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Abstract Paucity of polymorphic molecular markers in
chickpea (Cicer arietinum L.) has been a major limita-
tion in the improvement of this important legume.
Hence, in an attempt to develop sequence-tagged
microsatellite sites (STMS) markers from chickpea, a
microsatellite enriched library from the C. arietinum cv.
Pusa362 nuclear genome was constructed for the iden-
tification of (CA/GT), and (CT/GA), microsatellite
motifs. A total of 92 new microsatellites were identified,
of which 74 functional STMS primer pairs were devel-
oped. These markers were validated using 9 chickpea
and one C. reticulatum accession. Of the STMS markers
developed, 25 polymorphic markers were used to ana-
lyze the intraspecific genetic diversity within 36 geo-
graphically diverse chickpea accessions. The 25 primer
pairs amplified single loci producing a minimum of 2
and maximum of 11 alleles. A total of 159 alleles were
detected with an average of 6.4 alleles per locus. The
observed and expected heterozygosity values averaged
0.32 (0.08-0.91) and 0.74 (0.23-0.89) respectively. The
UPGMA based dendrogram was able to distinguish all
the accessions except two accessions from Afghanistan
establishing that microsatellites could successfully detect
intraspecific genetic diversity in chickpea. Further,
cloning and sequencing of size variant alleles at two
microsatellite loci revealed that the variable numbers of
AG repeats in different alleles were the major source of
polymorphism. Point mutations were found to occur
both within and immediately upstream of the long tracts
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of perfect repeats, thereby bringing about a conversion
of perfect motifs into imperfect or compound motifs.
Such events possibly occurred in order to limit the
expansion of microsatellites and also lead to the birth of
new microsatellites. The microsatellite markers devel-
oped in this study will be useful for genetic diversity
analysis, linkage map construction as well as for
depicting intraspecific microsatellite evolution.

Introduction

Chickpea (Cicer arietinum L.) with a genome size of
750 Mbp is a self-pollinated, diploid (2n=2x=16), and
the third most important grain legume crop of the world.
It is cultivated in 44 countries around the world under
eight geographically diverse agro-climatic conditions but
the crop is majorly cultivated in the Indian subcontinent,
West Asia, the Mediterranean, North Africa and the
Americas (Croser et al. 2003). Recently the crop has
established a new niche in Australia and Canada for its
high dietary protein content (25.3-28.9% after dehul-
ling) and ability to fix atmospheric nitrogen in symbiosis
with Rhizobiaceae. The vulnerability of this crop to
biotic stresses (Fusarium wilt, Aschochyta blight, nem-
atodes and pests) and abiotic stresses (drought and cold)
severely reduces the yield (Croser et al. 2003). The world
average yield (0.8 t ha™') is far below the yield potential
(Singh 1987). Hence in order to improve the productivity
of chickpea, the use of DNA-based molecular markers
has been proposed for marker-assisted selection (MAS),
mapping of quantitative trait loci and positional cloning
of genes in chickpea (Winter and Kahl 1995).
Molecular markers, both biochemical (Ahmad et al.
1992; Labdi et al. 1996) and DNA-based like RFLP
(Udupa et al. 1993), RAPD (Sant et al. 1999; Iruela et al.
2002; Sudupak et al. 2002; Chowdhary et al. 2002) were
unable to address the genetic variation within chickpea.
However, microsatellite based marker systems like oli-
gonucleotide fingerprinting (Weising et al. 1992; Sharma



et al. 1995), (TAA), repeat motif variation (Udupa et al.
1999; Udupa and Baum 2001), microsatellite-finger-
printing (Sant et al. 1999), and ISSR (Chowdhary et al.
2002) proved that microsatellites were abundant in the
chickpea genome and could efficiently be used for
detecting the genetic variation within chickpea cultivars
(Huttel et al. 1999; Udupa et al. 1999) and for map
construction (Winter et al. 1999, 2000; Flandez-Galvez
et al. 2003).

The 1-6 bp tandemly repeated simple sequences in
the genomes of living organisms are called microsatel-
lites. They represent an abundant class of repeats which
find ubiquitous genome wide distribution. These repeat
classes are attributed with high allelic variation, co-
dominant Mendelian inheritance and easy conversion to
PCR based assays, which makes them an ideal marker
system for all breeding purposes. In recent years mi-
crosatellites have been preferred markers in species
exhibiting low levels of genetic variability, inbred pop-
ulations, recently derived populations and geographi-
cally close populations. They have also been
preferentially used in genome mapping projects, cultivar
identification, pedigree analysis and MAS (Gupta and
Varshney 2000). However, the time, cost and labor-
intensive generation of functional microsatellites for a
given species limits the availability of these markers
(Zane et al. 2002; Squirrell et al. 2003). These limitations
have been overcome by the use of microsatellite
enrichment techniques, which have led to enrichment of
upto 90% as compared to conventional microsatellite
isolation techniques (Billotte et al. 1999; Zane et al.
2002).

For chickpea, 174 microsatellite markers have been
developed and characterized by Hiittel et al. (1999),
Winter et al. (1999) and another 10 by Sethy et al. (2003)
so far. More recently, a set of 233 and 13 new micro-
satellite markers were generated for chickpea by Lich-
tenzveig et al. (2005) and Choudhary et al. (2006)
respectively. Of all the reported STMS markers a max-
imum of 118 have been positioned in the interspecific
map with C. reticulatum (Winter et al. 2000) where as a
maximum of 51 STMS markers have been positioned on
the intraspecific chickpea genetic linkage map (Flandez-
Galvez et al. 2003). The number of available STMS
markers for chickpea genome mapping is still limited
and only low marker density has been achieved (Pfaff
and Kahl 2003). Moreover, the reported microsatellite
sequences from chickpea have been isolated either by
conventional genomic library screening procedure
(Hittel et al. 1999; Winter et al. 1999; Sethy et al. 2003)
or generated from BAC libraries (Lichtenzveig et al.
2005). No attempts so far have been made to isolate
nuclear microsatellite markers from the chickpea gen-
ome using the enrichment procedure, though this pro-
vides an attractive choice for targeted microsatellite
development. The microsatellite marker development in
chickpea has been majorly targeted at AT/TA, ATT/
TAA, TTA/AAT and related motifs (Winter et al. 1999),
whereas (CT/GA),, and (CA/GT), repeat motifs which
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are reported to be abundant and polymorphic in the
chickpea genome (Weising et al. 1992; Hiittel et al. 1999;
Winter et al. 1999), occurring once in every 60 kb of the
genome (Hittel et al. 1999), have been largely unex-
ploited.

In the present study, a microsatellite enriched library
was constructed from chickpea in order to isolate
(CT/GA) and (CA/GT) microsatellite motifs. A set of 74
functional STMS markers were developed and charac-
terized. The levels and patterns of intraspecific micro-
satellite polymorphism in a collection of chickpea
accessions were studied. The molecular basis of micro-
satellite length variations in chickpea was also investi-
gated.

Materials and methods
Plant material and DNA extraction

Thirty six chickpea accessions from 11 countries (Ta-
ble 1) and one accession of C. reticulatum (ICC17121)
were obtained from the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT), India.
The C. arietinum cv. Pusa362 was collected from Indian
Agriculture Research Institute (IARI), India. All the
plants were grown at the NCPGR field site. Nuclear
DNA from young leaves of Pusa362 was isolated
according to Malmberg et al. (1985). Genomic DNA
from the 36 chickpea accessions were isolated from
21 days grown seedlings using CTAB method (Doyle
and Doyle 1987). The genomic DNA from C. reticula-
tum was isolated using the Plant DNA MiniElute kit
(SigmaAldrich, USA). The quality and quantity of all
DNA samples were checked on agarose gels by com-
parison with known amounts of uncut 4/ DNA.

Construction of microsatellite enriched library
and screening

The microsatellite enriched library was constructed
using nuclear DNA of chickpea cv. Pusa362 according
to the method of Edwards et al. (1996) for the identifi-
cation of (CA/GT), and (CT/GA), repeats. Following
blue-white selection on luria-agar plates containing
ampicillin, IPTG and X-gal the recombinants were
grided in duplicate onto 150 mm petridishes and were
transferred to Hybond N membrane (Amersham Bio-
sciences, USA). The membranes were pre-hybridized for
3 h at 52°C in 6x SSC, 0.1% (w/v) SDS and 10 pg/ml
calf thymus DNA and probed with y[**P]-ATP-labeled
(CA)p and (CT);q oligonucleotides. Each oligonucleo-
tide (1 uM) was labeled using 5 U of polynucleotide
kinase (New England Biolabs, USA), denatured at 95°C
for 5 min and pooled together. The filters were hybrid-
ized at 52°C for 16 h in a hybridization oven and then
washed twice with 1x SSC, 1% (w/v) SDS for 15 min
followed by 0.1x SSC and 1% (w/v) SDS for 15 min, at
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Table 1 List of chickpea accessions used in this study

Accession Country

1. ICC2065 India

2. 1CC4872 India

3. ICC5337 India

4. ICC7255 India

5. ICC13077 India

6. ICC14778 India

7. ICC16487 Pakistan

8. ICC4495 Turkey

9. ICCR8261 Turkey

10. ICC11879 Turkey

11. ICC10885 Ethiopia

12. ICC12537 Ethiopia

13. ICC12866 Ethiopia

14. ICC13892 Ethiopia

15. ICC7712 Spain

16. ICC13780 Spain

17. ICC16834 Spain

18. ICC6802 Iran

19. ICC9137 Iran

20. ICC13357 Iran

21. ICC5504 Mexico

22. ICC12037 Mexico

23. ICC14199 Mexico

24. 1CC6263 Russia and CIS
25. ICC6306 Russia and CIS
26. ICC7668 Russia and CIS
27. 1CC8740 Afghanistan
28. ICC9848 Afghanistan
29. ICC9895 Afghanistan
30. ICC3429 Egypt

31. ICC5092 Egypt

32. ICC7229 Egypt

33. ICC9590 Egypt

34. ICC7716 Greece

35. ICC8511 Greece

36. ICC11859 Greece

The ICRISAT accession number and source country are mentioned

52°C. The filters were then exposed to X-ray films
(Kodak India Limited). Those recombinants producing
intense signals were selected for sequencing.

Microsatellite identification and primer design

Plasmid DNA from the putative positive clones was ex-
tracted from 5 ml of overnight culture using alkaline lysis
method (Sambrook et al. 1989). The plasmids were se-
quenced using the Big Dye Terminator reaction kit on
the ABI 3700 prism automated DNA sequencer (Applied
Biosystems, USA). The microsatellite motif in each se-
quence was identified and each sequence was compared
against the local and NCBI sequence databases in order
to identify the redundant clones. The unique sequences
were retained and submitted to GenBank to obtain the
accession numbers, AY446327-AY446401 (Table 2).
Primers were designed based on the sequences flanking
the microsatellites motifs using the PRIMER 3.0 soft-
ware (Rozen and Skaletsky 1998) using the following
criteria: (1) primer length 18-26 nucleotide with an
optimal length of 20 nucleotides (2) primer 7, = 50-65°C

with an optimal of 55°C (3) amplified PCR product size
100-300 bp, and (4) an optimal 40% G + C content.
The presence of structures such as hairpin or short repeat
motifs were also considered while designing the primers.
All primers were synthesized from BioBasic Inc.,
Canada.

PCR amplification of microsatellite loci
and electrophoresis

Functionality of each primer pair was tested by ampli-
fication of Pusa362 genomic DNA. PCR amplification
was done in 20 pl reaction volume containing 200 mM
Tris-HCl (pH 8.4), 500 mM KCI, 2 mM MgCl,,
0.2 mM of each dNTPs, 0.5 uM of each primer, 40 ng of
genomic DNA and 0.5 units of Taqg DNA polymerase
(Invitrogen, USA). Reactions were carried out in an
Icycler (BIORAD Laboratories, USA) thermal cycler
using the touchdown amplification profile: an initial
denaturation at 94°C for 3 min followed by 18 cycles of
94°C for 30 s, 64°C for 50 s with 0.5°C decrease in each
subsequent cycle, 72°C for 50 s. This was followed by 20
cycles of 94°C for 30 s, 55°C for 50 s, 72°C for 50 s and
final extension of 10 min at 72°C. Amplification prod-
ucts were separated on either 3% Metaphor agarose
(Cambrex, USA) gels or 6% polyacrylamide gels and
stained with ethidium bromide. All the primer pairs were
used to amplify DNA from nine chickpea accessions and
one C. reticulatum accession (ICC17121) in order to
establish their usefulness for intra- as well as interspecific
polymorphism detection. Of these, 25 polymorphic pri-
mer pairs were further used to amplify DNA of 36
geographically diverse chickpea accessions (Table 1) in
order to assess the informativeness of the STMS primers
for detecting microsatellite polymorphism within chick-
pea.

Data analysis

For each microsatellite locus, sizes of the alleles were
estimated by comparison with standard size DNA
markers and scored across all the 36 chickpea accessions
both manually and with the help of gel documentation
system (Alpha Innotech Corp., USA) in a binary matrix
where 1 represented the presence of a band and 0 the
absence of common bands. Genetic parameters like al-
leles per locus, effective alleles per locus (N,), observed
heterozygosity (Ho), expected heterozygosity
(He=1—2p7, where p; is the frequency of the ith allele),
Fixation index (Fis) and Shannon’s information index
(I) were calculated using POPGENE Version 1.32 (Yeh
and Boyle 1997). Pairwise genetic similarity was calcu-
lated among the 36 accessions using Jaccard’s similarity
coefficient. The similarity matrix (D =1-—S) was used for
constructing the dendrogram using the UPGMA
(Unweighted Pair Group Method with Arithmetic
Averages) algorithm on NTSYS-pc (version 2.1, Rohlf
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1998) software. The reliability of the dendrogram was
evaluated with 1,000 bootstraps using the WinBoot
software (Yap and Nelson 1996).

Sequencing of microsatellite length variants

Fragments representing allelic size variants at
NCPGRS81 and NCPGRO1 loci were eluted from poly-
acrylamide gel, cloned into pGEM-T vector (Promega,
USA) and transformed into DH5« cells. Following blue-
white selection, plasmids were isolated and sequenced as
mentioned earlier. For each individual fragment, four to
six random clones were sequenced. Multiple sequence
alignments were performed using the sequence data of
variant alleles along with the originally cloned allele
from Pusa362 using CLUSTAL W (1.82) at EBI. All the
sequences were deposited in the GenBank to obtain the
accession numbers (see figure legends).

Results

Characterization of microsatellites from the chickpea
enriched library

The microsatellite enriched library was constructed by
digestion of Pusa362 nuclear DNA with Rsal. For
enrichment, the digested genomic DNA was hybridized
with membrane bound synthetic (CA) and (CT) oligo-
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nucleotides, followed by elution and ligation with the
modified cloning vector pJV1 (Edwards et al. 1996). This
yielded a large number of recombinants of which 1,000
clones were subjected to screening using radio-labeled
(CA)p and (CT);o oligonucleotide probes. Screening
resulted in the identification of 135 putative recombi-
nants, which were sequenced.

Sequence analysis of the 135 putative clones revealed
that all (100%) clones contained microsatellite motifs.
However, 34 sequences were found to be redundant
and 10 sequences had less than 5 repeat units and hence
these 44 sequences were not considered for primer
designing. As expected, the remaining 91 microsatellite
sequences comprised of (GA/CT), and (GT/CA), rich
motifs and were classified as 28 perfect, 25 imperfect,
24 compound and 14 interrupted microsatellites based
on the structural organization of the repeat motifs. The
homology searches with BlastN tool at NCBI database
showed no significant homology with any of the earlier
reported microsatellite sequences. Primers for these
unique loci were designed based on the regions flanking
the microsatellite motifs. However, of the 91 SSR
motifs, primers could be designed only from 83 se-
quences as the remaining 8 were too close to the
cloning site. The 83 primers were validated by ampli-
fication of C. arietinum cv. Pusa362 DNA, out of which
9 primers either did not amplify or produced anoma-
lous fragments. Finally 74 functional STMS primer
pairs were identified and their sequences are listed in
Table 2.

Table 3 Number of alleles (N,), effective number of alleles (N.), size range of amplified products, observed heterozygosity (Ho), expected
heterozygosity (He), Shannon’s informative index (/) and Fixation index (Fis) values obtained after screening of 36 chickpea accessions at

25 microsatellite loci

Locus N, Ne Size range (bp) Ho He 1 Fis
NCPGR21 9 7.48 131-159 0.40 0.87 2.18 0.53
NCPGR33 S 4.36 245-258 0.51 0.78 1.51 0.33
NCPGR37 7 3.76 165-219 0.24 0.74 1.53 0.66
NCPGR41 8 5.14 241-268 0.10 0.81 1.83 0.86
NCPGR44 3 2.05 212-221 0.18 0.51 0.84 0.63
NCPGR45 6 4.07 163-226 0.32 0.76 1.51 0.57
NCPGR46 4 3.07 210-224 0.24 0.68 1.22 0.63
NCPGR48 7 5.52 206228 0.35 0.83 1.83 0.57
NCPGRS50 6 3.79 196-268 0.91 0.74 1.41 -0.24
NCPGRS1 10 5.24 188-285 0.70 0.82 1.86 0.13
NCPGRS52 8 5.35 223-269 0.10 0.82 1.91 0.86
NCPGRS3 4 3.10 184-206 0.67 0.68 1.22 0.00
NCPGRSS 6 4.89 204-226 0.08 0.80 1.63 0.89
NCPGRS56 5 2.30 159-198 0.10 0.57 1.03 0.80
NCPGRS57 7 5.80 205-277 0.27 0.83 1.84 0.67
NCPGR60 4 2.75 228-278 0.43 0.64 1.05 0.32
NCPGR67 8 7.00 277-314 0.13 0.86 2.01 0.84
NCPGRS0 6 4.96 243-272 0.40 0.80 1.67 0.49
NCPGRS1 9 6.05 175-219 0.35 0.84 1.86 0.57
NCPGRS6 2 1.30 138-218 0.27 0.23 0.39 -0.15
NCPGR89 3 2.75 227-292 0.08 0.64 1.05 0.87
NCPGRY0 11 8.88 155-228 0.24 0.89 2.28 0.72
NCPGROI1 7 5.08 228-262 0.35 0.81 1.84 0.56
NCPGRY%4 8 6.36 178-210 0.32 0.85 1.96 0.61
NCPGROI8 6 4.36 138-168 0.40 0.78 1.58 0.47
Average 6.36 4.62 - 0.32 0.74 1.56 -

St. Dev. 2.48 1.79 - 0.20 0.14 0.44 -
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This library was enriched only for two dinucleotide
repeats (CA and CT) and of the 74 characterized loci,
CT repeats were found to be more abundant (43 clones,
58.6%) as compared to CA repeats (21 clones; 28.4%).
The remaining 10 clones (13.5%) contained CA and CT
compound motifs. The numbers of microsatellite motifs
were found to be highly variable at these loci with the
maximum number of uninterrupted GA and GT units
being 39 (NCPGR 74) and 45 (NCPGR 83), respec-
tively. However, the majority of the repeat motifs
comprised of 12-30 repeat units (Table 2).

Microsatellite polymorphism within chickpea

The functionality of the 74 STMS primer pairs was
established by validation in C. arietinum cv. Pusa362 in
which all the primers amplified the expected sized frag-
ments. Single alleles were amplified with 50 primer pairs,
whereas 24 primers (33%) produced 2-4 alleles
(Table 2). The 74 STMS markers were also used to
amplify genomic DNA from 9 accessions of chickpea
and 1 of C. reticulatum. All the primers amplified allelic
fragments in C. arietinum where as only 69 (93%)
amplified in C. reticulatum. Comparison of chickpea
with C. reticulatum amplification profiles revealed that
53 primers were polymorphic between the two species.
Intra-specific polymorphic amplification profiles were
obtained with 49 primer pairs whereas 25 primer pairs
produced monomorphic banding patterns (Data not
shown). Of these 49 polymorphic primer pairs in
chickpea, a set of 25 were further used to analyze the
genetic diversity in the 36 chickpea accessions listed in
Table 1. A total of 159 alleles were produced at the 25
loci with an average of 6.4 alleles and 4.6 effective alleles
per locus (Table 3). A maximum of 11 alleles were
detected for primer pair NCPGR90 while minimum of 2
alleles were detected for NCPGR86 with the alleles
varying in size from 131 to 314 bp. The expected
heterozygosity values ranged from 0.23 to 0.89 (mean
0.74) and the observed heterozygosity values ranged
from 0.08 to 0.91 with an average of 0.32 (Table 3).
Based on heterozygosity values, excess of homozygotes
were observed for 22 loci where as for two loci
(NCPGR50 and NCPGRS86) heterozygote excess were
observed apparent from the Fis values (Table 3).

Genetic relationships among chickpea accessions

The allelic data obtained with the 25 primer pairs across
36 accessions was scored and computed to obtain the
dendrogram which was able to clearly distinguish all the
cultivars except the two accessions, ICC9848 and
ICC9845 from Afghanistan (Fig. 1). No distinct clus-
tering pattern was obtained, however, accessions from
the same country or geographically close locations
seemed to cluster together indicating their genetic simi-
larity (Fig. 1). The three Indian accessions (ICC5337,

ICC7255 and ICC13077) and one accession each from
Turkey (ICC11879) and Pakistan (ICC16487) were most
diverse forming two distinct clusters, distant from all
other accessions. Most of the nodes, except a few, were
supported with low bootstrap values ( < 50) indicating
weak clustering.

Sequence analysis of microsatellite alleles

In order to assess the basis of length variation at micro-
satellite loci in chickpea, two loci namely NCPGRS81 and
NCPGROI1, comprising of long arrays of (GA), repeats
and amplifying 9 and 7 size variant alleles respectively in
the 36 chickpea accessions, were identified. Fragments
corresponding to all the allelic size variants (ranging from
175-219 bp for the NCPGRS1 locus and 228-262 bp for
the NCPGRO91 locus) were cloned and sequenced
(Figs. 2, 3) to investigate the patterns of length variation
(a) within multiple alleles in the same accession and (b)
between size variant alleles across different accessions.
Sequence alignments revealed that the size variant alleles
across various accessions as well as the multiple alleles
within one accession possessed variable number of repeat
units with conserved primer binding sites. The number of
(AG), repeat units at NCPGR&81 locus varied from 13
(ICC11879B) to 34 (ICC7712B) units (Fig. 2). In alleles
having long stretches (AG),, of the microsatellite motifs,
for example accessions ICC7712A and ICC11879A (32
repeats each), ICC10885 (35 repeats), a point mutation
from G — A in the ninth repeat motif (position 124;
Fig. 2) was observed which converted the perfect repeat
into an imperfect one. Moreover, in the “B” allele of
Spanish accession ICC7712, a point mutation from
A — T (position 104) upstream of the AG repeats was
observed resulting in the formation of a compound repeat
structure (TA);(GA)s3 at this locus (Fig. 2). Sequence
analysis of the length variant alleles at the NCPGR 91
locus also revealed the presence of variable numbers of
(AG), repeats. At this locus also, alleles containing more
than (AG),; repeats were converted into an imperfect
(AQG),at(AG), motif (Fig. 3). In addition, isolated point
mutations were observed at positions 28, 46 and 123, in
accessions ICC8740, ICC12866 and ICC13780, respec-
tively (Fig. 3).

Discussion
Microsatellite enrichment in chickpea

Microsatellite markers are characterized by a high de-
gree of variability making them powerful tools for
population genetic analyses. This class of markers was
reported to be abundant and polymorphic in the
chickpea genome (Weising et al. 1992; Sharma et al.
1995; Huttel et al. 1999; Udupa et al. 1999; Litchtenzveig
et al. 2005), yet the numbers of available microsatellite
markers in chickpea are not enough for the saturation of
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Fig. 1 The UPGMA dendrogram obtained using the Jaccard’s coefficient. Thirty-six chickpea accessions were analysed using 25 STMS
primer pairs. Names of cultivars and source country are mentioned. Bootstrap values (>40) are indicated at major nodes

the linkage map (Pfaff and Kahl 2003; Lichtenzveig et al.
2005). Therefore, the present study was undertaken with
the aim to develop STMS markers from microsatellites
isolated from an enriched library and use them for
analysis of genetic diversity and genome mapping.

The conventional protocols used for the isolation of
microsatellites are cost, time and labor intensive and the
efficiency of microsatellite isolation is low ranging from
0.045% to a maximum of 12% (Zane et al. 2002). The
isolation of microsatellites from plants becomes techni-
cally even more demanding as their frequency in plant
genomes is low as compared to animal genomes
(Maguire et al. 2000; Squirrell et al. 2003). To overcome
these key obstacles in microsatellite development, several
enrichment methods have been developed (Zane et al.
2002). The enrichment techniques, which are based on
the principle of capturing microsatellites from genomic
DNA by hybridization with synthetic oligonucleotides
bound to Nylon membranes or magnetic particles (Zane
et al. 2002) increase the efficiency of microsatellite iden-
tification by upto 90% thereby considerably reducing the
cost of microsatellite marker development. Microsatel-
lites from diverse plant species have been isolated effi-
ciently (Gaitan-Solis et al. 2002; Riaz et al. 2004; Lowe

et al. 2004) using the membrane based enrichment pro-
tocol developed by Edwards et al. (1996). This method,
which has the advantage of specifically targeting certain
classes of microsatellites, enabled us to identify 74 CT/
GA and CA/GT microsatellite motifs. The occurrence
and frequency of these two dinucleotide repeats had been
reported in the chickpea genome (Huttel et al. 1999;
Lichtenzveig et al. 2005). Our studies further established
that the abundance of the CT motifs was double that of
the CA motifs. The relative abundance of CT microsat-
ellites have been shown to be more abundant than CA
motifs in most plants such as Arabidopsis, rice, wheat,
maize and Brassica (Gupta and Varshney 2000). More-
over, it has been shown in A. thaliana that the GA/CT
microsatellite motifs occur more frequently in the 5’
flanking regions of genes as compared with the
whole genome (Zhang et al. 2004), thereby increasing the
likelihood of their association with desirable traits.

Intraspecific polymorphism with STMS markers

A set of 74 functional STMS primer pairs were devel-
oped and validated in chickpea as well as C. reticulatum.
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ICC7712A CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
ICC11879A CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
ICC11879B CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
ICC4495 CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
ICC16834 CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
ICC13780 CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
ICC6263 CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
Pusa362 CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
ICC10885 CCGAATGTCCATAAATCAATGCTGTTAAGGAAATTGAAAAGTTAGATATATACATAATCT 60
ICC7712B CCGAATGTCCATAAATCAATGCTGTTAAGTAAATTGAAAAGTTAGATATATACATAATCT 60
ICC7712A TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
ICC11879A TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
ICC11879B TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
ICC4495 TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
ICC16834 TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
ICC13780 TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
ICC6263 TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
Pusa362 TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
ICC10885 TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTAAATAGAGAGAGAGAGAG 120
ICC7712B TTCTTGATACCAACATTTTGATTACTTAGTAGTCAACATAGTATATAGAGAGAGAGAGAG 120
ICC7712A AGAAA------ GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTATC 174
ICC11879A AGAAA------ GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTATC 174
ICC11879B A-mm e e m - GAGAGAGAGAGTATC 136
ICC4495 AGA-——— = —— GAGAGAGAGAGAGAGAGTATC 144
ICC16834 AGA--—————— e GAGAGAGAGAGAGAGAGAGAGAGAGAGTATC 154
ICC13780 AGA--———————————————— GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTATC 162
ICC6263 AGA--——————--————- GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTATC 164
Pusa362 AGA------—- GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTATC 172
ICC10885 AGAAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTATC 180
ICC7712B AGAGAGAGA-—GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGTATC 178
ICC7712A ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 213 (AG)saa(AG)23
ICC11879A ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 213 (AG)saa(AG)23
ICC11879B ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 175 (AG)13

ICC4495 ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 183 (AG)17

ICC16834 ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 193 (AG)22

ICC13780 ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 201 (AG) 26

ICC6263 ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 205 (AG)2s

Pusa362 ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 211 (AG)31

ICC10885 ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 219 (AG)saa(AG)26
ICC7712B ACCATCTCCGTCAGTTACTGGAGTTATCCCAGTCAAACA 217 (TA)3(GA)s33

Fig. 2 Multiple sequence alignment of the size variant alleles from
Pusa362 and other chickpea accessions (AY973983-AY973991) at
the NCPGRSI locus. The accession numbers and variant alleles
(A, B) are mentioned as capital roman alphabets. The asterisks

This analysis revealed 66% intraspecific polymorphism
within chickpea in comparison to only 40% reported
while using the microsatellites developed earlier (Winter
et al. 1999; Litchtenzveig et al. 2005). The higher levels
of polymorphism revealed in our studies might be
attributed to our preferential isolation of the GA/CT
repeat motifs which have been reported to be highly
polymorphic in other plant systems like rice, bean, to-
mato and peanut (Cho et al. 2000; Gaitan-Solis et al.
2002; He et al. 2003; Ferguson et al. 2004). A total of 69
chickpea STMS markers (93%) also amplified allelic
microsatellite loci in C. reticulatum and generated a high
interspecific polymorphism (53 markers, 77%) between
chickpea and C. reticulatum. These primers will aid the
interspecific chickpea mapping projects arising from
crosses between C. arietinum X C. reticulatum.

indicate similar sequences and dash indicate alignment gaps. The
repeat region is indicated in boldface, compound motifs are
underlined and shadowed boxes indicate point mutations

The high levels of intraspecific genetic polymorphism
in chickpea was clearly evident from the dendrogram.
Moreover, the high average number of alleles amplified
per locus (6.4) combined with the average observed
heterozygosity values of 0.3297 suggest that considerable
polymorphism is present at these microsatellite loci in
chickpea. Extensive polymorphism at the chickpea TAA
and TTA loci has been well demonstrated earlier (Huttel
et al. 1999; Udupa et al. 1999,2001; Lichtenzveig et al.
2005). Our studies along with other studies in chickpea,
clearly establish that microsatellite markers could be
reliably used for assessing genetic diversity and cultivar
identification. It was also observed in the dendrogram
that most nodes were supported by low bootstrap values
and there was no congruence between the clustering
pattern and the geographical origin of the cultivars. This



Pusa362 ATTGAATCCTTTCTGAACCGACCCAATTTGTCAAACACTTGAATTATTTATGGGTTTGAG 60
ICC5337 ATTGAATCCTTTCTGAACCGACCCAATTTGTCAAACACTTGAATTATTTATGGGTTTGAG 60
ICC13780 ATTGAATCCTTTCTGAACCGACCCAATTTGTCAAACACTTGAATTATTTATGGGTTTGAG 60
ICC8740 ATTGAATCCTTTCTGAACCGACCCAATATGTCAAACACTTGAATTATTTATGGGTTTGAG 60
ICC16487B ATTGAATCCTTTCTGAACCGACCCAATTTGTCAAACACTTGAATTATTTATGGGTTTGAG 60
ICC16487C ATTGAATCCTTTCTGAACCGACCCAATTTGTCAAACACTTGAATTATTTATGGGTTTGAG 60
ICC16487A ATTGAATCCTTTCTGAACCGACCCAATTTGTCAAACACTTGAATTATTTATGGGTTTGAG 60
ICC12866 ATTGAATCCTTTCTGAACCGACCCAATTTGTCAAACACTTGAATTGTTTATGGGTTTGAG 60
Pusa362 ATAAAGTTTTCAACTTTGAATTTTGTTTACCACCCCTCTTTCTCTCTCTCTCATGGAAAT 120
ICC5337 ATAAAGTTTTCAACTTTGAATTTTGTTTACCACCCCTCTTTCTCTCTCT--CATGGAAAT 118
ICC13780 ATAAAGTTTTCAACTTTGAATTTTGTTTACCACCCCTCTTTCTCTCTCT--CATGGAAAT 118
ICC8740 ATAAAGTTTTCAACTTTGAATTTTGTTTACCACCCCTCTTTCTCTCTCT--CATGGAAAT 118
ICC16487B ATAAAGTTTTCAACTTTGAATTTTGTTTACCACCCCTCTTTCTCTCTCT--CATGGAAAT 118
ICC16487C ATAAAGTTTTCAACTTTGAATTTTGTTTACCACCCCTCTTTCTCTCTCT--CATGGAAAT 118
ICC16487A ATAAAGTTTTCAACTTTGAATTTTGTTTACCACCCCTCTTTCTCTCTCT--CATGGAAAT 118
ICC12866 ATAAAGTTTTCAACTTTGAATTTTGTTTACCACCCCTCTTTCTCTCTCT——CATGGAAAT 118
Pusa362 TAACGCTGGATATATAGTATAGACTCTAGAGAGAGAGAGAGAGAGAGAGAGATAGAGAGA 180
ICC5337 TAACGCTGGATATATAGTATAGACTCTAGAGAGAGAGAGAGAG--———-—-—--—-———=————— 161
ICC13780 TAGCGCTGGATATATAGTATAGACTCTAGAGAGAGAGAGAGAGATAGAGAGAGAGAGAGA 178
ICC8740 TAACGCTGGATATATAGTATAGACTCTAGAGAGAGAGAGAGAGATAGAGAGAGAGAGAGA 178
ICC16487B TAACGCTGGATATATAGTATAGACTCTAGAGAGAGAGAGAGAGATAGAGAGAGAGAGAGA 178
ICC16487C TAACGCTGGATATATAGTATAGACTCTAGAGAGAGAGAGAGAGATAGAGAGAGAGAGAGA 178
ICC16487A TAACGCTGGATATATAGTATAGACTCTAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA 178
ICC12866 TAACGCTGGAT ATAGTATAGACTCTA AGAGAGAGAGAGAGAGAGAGATAGAGAGAGA 178
Pusa362 GAGAGAGAGAGAGAGAGAGAGAGAGAGGGAAAGAGGGGAAGAACAGAATAAGCCAAAAAT 240
ICC5337 = e AGAGAGAGGGAAAGAGGGGAAGAACAGAATAAGCCAAAAAT 202
ICC13780 GAGAGA----—————==—==————— GAGGGAAAGAGGGGAAGAACAGAATAAGCCAAAAAT 220
ICC8740 GA----—————— - —— GAGGGAAAGAGGGGAAGAACAGAATAAGCCAAAAAT 216
ICC16487B GAGAGAGAGA----—————-—-———— GAGGGAAAGAGGGGAAGAACAGAATAAGCCAAAAAT 224
ICC16487C GAGAGAGAGAGAGAGAG--AGAGAGAGGGAAAGAGGGGAAGAACAGAATAAGCCAAAAAT 236
ICC16487A G- GGAAAGAGGGGAAGAACAGAATAAGCCAAAAAT 212
ICC12866 GAGAGAGAGAGAGAG-—-—AGAGAGAGGGAAAGAGGGGAAGAACAGAATAAGCCAAAAAT 234
Pusa362 GGGAAACGGAGGAGAAAAGAGAACAG 266 (AG)12at(AG)17

ICC5337 GGGAAACGGAGGAGAAAAGAGAACAG 228 (AG)12

ICC13780 GGGAAACGGAGGAGAAAAGAGAACAG 246 (AG)sat(AG)12

ICC8740 GGGAAACGGAGGAGAAAAGAGAACAG 242 (AG)sat(AG) 1o

ICC16487B GGGAAACGGAGGAGAAAAGAGAACAG 250 (AG)sat(AG)14

ICC16487C GGGAAACGGAGGAGAAAAGAGAACAG 262 (AG)sat(AG) 20

ICC16487A GGGAAACGGAGGAGAAAAGAGAACAG 238 (AG)17

ICC12866 GGGAAACGGAGGAGAAAAGAGAACAG 260 (AG)11at(AG)1s

DROROROROR R RO R RO R

1425

Fig. 3 Multiple sequence alignment of size-variant alleles from
Pusa362 and other chickpea accessions (DQ192589-DQ192595) at
NCPGROII locus. The accession numbers along with variant alleles

maybe attributed to the fact that the present day
chickpea has only one center of origin and a recent
worldwide dispersal (Abbo et al. 2003) thereby leading
to genetically similar backgrounds. Moreover, the ge-
netic variability due to repeat number variation at mi-
crosatellite loci leading to low bootstrap support has
been reported earlier by Udupa et al. (1999). To depict
the patterns of variation we have further cloned and
sequenced the variant alleles at two microsatellite loci.

Sequence variability and evolution of microsatellite loci

The length variant alleles at two microsatellite loci,
NCPGRS81 and NCPGRY1, were cloned and sequenced

(A—C) are mentioned. Repetitive sequences are indicated in bold,
asterisks mark conserved sequences and dash denote alignment
gaps. The shadowed boxes indicate point mutations

in order to elucidate the mechanisms underlying the in-
tra-specific microsatellite variation within and across
accessions. It was clearly demonstrated that the basis of
all allelic length variation was primarily due to the
variation in the copy number of the repeat motifs
whereas isolated point mutations within the repetitive
regions or in the MFR (microsatellite flanking region)
maybe responsible for sequence polymorphism. Large
variation in the copy number of repeats was observed in
the alleles at the two chickpea loci (Figs. 2, 3). Similar
results demonstrating exceptional levels of length poly-
morphism at microsatellite loci have been reported in
Arabidopsis (Symonds and Llyod 2003), soybean
(Peakall et al. 1998), rice (Cho et al. 2000), maize
(Matsuoka et al. 2002) and chickpea (Udupa and Baum
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1999, 2001). In the chickpea NCPGRS1 locus, all the
longer repeat motifs containing more than 32 repeat
units were punctuated by G — A conversion at position
124 demonstrating that the accumulation of point
mutations in the longer (GA) motifs added imperfec-
tions within the long repeat stretches. Similar G —» T
conversions interrupting the long perfect repeat motifs
were also observed at the NCPGRY1 locus in accessions
Pusa362, ICC8740, ICC12866 and ICC16487 B and C
alleles (Fig. 3). It has been demonstrated earlier in hu-
mans, barn swallows and yeast that there exists a
mutational bias towards an increase in repeat length of
microsatellite loci at long perfect repeat tracts (Amos
et al. 1996; Primmer et al. 1998; Wierdl et al. 1997). On
the other hand, it has also been demonstrated that
mutations accumulate more frequently in long perfect
repeats punctuating them with imperfections (Zhu et al.
2000) thereby limiting the infinite expansion of micro-
satellite repeats. This maybe an important mechanism
but necessary in the life cycle of microsatellites, which is
essentially a balance between expansion by slippage and
degradation by introduction of imperfections (Kruglyak
et al. 1998). The point mutations within the repeat motif
tend to decrease the slippage frequency (Richards and
Sutherland 1994; Jin et al. 1996; Zhu et al. 2000) by
adding imperfections to the long perfect repeat, which is
the basis of microsatellite life cycle (Taylor et al. 1999;
Zhu et al. 2000) and has been termed as “slippage/point-
mutation” theory (Sibly et al. 2003). Studies of micro-
satellite evolution in human (Xu et al. 2000), Drosophila
(Harr and Schlotterer 2000) and bacteria (Metzgar et al.
2002) have shown that repeat contraction also contrib-
ute in bringing about a shortening of the microsatellite
alleles. Repeat contractions may also occur in plant
microsatellites, however, no such evidence is as yet
available in plants where only repeat disruptions have
been implicated in stabilizing plant microsatellites (Sy-
monds and Lloyd 2003).

Another interesting observation was the A — T point
mutation immediately upstream of the repeat which re-
sulted in the formation of a compound microsatellite
(TA)3;(GA)s3 in the B allele of ICC7712 (Fig. 2). Ran-
dom point mutations followed by the subsequent
expansion by replication slippage are a well-documented
mechanism for the birth of new microsatellites in ani-
mals (Messier et al. 1996; Schlétterer 2000). It has been
shown in primates that a single G — A point mutation
in a (GT), microsatellite motif resulted in the formation
and expansion of a (ATGT) repeat in the hominoids
while a transition of A — G resulted in the formation of
a (GT) repeat in Owl monkey (Messier et al. 1996). Such
information in plants is only limited to a study in rice
where a simple A — T base substitution mutation in a
poly-(A) stretch of a microsatellite motif in wild rice,
Oryza longistaminta, gave rise to a (TAA) microsatellite
motif in the cultivated O. sativa (Akagi et al. 1998).
Hence we may speculate that in chickpea also, point
mutations upstream/downstream of perfect long micro-
satellites and subsequent expansion can give rise to new

compound microsatellites. This process may also be
helpful in bypassing the accumulation of point muta-
tions/substitutions targeted at long microsatellite motifs
for repeat interruption. Sequencing of this allele and its
variants from diverse chickpea accessions and its wild
relatives will depict this evolutionary process more
accurately.

In conclusion, a set of 74 CT/GA and CA/GT mi-
crosatellite markers were identified and characterized
from the chickpea nuclear genome. These microsatellites
were found to be polymorphic within chickpea as well as
between chickpea and C. reticulatum, thereby increasing
the marker availability and applicability in genotyping
and mapping projects. The sequence analysis at two
microsatellite loci revealed copy number changes at re-
peats motifs as the major reason for microsatellite var-
iability in chickpea. The dynamic role of point
mutations in microsatellite evolution was also depicted.
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