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Abstract Fifty sequence-tagged microsatellite site
(STMS) markers and a resistant gene-analog (RGA) lo-
cus were integrated into a chickpea (Cicer arietinum L.,
2n = 2x = 16 chromosomes) genetic map that was previ-
ously constructed using 142 Fc-derived recombinant in-
bred lines (RILs) from a cross of C. arietinum x Cicer
reticulatum Lad. The map covers 1,174.5 cM with an av-
erage distance of 7.0 cM between markers in nine link-
age groups (LGs). Nine markers including the RGA
showed distorted segregation (P < 0.05). The majority of
the newly integrated markers were mapped to marker-
dense regions of the LGs. Six co-dominant STMS mark-
ers were integrated into two previously reported major
quantitative trait loci (QTLs) conferring resistance to As-
cochyta blight caused by Ascochyta rabiei (Pass.) Labr.
Using common STMS markers as anchors, three maps
developed from different mapping populations were
joined, and genes for resistance to Ascochyta blight, Fu-
sarium wilt (caused by Fusarium oxysporum Schlech-
tend.: Fr. f. sp. ciceris), and for agronomically important
traits were located on the combined linkage map. The in-
tegration of co-dominant STMS markers improves the
map of chickpea and makes it possible to consider addi-
tional fine mapping of the genome and also map-based
cloning of important disease resistance genes.
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Introduction

Genetic maps are powerful tools for studies of evolution,
germplasm improvement, inheritance of important traits,
marker-assisted selection (MAS) and positional cloning
of agriculturally important genes. In an ideal map, differ-
ent types of informative markers are spaced throughout
the genome and newly integrated markers show linkage
to existing markers (Paterson 1996). The localization of
agronomically important genes along with those markers
maximizes the potential for MAS using flanking mark-
ers. When they are closely linked to the important genes,
polymerase chain reaction (PCR)-based markers can fa-
cilitate screening large populations in a breeding pro-
gram for genes of interest. If the markers are co-domi-
nant they can be more effectively used in early genera-
tion selection because they allow the determination of
desirable alleles either in a homozygous or heterozygous
state.

Several skeletal genetic linkage maps have been con-
structed for chickpea (Cicer arietinum L., 2n = 2x = 16
chromosomes) using morphological, isozyme (Gaur and
Slinkard 1990; Kazan et al. 1993), restriction fragment
length polymorphism (RFLP) and random amplified
polymorphic DNA (RAPD) (Simon and Muehlbauer
1997), sequence tagged microsatellite sites (STMS), am-
plified fragment length polymorphism (AFLP) and DNA
amplification fingerprint (DAF) (Winter et al. 1999).
Winter et al. (2000) mapped the genes for resistance to
Fusarium wilt races 4 and 5 on LG 2 using a RIL popula-
tion derived from a cross between ICC-4958 (Cicer ari-
etinum) and Pl 498777 (Cicer reticulatum Lad.). Be-
cause of the almost complete lack of common markers
between these maps, map integration has not been possi-
ble and information from these maps has had limited use.

A recent linkage map of chickpea was developed us-
ing RILs of an interspecific cross between FLIP 84-92C
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tween markers.

Many of the markers on the map of Santra et al.
(2000) are not polymorphic between cultivated chickpea
lines (Tekeoglu and Santra, unpublished), and their use
for MAS is therefore limited. Markers that are polymor-
phic within cultivated chickpea are needed for MAS. In
addition, the number of markers in the QTL regions for
Ascochyta blight resistance needs to be increased, which
should also reduce the distance between flanking mark-

ers and improve the resolution of the QTLs. The objec-
tives of this study were: (1) to increase the marker densi-
ty of the existing chickpea map by integrating STMS
markers; (2) to identify STMS markers located in the vi-
cinity of QTLs conferring Ascochyta blight resistance;
and (3) to identify common LGs between this map and
previously published genetic maps of chickpea.



B VI Vi1 VIII

| H— Taze
P | 76— 43| ubc402
20— \;‘;‘ 4t ube3tod 1 Gaasr*
51—
3.0-JIT ubcs42b 16.2—
78— N\ cs24d 23.3—|
- pgat T~ ubcssas®
73— 1.4—
14— icsSZb T ubc73ad" 1 "
1 cs52a ubc733|
55/ % cs52d . 10.9—
11.5—|] ‘ ubc744c 11— ubci8la
H— Gas
10.4— -H— ubc285d 18.4—
H— ubcss2 17.0— 1.
v
20.7— 41— ubc682e
10.3—
H— ubc218b T ubc521c
102- 17.0—
1 est2 1
9.0—| 39 Taze # n
- ubc3ts g | .
| i | .
78— fa/-_ N\ Ta180 ubc518b
0 8—— [~ ubces2a* 1‘1 /—‘t \ Ta7s 4
: y ubc743 4
H- ubesssp 8 S AR uboszs
6.4— 4. \ Tads
3.4/—; N }:_b‘f’i“ 13.9— H— cs39c
14790 12 ’
11.3—
1.1/ \T‘z"’ 1 ubcasse
109 | \uxf’a 93— 15—~ lap1
ubeira 0.4 ubc712b Ta42
ubc712a 14.4—
207 15.7—
-Tt— ubc285a
H— Tris 8 3_‘ — ubc719¢ -
16.6— 1.8—J— ubc423c
bco0a
ss—|| Y
“’ Tat4 T ubc23sdt

Fig. 1A, B (continued)

849

ubc721b
/ubc13
/ Ta72s
ubc836b
/ Ta2 ubc402
Ts54
é ) \Gaa47
Ta146 —
§d34 ubc88db
enp2 [~ ubc733b
'\ Ga2
'\cs“' \ubc181a
ubc65
\ ubc77d P
667 0.0 17.18 0.0
30 30
LoD LoD
Linkage Group IV Linkage Group VIII

Fig. 2 QTLs for Ascochyta blight resistance located on LGs IV
and VIII of the Cicer genome

either 2% agarose gels or on 6% denaturing polyacrylamide gels.
Agarose gels were stained with ethidium bromide and polyacryla-
mide gels were stained using a commercially available silver-stain
protocol (Promega #Q4132). Since STMS markers are locus spe-
cific, a single band from each primer pair was visualized and
scored for each parent and RIL on the gels. RILs showing both pa-
rental bands were considered heterozygous for that locus and, for
data analysis purposes, were treated as missing data.

Segregation of marker loci was tested for a fit to the expected
Mendelian ratio of 1:1 using the %2 test (P > 0.05). Linkage analy-
sis was performed using Mapmaker/Exp 3.0 (Lander et al. 1987).
LGs were established at a constant LOD score of 4.0 and a recom-
bination value of 0.25 by two-point analysis using the “group”
command. Once STMS markers were assigned to previously re-
ported LGs, the markers were then integrated into that group by
applying the multipoint analysis “try” function. The most-likely
order of loci within a group was determined using the multipoint
“compare” command and these orders were verified using the
“ripple” command. The Kosambi mapping function was used to
determine cM distances between markers (Kosambi 1994). Dou-
ble-crossovers were checked by the “double-crossover” command
in Map Manager QTb (version 2.8) (Manly 1998).

Materials and methods

A population of 217 recombinant inbred lines (RILs) were derived
by single-seed descent from a single F, plant of FLIP 84-92C x PI
599072 (Tekeoglu et al. 2000). One hundred and forty two RILs
were randomly chosen from this population by Santra et al. (2000)
and used to construct the existing chickpea genetic map that con-
tains QTLs for Ascochyta blight resistance. The same 142 RILs
were used in this study to integrate one resistant gene analog
(RGA) and 50 STMS markers into the map. STMS primers were
obtained from Gibco BRL Life Tech., Genosys Biotech. Inc. and
Integrated DNA Tech., USA, and the RGA was obtained from
Gibco BRL Life Tech., USA. DNA was extracted from F,-derived
F; plants of each RIL according to the method described in Simon
and Muehlbauer (1997). Sixty five primer pairs of STMS markers
were chosen to represent all LGs in previously reported STMS
maps of chickpea (Winter et al. 1999, 2000). The PCR procedures
and the primer names and sequences for STMS markers have been
described in Huttel et al. (1999) and Winter et al. (1999). Ten
RGA primer pairs were used in the initial parental screening to de-
tect polymorphism between parents. The PCR procedure and the
names and sequences for RGA primers were described by Chen et
al. (1998).

All amplifications were conducted using Perkin Elmer 9600
and 9700 thermocyclers. PCR products were electrophoresed on

Results
Integration of markers into the chickpea genetic map

With the integration of STMS markers, the current
chickpea genetic map comprises 167 markers covering
1,174.5 cM with an average distance of 7.0 cM between
markers. Forty three STMS markers and a RGA locus
were incorporated into nine LGs of the previously con-
structed chickpea genetic map, but six STMS markers
remained unlinked (Fig. 1). Most of the markers were
located on previously larger LGs. For example, only one
STMS marker was mapped to each of LGs VIII and IX
to bring the number of markers in those groups to 6 and
5, respectively (Table 1). On the other hand, 11 STMS
markers were mapped to LG V along with 23 previously
mapped markers.

Of the 65 STMS primer pairs we used, nine gave no
amplification and six were monomorphic. Segregation
was distorted (P < 0.05) for seven STMS markers; six in
favor of C. reticulatum and one in favor of the cultivated
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Fig. 3A-C Comparison of the genetic map derived from FLIP
84-92C x C. reticulatum (PI 599072) (middle) with genetic maps
of ICCV-2 x JG-62 (Cho et al., in press) (left) and ICC-4958 x C.
reticulatum (P1 489777) (Winter et al. 2000) (right). Correspond-
ing markers in the different crosses are connected by solid lines.
tDouble podding gene. § Resistance genes for Fusarium wilt rac-
es4 and 5

C. arietinum parent. All distorted markers were integrat-
ed into the map and they were located in LGs that had
other distorted loci (Fig. 1).

Out of ten RGA primer pairs, one pair amplified sev-
eral bands, but only one band was polymorphic between
parents and segregated in the progeny. This primer pair
was designed based on the leucine-rich repeat region of
the Xa21 resistance gene in rice (Chen et al. 1998). The
RGA was mapped to LG III and showed distorted segre-
gation in favor of the wild parent. This LG had the larg-
est number of distorted loci (13 out of 19) throughout the
map. LG VIII had six loci, four of which had distorted
segregation ratios.

The amount of distortion for STMS markers was
14%; however, 19% of all loci on the map were distort-
ed. The distorted loci appeared to be clustered in certain
LGs rather than certain regions of each LG. Also, clus-
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ters of marker-rich regions were obvious on each LG ex-
cept VII and IX.

Although only one STMS marker was linked to
QTL-1 for blight resistance on LG VII, five STMS
markers were mapped within QTL-2 located on LG IV
(Fig. 2). Based on the addition of STMS markers, the
QTLs for Ascochyta blight resistance could be defined
more fully, providing co-dominant markers in those crit-
ical regions.

Table 1 Distribution of mark-

ers and the estimated lengths ;gﬁ;ge M Markers

g(f);’}fr?;: iﬁ;“ﬁ%ﬁgg;’;@;ﬁ;;‘ Isozyme RAPD  ISSR STMS  Otherr  Total

map
1 145.6 1 9 4 4 18
2 146.4 11 3 6 20
3 99.0 1 12 2 3 1 19
4 75.0 2 5 1 5 13
5 226.5 1 17 5 11 34
6 183.1 3 14 1 7 25
7 188.1 15 6 21
8 61.2 3 1 1 1 6
9 49.6 1 3 1 5

aQther includes a resistant Unlinked 2 22 4 6 34

gene analog and morphological ) 1,174.5 11 111 21 50 2 195

marker
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Fig. 3A-C (continued)

Comparison of the genetic maps of chickpea

Seven LGs were consistent between our map and the
linkage maps reported by Winter et al. (2000) and Cho et
al. (in press). The map of Winter et al. (2000) was devel-
oped using a population of RILs derived from an inter-
specific cross and comprised eight large and eight small
LGs. Two race-specific resistance gene loci for Fusarium
wilt, foc-4 and foc-5, were located on LG 2, one of the
eight large L.Gs, and an STMS marker, Ta96, was
mapped between these two resistance genes. Ta96 and
three other STMS markers on LG 2 of this map were lo-
cated on LG II of our map with a similar locus order
(Fig. 3). Cho et al. (in press) reported an STMS marker
map using a RIL population derived from an intraspecif-
ic cross of ‘ICCV-2’ x ‘JG-62’. A morphological trait lo-
cus (s), the gene for double podding, segregated in the
intraspecific cross and was located 7.3 ¢cM from Tal76
on LG 6. Tal76 and three other common STMS markers
were located on LG VI of our map and the order was the
same as that of Cho et al. (in press) (Fig. 3). Differences

Discussion

The coverage and marker density of the chickpea genetic
map was increased with the integration of STMS mark-
ers. Since the nuclear DNA content of chickpea is
738 Mbp/1C (Arumuganathan and Earle 1991), 1 ¢cM of
the genetic map would correspond to about 630 kbp.
However, this value would change depending on which
region of the map is being considered because markers
are not equally distributed across the LGs. The present
map has nine LGs, which is one more than the expected
eight based on the number of chromosomes. The appar-
ent additional LG may be the result of insufficient map
density or the parameters used in the mapping proce-
dures. To be useful for map-based cloning of disease re-
sistance genes, additional markers need to be found that
are closer to the genes of interest. Increased marker den-
sity around the genes of interest will provide a solid
starting point for chromosome walking, which is one of
the basic elements of map-based cloning (Tanksley et al.
1992). The use of artificial chromosome libraries, espe-
cially bacterial artificial chromosomes (BAC), for chro-
mosome walking and also for physical mapping of the
chickpea genome would become more feasible with a
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linkage map of higher marker density (Woo et al. 1994).
Increasing marker density, and the addition of genes for
other agronomically important traits to a map, can be ac-
complished by using different mapping populations that
segregate for important agronomic traits and markers that
are common across the populations (Hayes et al. 1996;
Weeden et al. 2000). Examples of these consensus maps
have been reported for several crops (Ellis et al. 1992;
Tanksley et al. 1992; Kleinhofs et al. 1993). Markers that
were common across mapping populations are used as
anchors to locate important genes to a particular LG. This
approach allows locating important genes in a map where
those genes may not segregate in the mapping population.
Our results represent the first attempt to compose homol-
ogous LGs of published chickpea genetic maps that were
developed using different mapping populations.

STMS markers were highly polymorphic in our map-
ping population (78%). High polymorphism of microsatel-
lite markers in chickpea and other crops has been well
documented (Saghai-Maroof et al. 1994; Akkaya et al.
1995; Ratnaparkhe et al. 1998; Weising et al. 1998). In ad-
dition to their abundance, STMS markers used in this
study are locus specific and co-dominant (Weising et al.
1998). Co-dominant-type markers are important in map
construction because they allow for differentiation be-
tween heterozygous and homozygous genotypes during
scoring of alleles in the mapping population. Another im-
portant feature of co-dominant markers is their effective-
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ness for identifying desirable genotypes as homozygous at
very early stages of selection. Probably the most impor-
tant feature of co-dominant markers is their use in back-
crossing desirable genes from usually less-adaptive germ-
plasm to adapted cultivars. In these cases, co-dominant
markers can be used to enhance the effectiveness of mark-
er-assisted backcrossing by helping to eliminate linkage
drag in a relatively short period of time when compared to
the use of dominant markers for that purpose.

Identification and scoring of parental alleles of STMS
markers and their segregation in the RILs was simple
and unambiguous. Each primer pair amplified a single
fragment from each parental line and the polymorphism
was detected by size differences of the fragments that
ranged from 4 bp up to 300 bp. Considerable size differ-
ences in STMS amplification products were reported for
several Cicer species (Choumane et al. 2000). Distorted
segregation observed in STMS markers (14%) was not
as high as reported in Winter et al. (1999, 2000). This
could be due to the smaller number of loci used in this
study or bias from our choosing markers that were repre-
sentative of defined LGs in their map. We may have in-
advertently chosen only two or three markers from re-
gions that were reported as having clusters of distorted
markers in their map.

Clustering of loci with distorted segregation was also
apparent in our study (Fig. 1). A high number of distort-
ed loci from interspecific crosses has been reported for



other crops and this situation was more dramatic when
RILs were used as the mapping population in compari-
son to F, populations, and is likely due to the accumula-
tion of favorable alleles that provide a selection advan-
tage for one of the parental types (Paran et al. 1995).
Clustering of distorted markers, as apparent on LGs III
and VIII of our map, is consistent with results from other
crops (Kidwell et al. 1993; Kleinhofs et al. 1993). Segre-
gation distortion may be the result of abnormal meiosis,
which is a common phenomenon in interspecific crosses
due to divergent chromosome homology between par-
ents. Translocations and inversions are common causes
of meiotic abnormalities in interspecific crosses. Karyo-
typic analysis of parental lines would provide valuable
information in this regard.

Clustering of markers, either distorted or segregating
normally, may be the result of suppressed recombination
in those regions of the genome. It has been shown in
yeast that the centromere has a negative effect on cross-
ing-over called the “spindle fiber effect” (Lambie and
Roeder 1986). Another reason for reduced recombination
may be heterochromatin, due to its more condensed struc-
ture, when compared to euchromatin at meiosis (Tanksley
et al. 1992). Ahmad and Hymowitz (1993) studied the
chromosome structure of chickpea in pachytene and iden-
tified heterochromatin in regions that were proximal to
the centromeres on each of the eight chromosomes. They
also found that the entire short arm of chromosome 3 was
heterochromatic and chromosome 6 had two small het-
erochromatic regions. Clusters of markers on all LGs ex-
cept VIII and IX might indicate that these markers are lo-
cated near the centromeres or are in heterochromatin-rich
regions of the chickpea chromosomes.

The comparison of the genetic maps of chickpea con-
structed from interspecific and intraspecific crosses in-
dicated only minor differences in the marker order over-
all. Order differences between tightly linked (about
1 ¢cM) markers may have been due to the more than one
likely order suggested for those markers by Mapmaker.
The STMS marker order on LG V of our map was simi-
lar to that found by Cho et al. (in press) but differed
somewhat from that of Winter et al. (2000); however,
the differing order involved markers that were closely
linked. Since there has been no report of this type of
mapping study in chickpea, our results need further con-
firmation using other types of markers and possibly the
development of a physical map of the Cicer genome.
We did not observe any indication of translocations that
would have resulted in grouping of some markers out-
side of their expected LGs. A lack of translocations was
expected because C. reticulatum is the presumed pro-
genitor of cultivated chickpea (van der Maesen 1987),
and the progenies from crosses with C. arietinum have
been fully fertile.

The relationship between maps based on different
chickpea crosses provides a better understanding of ge-
nome organization in cultivated chickpea as well as re-
lated wild species. STMS markers are valuable for com-
paring cultivated C. arietinum with closely related wild
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species. Choumane et al. (2000) found that microsatel-
lite-flanking sequences were highly conserved across
eight annual and one perennial species of Cicer. Conser-
vation of STMS markers across Cicer species would pro-
vide needed polymorphism for mapping the chickpea ge-
nome, and would overcome the current lack of polymor-
phism that has limited progress. In addition, STMS
markers will aid the incorporation of genes for valuable
traits into an improved chickpea map.
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