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Abstract Despite chickpea being the third important
grain legume, there is a limited availability of genomic
resources, especially of the expressed sequence tag (EST)-
based markers. In this study, we generated 822 chickpea
ESTs from immature seeds as well as exploited 1,309 ESTs
from the chickpea database, thus utilizing a total of 2,131
EST sequences for development of functional EST-SSR
markers. Two hundred and forty-six simple sequence repeat
(SSR) motifs were identified from which 183 primer pairs
were designed and 60 validated as functional markers.
Genetic diversity analysis across 30 chickpea accessions
revealed ten markers to be polymorphic producing a total of
29 alleles and an observed heterozygosity average of 0.16
thereby exhibiting low levels of intra-specific polymor-
phism. However, the markers exhibited high cross-species
transferability ranging from 68.3 to 96.6% across the six
annual Cicer species and from 29.4 to 61.7% across the
seven legume genera. Sequence analysis of size variant
amplicons from various species revealed that size poly-
morphism was due to multiple events such as copy number
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variation, point mutations and insertions/deletions in the
microsatellite repeat as well as in the flanking regions.
Interestingly, a wide prevalence of crossability-group-spe-
cific sequence variations were observed among Cicer
species that were phylogenetically informative. The
neighbor joining dendrogram clearly separated the chickpea
cultivars from the wild Cicer and validated the proximity of
C. judaicum with C. pinnatifidum. Hence, this study for the
first time provides an insight into the distribution of SSRs in
the chickpea transcribed regions and also demonstrates the
development and utilization of genic-SSRs. In addition to
proving their suitability for genetic diversity analysis, their
high rates of transferability also proved their potential for
comparative genomic studies and for following gene int-
rogressions and evolution in wild species, which constitute
the valuable secondary genepool in chickpea.

Introduction

Extensive efforts at sequencing of expressed genomic
regions obtained from tissues under different conditions and
developmental stages have led to a large number of EST
sequences being deposited in the public database for a
number of model species as well as economically important
plants. Besides providing an effective approach for gene
discovery and transcript pattern characterization, these ESTs
emerge as a cost-effective, valuable source for molecular
marker generation. These easily accessible sequences pro-
vide the advantage of in silico analysis and broaden the field
of comparative studies in species where limited or no
sequence information is available.

Microsatellites or simple sequence repeats (SSRs) are
1-6 bp iterations of DNA sequences that were earlier known
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to occur only in the non-coding regions. However, the
occurrence of microsatellites in transcribed sequences
is now well established and are commonly known as
EST-SSRs or genic SSRs (Morgante et al. 2002; Li et al. 2002,
2004). These have been reported from a number of plant
species such as Oryza (Cho et al. 2000), Saccharum (Cordeiro
et al. 2001), Triticum (Gupta et al. 2003), Hordeum (Thiel
et al. 2003), Medicago (Eujayl et al. 2004), Coffea (Poncet
et al. 2006; Aggarwal et al. 2007), Capsicum (Y1 et al. 2006)
and Citrus (Chen et al. 2006). Similar to genomic SSRs, the
EST-SSRs are useful for many applications in plant genetics
and breeding such as molecular mapping, genetic diversity
analysis and cross-transferability across related species and
genera (Varshney et al. 2005a). Moreover, as a result of their
association with coding sequences, they provide the possi-
bility of direct gene tagging for QTL mapping of
agronomically important traits. The EST-SSRs find higher
levels of cross-species transferability than genomic micro-
satellite markers (Scott et al. 2000; Eujay] et al. 2004; Zhang
et al. 2005) aiding in gene introgression programs, identifi-
cation of conserved gene order across orthologous linkage
groups (Varshney et al. 2005a, b), depiction of gene evolution
associated with microsatellites and phylogenetic studies.

In chickpea (Cicer arietinum L.), the third most impor-
tant grain legume crop, research efforts worldwide have led
to identification and characterization of a number of
microsatellite markers (Hiittel et al. 1999; Sethy et al. 2003;
Lichtenzveig et al. 2005; Choudhary et al. 2006, Sethy et al.
2006a) and their utilization for genome mapping (Winter
et al. 2000) and phylogenetic analysis of Cicer (Sethy et al.
2006a, b). More recently, EST sequences from chickpea
have been reported (Boominathan et al. 2004; Romo et al.
2004; Buhariwalla et al. 2005; Coram and Pang 2005).
Among these, only the study of Buhariwalla et al. 2005
investigated the use of ESTs as a source of genic markers.
But even in this study, of the 106 EST markers developed
by them, only 14 contained SSR motifs and these are the
only chickpea EST-SSRs reported till date. Hence the need
for large scale development of chickpea EST-SSRs was
imminent. This would not only help in molecular mapping
but would also be of significance in comparative genome
analysis in legumes since a high degree of conservation
among the genomes of cultivated species and model
legumes has been revealed (Weeden et al. 1992; Choi et al.
2004). A recent study on transferability of both genomic
and EST-SSR markers of M. truncatula to pea, chickpea
and lentil revealed a high degree of cross-transferability
(Gutierrez et al. 2005). However, to be fully effective,
genomic information from one species must be transferred
in both directions, i.e. from model species to cultivars and
vice versa (Gepts et al. 2005). Thus, there was an urgent
need to develop EST-SSR markers in chickpea and assess
their transferability to the model as well as to other non-
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model important legumes and for tracking the introgression
of genes from the wild or elite species of chickpea.

The present study was aimed at: (1) development and
characterization of chickpea EST-SSRs, (2) assessing the
utility of EST-SSRs for genetic diversity analysis,
(3) evaluating the cross-transferability of chickpea EST-
SSRs among the Cicer species and other legumes, and
(4) establishing the molecular basis of variation in alleles
from related species and genera.

Materials and methods
Plant material and DNA isolation

Chickpea and the wild annual species are classified into var-
ious crossability groups. This study includes members of
Crossability group 1 (C. arietinum, C. reticulatum and
C. echinospermum) and Crossability group II (C. bijugum,
C. judaicum and C. pinnatifidum). Thirty accessions of cul-
tivated chickpea (C. arietinum) were used for the analysis
of genetic diversity within species (Table 1a). For inter-spe-
cific transferability studies, nine accessions belonging to the
five wild annual Cicer species were used which included a
single accession of C. echinospermum (ICC17159) and two
accessions each of C. reticulatum (ICC17121, ICC17164),
C. bijugum (ICC17125,1CC17122), C. judaicum (ICC17148,
ICC17150) and C. pinnatifidum (ICC17126, ICC17200). For
cross-genera studies across legumes, 28 accessions belonging
to seven legume genera were used (Table 1b). All accessions
used in this study were grown at the field site of NIPGR.
DNA was isolated from fresh, young leaf tissue of
chickpea and legume accessions using the CTAB method
(Doyle and Doyle 1987). Genomic DNA from the wild
Cicer accessions was isolated using GenElute genomic
DNA miniprep kit (SIGMA Aldrich). The quality and final
concentration was estimated by agarose gel electrophoresis
using known concentration of uncut 2 DNA as a standard.

Construction of a cDNA library and identification
of EST-SSRs

Total RNA was isolated from 20 DAF seeds of C. arietinum
ICCV2;0.8 goffrozen seeds was ground to a fine powder in
liquid nitrogen and transferred to an Eppendorf tube
containing 500 pl of extraction buffer (200 mM NaOAc pH
—5.2,1% SDS, 10 mM EDTA pH 8.0) and 500 pl of phenol.
This was centrifuged at 14,000x g for 10 min at RT. The
aqueous phase was separated and extracted twice with
phenol:chloroform (1:1) followed by O/N precipitation at
4°C with 0.3 vol of 10 M LiCl for RNA precipitation. The
RNA pellet was recovered by centrifugation at 10,000 rpm
for 10 min at 4°C, and was washed twice with 2.5 M LiCl
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Table 1 A: list of chickpea accessions alongwith their sources, B:
list of legume accessions used in this study

S. no. Acc. no./name Source

A

1 Iccv2? India

2 J1G62* -do-

3 ICC10945% -do-

4 ICC15406% -do-

5 1CC283* -do-

6 ICC12947* -do-

7 ICC13124* -do-

8 ICC791% -do-

9 1CC5383 -do-

10 ICC11378* -do-

11 ICC5477% -do-

12 1CC15802* Syria

13 ICC156947* -do-

14 ICC16976* Portugal

15 ICC7676" -do-

16 ICC16800* -do-

17 ICC16761% -do-

18 ICC12866% Ethiopia

19 ICC12726% -do-

20 1CC3485% Jordan

21 1CC6293* Italy

22 ICC3631* Iran

23 ICC16487* Pakistan

24 ICC8195% -do-

25 ICC7272% Algeria

26 ICC13780% Spain

27 1CC8444* Tunisia

28 1ICC15518* Morocco

29 ICC15407* -do-

30 Pusa362° India

S.no.  Acc. no. Species Common name
B

31 NRC37°¢ Glycine max Soybean

32 MAUS47¢ -do- Soybean

33 PRATAP® -do- Soybean

34 BRAGG* -do- Soybean

35 1C381277¢ Lens esculenta Lentil

36 1334282 -do- Lentil

37 1C384444*  -do- Lentil

38 IC383609  -do- Lentil

39 1C411188¢ Trifolium alexandrinum  Berseem Clover
40 1C411189¢ -do- Berseem Clover
41 1C508311¢ -do- Berseem Clover
42 1C411183¢ -do- Berseem Clover
43 1C347150%  Cajanus cajan Pigeonpea

Table 1 continued

S. no. Acc. no. Species Common name
44 1C339040¢  -do- Pigeonpea
45 1C337447%  -do- Pigeonpea
46 1C396014¢  -do- Pigeonpea
47 1C342955  Phaseolus mungo Blackgram
48 1C328538¢  -do- Blackgram
49 1C3976129  -do- Blackgram
50 IC362567%  -do- Blackgram
51 1C279013%  Pisum sativum Field pea

52 IC356344%  -do- Field pea

53 RFP-19¢ -do- Field pea

54 RFP-18° -do- Field pea

55 SA27783° Medicago truncatula Barrel Medic
56 SA11959° -do- Barrel Medic
57 SA3235° -do- Barrel Medic
58 SA3780° -do- Barrel Medic

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

® Indian Agriculture Research Institute (IARI), India

¢ Maharana Pratap Agriculture University, India (MPAU)

9 National Bureau of Plant Genetic Resources (NBPGR), India

¢ Australian Medicago Genetic Resource Centre, SARDI, Australia

and once with 70% ethanol. The pellet was air-dried and
dissolved in DEPC-treated ddH,O. One microgram of total
RNA was used to construct the cDNA library using the
CLONTECH Smart PCR-cDNA synthesis kit according to
the manufacturer’s protocol. Double-stranded cDNA was
introduced into the pCR2.1-TOPO vector for sequencing
using the TOPO TA cloning kit (Invitrogen).

Random 5’ sequencing of cDNAs was done using the
BigDye Terminator technology (Applied Biosystems) in an
ABI Prism 3700 automated DNA sequencer. After
sequence trimming (removal of low quality sequences,
vector regions and sequences <100 bp), the EST sequences
were mined for microsatellites consisting of >5 dinucleo-
tides and >4 trinucleotides repeats using the TROLL
program (Castelo et al. 2002). To reduce redundancy,
cluster analysis was performed on microsatellite containing
sequences (EST-SSRs) using the CAP3 program (Huang
and Madan 1999). The identified EST-SSR sequences were
deposited in the GenBank to obtain the accession numbers
(see Table 2). The putative function of the developed
chickpea functional markers was found by the BLASTX
tool of NCBI, assuming a threshold of <le — 05.

Generation of EST-SSRs from database

The 1,309 chickpea EST sequences available in the NCBI
nucleotide database (up to January 2007) were screened for

@ Springer



Theor Appl Genet (2009) 118:591-608

594

LOOVVVVVIILVIVIILYVVY

urjo1d Surpuiq-4 1o 90662V 9L1 v'LS S(VOL) /DOVIVVIVVIVIOLLOVLLL  62dAYSSHD LT
OLVOVV.LVIIDILVYVIILV.L

aseprxorad done) 0991.L2V SIT L'8S 4LV /OLVVIOVVOOVLLYOVOLOD  LTdddSSHD 91
VOVVVIOVVLL LOLVVVIOL

ursuedxg 6567001V €LT v'LS S(1O) /OVVLVIDLLOLOLLYDOIOD  97ddydsSdd S1
JOLOLLLLYOLIDLYIOLV.L

osefAwe-g £9.9001V €8¢ 96 "(DDD) /LVOVOLLOLLOVOLLODIOL  +cdddSSad 4!
LVIOLOVVIVVODOLVLVVO

7L 9seapnuoqry 689210V 122 ¥'6S S(VL) /LOVOLLVVVOLOOVOOIOLO  €2dadssdd €l
VOVILLYVIOVIIVIVIVLOD

uue£oejue]d £69T100V 65T 009 §LVVY) LVALLY) /VOVVVVOOVILOODLVIOLD  [7dAiSSHD 4!
VLVVOOLVVVVODOLOVVVO

A3ojowoy oN THOL8YIY we v'LS HOLIUOLIVOH(VL) /LOVVILIDDOVVVIVVVOOL  81dA¥SSdD 11
VVIVVIVIVVVIVVVIILLO

JI0)IqIyur dseLISAU] TLYLSYIV 6T 0LS UVLLV(VLDO"(VLL) “Y(vLl) /VOLLIOLVOLVIOLVIDOLY  91daySSaD 01
DLLIDLYVODDV.LVILILLL

ujoxd [eonaylodAy 189101V 9LT L19 P(LDD)N(LDD) /LLDDDLODIDLLLYODDVLLD  S1ddydsSSdaD 6
DDOLVOVILLIDLOLYIOLL

urdjoxd [ednapodAy £892101V 092 009 S(LV) /VLIOVOLOLLOOVOOOIOLY  £19A¥SSdD 8
LVOVIOIDLLOLLOOVVILY

urdjord umouyuny 8509001V 86 '8¢ HVIDIVVI(VID) /LVODVOIVVIOVIOVVIILYY  [1dAdSSHD L
DOLLYOLYVIDVVVIILV.LL

A3ojowoy oN L¥6500V 61 865 AVVLIVVO(VVL) /VOLID VOLLVVOLVVLLIDDD  01dadSSaD 9
VOVIOLVIOVVVVIIVLIVV.L

urdjoid yoL-ourdA[D 69V L8YIV 961 709 YLODPN(1DD) /IODLVVIODIIOLODIOVY LAA@ISSTD S
LOLIOLIOOIOOIOOV.LLLD

audd GLVS 0S90LEAY LLT v'19 YI(yOL) /DLLVVILILIDLILYIVODD SIAISSaD v
VOLOVOLLLLOVOVVIOVVYD

usjoxd Surpuiq 1odxa pue YN 6LT609V vLT ¥'19 £(1LOD)NULOD)LOD(LOD) /OVOHOVOOIOVLODVOVYD YAAUSSID ¢
VV.LOLVIIDIVOOLVLLLVY

A3ojowoy oN 082609V L61 $'09 AVVL)  /OVVIDOLIDLOLLYLIOLLOVOLV.LL €daISSHD 4
DOLLODIOVIV.LLLOOVVVD

ASofowoy oN TTEIS0AD 691 ¥'6S (L) /VVIDLLVVOLLYIOOVIOHOOD 7dayssdD [

(dq) ozrs
uonouny sAaneIng ‘ou Juegquan paroadxyg (Do) “L JNoN (,€ « ,S) 2ouanbas rowiLg QuIeU SNJ0| ‘ou g

s1oyIew YSS-LSH Badyo1yo ayp Jo sonsueloerey) g dqel

pringer

as



595

Theor Appl Genet (2009) 118:591-608

DIOVIDIOLVOLOLLYOIOOL

10108y Teuonduosuen J1zq 9TT6¥TID €€T 009 HLLD) /NVOLVVLVOVOOOLVVOVOD  199Ad¥SSAD €
VLLOLDJLLLYOVILVYVIDD

J03oey reuonduosuen Amuey AN EI16VINO LYT ¥'8S Y(DOLV) /OVOIOVVIVVIVVOODLIIOL  95dadSSdO €€
VVVLVVVOVOIVIVIOLVIV

JIojen3ar [euonduosuer], 0005001V 9¢1 0'6S S(1LOV) “(V1) /ODOLLLIDVVOIOIVLIVDD  SSaadssdo (43
VOVOVIOVVVIIOLLLYOLL

urejoxd [UULYD QURIGUISW-SUBL], 6985001V 44 9'6S S(VLL) /OLLLVDLLIODDIOLIOIOV  #SIadSSaD 153
DILVVIOVVVIILVLLOLLOD

ASofowoy oN LY6S00IV L61 S'6S AVVL) /VOLOOVIOLLVVOLVVLLDDD  €59ddSSdD 0g
VOOLOOVOOVVIOOLVVIVD

uIsud)xy 0LL900IV L6T ¥'79 "(vvD) /ODDVIDIDVOVVIVLLVIOV  1dadSSdD 6T
VILLVOLLVOLOOVVVVOIIV

TH 2UOISTH L929001V ove 9'LS "(VILVVLS(VLL) /NVOIOLODLIOVVVOVVODV  LyaadssdO 8C
LIOLLVOLLLOJJVOLLOVD

0S¥d dwoIyo01k) 2086V S6T S'6S S(OWVHLY) /DOVOLLOLVVOLLIOOIVOV  SyaadsSdad LT
VOOLIOLLYDOVVOILOVLLL

0S¥d dwoIyo01) 18SC10IV L9T 8LS Y(OLL) ““(LLLD) /VIDDIOLIOLIDDLLLIOJLY  #PdAdSSHD 9C
VOVOOVIDIILOVOLVVLIVL

urdjoid oarsuodsor-y gy YOESLIIV GET €19 YLLID) "(LVVVL) /DDIDDDIOVIVOVVVIVOVD  traddSSdd ST
VOIJLVVOVLVOLLYVIOVOL

opndadAjod orsutnur N J LOESLTIV L¥T v'LS P(VLILL) "(1DD) /NVVOLLODOVVVIVVIOVYD  1+dddssdd ¥
IDLLOVIDDOVVOLLYVOLLVY

asepIxordd €1esLTerY 881 0'LS P(LVLL) /ODIDLLVOOVVOOVLLVVYD  0rdddsSad €T
OVVILODLVOVILYIVVIILO

udjoxd yo-ourdk[n YIESLTV LST 0’19 Y(1DD) /ODOVVVOLOLVVLIOOVOLD  6£ddISSAD @
VODIOVVOIOVLLVIOLVID

aseurajord QuIISL) 0TTE6X L6T 709 "(DDD) /IDDIOVOVODOLVOVVIOVD  8cdAISSHD %4
IOVIODILVILVVIOILVID

9s02A[3-ddN 19800+(V LT L19 HLVD) /NVODVVVIIOVIIOVOVIOL  Sedadssad (114
DDIOVIVVIOVVOLOIIDLD

4TH Suoisty £980071V 1154 7’19 Y(OVV)'NOVY) /OVVOVVVVOIIOVVVIIOVY  #edddSSad 61
DOVILVVIIVIVVVDOILVIILY

ouas [ed 9€80STIV YET €68 S(VO)LL(VO)L(VD) /VOLVIVIOVVVVVIOVODLDD  €£dddSSdD 81

(dq) ozrs
uonounj aAneINg ‘ou yuegquan pajoadxyg Do) “L JNnoN (,€ < ,5) 9ouanbas JouwLig Qureu sSnoo| ‘ou °§

panunuod g dqey,

pringer

as



Theor Appl Genet (2009) 118:591-608

596

LOVVVVLODIIOLLLOLODVVOVD

urajoxd eonayiodAy L¥8L9SXH (493 6'8S (LLD)DOULLD)DLIULLD) JLIDLVOL LOLVILOVIDIIOILD So¥SSaD IS
DOVOVILIDLVVVVOVVVVLVVID

urjoid [ OHY TISL9SXH 974 ST9 LV “(vDOL) /LIDLVOLOOVOVIIDIIOVIIV 79¥SSAD 0S
OOLLIOLLLOOVIOODDOVILVVD

urj01d [edI[RY SN O[IpeUry 0991STXd LST 009 YLD)LHLD) /VLLLOLLIDJDLIDDLIDIOVD 199Sa9D %
IVVVIOOVVVIIOVOLLOLVOD

Pale[aI UTetop ULNSYoo[d $98L9SXH S0z 6'8S S(OLLL) /VOVODOVVVVVOVIVVOLVIVD 1SISSAD 81
VLVOOLOLLODIOVOVVIOLVY

urajord AYI| UTULIY €¥9L9SXHA 879 v'LS ‘(OLL /VVDOVOVIOIDLLYIVIILLOVD LYISSAD Ly
LVOVIOVOIDIIVIVIIVIOOIV

urdjoxd re[npowrg S€SL9SXHA 98¢ 9GS "(v1D) /DLIDIOLLLOVOOVIOOVVVILYD €PISSAD o
LODVVVVVIDLVVIIOVILLODD

urajoxd Sojowoy [¢OTISH 68777SSH 86¢ S'6S *(QoV) /DIOVIDOVVOVVVVOVVOLLOOL TrISSAD S
VOVVVIVVODILVVOLVOIL

A3ojowoy oN 887¥SSH 76 6'9S (IOL) (VL) /VOLLVVIDOVVVIOLOOLLYD FEISSAD 44
JLIOVVVOILIOLOIVVILL

urjoid umouyup) L8YrSSd €1l 0'8S OVV)LHOVY) /DLDDLODLLODOVV.LLODVIODV 1€4SSAD 9%
OLLOLVVDOVVVOVVODIOD

ursjod Jurpuiq-unoy 981 77SSH 88¢ 8'LS °(OVD) ““(LI)LIXLI)LL(LD) /VIDLVIOVOVVIVIOVOOIL 0£4SSAD w
DOVVOVIOILOVOVOLVVIOLVOL

A3ojowoy oN €8¥SSH SLT €68 O(ILD) M(LLD) /DOVVILILVVVOIILVVVVIDD 92dSSAD 8%
LOVVVLLVOVIOIDDLVIDOVLY

£3ojowoy oN 432425 £9¢ €09 (D2D) /OVVIVILVIOVVVVVIDIOLV.LD STISSAD or
LIDDLVOOVLLODJLLLYDLVD

aseprxored duoryreIN[D 0181STXd 66€ G'8¢ (1L1D) ““(OLL) /VOLLOLOLLVLLODVVV.IOIDD €29SSd0 6€
LVOVVIOLLYIOVVOOVVIIDD

ursjoxd paje[ar THSO 6LYYrSSH €€T S09 A(LLD) /LDLLOLLDLLVOIODIVVIIOD 12ISSAD 8¢
DVDOOVVVOLLLYVOIOOLLL

urejoxd umouyup) 8LYYrSSH 98¢ 6'8¢ S(VLLLY) °(QLLVD) /LVVIDIOOVVOILIVY VDD 02dSSAD LE
DVIOIDIOVILIOLVVVIVOIOVL

urejoxd umouup) SLYYSSH 00¢ ¥'6S “OOLDOVHOOL) /DOLIDILVVILIDLVIOVOLYD STISSID 9¢
VOVILIOOVVILIDOLLIOLY

ursjord umouup) YLYYYSSH 00€ 896 °(OD1L) /VVOVIDILOILVIDOVVIVIDD TISSAD 93

(dq) ozrs
uonounj aAneINg ‘ou yuegquan pajoadxyg Do) “L JNnoN (,€ < ,5) 9ouanbas JouwLig Qureu sSnoo| ‘ou °§

panunuod g dqey,

pringer

as



597

Theor Appl Genet (2009) 118:591-608

SISH PaleIoudd asnoy-ul Jy) U0 paseq PAUSISIP SIANTew JuasaIdar )9—G¢ SOU [eLIdS SeaIoyM dseqelep Ay} Suisn pausisop sIoyIeul Juasaldal f¢—] SOU [BLIdS "pauocnuaul
are s)nsa1 X I.SVTd U0 paseq suonounj aaneind Ioy) pue SIoquunu UOISSadoe Juequan) ‘(dq) az1s ofo[e peyoadxe ‘erjerodwe) Surfesuue ‘synow jeadar ojrpjejesororuu ‘sired rowrnrd pouSisap oyJ,

J1ODLOLOVLILLLOLIDODODDVV.L

urajold pajear 61xod 6€81STXd €€ S OVVEHOVY) /DLLLYOOLLYIOVOVVOVOIV £69SS9D 09
OV.LLLIDLLIODOODLLLLODY

urajoid [edneylodAy 0T61STXA 6LT $T9 #(1D9D) /IDIOIDILODIDIODLIOVIOLY S8ISSHAD 6
VDIODOIOVIVVVVYIVIDIVVD

ASojowroy oN 6¥61STXH 09¢ 19 “vD) /OLLOVVILIOLLOLLIODDVOL 084SSHD 86
DOLVOV.LYDOVVVILVOVIVYIOD

urajoxd ropsuen pidry LLSL9SXA €LE 0'sS {VVV.LL /VIDLLVVOLOLIDOVOIIDLLY 8L4SSHD LS
DIVOLVOLLLLLOLOLYOVVYID

waoxd £y94NA 0L6L9SXH LT 798 Y(ILVD) N(VD)IVVUVD) /VOIOIODLLLYILOVVVLLOVYID LLASSTD 9
OVVIOOVILIDLLOIDLLOLYD

ASojowoy oN TTOISTXA £9¢ 0'LS P(LV)YLLO)(LLD)LLVH(LLD) /LVOLIOLIODLLYOIIOLOLIOL €L9SSID 99
DOVIOLLYOLVODILVVVVOIVD

urejord umouyupy YI6ISTXH 8743 6'8S zAe)) /OOVILOLLOVOLODIOVOLLLY TLISSHD s
DVDOLYIDOVVVIOVVVVILYD

urejord umouupy S06L9SXA S6¢C T'6S (1) (1) ¥(LD)I(LD) /OIOIOIILILILIDOILILLOVIOLL [L4SSHD 3
DIDLLODIVIOLLLOLIODVVY

urojoid [eonayiodAH TOLISTXA 0¢€ 8'LS °(D0V) /OLVILILLLLYDOVIDDOLYV 894SSHD 43

(dq) ozrs
uonounj aAneINg ‘ou yuegquan pajoadxyg Do) “L JNnoN (,€ < ,5) 9ouanbas JouwLig Qureu sSnoo| ‘ou °§

panunuod g dqey,

pringer

Qs



598

Theor Appl Genet (2009) 118:591-608

the presence of microsatellite motifs using the TROLL
program (Castelo et al. 2002) and the same criteria as
mentioned above was used.

Designing EST-SSR primers

Primers were designed using the Primer3.0 software
(Rozen and Skaletsky 1997) and designated as CESSR (for
in-house generated ESTs) and CESSRDB (for EST-SSRs
generated using the database). The parameters used for
primer design were: (1) primer length 18-24 bp with an
optimum of 20 bp, (2) annealing temperature 50-60°C
with an optimum of 55°C, (3) percentage GC in the range
of 40-50, and (4) product size in the range of 100400 bp.
All the oligonucleotides were synthesized from Illumina
Inc. (USA).

Amplification and detection of microsatellite alleles

All PCR amplifications of genomic DNA (including
Cicer and legume species) were carried out in a 15 pl
reaction volume in a BIORAD thermal cycler (Icycler)
containing 40-50 ng of genomic DNA, PCR buffer
(20 mM Tris—HCI, 50 mM KCl), 0.75 pM of each pri-
mer, 0.125 mM of each dNTP, 1.5 mM MgCl, and
0.5 U of Tag DNA polymerase (Life Technology, India).
The following touchdown amplification profile was used:
(1) initial denaturation 94°C 3 min, (2) 18 cycles of
94°C 50 s, 65°C 50 s, decreasing annealing temperature
0.5°C/cycle, 72°C 50 s, (3) 20 cycles of 94°C 50 s, 55°C
50 s, 72°C 50 s, and (4) final extension 72°C 7 min. The
amplification products were separated on 6% polyacryl-
amide gels or 3% Metaphor agarose gels (Cambrex,
USA) depending upon the size range, stained with ethi-
dium bromide and analyzed using the gel documentation
system Alphalmager 2200 (Alpha Innotech Corp., USA).
Fragment sizes for each locus were evaluated using
standard size markers. All Cicer species were scored in a
binary matrix and analyzed using POPGENE version
1.32 (Yeh and Boyle 1997) and the UPGMA based
dendrogram was constructed using NTSYS-pc Version
2.1 (Rohlf 1994).

Sequence analysis of amplified fragments

Size variant alleles from different Cicer and legume
accessions were amplified and resolved on 6% PAGE gels.
The bands were eluted, cloned into pGEM-T Vector
(Promega) and transformed to DHS5a cells. After blue-
white selection, plasmids from putative recombinants were
isolated using the alkaline lysis method (Sambrook et al.
1989). Sequencing reactions were performed as above.
Four to six recombinants from each allele were sequenced
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and the sequences were aligned with the original chickpea
sequence using CLUSTAL W (1.83).

Results
Development of functional EST-SSR markers

ESTs from two sources were used for development of the
EST-SSR markers in this study. First, using the 1,309 EST
sequences reported in the NCBI database till January 2007,
representing approximately 0.76 Mb, 133 microsatellite
motifs were identified. Second, a cDNA library from
immature seed was constructed and used as a source of
EST-SSRs. From the 822 seed ESTs generated in-house,
159 EST-SSRs (19%) were identified that clustered into a
total of 99 consensus sequences possessing a total of 113
microsatellite motifs. Sequence analysis of the 246 SSR
motifs from the two sources (133 + 113) revealed that 207
(84.1%) were perfect repeats, 29 (11.7%) were imperfect
and ten (4.0%) were compound. The copy number of the
dinucleotide repeat motifs at the perfect loci varied from 5
to 17 and the trinucleotide motifs from 4 to 14. A diverse
range of SSR motifs was present which varied widely with
trinucleotide repeats (51.2%) being the most abundant
followed by di- (37.3%), tetra- (6.9%) and pentanucleotide
(4.4%) motifs. The most frequently occurring dinucleotide
motifs were GA followed by TA and GT, whereas among
trinucleotides AAG was predominant followed by ATT.

Using the flanking regions of 246 SSR motifs, 183
primers were designed of which 94 could be validated in
chickpea acc. Pusa362 and ICCV2. Of these, 34 primers
either did not amplify or produced anomalous-sized frag-
ments. Therefore, finally 60 functional EST-SSR markers
were developed (described in Table 2) of which 49 primer
pairs produced single expected sized alleles, whereas 11
primers amplified 2—4 alleles. Based on the BLASTX
analysis, putative functions could be assigned to majority
(65.0%) of the EST-SSRs that showed significant homol-
ogy to reported proteins, whereas 18.4% of them
represented unknown/hypothetical proteins and 16.6% to
novel sequences (Table 2).

Intra-specific diversity within chickpea revealed
by EST-SSR markers and sequence analysis

To elucidate intra-specific variability, 60 chickpea EST-SSR
primers (Table 2) were used to amplify the genomic DNA
from 30 chickpea accessions listed in Table la. Of these 60
markers, ten produced polymorphic amplification profiles in
the 30 accessions, amplifying a total of 29 alleles with a
maximum of five alleles with the primer pair CESSR73 in the
chickpea cultivars (Table 3). The observed heterozygosity
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Table 3 Number of alleles (V,), size range of amplified fragments,
observed (H,) and expected heterozygosity (Hg), Shannon’s
informative index (/) and fixation index (Fs) values calculated for 30
chickpea accessions at ten polymorphic EST-SSR loci

Locus N, Size range (bp) Ho Hg 1 Fis
CESSR23 2 399-402 0.00 0.44 0.63 0.08
CESSR42 3 295-303 0.00 0.59 0.94 1.00
CESSR43 2 386-390 0.00 0.43 0.62 1.00
CESSR47 4 539-650 0.60 0.66 1.20 1.00
CESSR61 3 254-262 0.00 0.57 0.92 1.00
CESSR62 3 243-295 0.46 0.66 1.06 0.28
CESSR71 2 295-301 0.00 0.44 0.62 1.00
CESSR72 3 342-348 0.00 0.59 0.95 1.00
CESSR73 5 359-445 0.60 0.76 147 0.19
CESSR77 2 173-176 0.00 0.50 0.68 1.00
Average 29 - 0.16 0.56 091 -
SD 099 - 0.2711 0.1110 0.28 -

values ranged from 0 to 0.6 and expected heterozygosity
ranged from 0.43 to 0.76 with an average of 0.56 (Table 3).

To assess the basis of length variation across chickpea,
homologous alleles amplified by primer pair CESSSR73
were cloned and sequenced (Fig. 1). Sequence comparisons
revealed the presence of a (CTT), compound repeat motif.
Allelic size variations were mainly due to the presence of an
additional repeat motif (CTT) in some of the cultivars
accompanied by single base insertions/deletions in the MFR
regions. Cultivar specific insertions were observed at posi-
tion 301 in ICCV?2 and deletions at 96, 102 in ICC15406 and
286 in ICC7676. In addition, isolated point mutations were
also observed in the MFRs such as at position 195 in
ICC7676 (Fig. 1). However, when similar sized alleles from
monomorphic loci such as CESSRDB13, CESSRDB27, and
CESSRDB44 were sequenced, even though point mutations

were observed at these loci, no variation in the copy number
of repeats was found (data not shown).

Cross-species transferability across Cicer

In order to assess the transferability rates of the chickpea
EST-SSR markers across related Cicer species, genomic
DNA from nine accessions belonging to five wild, annual
Cicer species (listed in “Materials and methods™) were
amplified with the same 60 EST-SSR primers used for
intra-specific analysis. The transferability rates of chickpea
EST-SSRs varied from a high of 96.6% in C. reticulatum to
a low of 68.3% in C. judaicum with an average of 82.6%
(Table 4). Forty-one markers (68.3%) amplified in all the
annual species, of which, 27 were polymorphic across the
wild Cicer species. Allelic data generated using the 60
EST-SSRs revealed a minimum of one and maximum of
nine alleles (CESSRDB47) with a total of 156 alleles at 60
loci leading to an average of 2.6 alleles per locus. Observed
heterozygosity (H,) ranged 0.15-0.83 with an average of
0.22 (Table 4). Of the 60 primer pairs, two (CESSRDB3
and CESSRDB5) amplified only in chickpea (and in no
other wild species) and were therefore specific to C. ari-
etinum. The EST-SSR markers also exhibited crossability
group-specific transferability. Among the first crossability
group members (C. arietinum, C. reticulatum, and C. ech-
inospermum), 55 markers (91.6%) were amplified and 24
markers produced polymorphic amplification profiles.
Similarly, 41 markers (58.8%) successfully amplified in all
the second crossability group members (C. bijugum,
C. judaicum, and C. pinnatifidum) and 23 primers detected
variation between the three species. Five markers (CESS-
RDB7, CESSRDB23, CESSRDB24, CESSRDB41, and
CESSR26) exhibited crossability-group-specific transfer-
ability to only first crossability group members.

Fig. 1 Partial sequence CESSR73
alignment of size variant alleles 111113333334444444444555555555566666666667777777777
amplified using primer pair 123456789012344567890123456789012345678901234567890123456789
. . >
CESSR73 across six chickpea
. EX151922 ICCV2 TCTTCTCCCATTCGAAACCTTCTTCTTATTCTTCTTCTTCTTCTTCTT---GTTGTTATA
accessions ( ’ PUSA362 TCTTCTCCCATTCGAAACCTTCTTCTTATTCTTCTTCTTCTTCTTCTTCTTGTTGTTATA
EU332161-EU332163, ICC1l5406 TCTTCTCCCATTCGAAACCTTCTTCTTATTCTTCTTCTTCTTCTTCTT-~-~-GTTGTTATA
EU332165, EU332166). The ICC283 TCTTCTCCCATTCGAAACCTTCTTCTTATTCTTCTTCTTCTTCTTCTTCTTGTTGTTATA
asterisks represent similar ICC791 TCTTCTCCCATTCGAAACCTTCTTCTTATTCTTCTTCTTCTTCTTCTTCTTGTTGTTATA
P ICC7676 TCTTCTCCCATTCGAAACCTTCTTCTTATTCTTCTTCTTCTTCTTCTTCTTGTTGTTATA
Se'quences anddash lndlcat.es EE RS S S S SRR E SRR EEEREEEEEEEEEEEEEEEE] * ok ok ok ok ok ok ok ok ok ok
alignment gaps. Repeat regions
are in boldface, primer-binding 1111111122222222222222222233333333333333333333333
sites are represented by arrows 888889999990000000966666666888899999900011144455555666666666
and characters in bold shaded 012344567890123456501234567678901234512367834556789012345678
boxes indicate point mutations 1CCV2 TATATGCGTTGAACTCAGCCCACGG-AGTCATTGGGCCGG-TGG-TAGGAACAGAAGATC  (363bp)
PUSA362 TATATGCGTTGAACTCAGCCCACGG-AGTCATTGG-C-GG-TGG-TAGGAACAGAAGATC (363bp)
ICC15406 TATATGC-TTGAA-TCAGCCCACGG-AGTCATTGG-C-GGGTGG-TAGGAACAGAAGATC  (359bp)
ICC283 TATATGCGTTGAACTCAGCCCACGG-AGTCATTGG-C-GG-TGG-TAGGAACAGAAGATC  (363bp)
ICC791 TATATGCGTTGAAGTGTGCCCTCCTTAGTCATTGG-C-GG-TGGGTAGGAACAGAAGATC  (365bp)
ICC7676 TATATGCGTTGAACTCAGACCACGGTA-TCATTGGGC-GGGTGGGTAGGAACAGAAGATC (367bp)

KhkkkkkKk Khkkkk Kk * Kk Kk K okkkKkKAK Kk KKk KkKk KAKKKAAKKARK KKK
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Sequence analysis of size variant alleles
from Cicer species

To investigate the basis of variation among size variant
alleles of six Cicer species, fragments amplified in various
annual species at the five loci, CESSRDB4, CESSRDBI10,
CESSRDB26, CESSRDB27 and CESSRDB34, were
cloned and sequenced. Multiple alignments of nucleotide
sequences from each locus were done and the results for
three loci (CESSRDB4, CESSRDB10 and CESSRDB26)
are shown in Fig. 2. Sequence comparisons at loci revealed
that even though there was overall sequence conservation
in the internal microsatellite structure and the primer-
binding sites, variations such as differences in the copy
number of repeat motifs and repeat interruptions accom-
panied by indels and point mutations in the microsatellite
flanking regions (MFR) frequently occurred, all of which
contributed to the allelic length variation (Fig. 2; Table 4).
For example, at the CESSRDBA4 locus, an addition of three
repeat motifs (48-56 bp) accompanied by mutations at
positions 26, 44 and 47 resulted in motifs specific for the
first and second crossability group members (Fig. 2a).
Similarly at the CESSRDB10 locus, a mutation (T — G) at
nucleotide position 50 and a TAG repeat expansion among
members of first crossability group were observed
(Fig. 2b). At the CESSRDB26 locus the second crossabil-
ity group alleles were much longer due to insertions in the
MEFR regions (Fig. 2c¢).

Another interesting feature revealed by sequence
comparisons was the crossability-group-specific point
mutations and indels. Point mutations (nucleotide positions
26, 44, 47 and 184 in CESSRDB4; positions 34, 45, 50,
115, 121, 143 and 164 in CESSRDBI10; positions 92, 145,
193, 205, 210, 219, 223, 224, 234, 252, 266, 267 and 275 in
CESSRDB26) and indels [12 bp (48-59) in CESSRDB4],
[9 bp (68-76) and 4 bp (106-109) in CESSRDB10] and
[14 bp (95-108), 1bp (161) and (5 bp (255-259) in
CESSRDB26] were highly crossability group specific.
Additionally in the flanking regions, there were species-
specific point mutations for example at position 103 in
C. arietinum and 198 in C. judaicum at CESSRDB4 locus
(Fig. 2).

Phylogenetic analysis

The allelic data obtained from the 60 chickpea EST-SSR
markers were used to visualize the genetic relationships
among the 30 chickpea accessions and the six annual Cicer
species. After scoring and computing the allelic data, a
dendrogram was constructed that clearly separated the
members of the first and second crossability groups into
clusters I and II (Fig. 3). Cluster I corresponded with the
first crossability group members grouping all chickpea
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accessions into Cluster IA and the C. reticulatum and
C. echinospermum into Cluster IB. The ClusterIA clearly
distinguished all the chickpea accessions except ICC15518
and ICC8195; however, no correlation between the clus-
tering pattern and geographical location was obtained.
Cluster II represented the second crossability group species
with C. judaicum and C. pinnatifidum being closely placed
together.

Cross-genera transferability and sequence variation
of chickpea EST-SSRs across legumes

Thirty-four of the chickpea functional markers were also
utilized to assess their cross-genera transferability across
32 accessions spanning eight legume genera (ESM S1).
This analysis revealed varied levels of marker transfer-
ability across legumes ranging from 29.4% in P. mungo,
35.2% in P. sativum, 41.1% in G. max and T. alexandri-
num, 47.0% in L. esculenta, 50.0% in C. cajan and 61.7%
in M. truncatula with an average of 43.6%. Eight markers
(23.5%) amplified in all the legume genera though all the
accessions of each species were not amplified. Twenty-five
markers (74%) amplified in at least one legume species
other than chickpea, whereas nine primers (26%) amplified
only in the chickpea accessions and no other legume
indicating the uniqueness of these loci to the chickpea
genome. Twelve markers produced polymorphic amplifi-
cation profiles across legumes even though intra-specific
polymorphism was not observed.

Different sized alleles amplified at various loci across
legumes were cloned and sequenced. For example,
sequence analysis at CESSRDB56 (Fig. 4) demonstrated
that although the same-sized alleles had high sequence
conservation, variable alleles such as the 228 bp allele in
Trifolium revealed polymorphism that was due to both
differences of repeat motifs as well as variability of the
flanking sequences marked by indels/point mutations. A
similar observation was also noted at locus CESSRDB39
amplifying multiple alleles (data not shown).

Discussion

This study reports for the first time, development of a large
number of EST-SSR markers in chickpea and assesses their
transferability across a wide-spectrum of related species
and genera, thereby establishing that the chickpea EST-
SSR markers are a valuable genetic resource for investi-
gating species relationships and comparative mapping in
legumes. The easiest way to develop genic markers is by
screening of EST sequences for the presence of
hypervariable SSR motifs. In the publicly available EST
database of legumes (Fabaceae) nearly 1 million EST
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Fig. 2 Partial sequence (A) CESSRDB4
alignment of size variant alleles
amplified using (a) CESSRDB4 111111111122222222223333333333444444444455555555556
primer across six annual Cicer 123456789012345678901234567890123456789012345678901234567890
species (EF595573-EF595577) ) .
. C.ari GAAGAGGTAGCGGAGGAGGTCGTGGTGGTGGTCGTGGTGGTGGCCGTGGTGGTGGTCGAG
(b) CESSRDBIO primer across C.ret  GAAGAGGTAGCGGAGGAGGTCGTGGTGGTGGTCGTGETCETGGCCGTGETEETGETCGAG
six annual Cicer species C.ech GAAGAGGTAGCGGAGGAGGTCGTGGTGGTGGTCGTGGTGGTGGCCGTGGTGGTGGTCGAG
(EF595578-EF595582) and (c) C.bij GAAGAGGTAGCGGAGGAGGTCGTGGCGGTGGTCGTGETGGTGGTCGA- ———————————
CESSRDB26 primer across six C.jud  GAAGAGGTAGCGGAGGAGGTCGTGGCGGTGGTCGTGGTGETGGTCGA-———————————
annual Cicer species C.pin  GAAGAGGTAGCGGAGGAGGTCGTGGCGGTGGTCGTGGTGETGGTCGA -~ ——————————
ERE R R R R R R R R R R R R R R R dAhkkhkhkkkhkhkkhkhkhkk Kk khkkxk * %
(EF595583-EF595587). The
repeat motifs are represented as 1111111111111111111111111111111111111111222222222222222222
bold letters, arrows represent 990000000000111111111128888888889999999999000066666666677777
primer-binding sites, 890123456789012345678901234567890123456789012312345678901234
— Indicates alignment gaps and C.ari GGAGAGGTATCATGCAGAGGCCAAGGAGGCATTGTGATGGATGGCCAAAACTGTTGCTTG (274bp)
* represents similar sequences C.ret GGAGAAGTATCATGCAGAGGCCAAGGAGGCATTGTGATGGATGGCCAAAACTGTTGCTTG (274bp)
> : C.ech GGAGAAGTATCATGCAGAGGCCAAGGAGGCATTGTGATGGATGGCCAAAACTGTTGCTTG (274bp)
Characters in bold shaded boxes C.bij GGAGAAGTATCATGCAGAGGCCAAGGGGGCATTGTGATGGATGGCCAAAACTGTTGCTTG (262bp)
indicate base substitutions and C.jud GGAGAAGTATCATGCAGAGGCCAAGGGGGCATTGTGATGGCTGGCCAAAACTGTTGCTTG (262bp)
group specific mutations are C.pin GGAGAAGTATCATGCAGAGGCCAAGGGGGCATTGTGATGGATGGCCAAAACTGTTGCTTG (262bp)
demarcated by grey Khhhkkhkhk Khkhkhkhkhkhkhhkhkdhkhkhkhkhhhkhhkdk *hhkhhhkhhhkhkhkhkhdx *,hkhhhhkhrkhrhhhkhkhhrhkxxx
background. C.ari
(C. arietinum), C.ret (B) CESSRDB10
(C. reticulatum), C.ech
(C. echinospermum), C.bij 123333344444555555555566666666667777777777888888888
(C. bijugum), C.jud 123456789034567856789012345678901234567890123456789012345678
(C. judaicum), C.pin _—
(C. pinnatifidum) C.ari CCCTTAATCATGTT-ATCTAAGAATAATAATAATAATAATAATAGTAGTAGTACCATATA
C.ret CCCTTAATCATGTT-GTCTAAGAATAATAATAATAATAATAGTAGTAGTAGTACCATATA
C.ech CCCTTAATCATGTT-GTCTAAGAATAATAATAATAATAATAGTAGTAGTAGTACCATATA
C.bij CCCTTAATCAACTT-GCCTAATAATAATAATAA- - ————————————— TAGTACCATATA
C.jud CCCTTAATCAACTT-GCCTAATAATAATAATAATAA- ——————————— TAGTACCATATA
C.pin CCCTTAATCATCTTTGCCTAATAATAATAATAATAATAA - ————————————————————
Ak Kk kkkkkkk*k * % * k Kk Kk Ak kkkkhkhkkkk*k
111111111111111111111111111112111111111111111111111111
899999000011111111112222222222333333333344444446888888888999
902345678901234567890123456789012345678901234564678901234567
C.ari ATCAAC----TACTGTTCCCTGTTGGAGGTTTTGTCCTCCTTTTTTTGTGGTTTGGATAA (192bp)
C.ret ATCAAC----TACTGTTCCCTGTTGGAG-TTTTGTCCTC-TTTTTTTGTGGTTTGGATAA (190bp)
C.ech ATCAAC----TACTGTTCCCTGTTGGAG-TTTTGTCCTC-TTTTTTTGTGGTTTGGATAA (190bp)
C.bij ATAAGCAATCTACTGCTCCCTATTGGAG-TTTTGTCCTC-TTTGTTTATGGTTTGGATAA (179bp)
C.jud ATCAGCAATCTACTGCTCCCTATTGGAG-TTTTGTCCTC-TTTGTTTATGGTTTGGATAA (182bp)
C.pin -TAAACAATCTACTGCTCCCTATTGGAG-TTTTGTCCTC-TTTGTTTATGGTTTGGATAA (173bp)
S Kkhkhkkhkk khhkkkk Khhkkhkkhkkhkk *Ahkhkhkhkkhkkhkhkkkx *hkk Khkhkk *hkkhkkhkkkkkkk
© CESSRDB26
111111111111111111112112111211112111111
111699999990000000000012222233333333334444444455666
123456789012923456789012345678905678901234567890123456789012
R
C.ari GGTGCATTCTCTAAAA--——-—-——————— GCGTACTATAC-——-——-—- TGTTAATACACG
c.ret GGTGCATTCTCTTAAA--———-—————————— GCGTACTATAT-----——- TGTTAATACACG
C.ech GGTGCATTCTCTTAAA--——-—-——————— GCGTACTATAT-—-—-—-- TGTTAATACACG
C.bij GGTGCATTCTCTTCAAATCATGAATTTCAAGCGTTTCAAGCAAATGCATGTTCATACA-G
C.jud GGTGCATTCTCTTCAAATCATGAATTTCAAGCGTACTATAT--————— TGTTCATACA-G
C.pin GGTGCATTCTCTTCAAATCATGAATTTCAAGCGTACTATAT-——-——— TGTTCATA---G
*hkkhkkkkkkkkkk * % * k k Kk * * * k k% * % % *
122222222222222222222222222222222222222222222222222227222222
900000000112222222222333334444444444555555555566666779999999
303456789090123456789012340123456789012345678906783453456789
C.ari TGGTGGTGTAATACGGAAAGAAAGTTAGGTGTGTGTGTTGA -~ ACGACATATTTGCA (273bp)
C.ret TGGTGGTGTAATACGGAAAGAAAGTTAGGTGTTTGTGTTGA- -~ ACGATATATTTGCA (273bp)
C.ech TGGTGGTGTAATACGGAAA--AAGTTGGGTGTTTGTGTTGA -~ ACGACATATTTGCA (271bp)
C.bij GGGTCGTGTTCTACATAAAGAAAGTCAGGTGTTTGTGTCGAGTAGAATTATAGATTTGCA (298bp)
C.jud GAGTCGTGTTCTACATAAAGAAAGTCAGGTGTTTGTGTCGAGTCGAATTATAGATTTGCA (291bp)
C.pin GGGTCGTGTTCTACATAAAGAAAGTCAGGTGTTTGTGTCGAGTCGAATTATAGATTTGCA (289bp)

Kk Kok ok ok * Kk Kk * kK * ok k oKk Kkkkk KkkkKk Kk * * ok kkkkokokk
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Fig. 3 UPGMA based
dendrogram of thirty chickpea
accessions and five annual Cicer
species was obtained using 60
functional EST-SSR markers
and Jaccard’s coefficient. Name
of cultivars, species and source
country are mentioned
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Fig. 4 Multiple sequence
alignment of alleles amplified
from chickpea and two legumes
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Coefficient

C.ari TGTCTGGAACAACAAGTGAGTATAATTTGAATGGACAA---TCTGAGTGTTCTGAACAGA
namely M. truncatula (M.tru) M. tru TGTCTGGAACAACAAGTGAGTATAATTTGAATGGACAA- -~ TCTGAGTGTTCTGAACAGA
and T. alexandrinum (T.ale) at T.ale TGTCTGGAACAACAAGTGAGTATAATTTGAATGGACAACAATCTGAGTGTTCTGAACAGA
CESSRDB356 locus (EF621420 Kkohkkkhkkkhkkhhkkhhkkhhkkkhkkkhkkhkkhkkxkkxk* Kk kkkkkkkkkkkkkkkk*
and EF595632). These primers C.ari CAACATCAACAGAAGGACCTGTTTTGGAAGAGTTTATTCCAATTAAGAAAAGGGCTTCAC
also amplified alleles from M.tru CAACATCAACAGAAGGACCTGTTTTGGAAGAGTTTATTCCAATTAAGAAAAGGGCTTCAC
legumes which were of the same T.ale CAACATCAACAGATGGACCTGTTTTGGAAGAGTTTATTCCAATTAAGAAAAGGGCTTCAC

. . K*hkkhkhkkhkkkhkkkk*k PR RS S S S E SRS S SRR SRR SRS EEEEEEEEEEEEEEEEEEEEEE S
size as chickpea and also shared
high sequence homology, hence C.ari CTTATTGTGAACAAGTGTATGATGATGATGA - - - ~-AAAGAAGATGATGAACAGC-TTCTC
are not shown. Only the size M.tru CTTATTGTGAACAAGTGTATGATGATGATGA - - - —-AAAGAAGATGATGAACAGC-TTCTC
variants are shown. The T.ale CTTATTGTGAACAAGTTTATGATGATGAGGATGGTGATGAAGATGATGAACAACATTCTC
asterlsksrepresent Slmilar *hkkhkhkkhhkkhkkkhkkkkkkk * ok kkkkkkkkk * % * khkhkkhkkkhkkkhkkkkkx*k * * ok Kk k k
sequences, dash indicates
alignment gaps. Repeat regions C.ari ATCATAAGCAGCAAAAGATTTCATCAAATGATAATAATAAGAACAGTGATAAGAGGAAAT
are in boldface, primer-bindin M.tru ATCATAAGCAGCAAAAGATTTCATCAAATGATAATAATAAGAACAGTGATAAGAGGAAAT
. P g T.ale ATCATAAACAACAAAAGATTTCA-———ATG-———————————————— GATAAGAGGAAAT
Sltes arerepresentedby * ok ok ok ok ok %k * % Kk hkkkkkkkkkk * % % Kk hkhkkkhkkkkkkkkk
underlined letters and
characters in bold shaded boxes
indicate point mutations C.ari CTGATTGGC (247bp)
M. tru CTGATTGGC (247bp)
T.ale CTGATTGGC (228bp)

R

sequences are available, of which over 92% represent ESTs
derived from M. truncatula, L. japonicus and G. max
(Ramirez et al. 2005). For chickpea, only about 1,300 ESTs
were publicly available (upto January 2007). Hence, our
study utilized this resource for developing EST-SSR
markers. Moreover, since only a limited number of ESTs
were available, our study also undertook to generating new
EST sequences and using them for the development of a
novel set of functional markers. These markers will not

@ Springer

only be a significant addition to the limited set of SSR
markers available in chickpea, but will have the added
advantage of marker-trait associations.

From the publicly available database and in-house
ESTs, a total of 246 SSRs were identified which repre-
sented 11.5% of the screened ESTs. This SSR frequency
was comparable with those obtained in citrus (10.6%, Chen
et al. 2006), pepper (10.7%, Yi et al. 2006) and in other
dicot species (Kumpatia and Mukhopadhyay 2005).
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However, Kantety et al. 2002 obtained comparatively
lower frequency of EST-SSRs ranging from 1.5 to 4.7% in
monocots. The abundance of SSRs mined from a sequence
database depends on the SSR search criteria, the size of the
dataset and the database mining tools (Varshney et al.
2005a). On applying stringent SSR criteria with a mini-
mum of 20 bp, about 5% of ESTs have been shown to
contain SSRs in plants (Varshney et al. 2005a) whereas the
same when applied to this set of chickpea EST sequences,
only 3.1% sequences contained SSRs. The abundance of
trinucleotide motifs in the chickpea coding sequences
(51.2%) was in close agreement with observations in
monocot and dicot plants (Kantety et al. 2002; Tian et al.
2004; Yi et al. 2006) establishing the need of the coding
regions to maintain the reading frame (Varshney et al.
2002; Li et al. 2004). The predominance of GA motifs
among dinucleotides in the chickpea ESTs was similar to
reports in cereals (Varshney et al. 2002) and dicots like
Medicago, soybean and Arabidopsis (Tian et al. 2004).
Similarly among trinucleotides, the abundance of AAG
motifs in chickpea was quite consistent with the findings of
Li et al. (2004) and Kumpatia and Mukhopadhyay (2005).
However, earlier studies on chickpea microsatellites have
reported the (TAA), motif to be most abundant (Udupa
et al. 1999). Moreover, it was observed that even though
the EST-microsatellites contained less number of repeat
motifs than the genomic microsatellites (gSSRs) reported
earlier (Sethy et al. 2006a), they proved to be highly
informative in the genetic diversity and cross-species
transferability studies (Scott et al. 2000; Thiel et al. 2003).

Chickpea has been shown to exhibit overall low levels
of polymorphism with the various molecular markers
analyzed so far and this has been attributed to its self-
pollinating nature as well its recent worldwide dispersal
(Udupa et al. 1999). In this study also, the EST-SSR
markers displayed a low level of polymorphism (16%)
within chickpea accessions in comparison to earlier reports
of 40-60% polymorphism detected by gSSRs (Sethy et al.
2006a; Lichtenzveig et al. 2005). This observation is
noteworthy as SSRs located in the coding regions are under
strong selection pressure and therefore accumulate few
mutations (Varshney et al. 2005a; Li et al. 2004). However,
despite the lower polymorphism, the genic-SSRs are pref-
erable over gSSRs as these are associated with the coding
regions of the genome and therefore represent “true genetic
diversity” that would directly assist in “perfect” marker-
trait associations (Eujayl et al. 2002; Thiel et al. 2003).
Other species such as rice (Cho et al. 2000), sugarcane
(Cordeiro et al. 2001) and wheat (Gupta et al. 2003), have
also revealed similarly low levels of polymorphism using
EST-SSRs compared to genomic SSR markers.

In contrast to the low levels of intra-specific polymor-
phism with EST-SSRs, the inter-specific polymorphism was

significantly higher in the wild relatives of chickpea. Wild
genepool is extremely valuable in inter-specific hybridiza-
tion programs since they serve as sources of resistance/
tolerance to many stresses. Our study with EST-SSR
markers will potentially facilitate the transfer of traits of
agronomic value into cultivated chickpea thereby leading to
the broadening of the narrow genetic base and development
of superior genotypes of chickpea. The dendrogram obtained
with the EST-SSR markers clearly showed the closeness of
C. judaicum with C. pinnatifidum (Fig. 3) which was in
agreement with the earlier protein based (Tayyar and Waines
1996) and EST-based studies (Buhariwalla et al. 2005),
whereas using DNA-based marker systems like AFLP (Shan
et al. 2005) and STMS markers (Sethy et al. 2006b) the
closeness of C. pinnatifidum with C. bijugum has been
reported. The resemblances of the dendrograms based on
protein markers with genic markers suggest that coding
sequences of C. judaicum and C. pinnatifidum may have
followed a common evolutionary pathway.

The chickpea EST-SSRs developed in this study
revealed much higher rates of transferability (mean 82.6%)
across wild annuals than the chickpea-derived gSSRs
(68%; Choumane et al. 2000). Higher inter-specific trans-
ferability was in accordance with other studies (Scott et al.
2000; Eujayl et al. 2004; Zhang et al. 2005), establishing
that functional markers were more transferable and there-
fore more useful than gSSR markers with the added
potential of being used in allele-mining for identification of
useful agronomic traits. It was also observed that the mean
transferability rates across the primary and secondary
crossability groups were an average of 96.0 and 74.9%,
respectively. This difference could be explained on the
basis of an earlier study of Decroocq et al. (2003), which
said that the level of sequence conservation of microsat-
ellite loci is inversely proportional to the genetic distance.
Similar observations have been made in other species such
as wheat (McLauchlan et al. 2001) and sugarcane
(Cordeiro et al. 2001) where the genic markers displayed
low level of polymorphism in cultivated accessions com-
pared to other members of the genus thereby directing the
breeders to look into the related species for introgression of
novel genetic material into the germplasm.

Results from the sequencing data also provided evidence
for limited sequence variability within the chickpea alleles
in comparison to much higher levels of variation across the
orthologous alleles from annual species. Sequence com-
parisons of size variant microsatellite alleles within
chickpea accessions illustrated approx. 95% overall
sequence conservation with few indels in the repeat as well
as the MFR region (Fig. 1) suggesting the presence of
evolutionary constraints within transcribed regions that
limit the mutational events and increase sequence simi-
larity. However, sequence comparison of microsatellite
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alleles from various Cicer species revealed a wide range of
length and sequence variability both in terms of band size
and allele number. Similar results have also been obtained
by Buhariwalla et al. 2005 thereby establishing that EST
based microsatellite markers of chickpea were not only
efficient for marker-assisted introgression programs using
wild germplasm but also reliable for synteny studies within
the genus Cicer. Sequence variations occurred both at the
repeat motifs and in the flanking regions and were inter-
estingly found to be crossability-group-specific and
therefore highly phylogenetically informative that could
help in understanding the evolution of microsatellites in a
phylogenetic context since it has been shown that such
events at the genic loci might play an important role in
speciation or gene functionality diversification during the
evolutionary process.

Earlier studies have provided evidence, which shows
that microsatellites undergo expansion during the course of
evolution (Zhu et al. 2000; Peakall et al. 1998). In our
study, there was an expansion of the GGT motif at the
locus CESSRDB4 (Fig. 2a), resulting in the presence of
three additional repeats in members of the first crossability
group. At the locus CESSRDBI10, expansion of the TAA
motif was accompanied by the birth of a new TAG motif
(via a A —» G mutation) which later expanded in the
members of the first crossability group. Such A — G
transition was also observed by Messier et al. (1996) in owl
monkey. It has been speculated that base substitution
allows the birth of new motifs that subsequently expand by
replication slippage (Gordon 1997). Recently, the role of
microsatellite expansion/deletion in terms of gene regula-
tion is being investigated well in mammals as well as in
plants (Li et al. 2004). The presence of SNPs in the
sequence of similar sized alleles from different chickpea
cultivars apparently indicated the limitation of scoring the
accessions simply based on the amplicon size on gel. Also,
this clearly highlights the prospects of SNP mapping in
chickpea as these represent the most fundamental source of
variation for molecular marker development.

In our study it was observed that the microsatellite motifs
were long but punctuated by imperfections which are most
often regarded as an effective mechanism for prevention of
infinite growth of microsatellites (Kruglyak et al. 1998;
Palsboll et al. 1999). At the CESSRDB4 and CESSRDB10
loci, base substitutions at positions 44 and 50, respectively,
in the first crossability group members implied that such
interruptions may have a dramatic impact in the long-term
evolution of the microsatellite sequence. On the other hand,
the phenomenon of microsatellite purification (loss of
interruptions), a mechanism counteracting the accumulation
of imperfections is also known to occur (Harr et al. 2000).
This was observed at locus CESSRDB26 (Fig. 2¢) where all
species, except C. arietinum, harbor “T” at position 246
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indicating that T represents the ancestral character state. The
occurrence of longer motifs in the focal species in compar-
ison to the related species may also be explained by the
hypothesis of ascertainment bias (Ellegren et al. 1997,
Peakall etal. 1998; Vigouroux et al. 2002) which in our study
was demonstrated by sequence comparisons at the CESS-
RDB4 and CESSRDBIO0 loci (Fig. 2a, b). The cross-
transferability of chickpea EST-SSR markers across legume
species was high (mean 43.6%) clearly depicting the con-
servation of primer-binding sites in genomic DNA over a
long evolutionary period. The usefulness of EST-SSR
markers over genomic SSRs for transferability across distant
relatives has been established in species such as Medicago
(Gutierrez et al. 2005), wheat (Gupta et al. 2003), barley
(Thiel et al. 2003) and grapes (Scott et al. 2000). However in
chickpea, no extensive study of cross-genera transferability
of genomic SSRs was available, except for a small study by
Pandian et al. (2000), the transferability rates across distant
species of genomic versus EST-SSRs could not be com-
pared. Our study showed that the highest rate of
transferability of the chickpea EST-SSR markers was to
Medicago (61.7%), whereas an earlier study by Gutierrez
et al. (2005) showed significant, yet lower levels of trans-
ferability of the Medicago markers to chickpea (36.3%). The
difference in the rates of transferability could be attributed to
the choice of loci and the overall number of markers ana-
lyzed. Our study also demonstrated that the rate of
transferability decreases from within the genus Cicer
(82.6%) to outside the genus (43.6%) which was in agree-
ment with earlier reports in cereals (Thiel et al. 2003; Gupta
et al. 2003), grapes and apricot (Decroocq et al. 2003) and
Medicago (Gutierrez et al. 2005) suggesting that amplifica-
tion decreases with increasing evolutionary distance from
focal species. Overall, the chickpea markers transferred very
efficiently to some members of the galegoid legumes (such
as Medicago and Trifolium) as compared to the phaseoloid
legumes (such as P. mungo). However, Pisum and Cajanus
were exceptions to this. The variable marker transferability
rate obtained across different legume genera indicated the
occurrence of genus-specific evolutionary events.

In conclusion, our study was the first attempt at charac-
terization of a large number of SSRs from the coding regions
of the chickpea genome. This study not only contributed to
strengthening the chickpea EST database but also provided
the first set of functional SSR markers for evaluating the
chickpea germplasm and molecular mapping. In this study, it
was established that the chickpea EST-SSRs were highly
transferable across a number of distantly related species
thereby providing ample opportunity for mining of superior
alleles and development of candidate gene markers for use in
gene introgression programs and comparative genomics in
legumes. Further, our study also provided the molecular
evidence for understanding the basis of allelic variation
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within and across species, which demonstrated the presence
of complex mutational processes, highlighting the evolution
of microsatellites in a phylogenetic context within the genus
Cicer.
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