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Draft genome sequence of chickpea (Cicer arietinum)
provides a resource for trait improvement

Rajeev K Varshney!2, Chi Song?, Rachit K Saxena!, Sarwar Azam!, Sheng Yu3, Andrew G Sharpe?, Steven Cannon>,
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Chickpea (Cicer arietinum) is the second most widely grown legume crop after soybean, accounting for a substantial proportion of
human dietary nitrogen intake and playing a crucial role in food security in developing countries. We report the ~738-Mb draft whole
genome shotgun sequence of CDC Frontier, a kabuli chickpea variety, which contains an estimated 28,269 genes. Resequencing
and analysis of 90 cultivated and wild genotypes from ten countries identifies targets of both breeding-associated genetic sweeps
and breeding-associated balancing selection. Candidate genes for disease resistance and agronomic traits are highlighted, including
traits that distinguish the two main market classes of cultivated chickpea—desi and kabuli. These data comprise a resource for
chickpea improvement through molecular breeding and provide insights into both genome diversity and domestication.

The staple crop chickpea (Cicer arietinum) (2n = 2x = 16) is the world’s
second most widely grown legume. Its cultivation is of particular
importance to food security in the developing world where, owing
to its capacity for symbiotic nitrogen fixation, chickpea seeds are a
primary source of human dietary protein!. Chickpea is a member of
the Papilionoid subfamily of legumes, a clade that contains essentially
all of the important legume crops. Within this subfamily, chickpea is
most closely related to crops such as alfalfa (Medicago sativa), clover
(Trifolium spp.), pea (Pisum sativum), lentil (Lens culinaris), and the
model legumes barrel medic (Medicago truncatula) and Lotus japonicus.
Soybean (Glycine max) and its allied species are more distant relations of
chickpea. Originating in southeast Turkey and Syria, chickpea was one
of the founder crops of modern agriculture®3. There are two main types of
chickpeas: small-seeded desi and larger-seeded kabuli. Consumption
of desi is restricted primarily to the Middle East and Southeast Asia,
whereas kabuli is a popular and valuable global commodity.

In common with many other widely grown crops, chickpea
has a narrow genetic base that has resulted from domestication.
Recent breeding efforts over the past 60 years have been restricted
to the limited introduction of diverse germplasm®. In much of the
world, chickpea is cultivated in semi-arid environments and on soils
of poor agricultural quality, which, combined with its susceptibility
to drought and debilitating fungal diseases, have restricted yields to
<1 ton/ha, which is considerably below the theoretical potential.
Genetic improvement, either by traditional or molecular methods,
has been hampered by the limited genomic resources coupled with
narrow genetic diversity in the elite gene pool*.

Here we report the draft whole genome shotgun (WGS) sequence
of the genotype CDC Frontier, a Canadian kabuli chickpea variety
(Supplementary Fig. 1). This inbred line is widely cultivated and is
resistant to several important fungal diseases, including Ascochyta
blight, and insects like pod borer®. To understand the genetic
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history among chickpea accessions, we resequenced 29 elite varieties
from both desi and kabuli genotypes grown around the world, and
we conducted genotyping by sequencing of 61 Cicer accessions from
ten countries (Supplementary Table 1).

Genome assembly and annotation

We obtained 153.01 Gb of sequence data, representing 207.32x
genome coverage, by Illumina sequencing of 11 genomic libraries with
insert sizes ranging from 180 bp to 20 kb (Supplementary Table 2).
After filtering, 87.65 Gb of high-quality sequence data were assembled
into 544.73 Mb of genomic sequence scaffolds with 50% of all bases
in scaffolds larger than 645.3 kb (N50) and a maximum of 6.17 Mb
(Table 1 and Supplementary Table 3). Based on k-mer statistics, the
chickpea genome is estimated to be 738.09 Mb in size (Supplementary
Table 4 and Supplementary Fig. 2), which indicates that 73.8% of the
genome is captured in scaffolds. The remaining 36.3% (nonassembled
genome) is enriched for repetitive sequences, as suggested both by the
increased read depth in repeat-containing regions compared to non-
repeat regions (161-fold versus 74-fold) and a fourfold lower k-mer
diversity in the nonassembled fraction compared to the nonrepetitive
assembled fraction.

An improved assembly, that spans 532.29 Mb (N50 = 39.99 Mb)
and contains 7,163 scaffolds, was produced with the aid of 46,270
repeat-masked paired bacterial artificial chromosome (BAC) end
sequences http://cicar.comparative-legumes.org/gb2/gbrowse/Cal.0/.
We anchored 65.23% of this assembly to eight genetic linkage groups
using 1,292 previously published genetic markers®”. We used the com-
bined data to identify eight pseudomolecules, Cal to Ca8 (Fig. 1 and
Supplementary Table 5). The placement of 93.4% of these scaffolds
was verified using 5,953 polymorphic restriction site—associated DNA
(RAD) single-nucleotide polymorphism (SNP) markers that were ana-
lyzed in two segregating recombinant inbred line populations. Among
the mapped scaffolds/contigs, 75% contained a minimum of 3 SNPs
(an average of 15 SNPs/scaffold), which enabled validation of scaf-
fold structure based on the coherence of genotype calls. Using this
approach, we identified a low proportion of chimeric scaffolds (1.7%
of total scaffolds) that contained 4.6 Mbp of misassembled sequence.
These chimeric scaffolds were split and the erroneous portion of
scaffold sequences were removed from the pseudomolecule models.
We also included in the pseudomolecules 18 scaffolds that contained
4.6 Mb of sequence (0.8% of the assembly) that lack genetic support, but
for which the M. truncatula genome predicts precise locations based on
conserved synteny. These synteny-based placements are hypothetical
regions within the pseudomolecules that will be updated as additional
genetic data become available for chickpea, or if the M. truncatula
genome assembly is modified. The RAD genotyping data were suffi-
cient to orient 75% of scaffolds. We used comparisons to M. truncatula
to presumptively orient the remaining 25% of scaffolds.

Tandem Repeat Finder was used to identify 127,377 regions of tan-
dem repeats in the assembly. We found that 84.9% of repeats occur
in tracts of <1 kb (average 300 bp), whereas analysis of gap-spanning
clones revealed that 0.8% of repeat regions are predicted to be from
tracts of 10-103 kb. We could not assemble 29,018 repetitive regions
(32.77 Mb in total) owing to low sequence complexity, and in these
cases the occurrence of repeats was masked by the insertion of NNs
within the pseudomolecules (Supplementary Table 6).

Using a combination of ab initio modeling, and homology-based
searches with gene sets from six plant species, including legumes,
and the CaTA transcript sequences®, we predicted a nonredun-
dant set of 28,269 gene models, with average transcript and coding
sequence sizes of 3,055 bp and 1,166 bp, respectively (Supplementary
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Table 1 Chickpea genome assembly, gene annotation and non-

protein coding genes

All scaffold (=1K)

Scaffold > 2K

Assembly features

Number of scaffolds 7,163 3,659
Total span 532.29 Mb 527.50 Mb
N50 (scaffolds) 39.99 Mb 39.99 Mb
Longest scaffold 59.46 Mb 59.46 Mb
Number of contigs 62,619 56,440
Longest contig 258.19 kb 258.19 kb
N50 (contigs) 23.54 kb 23.69 kb
GC content 30.78% 30.76%
Gene models
Number of gene models 28,269
Number of gene models 28,255

(without transposable elements)
Mean transcript length 3,055.39
Mean coding sequence length 1,166.44 bp
Mean number of exons per gene 4.93
Mean exon length 236.51 bp
Mean intron length 480.43 bp

Number of genes annotated
Number of genes unannotated

Non-protein coding genes

25,365 (89.73%)
2,904 (10.27%)

Number of miRNA genes 420

Mean length of miRNA genes 122.58 bp
miRNA genes share in genome 0.01%
Number of rRNA fragments 478

Mean length of rRNA fragments 178.52 bp
rRNA fragments share in genome 0.02%
Number of tRNA genes 684

Mean length of tRNA genes 75.04 bp
tRNA genes share in genome 0.01%
Number of snRNA genes 647

Mean length of snRNA genes 118.26 bp
snRNA genes share in genome 0.01%

Table 7). Most of these genes have homology with gene models in
TrEMBL? (89.58%) and Interpro!? (70.03%) databases. Functions
were tentatively assigned to 25,365 (89.73%) of genes with 2,904 genes
(10.27%) unannotated (Supplementary Table 8). As expected, gene
density increases toward the ends of the pseudomolecules (Fig. 1).
For nonprotein coding genes, we predict 684 tRNA, 478 rRNA,
420 microRNA (miRNA) and 647 small nuclear RNA (snRNA) genes
in the genome assembly (Supplementary Table 9).

To assess the proportion of the gene space captured in this draft
genome assembly, we mapped a 454/Roche transcriptome data
set (>500 bp read length), produced from the same CDC Frontier
line and comprising 60,802 reads, to the genome assembly. On
the basis of this analysis, we estimate gene coverage to be 90.8%
(Supplementary Table 10). Analysis of the draft genome assembly
for core eukaryotic genes!! reveals homologs for >98% of conserved
genes in the assembly (Supplementary Table 11). To evaluate the
conservation of chickpea gene models in other plant species, we
used BLASTP to query the chickpea proteome against the proteomes
of A. thaliana, M. truncatula, G. max, Cajanus cajan and L. japoni-
cus. Using this analysis, proteins predicted for chickpea were most
similar to those from M. truncatula (89.7% of predicted chickpea
proteins were similar to M. truncatula proteins) and least similar to
those from A. thaliana (79.2% had similarity with A. thaliana pro-
teins) (Supplementary Table 12). We also observed five instances
in which organelle genome segments of >10 kb had been integrated
into chickpea pseudomolecules, consistent with findings in both
plant and animal genomes!2.
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Genome organization and evolution
Approximately half (49.41%) of the chickpea
genome is composed of transposable ele-
ments and unclassified repeats (Fig. 1), which
is comparable to other sequenced legumes:
M. truncatula (30.5%)!3, pigeonpea (C. cajan,
51.6%)*and soybean (59%)!°. Long-terminal
repeat (LTR) retrotransposons are the most
abundant transposable element class, and
cover >45% of the total nuclear genome
(Fig. 1 and Table 2).

Centromere regions are composed of
microsatellites that are arranged as tandem
repeats. The most abundant tandem repeats
in the genome are 163-bp, 100-bp and 74-bp
unit repeats, and account for 18%, 30% and
13% of identified tandem repeats, respec-
tively. The 163-bp and 100-bp repeats are
similar to the previously identified chickpea
microsatellites, CaSatl and CaSat2, respec-
tively, whereas the 74-bp repeat is homolo-
gous to CaRep2, a dispersed highly repetitive
element!®. The 74-bp tandem repeats were
organized ‘head to tail’ with multiple copies
within a previously identified LTR6 that we
conclude was misannotated. The fluorescence
in situ hybridization (FISH) experiments with
oligonucleotide probes for the 100-bp tan-
dem repeat revealed centromeric and peri-
centromeric distribution on pro-metaphase
chromosomes in agreement with previ-
ous reports'®17. The 74-bp tandem repeats
are distributed along all chromosomes but
excluded from regions containing the 100-bp
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Figure 1 The chickpea genome. Pseudomolecules (A), gene density (red, B); repeat density (blue, C);
retrotransposon density (violet, D); transposon density (magenta, E); average pair-wise nucleotide
diversity (theta pi) across 17 desi chickpea varieties (green, F), 12 kabuli chickpea varieties
(orange, G) and 29 leading chickpea varieties (black, H).

tandem repeat (Supplementary Fig. 3).

Analysis of the genome sequence for segmental duplications provided
evidence for 110 syntenic blocks that ranged in size from 5 to 62 gene
pairs (Supplementary Table 13). The rates of synonymous substitution
per synonymous site (Ks) in these blocks indicate a divergence time of
58 million years (Myr) ago, consistent with the genome duplication
event that occurred at the base of the Papilionoideae!8. In this family,
the galegoid (M. truncatula, L. japonicus and chickpea) and millettioid
(soybean, pigeonpea) clades separated ~54 Myr ago!®. Genome analy-
sis of the galegoid species using genetic distance-transversion rates at
fourfold degenerate sites (4DTV) revealed that chickpea diverged from
L. japonicus ~20-30 Myr ago and from M. truncatula ~10-20 Myr
ago (Fig. 2).

Examination of synteny with other legume and selected nonlegume
dicot genomes revealed extensive conservation between chickpea
and six other plant species (Supplementary Table 13), with 87-90%
of the chickpea assembly showing evidence of conservation with
one or more of these six genomes. The largest number of extended
(>10 kb) conserved syntenic blocks was observed for M. truncatula,
whereas synteny with L. japonicus was considerably more fragmented
(Fig. 2). Among legumes, soybean had the highest number of synteny
blocks, reflecting its recent polyploid ancestry!®, whereas the frac-
tured colinearity with pigeonpea likely reflects the incomplete status
of the pigeonpea genome assembly!4.

Reciprocal pair-wise comparisons? of the 28,269 chickpea gene
models with 230,161 gene models from four sequenced legumes
(M. truncatula'3, L. japonicus®!, pigeonpeal®, soybean!®) and two
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nonlegume species (A. thaliana®? and grape??) identified 15,441 ortho-
logous groups (Supplementary Table 14). On the one hand, 5,940 of
these orthologous groups contain only a single chickpea gene, sugges-
tive of simple orthology (Supplementary Table 15 and Supplementary
Fig. 4). On the other hand, 4,468 chickpea genes occur in species-
specific groups, with identifiable chickpea paralogs but lacking genes
from other species; such groups might arise from structural rearrange-
ments that obscure simple orthology (e.g., nonallelic recombination or
gene conversion) followed by duplication, as occurs among nucleotide-
binding site leucine-rich repeat (NBS-LRR) disease resistance genes.
Adjusting for 2,871 genes that were not classified by OrthoMCL,
a minimum of 69% of predicted chickpea genes have a history of dupli-
cation after the divergence of the legumes from A. thaliana and grape.
This same time interval includes the whole genome duplication event
at the base of the Papilionoideae so the chickpea genome has been
shaped by a combination of gene loss and duplication. Interestingly,
several thousand genes from each of the seven species analyzed could
not be placed into orthologous groups. This might be due to hetero-
geneity in gene prediction in the seven species (Supplementary
Table 15), but it might also reflect lineage-specific evolution.
Comparisons at higher taxonomic levels (Fig. 2) revealed 16,098
orthologous groups conserved between any two galegoid species
(M. truncatula, L. japonicus and chickpea), 15,503 orthologous groups
conserved between millettioid species (pigeonpea and soybean), and
16,380 orthologous groups derived from the galegoid-millettioid split
near the base of the Papilionoideae. Similarly, 10,667 orthologous
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Table 2 Organization of repetitive sequences in the chickpea genome

In total In genome  Repeat
Length (bp)  repeat (%) (%) number
Total retrotransposons 238,385,413 78.50 45.64 617,505
LINE retrotransposons (8,734,558) 2.88 1.67 40,921
SINE retrotransposons (90,666) 0.03 0.02 515
LTR retrotransposons
Gypsy (103,145,144) 33.97 19.75 230,959
Copia (96,381,561) 31.74 18.45 279,624
LTR (26,170,242) 8.62 5.01 56,368
Other (3,796,681) 1.25 0.73 8,276
Other retrotransposons (66,561) 0.02 0.01 842
Total DNA transposons 48,715,210 16.4 9.32 197,959
Total unclassified elements 16,560,076 5.45 3.17 38,050
Total transposable elements
Redundant 303,660,699 58.14 853,514
Nonredundant 258,057,703 49.41

groups are common to legumes, A. thaliana and grape. This catalog
of homologous relationships provides an important foundation for
comparative biology and functional inference in chickpea, as well as
other species, because genes with simple orthologous relationships
often exhibit conserved functions, whereas genes duplicated recently
relative to speciation often underlie functional diversification.

Disease resistance genes

Among the largest gene families in plants are the NBS-LRR genes,
which confer resistance to a broad range of plant pests and pathogens.
The chickpea genome assembly contains 187 disease resistance gene
homologs (RGHs), of which 153 are anchored in pseudomolecules.

b Medicago
50~
o 40j Chickpea
= 1
Q i
ﬂ:) 4
o 30 [1 Chickpea - Lotus Lotus
g’ ] O Chickpea - Medicago
N g [J Chickpea - Chickpea
& 20
S ] Soybean
< ]
[} 4
& 104
] Chickpea
0 0.5 1.0 15 2.0
4DTV distance (corrected for multiple substitutions)
Pigeonpea 1
(o Chickpea
Pigeonpea  Soybean
Wedlcago
Legumes
Millettioid Galegoid
(pigeonpea, (Lotus, Medicago,
soybean) chickpea)

Grape

ARTICLES

These numbers are considerably less than those observed in other
legume species using comparable methods (e.g., M. truncatula, 764;
soybean, 506; and pigeonpea, 406).

To explore the possibility that the low number of chickpea RGHs results
from their disproportionate representation in unassembled regions of
the genome, we compared nucleotide binding site (NBS) domains from
CaGA v1.0 (the version 1.0 of C. arietinum Genome Assembly) with
132 NSB domains derived from PCR amplification of the C. arietinum
genome. Phylogenetic analysis of these sequences, including M. trunca-
tula RGHs to root sequence divergence, reveal no evidence of missing
RGH loci in the genome assembly, further supporting the completeness
of the assembly. Whereas 74 CaGA v1.0 RGHs reside in clades lack-
ing PCR-derived RGHs, in no case is there a PCR-derived NBS domain
that does not reside in close proximity to a representative from CaGA
v1.0 (Supplementary Figs. 5 and 6). Furthermore, C. arietinum and
M. truncatula RGHs are evenly distributed across the pseudomolecules,
indicating that if there has been RGH gene loss, it is likely a gradual proc-
ess rather than an acute loss of one or more major sequence clades.

Polymorphisms for chickpea breeding and genetics

Simple sequence repeat (SSR) and SNP markers are valuable tools for
molecular breeding. The chickpea genome assembly contained 81,845
SSRs, of which 48,298 SSRs were suitable for PCR primer design for
use as genetic markers (Supplementary Tables 16 and 17). SNP dis-
covery using 1,073 million Illumina transcript reads and 15 million
454-sequencer transcript reads generated in an earlier study® from four
desi genotypes of chickpea (ICC 506, ICC 1882, ICC 4958, ICCC 37)
and one accession (P1489777) of the progenitor species C. reticulatum
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Arabidopsis

Lotus
Medicago
Chickpea

Pigeonpea
Divergence,
substitutions/site Soybean
T T S T T T T N T T T T S S S T
0 0.3 0.6 0.9 1.2

Arabidopsis

Figure 2 Comparison of chickpea, legume and other dicotyledonous genomes. (a) Age distribution of 4DTV for genes from three legume species
(chickpea, M. truncatula and L. japonicus) genomes. (b) Synteny blocks shared between chickpea and other sequenced legume genomes, including
M. truncatula, L. japonicus, soybean and pigeonpea. (c) Shared and unique gene families in legume species chickpea, M. truncatula, L. japonicus,
soybean, pigeonpea; in millettioid and galegoids, and in legumes, A. thaliana and grape. (d) Phylogenetic tree of seven species.

NATURE BIOTECHNOLOGY VOLUME 31 NUMBER 3 MARCH 2013

243



© 2013 Nature America, Inc. All rights reserved.

&

ARTICLES

Figure 3 Diversity in elite desi and kabuli chickpea varieties. Diversity
metrics, presented as average pair-wise nucleotide diversity (current

[6n] and historical [6w]) and Tajima’s D, are shown across all eight
pseudomolecules in 29 elite (17 desiand 12 kabuli) chickpea varieties.
#, six regions with increased Tajima’s D and high FST are present on
pseudomolecules Ca2, Ca3 and Ca4. +, pseudomolecule Ca4 has a region
with reduced Tajima’s D (-2.32) that conatins 11 genes including 3MATE
transporter TT12 orthologs. *, NBS-LRR disease resistance genes are
associated with regions of elevated Tajima’s D on five pesudomolecules
namely Cal, Ca2, Ca4, Ca7 and Ca8.

identified a total of 76,084 SNPs in 15,526 genes (Supplementary
Table 18 and Supplementary Fig. 7). Of these gene-associated SNPs,
27,117 were present in the cultivated accessions, with a maximum of
22,505 between CDC Frontier and any one of the four cultivated desi
genotypes. By contrast 54,178 SNPs were identified in the compari-
son of CDC Frontier with C. reticulatum PI 489777, most of which
(49,957) were monomorphic among the four cultivated accessions.
This result is consistent with the basal nature of C. reticulatum and a
reduction of diversity in the cultivated gene pool. Although a portion
of the cultivated SNPs may represent novel variation in cultivated
germplasm, this situation can only be properly assessed through a
more extensive survey of wild genotypes.

Genetic diversity among cultivated varieties and germplasm
With the objective of understanding genetic diversity in chickpea,
we used whole genome resequencing (WGRS) of 29 (17 desi and 12
kabuli) chickpea breeding lines and released varieties collected from
the leading chickpea-growing countries. WGRS yielded 204.52 Gb
of high-quality sequence data with an average coverage of 9.5x, from
which we calculated the average pairwise nucleotide diversity within
population (07), Watterson’s estimator of segregating sites (8,,) and
Tajima’s D, commonly used metrics of genetic diversity. Although
the sample size was small, diversity in the desi group was slightly
higher than the kabuli group across all pseudomolecules except Ca4
(Supplementary Table 19). These results are consistent with the fact
that kabuli is defined primarily on the basis of traits derived after
domestication including large and light colored seeds, so kabuli varie-
ties have likely undergone a more recent, secondary bottleneck.

Plotting diversity metrics in sliding windows across the genome
(Figs. 1 and 3) reveals high Om and 6w, which are usually associated
with repeat-rich, gene-poor genome intervals. We noted several inter-
vals of Tajima’s D > 2 or D < -2, which are consistent with either recent
balancing selection for diverse allele content (D > 2) or selective sweeps
and/or purifying selection (D < —2). Regions of elevated Tajima’s D
encompass 4.8% of the genome, yet contain 12% of the anchored NBS-
LRR disease resistance genes. NBS-LRR genes are known to be targets
of diversifying selection?%; however, the identity of possible pathogen
targets in chickpea remains uncertain. Among the 0.7% of the genome
with Tajima’s D < -2 is a region of Ca4 that contains a tandem array
of three co-orthologs of the MATE family transporter TT12. The
M. truncatula ortholog of TT12 functions in condensed tannin forma-
tion, which results in pigmented seeds?”. This signature of purifying
selection was evident in dark-colored desi but not light-colored kabuli
genotypes, consistent with ongoing purifying selection for seed color.
Interestingly, Ca4 is the most differentiated between kabuli and desi
types and Ca4 also contains most of the mapped traits that distinguish
kabuli from desi genotypes?®. Establishing precise genetic correlations
and testing the biological significance of the underlying genes repre-
sent key opportunities for chickpea breeding and biotechnology.

To gain a genome-wide view of genetic structure, we sequenced
an additional 61 genotypes using restriction site-associated DNA
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(RAD) protocols, which produced an additional 34.77 Gb of data.
Combined with the 29 genotypes used for WGRS, the total set of 90
Cicer accessions includes 60 improved chickpea lines, 25 landraces,
4 accessions of C. reticulatum and 1 accession of C. echinospermum
(Supplementary Fig. 8). Within this set we identified 4.4 million vari-
ants (SNPs and INDELs) (Supplementary Table 20). Principal com-
ponent analysis (PCA) reflects limited genetic diversity in two distinct
groups of cultivated genotypes that are mixtures of desi and kabuli
types (Fig. 4b, principal component 1), and a more diverse spread of
wild genotypes. Analyses based either on pair-wise dissimilarity using
neighbor joining (NJ) or allele frequencies using structure?” (Fig. 4)
also revealed several distinct groups. Again, these major groups do not
reflect the traditionally held separation of desi and kabuli genotypes,
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Figure 4 Population structure and diversity in elite varieties and germplasm. (a) Structure analysis of 29 elite varieties (19 desiand 10 kabuli) based
on whole-genome resequencing data. (b) Principle component analysis (PCA) of 90 chickpea genotypes including 29 elite varieties and 61 germplasm
lines using 1.96 million SNPs as datapoints. (c) Neighbor-joining (NJ) tree analysis of 90 genotypes based on 1.96 million SNPs.

and this observation holds true for both advanced breeding lines and
landraces. Group I contains all 5 wild-species genotypes and 8 lan-
draces (6 desi and 2 kabuli), group II includes 31 cultivars and/or
breeding lines and 17 landraces (12 desi and 5 kabuli) and group III
contains all 29 elite varieties (19 desi and 10 kabuli) (Fig. 4c). Pedigree
analysis reveals three genotypes (ICCV 96029, ICCV 94954 and ICCV
96970) that share ICCC 42 as a common parent but that were placed
into two different groups (ICCV 96029 in group II and ICCV 94954
and ICCV 96970 in group III). This situation could have arisen
from diverse nonrecurrent parents that have been used by breed-
ers in developing these genotypes. Important targets for chickpea
breeding are disease resistance to Fusarium oxysporum fsp ciceri and
drought tolerance. Among a total of 17 Fusarium-resistant lines, 16
were assigned to group II, whereas three drought-tolerant genotypes
namely ICC 4918, ICC 8261 and ICC 4958 were also assigned to group
II. These observations suggest recurrent use by breeders of common
lines to breed these valuable traits. More generally, analysis with the
Structure program?’ reveals numerous admixed genotypes, which
highlights the mixed use of desi and kabuli genotypes in the breeding
of both types of varieties. It seems that breeding has obscured the true
genetic history of the desi and kabuli varieties.

Impact of breeding on genetic diversity
During breeding, phenotypically and agronomically important
traits are selected to develop superior varieties with improved crop
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productivity. As a result, genetic diversity is lost through fixation
and genetic sweeps, and through breeders” increased dependence
on smaller sets of superior genotypes, creating successive bottle-
necks. Excluding the 5 wild species accessions, RAD-based SNP data
were available for 25 landraces and 31 breeding lines or elite
cultivars. After filtering for missing data, we used 4,696 high-qual-
ity segregating sites to assess genetic differentiation (that is, fixa-
tion index, Fgr) between landraces and cultivars, compared using
FDIST?3. Although the data were sparse, we identified 6 genomic
regions of 50-200 kb characterized by >5 segregating sites from mul-
tiple RAD tags, each of which were in the top 5% of Fgr values. In
all cases, these genome intervals correspond to regions identified as
having Tajima’s D values >2. Together these genome regions comprise
122 genes that are candidates for selection during modern breed-
ing efforts, including a large set of 54 genes on Ca3 that contains a
homolog of the flowering time gene CONSTANS. Furthermore, a
functional flowering time quantitative trait locus is roughly mapped
to the same location on Ca3 as this 54-gene set and breeding-based
manipulation of flowering time has been a crucial factor in adapting
elite chickpea germplasm to different agro-climatic zones.

DISCUSSION

This draft whole genome sequence of chickpea (CDC Frontier, a
kabuli chickpea variety) adds to the genomic resources available for
legume research. The Papilionoideae subfamily now has the draft or
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complete genome sequences of two model species (M. truncatulal®
and L. japonicus®') and three crop legume species (chickpea, soy-
bean!> and pigeonpeal#). The availability of these genome sequences
should facilitate de novo assembly of the genomes of other important
but less-studied galegoid legume crops such as pea (Pisum sativum),
lentil (Lens culinaris) and faba bean (Vicia faba).

In addition to identifying SSRs and SNPs based on genome scan-
ning and RNA-seq analysis, our analysis of 90 genomes reveals
numerous additional chickpea genome polymorphisms including
both SNPs and INDELs. These resources will assist genomics-based
breeding approaches such as genotyping by sequencing, genome-wide
association studies and genomic selection. Furthermore, population
structure, diversity and phylogenetic analyses not only document the
mixed use of desi and kabuli genotypes in breeding, but also serve to
identify regions (and candidate genes) across the genome that might
have been greatly affected by selection during domestication and/or
breeding. Combined with knowledge of germplasm diversity and can-
didate gene regions, the analyses presented here should accelerate
future breeding of elite cultivars. This will eventually move us closer
to the goal of improving the livelihood and productivity of chickpea
farmers worldwide, with particular emphasis on the resource-poor,
marginal environments of sub-Saharan Africa and Southeast Asia.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession code. Genome sequence assembly and annotation data,
NCBI Genome: PRJNA175619.

Note: Supplementary information is available in the online version of the paper.
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Whole-genome shotgun sequencing and assembly. Whole-genome shotgun
sequencing was performed with the HiSeq 2000 Sequencing System. A total
of 11 paired-end sequencing libraries were constructed with insert sizes of
~170, 500, 800, 2,000, 5,000, 10,000 and 20,000 bp. In total, 153.01 Gb data
were generated of paired-ends, ranging from 49 to 100 bp (Supplementary
Table 2). After stringent filtering and correction steps, only 87.65 Gb data were
used for de novo genome assembly (Supplementary Table 2).

The genome size was estimated using the total length of sequence reads
divided by sequencing depth, as described!4. SOAPdenovo was used for
assembly, scaffold construction and gap closure, as described!*. Sequences of
genetic markers®’ were placed on genomic scaffold assemblies using BLASTN
from the BLAST+ package?’, or using e-PCR3* where only flanking primers
were available. For the BLAST searches, the top match was accepted, where
the E-value was <le-25 and percent identity was >85. For e-PCR, the best-
scoring match was accepted, allowing up to three mismatches and one gap per
primer. Provisional pseudomolecules were assembled based on marker order,
and refined locally based on synteny with the Medicago truncatula genome!3.
Synteny was computed using promer from the MUMmer 3 package (v. 3.23)31,
with the promer-mum option for “maximum unique matches” between
pseudomolecule pairs.

Assessing genome assembly and gene space. The genome assembly was
checked for microbial contamination by searching against databases of bac-
terial genomes and fungal genomes using Megablast (E-value < le-5). To
check for contamination with organellar DNA, the C. arietinum chloroplast
(NC_011163.1) and L. japonicus mitochondrion (NC_016743.2) genomes were
screened against the chickpea genome assembly using BLAT?? (default param-
eters). To check the completeness of the assembly, we mapped a transcriptome
assembly comprising 48,668 transcriptome assembly contigs assembled from
139,241 Sanger ESTs, 7.12 million 454/FLX and 134.95 million Illumina tran-
script reads, to the genome assembly using BLAT?? at various sequence homol-
ogy and coverage parameters (Supplementary Table 6). Core eukaryotic genes
identified by CEGMA v.2.3 (ref. 11) were also mapped to the genome assembly
by BLAT?? to predict exome coverage. CEGMA data were downloaded from
http://korflab.ucdavis.edu/datasets/cegma/#SCT6.

Repeat annotation. There are two main types of repeats in the genome: tan-
dem and interspersed. Tandem Repeats Finder?? was applied to the genome
assembly, filtering for >3 copies and >60-bp consensus length. Tandem repeat
abundance was estimated using counts of all unique 25-mer sequences in
the genome. 25-mer sequences occurring >3,000 times were used for BLAST
searches to identify abundant repeats. FISH with 100-bp and 74-bp tandem
repeat probes was undertaken to study repeat distribution in the genome
(Supplementary Fig. 3).

Transposable elements in the genome assembly were identified using a com-
bination of de novo and homology-based approaches. Three de novo software
programs with default parameters were used, with a minimum repeat length of
50 bp (LTR_Finder v 1.03 (ref. 34), PILER-DF v1.0 (ref. 35) and RepeatScout v
1.05 (ref. 36) to build a chickpea repeat database. We then used RepeatMasker
v 3.2.7 (ref. 37) to identify repeats using both the chickpea repeat database
and Repbase8. Additionally, RepeatProteinMask (http://repeatmasker.org/,
v 3.2.2) was used to search the protein database in Repbase against the genome
to identify repeat-related proteins. Identified repeats were classified into
known repeat classes using standard methods!41>36,

Gene prediction and function analysis. We used three approaches for gene pre-
diction: homology-based (H), de novo (P) and transcript sequences-based (C).
These results were integrated by GLEAN??, filtered multiple times and then
checked manually (Supplementary Table 6). This resulted in a gene set
(GD-set) comprising 28,256 genes. Additionally, we identified a set of 453 core
genes that are supposed to be highly conserved in all eukaryotes, using
CEGMA!!. Based on this analysis, a set of 13 genes out of 453 core genes
did not align with any gene defined in the initial GD-set, but were in the
genome sequence, so were added to the GD-set. The final “Official Gene Set”
(OGSv1.0) set contains 28,269 genes.

doi:10.1038/nbt.2491

Gene functions were assigned according to the best match of the align-
ments using BLASTP (E-value: le-5) to the SwissProt and TrEMBL databases’
(release-2012_03, http://www.uniprot.org/downloads). InterProScan v4.7
(ref. 10) determined motifs and domains of genes against protein databases
including Pfam, PRINTS, PROSITE, ProDom, SMART and PANTHER. Gene
Ontology IDs for each gene were obtained from the corresponding InterPro
entry. All genes were aligned against KEGG (KEGG_release58) proteins using
BLASTP (E-value: 1e-5), and the pathway in which the gene might be involved
was derived from the matching genes in KEGG. The tRNA genes were pre-
dicted by tRNAscan-s.e.m. v1.23 (ref. 40) with eukaryote parameters. Aligning
the rRNA template sequences from plants (e.g., Arabidopsis and rice) using
BLASTN with E-value le-5 identified the rRNA fragments. The miRNA and
snRNA genes were predicted by INFERNAL v0.81 (ref. 41) software against
the Rfam database (release 9.1).

Analysis of orthologous genes. All the predicted protein sequences from
chickpea, Medicago'®, Lotus?!, soybean!® and pigeonpeal4, together with
two out-group species (Arabidopsis*? and grape?3), were analyzed using
OrthoMCL? to circumscribe sets of orthologous genes. In a first step, species-
by-species as well as within species BLASTP (E-value: le-5) was performed
to identify reciprocal best hit pairs between species (putative orthologs), as
well as sets of genes more closely related within than between species (sets
of co-orthologs, also known as in-paralogs). This reciprocal best hit matrix
served as the basis for ortholog definition using OrthoMCL?? (inflation [I]
parameter = 1.5). Orthologous groups were then organized into species-spe-
cific and higher taxonomic level groups by requiring that at least one sequence
from each clade under comparison be present in the intersecting set. Sets
of single-copy orthologs with representation in all species were selected and
fourfold degenerate sites of these genes were used to construct a phylogenetic
tree across nine species using MRBAYES*2.

Identification and phylogenetic analysis of NBS-LRR genes. A diverse set
of 1,120 protein sequences from the highly conserved NBS domain was built
from a panel of cloned legume NBS sequences (B.D.R., unpublished data), as
well as published NBS domains from Mt1.0 and Poplar*>#4, These sequences
were used as a TBLASTN query against CaGA v1.0 to identify all NBS
genomic regions.

Nucleotide sequences were translated into amino acids, imported into the
CIPRES Science Gateway®® and aligned using the E-INS-i search strategy
in MAFFT. Alignments were converted into relaxed phylip format.
Phylogenetic trees were generated with RAXML#’ with the JTT substitution
matrix, a Gamma distribution (+G), empirical base frequencies (+F) and auto-
matic bootstrap criteria (Maximum Likelihood). Models were evaluated in
MEGADS (ref. 48). Medicago NBS domains were included as an outgroup.

Synteny analysis. Synteny blocks between the genomes of chickpea and other
legumes were computed by SyMAP#%>0, Genomic sequences were first aligned
using promer/MUMmer3!. Raw anchors resulting from MUMmer were clus-
tered into (putative) gene anchors, filtered using a reciprocal top-2 filter and
used as input to the synteny algorithm*®. The algorithm constructs maximal-
scoring anchor chains based on a given gap penalty, and also searches a range
of gap penalties to generate the longest chains subject to several quality criteria,
which are based on the Pearson correlation coefficient applied to the anchors
in the chain as well as the anchors in its bounding box. The chains are not
required to be entirely colinear and may incorporate local inversions relative
to the overall chain orientation.

Identification of SSRs and SNPs. MIcroSAtellite’! was used to mine SSRs in
the chickpea genome, and used for primer design'# (Supplementary Tables 15
and 16). For identification of SNPs based on transcript sequence data, high-
quality transcript reads were mapped to the genome assembly using TopHat,
allowing two mismatches. SAMtool v 0.18 (ref. 52) with default parameters
was used to call SNPs (Supplementary Table 17).

Resequencing of genotypes. WGRS was used for 29 elite varieties and RAD-
sequencing was used for 61 genotypes (Supplementary Table 1). For WGRS,
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separately indexed sequencing libraries were prepared for each genotype using
Ilumina TruSeq library kits (Illumina) and were pooled together for 100 bp
pair-end sequencing using established v3 chemistry methodologies on single
lanes of an Illumina HiSeq 2000 flow-cell (Illumina). RAD-sequencing, with
the standard protocol®® was used for ApeklI-digested DNAs of 48 genotypes
and on HindIII-digested DNAs of 24 genotypes on the Illumina HiSeq 2000
system. Subsequently, RAD-sequence data for 61 nonredundant genotypes
(from ApeKI and HindIII) were compiled. The resulting sequence data were
processed using Casava pipeline (Casava v1.8).

Genetic diversity analysis. Sequence diversity analysis, including PCA, den-
drogram, and diversity parameters 67 and 6w, were measured as described™.
Fgr values for 31 elite cultivars and 25 landraces were calculated by using
population branch statistics® and these values were compared using FDIST?8.
This approach has been found to be effective in identifying recent artificial
selection considering the very short divergence time between landraces and
elite cultivars®.
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