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SUMMARY

Cicer arietinum L. (chickpea) is the third most important food legume crop. We have generated the draft

sequence of a desi-type chickpea genome using next-generation sequencing platforms, bacterial artificial

chromosome end sequences and a genetic map. The 520-Mb assembly covers 70% of the predicted 740-Mb

genome length, and more than 80% of the gene space. Genome analysis predicts the presence of 27 571

genes and 210 Mb as repeat elements. The gene expression analysis performed using 274 million RNA-Seq

reads identified several tissue-specific and stress-responsive genes. Although segmental duplicated blocks

are observed, the chickpea genome does not exhibit any indication of recent whole-genome duplication.

Nucleotide diversity analysis provides an assessment of a narrow genetic base within the chickpea cultivars.

We have developed a resource for genetic markers by comparing the genome sequences of one wild and

three cultivated chickpea genotypes. The draft genome sequence is expected to facilitate genetic enhance-

ment and breeding to develop improved chickpea varieties.

Keywords: chickpea, Cicer arietinum, ICC4958, desi-type, genome sequence, gene expression, marker

resource, technical advance.

INTRODUCTION

Legumes are the second most important crop for humans.

Grain and forage legumes are grown in about 15% of the

world’s cultivated land, account for 27% of world’s primary

crop production and provide 33% of dietary nitrogen

requirement, apart from being a natural fertilizer (Graham

and Vance, 2003). Cicer arietinum (chickpea) ranks third

in food legume crop production in the world, with 96% of

its cultivation occurring in developing countries. The

Indian subcontinent is the principal chickpea-producing

and -consuming region, contributing almost 70% of the

world’s total production (FAOSTAT, 2009). In addition,

chickpea is also produced in eastern Africa, western Asia,

the Mediterranean Basin, Australia, and in some parts of

the European and American continents. More than 90% of

chickpea production is consumed locally (FAOSTAT, 2009),

demonstrating its importance to the community where it is

grown. It is a rich source of protein and starch for the pre-

dominantly vegetarian population in the growing

countries. Moreover, being a grain legume it plays an inte-

gral part in diversifying the cereal-based cropping system

because of its ability to fix atmospheric nitrogen and break

disease cycles (Arnon, 1972). According to seed morphol-

ogy, cultivated chickpeas are of two types: kabuli and desi.

Kabuli chickpeas have large seeds (100-seed mass � 50 g)

with thin seed coats of white–cream colour, and are usu-

ally grown in regions of temperate climate. Desi chickpea

seeds are relatively smaller (100-seed mass � 30 g) with

thick seed coats of dark-brown colour, and are grown in

semi-arid tropical regions.

Chickpea, a diploid (2n = 16) annual legume crop spe-

cies of the family Leguminosae and subfamily Faboideae,

is a member of the West Asian Neolithic crop assemblage.

Its origin of cultivation can be traced back to 7500 years

ago in Turkey, and extends back to Central Asia (Zohary

and Hopf, 2000). Unlike other crops of the same origin, the

wild progenitor of cultivated chickpea, Cicer reticulatum, is
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narrowly distributed. During domestication, a series of

evolutionary bottlenecks resulted in a narrow genetic base

among the cultivated chickpea varieties (Abbo et al.,

2003a,b). Chickpea cultivation requires low external inputs,

and it is generally grown in marginal lands with residual

moisture. Globally chickpea is grown on 11.5 million

hectares (ha) to produce 10.4 million tons, with an average

yield of about 0.9 ton ha�1, which is far below its yield

potential of 6 ton ha�1 under optimum growing conditions

(FAOSTAT, 2009). The narrow genetic base of cultivated

chickpea varieties attenuates the efforts of marker-assisted

crop improvement and production of elite cultivars with

durable stress-resistance by conventional breeding,

which has so far been compounded by limited genomic

resources, lack of comprehensive intergenic and intragenic

molecular marker maps, and a lack of the genome

sequence (Young and Bharti, 2012; Gaur et al., 2012b).

Therefore, a concerted genomic approach has been under-

taken encompassing whole-genome sequencing to have a

deep insight into the gene content and organization of the

chickpea genome. The chickpea cultivar ICC4958, a desi

drought-tolerant genetic stock and a popular breeding par-

ent isolated from India has been used for this purpose. The

chickpea draft genome sequence, diversity analysis of

chickpea cultivars and the marker resource generated are

expected to help elucidate the molecular basis of agro-

nomically important traits, and to facilitate the genetic

improvement of a nutritionally and economically important

crop.

RESULTS

Sequencing, assembly and coverage

We generated 13.354 Gb of high-quality sequence data for

chickpea ICC4958 by sequencing whole-genome shotgun

(WGS) libraries and mate-pair (MP) libraries of 3–20-kb

insert sizes using a 454/Roche GS FLX Titanium platform.

The Illumina GA IIx sequencing platform was used to

sequence two WGS libraries to produce an additional

43.7 Gb of quality-filtered paired-end (PE) sequence data

(Table S1a). The Illumina data set was assembled using

ABYSS (Simpson et al., 2009) to produce 304 948 126

bases of assembled sequences. These contigs and all the

quality-filtered reads generated by GS FLX platform were

assembled together using NEWBLER v2.5.3 to obtain the pri-

mary assembly. Further scaffolding of the assembled frag-

ments was performed using publicly available bacterial

artificial chromosome (BAC)-end sequences (Thudi et al.,

2011). The sequence scaffolds were assigned to their corre-

sponding linkage groups by mapping the marker

sequences used to make an integrated genetic linkage map

of the C. arietinum ICC4958 9 C. reticulatum PI489777

mapping population (Gaur et al., 2012a). The assembled

sequence spanned 519 846 222 bases, with an N50 length

of 77 313 bases and the N50 index (rank of the N50-scaf-

fold according to size) of 931 (Table 1). About 84% of the

assembly consists of scaffolds with 2 kb or more in size

(Figure S1; Table S2). Altogether, 532 scaffolds spanning

124.4 Mb were assigned to eight linkage groups. The larg-

est pseudomolecule was linkage group 3, with a length of

23.4 Mb (Table S3). The draft assembly covered 70% of the

740 Mb predicted genome length (Arumuganathan and

Earle, 1991) at an average of 15X GS FLX read coverage

(Figure S2). The total genome size based on read align-

ment was estimated to be 740.52 Mb (Table S4). Overall,

98.66% of the assembled bases had a quality of Q40 or

more. Independent assessment of heterozygosity by map-

ping reads generated by the SOLiD platform (Table S1a.iii)

revealed an average heterozygosity of 0.049% in the link-

age groups (Table S5) and an average of 0.052% in the

whole assembly, which is comparable with the hetrozygos-

ity of another closed flower-pollinating Fabaceae family

crop, Cajanus cajan (pigeonpea, 0.067%; Varshney et al.,

2012). The mapping of high-quality Illumina reads to the

assembly revealed a mismatch error frequency of

1.2 bases/10 kb and an indel frequency of 1.6/10 kb.

Although the predicted heterozygosity is extremely low, it

may contribute a small fraction to the mismatch error. The

assembly was aligned to the working draft sequences of 12

BACs of chickpea available from public databases. The

unordered pieces of the BAC contigs aligned to the scaf-

folds with 95–100% identity over the entire stretches.

Transcriptome coverage in the assembled chickpea gen-

ome was calculated using three data sets, 34 760 chickpea

transcripts, 1 931 224 high-quality Roche 454 RNA-seq

reads generated in a previous study (Garg et al., 2011) and

41 045 expressed sequence tags (ESTs), available at NCBI

Table 1 Assembly and annotation statistics of the chickpea

genome

Total size (bp) 519 846 222

Number of scaffolds 181 462

Minimum scaffold length (bp) 200

Maximum scaffold length (bp) 23 376 002

Average scaffold length (bp) 2865

N50 length (bp) 77 313

N50 index 931

GC content (%) 26.93

Size of repetitive content (bp) 210 201 779 (40.4%)

Protein coding genes 27 571

Average gene length (bp) 3122

Average coding sequence length (bp) 962

Average number of exons 4.23

Average exon length (bp) 270

Average intron length (bp) 606

tRNA loci 627

rRNA loci 249

miRNA loci 60

snoRNA loci 278
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after cleaning. A BLAT search of these sequences in the

chickpea genome revealed that about 84% of the tran-

scripts were covered in the genome with at least 90% iden-

tity and 80% coverage, and about 82% transcripts showed

at least 90% identity and 90% coverage in the genome

(Table S6). Furthermore, about 77% of the large transcripts

(>2 kb) overlapped significantly with the chickpea genome

(with at least 90% identity and 80% coverage). Likewise,

more than 69% of the ESTs and about 81% of the Roche

454 RNA-seq reads were present in the genome, with at

least 90% identity and 80% coverage. Overall, these results

indicated that more than 80% of the expressed sequences

are covered in the assembled chickpea genome, which is

comparable with transcript coverage of the draft genome

sequence of date palm (Al-Dous et al., 2011).

Identification of repetitive elements and annotation of

protein coding genes

A total of aproximately 210 Mb, representing about 40.4%

of the draft genome sequence, was identified as inter-

spersed repeat sequences, in which 27.31% constitutes

retrotransposons with more than 0.3 million copies. About

96% of these retrotransposons are long terminal repeats,

and 8.6% of repeats could not be classified in any known

category (Table S7). Another 4.55% of the repetitive

sequence represented DNA transposons. Simple sequence

repeats (SSRs) constitute 0.329% of the genome assembly,

and this fraction is similar to Medicago truncatula

(Medicago; 0.203%) and Glycine max (soybean; 0.328%).

However, fractions of trimers and tetramers are much

higher in chickpea in comparison with those in Medicago

and soybean (Table S8).

Using the repeat-masked genome sequence, we analy-

sed the protein-coding genes based on various gene pre-

diction approaches [ab initio, homology-based, EST and

Core Eukaryotic Genes Mapping Approach (CEGMA) analy-

ses], followed by generating a non-redundant consensus

gene set by merging their prediction results. We predicted

a total of 27 571 non-redundant consensus genes (a total

of 86.1 Mb, 5.3 genes/100 kb), with an average gene length

of 3122 bp, coding sequence length of 962 bp (total of

26.5 Mb) and an average of 4.23 exons per gene (Tables 1

and S9). At least 3109 (11.3%) chickpea genes had an aver-

age of 2.37 transcript isoforms, representing a total of

31 844 transcripts. The overall GC content within the

coding sequence was higher (43.6%) than that of the whole

genome (26.93%). The total N content in the coding

sequence of the predicted gene set was only 0.05% (overall

only 29 genes contained N, and only 15 genes had �10%

of N in the coding sequence). An analysis by CEGMA pipe-

line revealed that about 78% eukaryotic orthologous

groups (KOGs) with �80% coverage, and more than 86%

KOGs with �50% coverage, were included in our predicted

gene set (Table S10). Overall, >73% of predicted genes

were supported by transcripts, ESTs and/or RNA-seq data

(Table S11).

Comparative genome features of chickpea

The GC content distribution in the chickpea genome (bin

window size of 500 bp) was comparable with other

dicot genomes, including legumes (soybean, Medicago,

pigeonpea, Lotus japonicus, Arabidopsis thaliana and pop-

lar), whereas the GC distribution in the Oryza sativa (rice)

genome was much higher (Figure S3). We did a compara-

tive analysis of different features of the predicted genes in

other sequenced legumes (soybean, Medicago, pigeonpea,

L. japonicus) and a few dicots [Arabidopsis, Cucumis sati-

vus (cucumber), Theobroma cacao (cocoa) and Vitis vinif-

era (grapevine)], as presented in Table S12. Although the

total number of predicted genes in chickpea (27 571) was

less than in other legumes (ranging from 38 482 genes in

L. japonicus to 62 379 genes in Medicago), the number

was comparable with other dicots (ranging from 21 503 in

cucumber to 28 798 in cocoa) (The Arabidopsis Genome

Initiative, 2000; Jaillon et al., 2007; Huang et al., 2009;

Argout et al., 2011). The possibility of the presence of a

few genes in the unsequenced portion of the chickpea gen-

ome is not ruled out. The average transcript length in

chickpea (3122 bp) was larger than those in legumes Medi-

cago (2028 bp), pigeonpea (2520 bp) and L. japonicus

(1494 bp), but was close to that of soybean (3693 bp). The

average exon length of chickpea genes (270 bp) was com-

parable with other legumes, but the average intron length

was higher (606 bp) than in the other legumes and dicots

analysed, excepting grapevine.

Multi-species comparison and identification of lineage-

specific gene families

For the delineation of unique and shared gene families, the

predicted proteomes of chickpea, soybean, pigeonpea,

Medicago and grapevine were analysed. A total of 19 218

chickpea genes clustered with 145 801 genes from the

other three legumes (soybean, Medicago and pigeonpea)

and grapevine (non-legume out-group) in 22 281 gene

families of two or more members (Figure 1a). Among

these, 6474 gene families containing 94 503 genes were

conserved in all five species, whereas 1327 families con-

taining 9990 genes were restricted to four legume species.

A total of 626 families representing 1491 genes were

unique to chickpea. Chickpea shared the largest number

(864) of gene families with Medicago, whereas only 118,

219 and 131 gene families were shared with soybean,

pigeonpea and grapevine, respectively. This indicates a

close relationship of chickpea with Medicago as compared

with other legumes and grapevine. The number of gene

families unique to chickpea was fewer (626) than those of

Medicago (3799) and pigeonpea (1,389), but greater than

that of soybean (363).
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Based on the BLAST searches, more than 89% of the

predicted genes showed similarity to at least one of the

public protein databases analysed, and 80.3% of genes

were assigned a gene ontology (GO) term using the Blas-

t2GO pipeline (Table S13). The transferase activity (14.3%),

metabolic processes (12.2%) and membrane (22.7%) were

the most abundant GO categories represented (Figure S4).

A similar distribution of GOSlim terms was found among

the chickpea, soybean and Arabidopsis genes (Figure 1b).

The genes encoding kinase domain proteins were the most

abundant (2.5%) in chickpea (Figure S5).

Using various BLAST searches, we further identified

2751 (aproximately 10%) genes as putative chickpea-

specific orphan genes, which did not show detectable

similarity to any sequence analysed (Figure S6). This was

similar to the earlier prediction based on the chickpea

transcriptome (Garg et al., 2011) and less than rice (17.4%)

(Campbell et al., 2007), but higher than Arabidopsis (4.9%)

(Lin et al., 2010). The other 954 genes represented putative

legume-specific genes (Figure S6). The GO analysis

revealed that receptor and transporter activity among the

molecular function, metabolic process and transport

among the biological process, and integral to membrane

and outer membrane-bound periplasmic space among the

cellular component terms, were more abundant in chick-

pea-specific gene families (Figure S7). A comparison of

features of lineage-specific genes with that of other genes

was performed (Table S14). The average GC content of

lineage-specific genes was much higher than that of other

genes. About 73% of legume-specific and 78% of chickpea-

specific orphan genes were single exonic, which is much

higher than in other genes (aproximately 32%). The aver-

age coding region and protein length of lineage-specific

genes were much shorter than those of other genes. The
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Figure 1. Comparative features of chickpea pro-

tein-coding genes.

(a) Venn diagram showing distribution of gene

families among Cicer arietinum (chickpea), Gly-

cine max (soybean), Medicago, Cajanus cajan

(pigeonpea) and Vitis vinifera (grapevine). Com-

parative analysis revealed that a total of

165 019 genes from five species are clustered

into 22 281 gene families. The number of gene

families that are unique and are shared among

different species is indicated. (b) Distribution of

various GOSlim categories in chickpea, soy-

bean and Arabidopsis genes. GOSlim catego-

ries for Arabidopsis genes were extracted from

the TAIR database. GOSlim categories were

assigned to all the chickpea and soybean

genes, based on their corresponding best hit

gene from Arabidopsis.
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evidence for expression of about 51% of legume-specific

and only 22% of chickpea-specific genes was available, as

compared with 88% of the other genes. The difference in

the structures of genes from different lineages and poor

quality of gene calls for lineage-specific genes can be

further minimized by experimental evidence of their struc-

ture and biological relevance. Considering the fact that the

genome sequence presented here is the first-draft genome

sequence, the exact picture will improve once updated

versions of the genome sequences and an annotated gene

set of chickpea and other legumes become available.

Gene families

Based on the hidden Markov model (HMM) profile search,

we identified a total of 1748 (6.3%) chickpea genes belong-

ing to 84 transcription factor families (Table S15). This frac-

tion is much less than that in soybean, but is comparable

with that in other legumes and in Arabidopsis (Libault

et al., 2009; Schmutz et al., 2010; Figure S8). The MYB

domain-containing proteins were the most abundant

among the transcription factor families, followed by basic

helix-loop-helix (bHLH) and Apetela2 (AP2)-domain-con-

taining proteins encoded by 110, 103 and 101 genes,

respectively. The high representation of MYB/MYB-related

transcription factors in the chickpea draft assembly is in

accordance with other plants; however, unlike a high abun-

dance of CCHC domain-containing transcription factors in

pigeonpea, the fraction of this group of genes in the chick-

pea draft genome is relatively low (totalling 21 in number),

similar to other plants. The abundance of auxin response

factors (ARF) in the chickpea draft genome (21 only) is sim-

ilar to that in Arabidopsis, but is less than one-third of

those present in L. japonicus and soybean.

To delineate resistance-related genes, previously described

R-genes were selected from the PRG database (Sanseverino

et al., 2010) and NCBI protein database using BLASTP. The

initial screening of the chickpea unigene set revealed the

presence of 729 putative resistance-related genes, including

receptor-like kinases. The presence of specific R-protein

domains was inspected using InterProScan and the Inter-

Pro database (Hunter et al., 2009) to select 119 high-

probability R-gene candidates. Five hundred and thirty-five

proteins with receptor-like kinase domains were also

mentioned to include the proteins putatively involved in

resistance processes. The same R-gene prediction pipeline

with the same parameters was applied to the annotated

protein databases for Medicago, soybean, Arabidopsis and

grapevine to retrieve the predicted R-genes from those

plants. Each sequence was assigned to an appropriate

class of R-genes based on their conserved domains and

compared among the plant species mentioned above

(Table S16). The chickpea draft assembly possesses many

fewer R-genes compared with the two other legumes anal-

ysed; however, the number of receptor-like kinases is

comparable with those in other plants, except soybean.

Given the complexity of R-genes, it is also possible that the

present draft assembly could not capture the full comple-

ment of R-genes. Phylogenetic analysis of the CC-NBS-LRR

genes of chickpea and Medicago shows that the chickpea

genes form separate clusters, suggesting divergence of this

family from the Medicago genes (Figure S9a). A list of

resistance-associated genes is available at http://nipgr.res.

in/CGAP/home.php.

Genes involved in various events associated with nodule

development were identified by comparison with ortholo-

gous nodulation-related genes of other legumes. For this,

76 sequences of key regulatory genes involved in

nodulation (largely including the NOD factor receptors,

receptor-like kinases, calcium/calmodulin-dependent kinases,

transcription factors and ion-channel transporters) and 56

sequences of nodulin genes from Medicago, soybean,

Lotus and Pisum sativum were downloaded from the NCBI

database. A unique set of genes was identified to generate

the database, which consisted of 26 nodulation regulatory

genes and 44 nodulin genes. These were used to search

for sequence similarity with protein sequences of chickpea,

Medicago, soybean, pigeonpea and Arabidopsis. In the

present chickpea genome assembly, 89 nodulation-related

genes (53 nodulation regulatory and 36 nodulin genes)

were identified that were lower than the nodulation genes

present in Medicago (total 166), soybean (total 256) and pi-

geonpea (total 156), but as expected, were much higher

than the 65 genes (39 nodulation regulatory genes

and 26 nodulins) in the non-leguminous Arabidopsis

(Table S17). The nodulation-related genes in chickpea per-

dominantly consisted of transporters (sugar, water and

nuclear), transcription factors, i.e. GRAS, ERF and bZIP,

receptor-like kinases and other signalling components

involved in cell signalling during the nodulation process.

(A list of nodulation-associated genes is available at http://

nipgr.res.in/CGAP/home.php). Among 89 nodulation genes

in chickpea, 21 had at least one homologue, and some

genes like the ERF transcription factor and pectate lyase

had several homologues. Furthermore, phylogenetic analy-

sis of the leghaemoglobin genes of chickpea, Medicago

and soybean showed that three of the chickpea leg-

haemoglobin genes clustered distinctly, whereas one

clustered with the Medicago homolog (Figure S9b). An

analysis using BLASTP and HMM profile searches at a cut-

off of 1e�10 revealed 170 and 643 unique genes associated

with the metabolism of carotenoids and flavonoids, respec-

tively. Both the gene families have many fewer genes as

compared with those in Arabidopsis and Medicago

(Table S18). The comparison of gene families presented

here is based on the draft genome assembly and its annota-

tion, and therefore might have bias towards certain families,

which will be clear with the availability of the complete

annotated gene set.
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Annotation of non-coding RNA genes

The tRNA genes were predicted by scanning the sequence

using tRNAscanSE using eukaryotic parameters (Lowe and

Eddy, 1997; Table S19). A total of 627 tRNA loci, excluding

three pseudo tRNA, spanning 46 343 bp with an average

length of 74 bp/locus, were predicted. Interestingly, only

tRNA genes coding for methionine and tyrosine showed

the presence of introns. The average intron lengths of the

tRNA genes for methionine and tyrosine are 9.7 and

18.2 bp, respectively. Genes encoding ribosomal RNAs

were predicted using BLASTN by aligning the rRNA

sequences of Arabidopsis (GenBank accession: AJ307399.

2), rice (M82426.1) and seven species of the genus Medica-

go (Medicago polyceratia, AJ28842; Medicago medicagino-

ides, AJ288239.1; Medicago brachycarpa, AJ288234.1;

Medicago monantha, AJ288266.1; Medicago fischeriana,

AJ288214.1; Medicago saxatilis, AJ288270.1; Medicago aur-

antiaca, AJ288260.1 and Medicago papilosa, AJ288224.1)

with a cut-off of 1e�10. A total of 249 rDNA loci spanning

40 856 bp were predicted. For the prediction of miRNA and

snoRNA, a combination of BLASTN and INFERNAL 1.0.2

was used (Nawrocki et al., 2009). INFERNAL identified 1455

non-coding RNAs of 121 distinct Rfam families. Among

these, 60 miRNA loci, with an average precursor miRNA

length of 120.23 bp/locus, and spanning 7214 bp, were

identified, which represented 0.0014% of the genome. The

miRNAs represented 20 unique families, of which

MIR169_2 (15%) and MIR159 (11.67%) were most abundant.

Similarly, 278 snoRNA loci with average length of 96.13 bp/

locus and spanning 26 724 bp were identified, which repre-

sented 0.0051% of the genome. The snoRNAs represented

75 unique families, of which snoZ159 (5.04%) and snoZ278

(4.68%) were present in maximum abundance.

Gene expression analysis

RNA-seq data was generated from libraries prepared with

RNA isolated from different tissues/organs using the

Illumina GA-IIx platform. A total of 274 million filtered

reads from six tissue samples representing different tis-

sues/organs and three tissue samples representing

stressed/non-stressed conditions were analysed (Table S20).

Data analysis showed the expression of about 72% of

genes (�1 read per million) in at least one tissue/condition

(Figures 2 and 3). In a tissue-by-tissue comparison, the

largest number of genes was differentially expressed

between shoot and root, followed by flower and root, and

then leaf and root. A smaller number of genes were differ-

entially expressed between the green (shoot and leaf,

shoot and stem, and leaf and stem) tissues, as expected. In

general, the expression profile of chickpea genes in root

tissue was the most distinct from other tissues analysed

(Figure 2). A large number (5843) of genes exhibited

preferential expression in a particular tissue. A maximum

number of genes showed preferential or specific expres-

sion in root and flower tissues, followed by pod (Figure 2;

Table S21). Of the 1680 transcription factor genes with

RNA-seq data, at least 526 (31.3%) genes exhibited tissue-

preferential expression. A wide variety of GO terms were

enriched within tissue-preferential/tissue-specific and

stress-responsive chickpea genes (Figure 3; Table S22). In

shoot and leaf tissues, the genes involved in photosynthe-

sis-related processes were significantly enriched. In root,

the genes involved in response to stimulus/stress and

those having heme/iron binding activity were over-repre-

sented. In flower, the genes involved in enzyme regulator

activity were significantly represented. The nutrient reser-

voir activity, endopeptidase activity and proteolysis-related

genes were significantly enriched in pod (Table S22).

A total of 2000 chickpea genes exhibited differential

expression under drought and/or salt stress conditions.

Among the 1278 and 1163 genes regulated under drought

and salt stress, respectively, 441 genes were in common

(Figure 3). More than 13% of the transcription factor genes

were differentially expressed under drought and/or salt

stress conditions (Table S21). The genes with oxidoreduc-

tase activity, transcription factor activity and protein kinase

activity were significantly enriched in the stress-responsive

genes. About 26 and 10% of the legume-specific and chick-

pea-specific genes, respectively, exhibited tissue-preferen-

tial and/or stress-responsive expression (Table S21).

Synteny and genome duplication

At least 32 duplicated blocks (30 interchromosomal and two

intrachromosomal) of genes were identified in the chickpea

genome (Figure 4a). Notably, linkage group 3 harboured 14

duplicated blocks shared with five other linkage groups

(CaLG2, CaLG4, CaLG6, CaLG7 and CaLG8), the largest

(five) being with each of linkage groups 4 and 7. The distri-

bution analysis of synonymous substitution rate (Ks) within

the paralogous gene pairs (Figure S10) confirmed the

absence of the recent whole genome duplication (WGD)

event, as predicted in soybean (Schmutz et al., 2010).

Considering the old legume genome duplication event to

have occurred about 58 Mya, the rate of synonymous

substitution per site per year is calculated to be 6.05 9 10�9

in chickpea, which is 12% faster than that predicted in the

model legume Medicago (Young et al., 2011).

To analyse genome-wide synteny within legumes, a

whole-genome dot plot was generated with eight chickpea

linkage groups on the x-axis against chromosome arms

(north and south) of soybean and Medicago on the

y-axis. For the soybean genome, large pericentromeric

regions were removed. Even after divergence of Medicago

and chickpea by about 25 Myr (Choi et al., 2004), extensive

synteny and conservation of gene order were observed

between the chickpea and Medicago genomes, particularly
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between chickpea LG5 and Medicago LG3, chickpea LG3

and Medicago LG5 (Figures 4b, S11 and S12). The absence

of duplicated syntenic blocks between these two genomes

within the galegoid clade of the Papilinoideae subfamily

suggested the absence of recent whole genome duplica-

tion in chickpea and/or Medicago. In contrast, the chickpea

genome showed less synteny with soybean, a member of

the millettoid clade. However, the presence of duplicated

syntenic blocks of chickpea genes in the soybean genome

(Figure S13) reflects recent whole genome duplication in

soybean.

Genome evolution

Genome-wide analyses have provided evidence of whole

genome duplication in plants as a mechanism of diversifi-

cation and adaptation to an altered environment (Otto and

Whitton, 2000; Taylor and Raes, 2004; Comal, 2005). One of

the methods used for the dating of large-scale duplication

or divergence is to plot synonymous substitution per syn-

onymous site (Ks) between the paralogous or orthologous

genes present in the syntenic blocks within or between the

genomes, respectively (Lynch and Conery, 2000; Paterson

et al., 2004; Lavin et al., 2005).

Distribution of Ks within a number of orthologous gene

pairs between grapevine and Medicago, grapevine and

chickpea, Medicago and Lotus, soybean and Medicago and

paralogs within chickpea were plotted (Figure 5). Medicago–

grapevine and chickpea–grapevine orthologs share peaks at

Ks 1.5. Incidentally, chickpea paralogs also show a peak at

Ks 1.5. Assuming a synonymous substitution rate per

synonymous substitution of 6.1 9 10�9 per year (Lynch and

Conery, 2000) for eudicots, this peak is most probably attrib-

uted to ‘gamma triplication’, common for all eudicots (Jail-

lon et al., 2007), and coincides with the period of divergence

of the Eurosids from grapevine (Tang et al., 2008; Fawcett

et al., 2009) about 120 Mya. The major peak of the chickpea

paralogs at Ks 0.7 (Figures 5 and S10) is shared by several

other legumes (Pfeil et al., 2005; Cannon et al., 2006; Sch-

mutz et al., 2010; Young et al., 2011), and is thought to be a

signature of common WGD aproximately 58–60 Mya, mark-

ing the origin of legumes coinciding with the Cretaceous–

Tertiary (K–T) boundary, which experienced similar polyploi-

dization in other plant lineages, possibly because of sudden

environmental changes (Wilf and Johnson, 2004; Fawcett

et al., 2009). A comparison of overlapping peaks of the

Medicago–soybean with Medicago–Lotus orthologs sug-

gests that the diversification of the milletoid (soybean) and

galegoid clades (Medicago) (41–46 Mya), within the Papilio-

noideae subfamily, slightly precedes the diversification

of the Trifoleae tribe (Medicago) from Loteae (Lotus)

(38–40 Mya) within the galegoids. Previous reports follow-

ing independent methods also suggested the separation of

milletoids and galegoids immediately before the separation

of these two tribes within the galegoid clade (Choi et al.,

Shoot Root Mature leaf Stem Young pod Flower

Shoot 661 410 366 478 725

Root 1171 1011 880 833 1118

Mature leaf 816 674 867 796 854

Stem 705 741 381 541 897

Young pod 694 731 556 646 831

Flower 447 578 389 405 361

Shoot-specific (10)

Root-specific (281)

Flower-specific (214)

1 5010

Leaf-specific (8)
Stem-specific (7)

(a)

(b)

Figure 2. Tissue-specific differential expression

of Cicer arietinum (chickpea) genes.

(a) Genes preferentially expressed in each

tissue sample, as compared with others, in a

tissue-by-tissue comparison. The genes show-

ing at least twofold change (upregulated above

the blank cells and downregulated below the

blank cells), as compared with other tissue

samples, are given. (b) Heatmap showing genes

preferentially/specifically expressed in various

tissue samples. The number of genes and tis-

sue specificity is noted on the right side. The

colour scale (1–50) represents reads per million

(RPM) value. The transcripts with >50 RPM are

not distinguished by the colour scale (they are

represented by the same colour as that of

genes with 50 RPM), so as to differentiate the

genes with low–high expression.
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2004; Pfeil et al., 2005). Ks dating suggested the divergence

of chickpea (Cicereae tribe) and Medicago by 25–30 Myr,

well after the separation of Medicago and Lotus. Accord-

ingly, we found considerable synteny between the chick-

pea and Medicago genomes. In the absence of recent

WGD in Medicago (Young et al., 2011), chickpea and Lotus

(Sato et al., 2008), one of the reasons for the diversifica-

tion of these three plants belonging to three different

tribes might be small chromosomal rearrangements and

lineage-specific gene gain/loss and evolution. It is reported

that Medicago has undergone extensive local gene dupli-

cations (Young et al., 2011). Our previous study based on

transcriptome data suggested a speciation within the

Cicereae tribe separating chickpea from its wild progenitor

Cicer reticulatum aproximately 0.6 Mya (Jhanwar et al.,

2012).
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Figure 3. Differential expression of Cicer arieti-

num (chickpea) genes in response to drought

and salt stress.

(a) Venn diagram showing the number of genes

up- and downregulated (parentheses) under

drought, salt and both stress conditions, as

compared with the control. Nine genes were

upregulated under one but downregulated

under the other stress conditions. The total

number of genes regulated under drought and

salt stress conditions are shown outside the

Venn diagram. (b, c) Enrichment of molecular

function and biological process gene ontology

terms in chickpea genes differentially expressed

under drought (b) and salt (c) stress with

P � 0.01.
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The distribution of non-synonymous substitution rate

(Ka)/Ks (x) and Ks between the orthologous gene pairs of

Medicago and chickpea formed three clusters according to

the Ks values. These gene clusters are centred around

Ks values of 0.3, 1.5 and beyond (Figure S14). The average

x values of the genes decreased with the average Ks of the

clusters. Clusters with Ks � 1.5 were attributed to pan-

eudicot palaeoploidization. The low x of these clusters

indicates that these genes are under neutral selection. The

cluster with Ks < 1 refers to neopolyploidization, and its

higher x suggests that the genes in this cluster are under

purifying selection. A cluster with Ks > 2 probably repre-

sents genes originated during polyploidization, before

gamma triplication.

The distribution of Ka/Ks resulted in the identification of

555 chickpea genes with pair-wise Ka/Ks > 1 (Figure S15).

These are probably newly evolving genes under positive

selection pressure. More than 90% of the valid GOSlim

matches of this gene set encode catalytic and binding

activities, and 21 genes encode transporter activity

(Figure S16).

Nucleotide diversity

For rapid assessment of nucleotide diversity at a genomic

scale, sequence reads were generated by sequencing WGS

libraries (Table S1b) of three other chickpea genotypes

(ICCV2/IC12968, kabuli; JG62/ICC4951, desi; and PI489777,

wild). Alignment of the reads to the draft genome

sequence of ICC4958 and to the corresponding map-based

assemblies of other genotypes showed that the nucleotide

diversity based on genome-wide single nucleotide poly-

morphism (SNP) between each pair of the cultivated varie-

ties varied from 0.00125 to 0.000915 bp�1, which was less

than the values for other Fabaceae family members (soy-

bean, 0.00189 bp�1; M. truncatula, 0.0043 bp�1; Lam et al.,

2010; Branca et al., 2011) and much lower than those for

cereals (rice, 0.00229 bp�1; maize, 0.0066 bp�1; Caicedo

et al., 2007; Gore et al., 2009). In comparison, higher aver-

age nucleotide diversity (0.0031 bp�1) was observed

(a)

(b)

Figure 4. Whole genome duplication and synteny analysis.

(a) Duplicated blocks in the Cicer arietinum (chickpea) genome. All eight

linkage groups are shown in coloured blocks, arranged in a circle. The inter-

linkage group duplicated blocks are marked by blue connecting lines and

the intralinkage group duplicated blocks are marked by connecting lines of

the same color as that the linkage groups. (b) Circos diagram presenting the

syntenic relationship between chickpea and Medicago truncatula (Mt)

pseudomolecules. Mt pseudomolecules were shown in green and labelled

as Mt_1–8. Chickpea pseudomolecules are shown in different colours and

labelled as Ca_LG1–8.
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Figure 5. Synonymous substitution rate (Ks) dating of duplication blocks in

Cicer arietinum (chickpea) and different combinations of orthologs of chick-

pea, Vitis vinifera (grapevine), Glycine max (soybean), Medicago and Lotus

japonicus.

Distribution of Ks of chickpea paralogs and orthologs of chickpea (Ca) and

Medicago (Mt), chickpea and grapevine (Vv), Medicago and grapevine,

Medicago and L. japonicus (Lj), and Medicago and soybean (Gm) plotted

against number of gene pairs are shown in different coloured lines. Inset

shows distribution of Ks between the gene pairs present in the duplicated

blocks within the chickpea genome. Blue arrows indicate major peaks that

suggest duplication in the chickpea genome.
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between the cultivated and wild chickpea genotypes. Like-

wise, at the transcriptome level, very low nucleotide diver-

sity was observed within the cultivated genotypes

(Table 2). Overall, the average nucleotide diversity among

various genotypes was less in the transcriptome as com-

pared with the genome, indicating higher sequence

conservation in the transcripts. In addition to closed

flower pollination, a characteristic of the Fabaceae family

members, low nucleotide diversity within the cultivated

chickpea genotypes may have resulted from the evolutionary

bottlenecks it suffered during domestication. Higher nucleo-

tide diversities in Medicago and soybean genomes may also

result from the higher frequency of cross-pollination in Medi-

cago (Siol et al., 2008; Bonnin et al., 2010) and the higher

rate of expected heterozygosity in soybean genome as a

result of recent polyploidization (Schmutz et al., 2010).

Development of genetic marker resources

Sequence assemblies of the cultivated and wild chickpea

genotypes were compared and analysed to develop

genetic marker resources for breeding programmes.

Primer sequences for 30 000 non-monomeric simple

sequence repeats (SSRs) from ICC4958 genome sequence,

and primers for several hundreds of polymorphic non-

monomeric SSRs and flanking bases of several thousands

of SNPs between different combinations of sequenced

chickpea genotypes were catalogued (Appendices S1–S13)

to convert them into genetic markers. A high amplification

efficiency and polymorphism potential for SNPs (90.75%

for both) and a set of SSRs (98% and 94.7%, respectively)

between ICC4958 and PI489777 were observed in experi-

mental validations of the sequence-based predictions

(Gaur et al., 2012a; Jhanwar et al., 2012).

DISCUSSION

We have presented the draft genome assembly of an eco-

nomically important legume crop, chickpea (desi-type),

based on next-generation sequencing data. This assembly

is expected to provide the majority of the information

required for a wide variety of fundamental and applied

research, although a comprehensive approach of clone-by-

clone sequencing, along with physical, genetic and cytoge-

netic mapping, is required to gain a deeper insight into the

genome structure. After soybean and pigeonpea, this study

reports a genome assembly of the third food legume crop.

While this article was under review, a draft genome assem-

bly of a kabuli-type chickpea was published (Varshney et al.,

2013). Chickpea is the only domesticated species of the

Cicerae tribe, and its genome assembly is the second (after

Medicago) of a member of the inverted-repeat-

lacking clade (IRLC), members of which share a number

of morphological features, including predominantly herba-

ceous habit, epulvinate compound leaves and base

chromosome number 7–8 (Wojciechowski et al., 2004).

Nucleotide diversity analysis between the cultivated (desi

and kabuli types) and wild genotypes has provided an

assessment of a narrow genetic base in this crop, a limit-

ing factor in the application of molecular breeding

approaches. The wild progenitor of domesticated chickpea

C. reticulatum grows in its native area at a high altitude,

where it is exposed to sub-zero winter temperatures. The

domestication of chickpea made it an autumn-sown crop

in India and east Africa, and a spring-sown crop in the

Mediterranean basin, probably to avoid Ascochyta blight

(Abbo et al., 2003a,b). During this process, winter hardi-

ness and vernalization requirement alleles were lost

(Summerfield et al., 1989; Singh et al., 1997). A compari-

son of sequences generated for the wild and the domesti-

cated desi and kabuli genotypes is expected to be useful in

identifying alleles for low-temperature tolerance and ver-

nalization. Nucleotide diversity analysis between the culti-

vated and wild genotypes has provided a rich resource of

polymorphic SSRs and SNPs between the chickpea geno-

types, which is useful to establish the marker–trait relation-

ship, especially for quantitative trait loci and molecular

breeding.

More than 40% of the assembled draft genome repre-

sents interspersed repeats, including transposons and

retrotransposons. This is considerably lower than soybean

(59%) and pigeonpea (52%), but higher than Medicago

(27%) and Lotus (34%) (Sato et al., 2008; Schmutz et al.,

2010; Varshney et al. 2012; Young et al., 2011). Although a

lower proportion of repeats may reflect a lower level of

pericentromeric sequencing, or the method used for

sequencing and assembly, it may also be indicative of

genomic differences between the milletoid (soybean and

pigeonpea) and galegoid (Medicago, Lotus and chickpea)

clades or genome size. The soybean genome is reported to

have only 283 legume-specific gene families containing

448 genes (Schmutz et al., 2010). We predicted 954

legume-specific genes in the present chickpea genome

assembly. This number is expected to further increase with

the availability of more legume genome sequences,

because a number of genes previously found to be spe-

cies-specific would show homology to the newly

sequenced genes from other legumes. Features of the

legume-specific and chickpea-specific genes are different

from that of the other genes. Similar features of lineage-

Table 2 Nucleotide diversity (per base) within cultivated and wild

chickpea genotypes. Values represent the genome-wide (in bold)

and transcriptome-based assessments, respectively

ICC4958 ICCV2 JG62 PI489777 Genotypes

0.00125 0.000958 0.00308 ICC4958

0.00005 0.000915 0.00400 ICCV2

0.00003 0.00004 0.00232 JG62

0.00103 0.00082 0.00075 PI489777

© 2013 The Authors
The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2013), 74, 715–729

724 Mukesh Jain et al.



specific genes, including short length, fewer number of

introns and unusual GC content have also been observed

in previous studies (Campbell et al., 2007; Lin et al., 2010).

Although the origin of lineage-specific genes is not exactly

clear, lateral gene transfer, gene duplication, followed by

rapid sequence divergence, and de novo emergence from

non-genic sequences may be attributed to the prediction of

lineage-specific genes. Some of the lineage-specific genes

predicted might result from genome assembly and annota-

tion artifacts as well.

The quantification of gene expression levels provides

clues about gene function and the molecular mechanisms

underlying biological processes. A gene expression atlas

covering various tissues has been reported for the model

legumes of soybean and Medicago (Benedito et al., 2008;

Libault et al., 2010). To present a global view of transcrip-

tome activity of all the predicted genes in chickpea, we

generated RNA-seq data from various tissues representing

different tissues/organs and stress treatment. Based on

RNA-seq data analysis, we could detect the expression of

about 72% of the predicted genes. The comparison of gene

expression profiles of all the genes within six different

tissues/organs identified differentially expressed and

tissue-specific genes, which presumably orchestrate their

differentiation and development. The largest differences

were observed in root (underground tissue) transcriptome,

compared with the other (above ground) tissues analysed

here, as was expected, and has been reported in other

studies (Benedito et al., 2008; Libault et al., 2010; Garg

et al., 2011). Likewise, a maximum number of genes exhib-

ited specific expression in root and flower tissues, which

indicates major differences in the transcriptional pro-

grammes of these tissues, as compared with others. The

genes involved in various biological processes were found

to be specifically expressed in different tissues, which

might play a crucial role in the biology of a particular tis-

sue/organ. We also identified several genes responsive to

drought and salt stresses related to various metabolic pro-

cesses, regulation of transcription and transport. Several

lineage-specific genes were also found to display tissue-

specific and stress-responsive expression; many of these

genes might presumably be involved in lineage-specific

biological processes and adaptation. Overall, the tissue-

specific and stress-responsive genes identified here will be

very important in selecting the target genes for functional

analysis.

Although the number of genes in the present chickpea

genome assembly is equivalent to those in other dicots,

such as Arabidopsis and grapevine it is much less than

those in other sequenced legume genomes (Sato et al.,

2008; Schmutz et al., 2010; Young et al., 2011; Varshney

et al., 2012). However, when compared with soybean and

Arabidopsis unigene data sets, chickpea genes exhibited a

similar distribution of proportions of various functions.

Out of aproximately 46 000 genes of soybean, aproximate-

ly 31 000 exist as paralogs. It was inferred that the pre-

duplication proto-soybean possessed aproximately 30 000

genes, and expansion within soybean gene families has

occurred because of recent genome duplication (Schmutz

et al., 2010). Considering a coverage of about 85% of

genes, chickpea is also expected to have aproximately

32 000 genes. Therefore, the occurrence of fewer genes in

this chickpea genome assembly, in comparison with other

sequenced legume genomes, might not be the result of a

contraction of genes in chickpea, but rather the result of

expansions in gene complements in other legumes. It is

evident that the high gene count in Medicago is the result

of genome-wide extensive local gene duplication (Young

et al., 2011), which seems to be absent in chickpea. Apart

from soybean, which has undergone a recent WGD, the

average CDS lengths of four other sequenced legumes are

less than those of the non-legume plants. As the average

exon lengths of all the plants compared are similar, this

may reflect a faster rate of gene evolution dynamics in

legumes. Interestingly, the chickpea-specific and soybean-

specific gene families (626 and 363, respectively) are fewer

in number than the Medicago-specific or pigeonpea-spe-

cific gene families (3799 and 1389, respectively), indicating

that a larger lineage-specific gain of genes occurred in

Medicago and pigeonpea than in chickpea and soybean.

The draft genome sequence of chickpea and its analysis

has provided rich information on the similarity and

diversity of structural and organizational components in

relation to other sequenced legume genomes. The com-

parison of cultivated and wild chickpea genomes and

transcriptomes, along with gene expression analysis and

certain evolutionary aspects, would help accelerate

research efforts. A coordinated effort to use the resources

made available through this study along with global germ-

plasm collections is required to usher in an exciting era of

genetic enhancement and breeding in chickpea for traits

like stress tolerance, improved yield and symbiotic nitro-

gen fixation.

EXPERIMENTAL PROCEDURES

Sequencing and assembly

For the draft assembly, sequence data were generated primarily

by the 454/Roche GS FLX Titanium platform (454, http://www.454.

com, a Roche company) using pyrosequencing technology. The

construction of the WGS (insert size of 300–900 bp) and matepair

(MP; insert size of 3, 15 and 20 kb) libraries were performed as

described by the manufacturer (Margulies et al., 2005). The reads

were filtered according to the method followed for Solanum

lycopersicum (tomato) genome sequence (The Tomato Genome

Consortium, 2012). The Illumina GA-IIx (Illumina Inc., San Diego,

CA, USA) short-read sequencing platform was used to sequence

two small-insert libraries (average insert size of 520 and 620 bp) to

produce 43.7 Gb (aproximately 59X) paired-end (PE) high-quality

sequence data of 100-base read lengths after quality filtering (Patel
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and Jain, 2012). The short-read data set was assembled using

ABYSS 1.2.6 with a K-mer length of 47 to produce 304 948 126 bases

of assembled sequences. These contigs and all the filtered reads

generated by the GS FLX platform were assembled by the de novo

assembly tool NEWBLER 2.5.3 (GS de novo assembler; Roche

Applied Sciences, http://www.roche-applied-science.com) to

obtain the primary assembly. Further scaffolding using publicly

available BAC end sequences (GenBank gi numbers 14 645 554–

270 242 271) and genetic markers (Gaur et al., 2012a) was per-

formed. Sequencing and assembly methods are described in the

Methods S1 in detail.

Repetitive element and gene prediction

Transposable elements in the chickpea genome were identified at

both the DNA and protein levels using REPEATMASKER and

REPEATPROTEINMASK (Chen, 2004). In addition, four software pack-

ages, REPEATMODELER, PILER, REPEATSCOUT and LTR_FINDER (Edgar and

Myers, 2005; Price et al., 2005; Xu and Wang, 2007), were used for

de novo identification of repeat sequences in the chickpea gen-

ome. The prediction of protein-coding genes from the repeat

masked genome involved three approaches – ab initio, and

homology- and EST-based approaches – and finally integrating

them using GLEAN (Elsik et al., 2007) and EVIDENCEMODELER (Haas

et al., 2008). For ab initio prediction, we used AUGUSTUS (Stanke

and Waack, 2003) and GENSCAN (Salamov and Solovyev, 2000) with

parameters trained on Arabidopsis, and FGENESH++ trained on Med-

icago, to generate gene models. For homology-based prediction,

we first aligned the protein sequences from nine sequenced plants

[Arabidopsis, Carica papaya (papaya), grapevine, Populus (pop-

lar), cucumber, rice, Zea mays (maize), soybean and pigeonpea]

onto the chickpea genome using TBLASTN with a cut-off of 1e�5,

followed by alignment of homologous chickpea genomic

sequences with matching proteins using GENEWISE (Birney et al.,

2004) for the prediction of accurate spliced alignment. In the

EST-based approach, we aligned all the ESTs available at NCBI

after cleaning (41 045) and non-redundant Roche 454 reads

(� 200 bp; 811 558) from our previous study (Garg et al., 2011) for

the prediction of spliced alignments using PASA (Campbell et al.,

2006). The outputs from all three approaches were integrated by

GLEAN and EVM to generate consensus gene sets. Furthermore, the

outputs of both GLEAN (20 791) and EVM (27 203) were combined to

filter the non-redundant set of protein-coding genes. PASA was run

on this gene set for the identification of spliced variants and addi-

tion of the untranslated regions (UTRs). This resulted in a total of

31 862 transcripts (Table S10). Furthermore, three genes predicted

by CEGMA analysis (Parra et al., 2007) in the genome but not pre-

dicted by the above strategies were added to the predicted gene

set. We filtered out 21 genes with coding sequences of <90 bp

and those predicted across the sequencing gaps (coding sequence

with N content of �50%). Finally, a total of 31 844 transcript

sequences were obtained, representing the final set of 27 571 pro-

tein-coding genes (CGAP v1.0). All the protein-coding genes were

assigned a unique identifier number (from Ca_00001 to Ca_27571).

Functional annotation

Putative gene function was assigned to the chickpea genes based

on the best alignment to the protein sequences in SwissProt,

TrEMBL and TAIR10 databases using BLASTP with a cut-off of

1e�5. Gene ontology terms were assigned to the genes using the

Blast2GO pipeline (Conesa et al., 2005). PFAM domains in the

chickpea genes were identified using the AutoFACT pipeline

(Koski et al., 2005). The proteins encoding transcription factors

were identified using HMMs downloaded from PFAM and Plant

Transcription Factor (PlnTFDB) databases, as previously described

(Garg et al., 2011).

Multi-species gene family analyses and identification of

lineage-specific genes

The proteomes of chickpea, soybean, pigeonpea, Medicago and

grapevine were used for multi-species gene family analyses. TRIBE-

MCL (Enright et al., 2002) was used to generate clusters from

all-against-all BLASTP search results using I = 6 and scheme = 4,

keeping other parameters at their default values. To reduce noise,

genes with <25% of median similarity hits within the clusters were

marked as outliers. The identification of lineage-specific genes in

chickpea was performed using the strategy as described by Garg

et al. (2011). The chickpea genes showing significant hits

(cut-off � 1e�5) with genome/proteome, plant transcript assem-

blies and EST/unigene sequences of Fabaceae plant species only,

were identified as legume-specific candidates, and those not

showing significant similarity with any of the plant species were

identified as candidate chickpea-specific genes.

Gene expression analysis

RNA-seq was performed with total RNA isolated from different

chickpea tissues/organs (root, shoot, mature leaves, stem, flowers

and young pod) and roots of seedlings subjected to control,

drought and salt stress conditions. 51- or 54-bp-long single-end

read sequencing was performed using the Illumina GA-II plat-

form. High-quality reads filtered with NGS QC TOOLKIT (Patel and

Jain, 2012) were mapped using CLC GENOMICS WORKBENCH to the

mRNA sequences of predicted chickpea genes, for quantification

of gene expression, allowing two mismatches. Only the uniquely

mapped reads were considered for gene expression analysis.

Differential gene expression analysis was performed using DESEQ

(Anders and Huber, 2010). The genes showing a fold-change of

at least two-fold with P � 0.05 were regarded as differentially

expressed. GO-term enrichment analysis was performed using

BINGO (Maere et al. 2005). The detailed method is described in

Methods S1.

Synteny and genome duplication

Duplicated blocks within the chickpea genome were identified

using I-ADHORE 3.0 (Proost et al., 2012), with various parameters,

including alignment method gg2, gap_size 30, cluster_gap 35,

q_value 0.85, probability_cut-off 0.01, anchor_points 4, table_type

family and level_2_only false. Protein sequences corresponding to

detected anchor points or collinear regions were aligned using

CLUSTALW, followed by an estimation of the synonymous substitution

rate (Ks) using CODEML in PAML 4.5 (Yang, 2007). Collinear blocks

were positioned and visualized on the genome using Circos (Krzy-

winski et al., 2009). The whole genome dot plot was generated

with chickpea scaffolds representing eight linkage groups on the

x-axis against chromosome arms (north and south) of soybean

and M. truncatula. The PROMER package of MUMMER 3.22 (Delcher

et al., 2002) was used to align annotated genes based on amino

acid sequence. Whole genome dot plots were generated using

MUMMERPLOT (Delcher et al., 2002) and GNUPLOT 4.4 (www.gnuplot.

info/) patch level 2.

Development of a genetic marker resource

The coordinates of the SNPs between two genotypes obtained

from the annotation files generated using GS REFERENCE MAPPER

and the flanking bases were extracted by custom-made PERL

scripts. The transcriptome sequencing of three genotypes
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(ICC4958, PI489777 and ICCV2) has been reported earlier (Garg

et al., 2011; Agarwal et al., 2012; Jhanwar et al., 2012). The tran-

scriptome of genotype JG62 was sequenced using the Roche 454

platform. SNP detection among the transcriptomes of different

chickpea genotypes was performed using GIGABAYES, as previously

described (Jhanwar et al., 2012). SSRs in each genotype were

detected using the MISA tool. Identification of polymorphic SSRs

between two genotypes was performed using the coordinates and

MISA. The flanking bases were extracted by custom-made PERL

scripts. Primer sequences were determined in batch mode by the

PRIMER 3 tool (Rozen and Skaletsky, 2000). The flanking bases of

SNPs, and the primers for the SSRs are listed in Appendices

S1–S13 at http://nipgr.res.in/CGAP/home.php.
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