPs.

A subset of 48 SNPs was validated for all mapping

parents using a direct Sanger sequencing approach.

Forward and reverse primer pairs were designed

corresponding to the sequences flanking the target

SNPs using Primer3 sofware and Sequencher v4.10.1

(Gene Codes Corporation, MI, USA). PCR amplifica-

tion was performed in a 12.5-ll reaction containing

20 ng DNA, 19 PCR buffer (Bioline), 15 pmol of

each primer, 0.2 mM of each dNTP and 0.1 U

IMMOLASETM (Bioline). PCR conditions included

a hot start at 95 �C for 10 min, followed by 35 cycles

of 94 �C for 30 s, 46–50 �C for 30 s and 72 �C for

30 s, and a final elongation step of 72 �C for 10 min.

PCR products were purified using 2.5 ll of shrimp

alkaline phosphatase (109 SAP) and 0.1 ll of

Exonuclease I (at 20 U/ll) per reaction. Purified

PCR products were analysed using a sequencing

primer and BigDye� Terminator v3.1 sequencing

chemistry following the manufacturer’s instructions.

Final PCR products were purified using ethanol

precipitation, and resuspended in 12 ll Hi–Di form-

amide for sequence determination using an ABI3730xl

(Applied Biosystems) capillary electrophoresis plat-

form according to the manufacturer’s instructions.

Sequence analysis and assembly of the resulting

electropherograms was performed in Sequencher

v4.10.1, and SNP validation was visually confirmed.

SSR and SNP genotyping

A total of 384 SSR marker assays, including publicly

available and in-house developed SSRs (Supplemen-

taries 1 and 2), were screened for polymorphism

detection using PCR conditions and genotyping

methods as described above.

Regions extending 100 bp 50 and 30 from the target

sequence variant were selected for 823 putative SNP

loci and submitted to Illumina for assay design. Of

these, a total of 768 SNP loci were further selected for

SNP genotyping based on design rank and score

(Supplementary 3). Both mapping populations were

SNP genotyped using the OPA tool in accordance with

the manufacturer’s instructions. Custom genotyping

assays were processed by the Illumina iScan reader,

and analysis of SNPs and assignment of genotypes was

carried out using GenomeStudio software v2011.1

(Illumina).

Genetic linkage mapping and linkage group

nomenclature

All genotypic marker data was tested for conformation

with the expected Mendelian segregation ratio of 1:1

using a Chi squared (v2) test (P \ 0.05). Linkage

analysis was performed using Map Manager software

version QTXb19 (Manly et al. 2001). Linkage groups

(LGs) were constructed at a recombination fraction

(q) of 0.25 and LOD score of 4.0. The order of markers

on each LG was verified and confirmed using the

‘‘ripple’’ command. The Kosambi mapping function

(Kosambi 1944) was used to convert the recombina-

tion fractions into additive genetic distance (centi-

Morgans). Mapchart (v2.1) was used for visualisation

(Voorips 2002).
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LGs were assigned, when possible, by extrapolation

of known marker positions from reference linkage

maps using publicly available markers as anchors

(Gaur et al. 2011, 2012; Thudi et al. 2011). Each LG

was also compared to the Medicago truncatula (Mt)

genome, and the order of markers on each LG was

further confirmed through comparative genomics

analysis based on Mt chromosomal coordinates.

Evaluation of ascochyta blight resistance

The RIL populations and parents were sown in

Horsham, Victoria, Australia in 2005 and 2009 in

single rows of 5 m length in a randomised complete

block design with three replicates. After establish-

ment, plants were inoculated with ascochyta blight-

infected stubble (mulched into 5-cm pieces) from the

previous season. To ensure a uniform source of

inoculum, a susceptible spreader row (of cv. Howzat)

was sown every sixth row and the area surrounding the

experiment was also sown with this variety. Disease

symptoms were scored twice in 2005 and three times

in 2009 using a scale of 1–9 based on whole plant

severity (Singh et al. 1981). The final assessment score

in each year was used to obtain the phenotypic

assessment. Phenotypic assessment data was analysed

to estimate means after adjustment for any spatial

patterning within the trial. Models were fitted using

residual maximum likelihood (REML) as imple-

mented in GenStat (GenStat Committee, 2002 and

previous releases). Means of symptom rating from

each individual of the mapping populations were used

to construct distribution histograms in order to deter-

mine the mode of inheritance for the trait.

QTL analysis and candidate gene selection

QTL detection was performed using marker regres-

sion, simple interval mapping (SIM) and composite

interval mapping (CIM) in QTL Cartographer v2.5

(Wang et al. 2012). For SIM, an arbitrary LOD

threshold of 2.5 was used to determine significance,

while for CIM, significance levels for LOD thresholds

were determined using 1,000 permutations.

The sequences that underpin the SNP loci flanking

QTL intervals were BLAST analysed against the

reference genome sequence of chickpea (Varshney

et al. 2013) to identify candidate genes within the

target region. The corresponding sequences were

extracted from the chickpea reference genome and

gene predictions were performed using the FGENESH

program (www.Softberry.com). Predicted gene

sequences were then BLAST analysed in NCBI to

obtain functional annotations.

Results

Transcriptome sequencing, marker discovery

and validation

A total of 1.43 9 106 reads were generated as a result

of transcriptome sequencing from the four chickpea

genotypes. After trimming of adaptor/primer

sequences, as well as an additional 30–40 nucleotides

from both the 50 and 30 termini of each sequence, a

total of 1,261,642 high-quality reads were obtained for

subsequent assembly. After clustering and assembly, a

total of 20,880 contigs and 131,450 singletons were

obtained. The unigene set was then further assessed for

quality based on read length, and any remnant

sequences less than 100 bp were excluded from

further analysis, leaving a total of 92,164 unigenes

comprised of 20,846 contigs and 71,596 singletons

(Supplementaries 4 and 5). The length of the contigs

ranged from 100 bp to 4,673 bp, with an average of

791 bp (Fig. 1) while the singleton read length varied

from 100 to 548 bp, with an average of 269 bp

(Fig. 2). Average contig coverage was 15-fold (rang-

ing from 1.16- to 5787.14-fold) and the number of

reads per contig varied between 2 and 51,569, with an

average of 49.9 (Fig. 3).

A total of 4,654 SSR primer pairs were obtained

from in silico design, using EST-contigs as templates.

A subset of 96 EST–SSR primer pairs was selected for

validation of marker assay performance. A total of 78

primer pairs successfully obtained amplification pro-

ducts, of which 16 (20.5 %) revealed polymorphisms

between the four C. arietinum genotypes. Inclusion of

C. reticulatum, as the non-domesticated species,

permitted polymorphism detection by 19 additional

primer pairs (an increase to 44.8 % of the total;

Supplementary 6).

A total of 25,673 base variants were predicted from

comparison of transcriptome reads obtained from four

mapping parents against the reference EST-containing

contig database, and a SNP frequency of 1.55 SNPs

per kb (at an average of 0.775 SNPs per kb between
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two haplotypes) was observed. After further filtering, a

subset of 1,744 high-quality SNPs was obtained and of

them 823 high-confidence SNPs were further selected

for SNP-OPA design based on incidence of polymor-

phism between mapping family parents, and suitabil-

ity for common use between the two populations. A

final collection of 768 SNP loci was assembled that

represented the optimal marker set, in terms of

predicted assay performance, predicted genome cov-

erage and polymorphism across the two maps under

construction. Prior to synthesis of the 768-plex SNP-

OPA, a subset of 48 SNP loci was evaluated through

Sanger sequencing, of which 36 (75 %) exhibited

successful amplicon production, and 28 (78 %) were

validated in mapping parents (Fig. 4).

Genetic linkage mapping

The intraspecific mapping populations used for geno-

typing consisted of 150 and 119 individuals from

Lasseter 9 ICC3996 and S95362 9 Howzat, respec-

tively. A total of 384 SSR marker assays, including

241 that were previously published (Table 1; Supple-

mentary 1) and 143 EST-SSRs that were developed in

this study, were screened for polymorphism detection

(Supplementaries 1 and 2). A total of 14.84 %
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(Lasseter 9 ICC3996) and 13.02 % (S95362 9

Howzat) of the SSR markers detected polymorphisms

(Table 1). The rate of polymorphism was higher for

publicly available SSRs (19 % for Lass-

eter 9 ICC3996; 17 % for S95362 9 Howzat) than

for EST-SSRs developed as part of this study (9 % for

Lasseter 9 ICC3996; 6 % for S95362 9 Howzat).

Primer pairs revealing variation were then screened on

the full progeny sets. A total of 57 and 50 SSRs were

found to be polymorphic in the Lasseter 9 ICC3996

and S95362 9 Howzat populations, respectively.

A common subset of 768 SNPs was screened on

both mapping populations, of which 447 and 392 were

polymorphic for Lasseter 9 ICC3996 and

S95362 9 Howzat, respectively (Table 1). Only 126

SNPs were found to be common between the two

mapping populations. For each SNP, three main

clusters were identified, corresponding to AA homo-

zygotes, AB heterozygotes and BB homozygotes. The

majority of the SNP markers produced two major

clusters representing the two homozygous genotypes,

with an occasional extra cluster corresponding to the

heterozygous class (Supplementary 7). As both map-

ping populations were descended to the F6 level, the

frequency of heterozygous combinations was

expected to be low, as was observed in practice (c.

5 % in both populations).

In total, the SNP and SSR assays generated 504

(Lasseter 9 ICC3996) and 442 (S95362 9 Howzat)

markers suitable for genetic mapping analysis

(Table 1). The Chi squared test (P \ 0.05) identified

1.8 and 7.1 % markers from the Lasseter 9 ICC3996

and S95362 9 Howzat populations, respectively, that

did not segregate in accordance with the expected

Mendelian inheritance ratio. All markers exhibiting

such significant segregation distortion were excluded

from the final analysis. The proportion of markers that

were assigned to loci on LGs was 98.7 and 93 % for

the Lasseter 9 ICC3996 and S95362 9 Howzat

maps, respectively. The remaining markers were

unlinked. In total, nine LGs and three satellites were

generated for Lasseter 9 ICC3996, and seven LGs

and three satellites were obtained for S95362 9 How-

zat (Supplementaries 8 and 9). As high levels of

colinearity were observed with previously published

maps, most of the satellite LGs could be reasonably

expected to be coalesced with the corresponding intact

LG through the use of a larger number of markers (data

not shown). The cumulative length of the Lass-

eter 9 ICC3996 map was 658.7 cM, with an average

distance of 1.74 cM between loci, while the

S95362 9 Howzat map spanned a total length of

752 cM, with an average marker density of one locus

per 2.16 cM (Table 2). All LGs from each map were

compared for common marker loci (Supplementary 9).

Publicly available SSRs were used as anchoring

markers to identify individual LGs based on existing

chickpea linkage map nomenclature.

Determination of conserved synteny with M.

truncatula

All sequences underpinning the map-assigned genic

SNP markers were compared to the genome draft of

M. truncatula in order to characterise conserved

macrosyntenic relationships. A total of 159 from 410

loci on the Lasseter 9 ICC3996 map and 131 from

363 loci on the S95362 9 Howzat map were available

for this analysis. A number of chickpea LGs exhibited

macrosynteny to more than one Mt chromosome

(Table 3). LG1 predominantly displayed blocks of

synteny with MtChr2, with some additional affinities

Table 1 Total number of markers (SSRs and SNPs) analysed, tested for polymorphism and assigned to genetic map locations

Marker type Total number

of markers

Polymorphic

in LasxICC

Polymorphic in

S95xHow

Mapped in

LasxICC

Mapped in

S95xHow

Publicly available SSRs 241 48 41 47 34

SSR developed in this study 143 13 9 6 7

Total SSRs 384 57 50 53 41

Total SNPs 768 447 392 411 367

Total markers 1,152 504 442 464 408

LasxICC Lasseter 9 ICC3996, S95xHow S95362 9 Howzat
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to MtChr3, 4 and 6 (Fig. 5). Moreover, LG2 contained

substantial conservation of marker order with MtChr2,

4, 5 and 6 and LG3 displayed similar relationships

with MtChr7. Most of the markers from LG4 showed

matches to MtChr1, while LG5 was the syntenic

counterpart to MtChr3. High levels of synteny were

observed between LG6 and MtChr4, and LG7 showed

a majority of matches to MtChr8. LG8 shared

commonality with MtChr 5 and 6 (Supplementary 10).

Phenotypic analysis, QTL detection and candidate

gene identification

Significant differences were observed in the necrosis

rating (measured on a 1–9 scale) of whole plants

among the RILs for each population at both times of

evaluation intervals. A high degree of correlation

(r2 = 0.88 for Lasseter 9 ICC3996 and 0.75 for

S95362 9 Howzat) was observed in the data obtained

from two time points of phenotypic assessment

screens. Frequency distribution patterns obtained from

both populations indicated the presence of multiple

genes responsible for ascochyta blight resistance

(Supplementary 11).

The locations and magnitudes of effect for each

QTL were estimated using both SIM and CIM

(Supplementary 12). On the Lasseter 9 ICC3996

map, CIM detected one QTL on LG4.1 for year

2005 and two QTLs on LGs 4.1 and 4.2 for year 2009

(Table 4), which in combination explained an esti-

mated 45 and 26 % of phenotypic variance (Vp)

respectively. However, SIM analysis was able to

detect a second QTL on LG4.2 from the 2005 data as

well (Supplementary 12). On the S95362 9 Howzat

population-derived map, in contrast, a single QTL was

detected on LG 4 through the use of CIM, accounting

for totals of 59 % for year 2005 and 28 % for year

2009. This QTL appeared to coincide with the location

of the QTL on LG4.1 from the Lasseter 9 ICC3996

map (Fig. 6; Table 4).

All predicted QTLs were also compared to those

from previously published studies of trait dissection

for ascochyta blight resistance in chickpea. The

QTL that was detected in common between

Lasseter 9 ICC3996 (ab_2005/2009, LG4.1) and

S95362 9 Howzat (ab_2005/2009, LG4) was

deduced to be located in an equivalent region to QTLs

reported in earlier studies (Table 4).

BLAST analysis of sequences underpinning the

SNP loci that flanked QTL intervals revealed matches

to chromosome 4 of the chickpea reference genome

sequence at distinct locations (Supplementary 13).

Using gene prediction and BLAST analysis, a total of

three candidate genes that display functional

Table 2 Marker distribution over the LGs of Lasseter 9 ICC3996 (LasxICC) and S95362 9 Howzat (S95xHow)

LGs Predicted Mt

chromosome

Length (cM) Number of mapped markers

(SSRs and SNPs)

Average marker

density

LasxICC S95xHow LasxICC S95xHow LasxICC S95xHow LasxICC S95xHow LasxICC S95xHow

1 1.1 2 2 109.2 190.9 135 88 0.81 2.17

1.2 2/4 23 9 2.56

2.1 2.1 5 5 82.4 63.2 41 45 2.01 1.40

2.2 2.2 5 5 3.4 6.3 4 2 0.85 3.15

3 3 7 7 41.8 80.6 29 35 1.44 2.30

4.1 1 25 12 2.08

4.2 4 1 1 84.1 159.3 27 132 1.17 1.21

5 3 79.6 49 1.62

6.1 6 4 4 71.4 103.5 36 42 1.98 2.46

6.2 8/3 58 28 2.07

7.1 7 8 8/4 47.5 99.7 35 22 1.36 4.53

7.2 4 17.6 6 2.93

8 8 5/6 5/1 38.7 21.9 15 24 2.58 0.91

X X 3.6 4 0.90

Total 658.7 752 462 403 1.74 2.16
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annotations as chitinase-like proteins were identified

from the ab_QTL1-containing region of the Lass-

eter 9 ICC3996 map (Supplementary 14). Such pro-

teins have been previously reported to be associated

with quantitative variation in pathogen defence mech-

anisms in plants.

Discussion

Significance of genic SSR and SNP markers

In the areas of sequence polymorphism discovery and

genetic map development, progress for chickpea has

remained slow. Low levels of genetic diversity have

been consistently described for the cultivated chickpea

gene pool, and hence more specific marker resources

are needed to enrich genetic maps in order to identify

genes of interest (Labdi et al. 1996; Thudi et al. 2011;

Jhanwar et al. 2012). Second-generation DNA

sequencing technologies provide cost- and time-effec-

tive means for transcriptome sequencing and charac-

terisation to further assist such marker discovery. The

large majority of currently available EST-derived

genic markers, including SSRs and SNPs, have only

recently been developed from both cultivated and non-

domesticated chickpea sources (Choudhary et al.

2012b; Hiremath et al. 2012; Jhanwar et al. 2012).

The present study consequently provides a major

source of additional genetic markers for chickpea

molecular breeding.

The average contig length produced in this study

was 791 bp, comparable to that from similar studies

(523 bp: Garg et al. 2011; 459 bp: Hiremath et al.

2011; 946 bp: Jhanwar et al. 2012). All of the

generated EST contigs were further used for the

large-scale identification and validation of EST-

derived SSRs and SNPs. When tested across a panel

of four mapping family parents, the polymorphism

rate for EST–SSRs was c. 21 %, comparable to the

results of previous studies by Choudhary et al. (2009,

2012a), which reported 17 and 28 % EST-SSR

polymorphism rates for intra- (C. arietinum) and

interspecies (C. arietinum and C. reticulatum) com-

parison, respectively. In both populations the rate of

polymorphism was higher for public SSRs that were of

genomic origin, compared to EST–SSRs developed in

the current study, which is in accordance with many

Table 3 Details of Lasseter 9 ICC3996 and S95362 9 Howzat LGs, including number of markers and synteny with M. truncatula

chromosomes

Lasseter 9 ICC3996 S95362 9 Howzat

LGs Markers selected

for BLAST

analysis

Mt chromosome

(chickpea ortholoci)

LGs Markers selected

for BLAST

analysis

Mt chromosome

(chickpea ortholoci)

LG1 128 Mt2(41) Mt3(2) Mt4(4) Mt6(2) LG1.1 78 Mt2(22) Mt3(2) Mt4(4) Mt5(1) Mt6(2)

LG1.2 8 Mt2(1) Mt4(1)

LG2.1 37 Mt2(2) Mt5(13) Mt6(2) LG2.1 41 Mt2(1) Mt4(2) Mt5(14) Mt6(1)

LG2.2 3 Mt5(3) LG2.2 2 Mt5(1)

LG3 20 Mt7(8) LG3 27 Mt3(1) Mt7(12)

LG4.1 12 Mt1(3) Mt5(1) Mt7(1) LG4 128 Mt1(31) Mt2(1) Mt3(1) Mt5(1)

Mt6(1) Mt7(1) Mt8(2)

LG4.2 66 Mt1(19) Mt3(3) Mt5(2)

LG5 42 Mt3(18) Mt8(1)

LG6.1 31 Mt3(1) Mt4(7) LG6 37 Mt3(1) Mt4(11) Mt6(1) Mt8(1)

LG6.2 27 Mt3(5) Mt5(1) Mt8(4)

LG7.1 29 Mt1(1) Mt4(1) Mt5(1)

Mt7(2) Mt8(9)

LG7 20 Mt4(3) Mt8(7)

LG7.2 4 Mt4(3)

LG8 11 Mt5(1) Mt6(1) LG8 19 Mt1(1) Mt5(3)

LGX 3 –

Total 410 159 Total 363 131
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other similar studies (Chabane et al. 2005, Mattioni

et al. 2010). Although lower polymorphism rates were

obtained for EST–SSRs, they were still sufficient to

support genetic map construction. EST–SSRs exhibit

many advantages over genomic SSRs, such as higher

efficiency of amplification, a gene-associated nature

(and hence potential to correlate with functional

sequence variation) and enhanced cross-species

Fig. 5 Depiction of

syntenic relationships

between chickpea LGs and

chromosomes of

M. truncatula

Table 4 Identification of QTLs for ascochyta blight resistance in two mapping populations of chickpea using CIM

Population Trial/QTL

name

Linkage

group

Flanking markers Position

(cM)

LOD

threshold

Max

LOD

score

%

Phenotypic

variance

References

Lasseter 9 ICC3996 ab_2005/

ab_QTL1

LG4.1 TA146–

SNP_40000185

35–50 9.0 18.7 45 Anbessa et al.

(2009), Udupa

and Baum

(2003)

ab_2005/

ab_QTL2

LG4.2 SNP_40000840–

SNP_40001505

0–2.7 9.0 NS NS

ab_2009/

ab_QTL1

LG4.1 TA146–

SNP_40000185

35–50 4.2 11.9 14 Anbessa et al.

(2009), Udupa

and Baum

(2003)

ab_2009/

ab_QTL2

LG4.2 SNP_40000840–

SNP_40001505

0–2.7 4.2 5.7 12

S95362 9 Howzat ab_2005/

ab_QTL1

LG4 TA146–TA72 51–54 3.0 19.5 59 Anbessa et al.

(2009), Udupa

and Baum

(2003)

ab_2009/

ab_QTL1

LG4 TA146–TA72 51–54 3.6 13.9 28
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transferability (Barbara et al. 2007; Kaur et al. 2011,

Kaur et al. 2012). For the EST–SNP markers, a lower

rate of validation (75 %) was observed in the present

study than in a previous report (90.75 %) (Gaur et al.

2012) which could be due to differences in methods

used for SNP calling between the two studies.

Prior reports of limited intraspecific genetic diver-

sity are consistent with results from the present study,

in which a frequency of 0.775 SNPs per kb was

observed. Even lower values were obtained from a

comparative study between transcriptomes, of 0.043

SNPs per kb for a Kabuli/Desi cultivated chickpea

comparison, and 0.821 SNPs per kb for a Kabuli/non-

domesticated chickpea comparison (Agarwal et al.

2012). All of these values are markedly lower than

estimates derived from other cultivated species, such

as eucalypt (62.5 SNPs per kb, Kulheim et al. 2009),

perennial ryegrass (18.5 SNPs per kb, Cogan et al.

2006), rice (6.8 SNPs per kb, Subbaiyan et al. 2012),

maize (5 SNPs per kb, Gore et al. 2009) and soybean

(2.7 SNPs per kb, Choi et al. 2007). These factors

suggest that a large resource of molecular genetic

marker assays is required to identify substantial

numbers of sequence polymorphisms that will be
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Fig. 6 Localisation of QTLs on Lasseter 9 ICC3996 (ab2005/2009; LG4.1 and LG4.2) and S95362 9 Howzat (ab2009; LG4) and

identification of common marker loci between the two QTL-containing regions
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polymorphic in any given cross. The use of genic

sequences, such as ESTs, as templates for resequenc-

ing can efficiently address these requirements. It may

also be interesting to speculate about the narrow

genetic diversity within cultivated chickpea genome

being linked to more variation in the promoter regions

of the genes. Such an activity would require exploi-

tation of the draft whole genome sequences (Jain et al.

2013, Varshney et al. 2013).

Attributes of genetic linkage maps

Subsets of EST-derived SSRs and SNPs were further

used for linkage analysis, to generate chickpea intra-

specific genetic maps with, to the best of our

knowledge, the highest currently available genic

marker density (Flandez-Galvez et al. 2003a, b;

Radhika et al. 2007; Gaur et al. 2011). The total

lengths of each genetic map are comparable to those

from previous studies of chickpea (Gaur et al. 2011,

2012; Thudi et al. 2011). In the current study, a total of

337 publicly available SSRs were included in screen-

ing of mapping populations, and were critical for

assignment of LGs (Gaur et al. 2012, 2011; Thudi et al.

2011). In those instances in which no such markers

were represented on a given LG, attribution could

generally be inferred through cross-comparison of the

two maps generated in the current study. High-

resolution genetic maps based on gene-based markers

are useful for many applications apart from basic trait

dissection, such as cross-inference of QTL identity

between different studies, candidate gene selection,

development of diagnostic markers for important

agronomic traits, and ordering of genome sequence

scaffolds into pseudomolecules. Linkage maps have

previously been used for anchoring and orientation of

scaffolds in whole genome sequencing projects for

many crop species including soybean (Hyten et al.

2010), watermelon (Ren et al. 2012), grape (Jaillon

et al. 2007) and cucumber (Huang et al. 2009). The

linkage maps described here would be highly useful

for future improvements to the chickpea genome

assembly.

Conserved macrosynteny between chickpea

and M. truncatula

Synteny between genomes can facilitate the transfer of

genetic information between closely related crops, the

efficacy of which depends on the degree of conserva-

tion of gene order and content. Several prior studies

have reported syntenic relationships based on genetic

map comparisons between different legume species

such as M. truncatula (Choi et al. 2004), cowpea

(Muchero et al. 2009), peanut (Bertioli et al. 2009) and

common bean (Galeano et al. 2011). However, due to

the historical underdevelopment of the chickpea

genomic resource, comparable information has been

limited until recently. Comparison of sequences

underpinning SNP markers that were assigned to both

linkage maps in the present study revealed substantial

macrosynteny with the genome of M. truncatula,

consistent with other recent studies (Hiremath et al.

2012; Varshney et al. 2013). In most instances,

multiple matches were obtained from each chickpea

LG against specific Mt chromosomes, indicative of

evolutionary translocations within the respective lin-

eages of the Galegoid (cool-season) legumes. For

example, chickpea LG2 was highly colinear with

MtChr5, but some marker loci were more obviously

related to MtChr2. Similarly, blocks of conserved

synteny were observed between LG4 of chickpea and

MtChr1, but some of the more distal markers showed

matches to MtChr3 and MtChr5. The latter observa-

tion suggests that chromosomal rearrangements may

have preferentially occurred towards the telomeric

ends of chromosomes over evolutionary time, as also

observed in other similar studies from various plant

species (Jones et al. 2002; McLean et al. 2010). All of

the results obtained in this study were found to be

highly concordant with the syntenic relationship study

performed by Varshney et al. (2013), in which a large

number of extended ([10 kb) conserved syntenic

blocks were reported between the M. truncatula and

chickpea genomes. This information will be highly

valuable for a candidate gene selection approach in

order to develop gene-based markers for different

traits of interest in chickpea, as well as to understand

the evolutionary history of this species relative to

those of other legumes.

Identification of QTLs controlling ascochyta blight

resistance

Molecular analysis revealed a total of three QTLs

conferring resistance to ascochyta blight across dif-

ferent parental sources. CIM identified two distinct

QTLs to be associated with ascochyta blight resistance
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in the Lasseter 9 ICC3996 population, ab_QTL1 on

LG4.1 and ab_QTL2 on LG4.2, and one QTL in

S95362 9 Howzat. Frequency histograms indicated

the presence of multiple genes in both mapping

populations, but the detection of only one QTL in

S95362 9 Howzat could be due to the size of the

population used for mapping and QTL analysis, which

could affect the number of recombination events and

hence the detection of genomic regions. Moreover,

Howzat is a moderately susceptible cultivar in com-

parison to Lasseter. Therefore, levels of resistance were

higher in the S95362 9 Howzat population compared

to Lasseter 9 ICC3996, providing another possible

reason for the inability to detect ab_QTL2. Both

mapping populations were subjected to phenotypic

assessment at the same time within each trial year using

the same pathogen inoculum (a field-derived mixture of

isolates of A. rabiei). However, differences were

observed between Vp proportions accounted for by

apparently common QTLs between the two trial years,

potentially due to differences in the environmental

conditions between two time intervals. Although

abQTL_1 varies in size and total marker content

between the two populations, the presence of common

flanking markers indicates the same genomic region.

One of the two QTLs (ab_QTL1) identified in the

present study is coincident with previously published

QTLs, based on common linked marker loci (Flandez-

Galvez et al. 2003a, Udupa and Baum 2003, Lich-

tenzveig et al. 2006, Anbessa et al. 2009). In order to

test the possibility that ab_QTL2 is coincident with the

previously described QTL of similar location

described by Madrid et al. (2012), an attempt was

made to empirically map the CaETR-1a/b and

NCPGR91 markers that flank the latter QTL, as well

as the adjacent GAA47 marker. However, no poly-

morphism was detected between the mapping family

parents. Due to the probabilistic nature of QTL

mapping, it is formally possible that the two QTLs

are indeed identical. However, as sequences under-

pinning the ab_QTL2 linked-SNP loci matched

regions of both the M. truncatula (Mtchr 7, c. 22.5

Mbp) and chickpea genomes (Cachr4, c. 12.5–13.5

Mbp) that are distinct from those detected by the

CaETR-1a/b and NCPGR91 genes (Mtchr1, c. 19.9

Mbp; Cachr4, 1.6–4.5 Mbp), it is also possible that

ab_QTL2 is novel to the present study.

The observation here of two QTLs on LG4 for

Lasseter 9 ICC3996 is hence in accordance with

previous studies, which reported 2–3 interacting QTLs

on LG4, supporting the idea that a cluster of ascochyta

blight resistance genes may exist in this genomic

region (Anbessa et al. 2009). Other studies have also

identified additional QTLs on other LGs (LG2, 3, 6

and 8) which accounted for a larger proportion of

genetic variation compared to the current study. This

variation could be due to various factors, such as use of

different genetic material, different methodology,

glasshouse versus field evaluation and interspecific

versus intraspecific crosses. These results can be

further validated under field conditions and can be

directly applied to chickpea breeding programs.

Three candidate genes associated with plant

defence mechanisms were identified in the QTL-

containing genomic intervals (ab_QTL1). These genes

displayed functional annotations as hevamine-A-like

gene and acidic endochitinase-like genes, the former

being highly similar to a M. truncatula chitinase.

Chitinase-like genes have been shown to be mediate a

well-established defence response in chickpea by

inhibiting fungal growth of the invading fungus by

cell wall digestion (Jayakumar et al. 2005), and are

hence plausible candidates for QTL function.

Implications in chickpea breeding programs

The development of genetic linkage maps based on

gene-based markers has facilitated the identification of

genomic regions underlying ascochyta blight resis-

tance in chickpea. Genetic markers flanking the QTL-

containing regions identified in this study are capable

of further validation in a diverse set of C. arietinum

germplasm, enabling a marker-assisted selection

approach for introgression of such regions derived

from parental germplasm chickpea breeding pro-

grams. Although the current study reports two geno-

mic regions conferring resistance to ascochyta blight,

some additional sources of resistance have been

reported in the literature and their relevance to

Australian chickpea breeding programs still needs to

be understood. As the chickpea reference genome

sequence has recently become available, sequence

analysis in the vicinity of QTLs will permit develop-

ment of additional SNP loci to allow the selection of

linked markers across a broad range of germplasm

sources. A gene pyramiding approach is desired to

build durable resistance such that the crop will be

safeguarded against the ascochyta blight pathogen.
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Finally, integration of genetic mapping and pheno-

typic evaluation studies conducted by several research

groups will also provide a better understanding of the

genetic basis of ascochyta blight resistance.
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