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Abstract Ascochyta blight is an economically important
disease of chickpea caused by the fungus Ascochyta ra-
biei. The fungus shows considerable variation for patho-
genicity in nature. However, studies on the genetics of
pathotype-specific resistance are not available for this
plant-pathosystem. The chickpea landrace ILC 3279 has
resistance to pathotype I and II of the pathogen. In order
to understand the inheritance of pathotype-specific resis-
tance in this crop, both Mendelian and quantitative trait
loci analyses were performed using a set of intraspecific,
recombinant inbred lines derived from a cross between
the susceptible accession ILC 1272 and the resistant ILC
3279, and microsatellite markers. We identified and
mapped a major locus (ar/, mapped on linkage group 2),
which confers resistance to pathotype I, and two inde-
pendent recessive major loci (ar2a, mapped on linkage
group 2 and ar2b, mapped on linkage group 4), with
complementary gene action conferring resistance to
pathotype II. Out of two pathotype II-specific resistance
loci, one (ar2a) linked very closely with the pathotype I-
specific resistance locus, indicating a clustering of resis-
tance genes in that region of the chickpea genome.
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Introduction

Ascochyta blight disease, caused by Ascochyta rabiei
(Pass) Lab., is a destructive foliar fungal disease of
chickpea (Cicer arietinum L.) in West and Central Asia,

Communicated by R. Hagemann

S. M. Udupa - M. Baum ()

International Center for Agricultural Research in the
Dry Areas (ICARDA),

P.O. Box 5466, Aleppo, Syria

e-mail: M.Baum@cgiar.org

Tel.: +963-21-2213433, Fax: +963-21-2213490

North Africa, North America and Australia. Incidence
and epidemics of this disease are weather dependent. In
some years, cool and wet weather conditions favor the
disease's development and often result in up to 100%
yield loss (Reddy et al. 1990; Singh et al. 1992; Singh
and Reddy 1993). Fungicide treatments for control of the
disease exist, but are often impractical and uneconomical
(Reddy et al. 1990). One of the most effective, economi-
cal and environmentally safe ways to manage the disease
is to cultivate resistant varieties (Singh et al. 1992).

Many resistant sources have been identified for this
blight disease from the chickpea germplasm bank (Singh
et al. 1981; Singh and Reddy 1993). Some have been
used for studying inheritance of resistance to the disease.
These studies showed that in some desi chickpeas, and in
several kabuli chickpeas (ILC 72, ILC 183, ILC 200 and
ILC 935), a single dominant gene controlled resistance
(Vir et al. 1975; Singh and Reddy 1983). In some other
cultivars, it has been reported that resistance was gov-
erned by two dominant genes (Tewari and Pandey 1986),
one recessive gene (Tewari and Pandey 1986), two reces-
sive genes (Kusmenoglu 1990) or by two to three quanti-
tative loci (Santra et al. 2000), depending on the screen-
ing techniques and the cultivar used.

Several reports suggest that a high level of variability
exists for the pathogenicity trait in A. rabiei populations
(Vir and Grewal 1974; Nene and Reddy 1987; Malik and
Rahman 1992; Porta-Puglia 1992). For instance, Vir and
Grewal (1974) reported finding more than ten pathotypes
among field isolates from India. Nene and Reddy (1987)
reported five pathogenic groups and several strains
among isolates from, respectively, Pakistan and Turkey.
A recent survey of pathogenicity in Syria (Udupa et al.
1998) revealed the occurrence of three pathotypes: patho-
type 1 (less aggressive); pathotype II (aggressive) and
pathotype III (most aggressive). Although several studies
on inheritance of ascochyta blight resistance in chickpea
are available, and A. rabiei's pathogenic variability is
well documented, studies on the genetics of resistance to
individual pathotypes, and of the localization of their re-
sistance genes on the genome, have not been made.



Two approaches are commonly used for studying the
genetics of pathotype-specific resistance in crop plants.
The first of these involves the development and use of
multiple sets of near-isogenic lines (NILs) to separate
and, thereby, identify several resistance genes (Mackill
and Bonman 1992). The second method involves the use
of molecular markers applied to permanent populations,
such as recombinant inbred lines (RILs), and may be
used to allow the location of major resistance genes and
quantitative trait loci to specific chromosomal regions
(Wang et al. 1994). The development of NILs involves a
number of generations of selection and crossing; devel-
oping lines with several major genes in a given back-
ground is a very difficult task. Therefore, molecular
marker application on RILs is the more practical ap-
proach for inheritance studies and mapping of the patho-
type-specific resistance of chickpea.

It has been shown that a chickpea landrace ILC 3279,
originating in the former USSR, has resistance to both
pathotype I and II of A. rabiei (Udupa et al. 1998). A
RIL population derived from this landrace and a suscep-
tible cultivar would provide a unique opportunity to
study the genetics of resistance to different pathotypes of
the pathogen. Here, we report the inheritance and map-
ping of pathotype-specific resistance in such a RIL popu-
lation of chickpea, and show that resistance to pathotype
I is conferred by a major locus and resistance to patho-
type Il is conferred by two major loci.

Materials and methods
Population development and phenotypic analysis

An intraspecific cross of chickpea, between pure lines ILC 1272
(susceptible to A. rabiei and originating in Turkey) and ILC 3279
(resistant to A. rabiei and originating in the former USSR), was
used to develop a RIL population. The cross was advanced by sin-
gle-seed descent from F2 to F6-F7 in a greenhouse and/or in a
field, and the F6 or F7 lines were used for genetic analysis of
blight resistance. Isolates of A. rabiei pathotype I (isolate no. 5)
and pathotype II (isolate no. 6) were used for inoculation (Udupa
et al. 1998). The inoculum preparation, temperature, relative hu-
midity, light conditions, screening method and disease scoring
scale used in this study were the same as that described by Udupa
et al. (1998). The individual RILs, along with the parents, were
tested for resistance to each of the pathotypes respectively, under
growth-chamber conditions. Seedlings of 10 days old were inocu-
lated. Readings for disease severity on a single plant basis were
taken on the 14th day after inoculation, using a 1 to 9 scale,
where: 1 = no symptoms; 2 = a small round tissue depression or
spot; 3 = elongated spots; 4 = a coalescent spot; 5 = stem girdling;
6 = stem breaking; 7 = lesion growths downward from breaking
points; 8 = a whole plant nearly dead and 9 = plant dead.

Genotypic analysis

Total DNA was extracted from the leaf tissue (Udupa et al. 1999) of
each RIL and its parents, and was used to evaluate microsatellite
polymorphism. 140 microsatellite marker primer pairs (Hiittel et al.
1999; Udupa et al. 1999; Winter et al. 1999) were used to amplify
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the simple sequence-length polymorphic DNA (Udupa et al. 1999;
Winter et al. 1999) between the parents. The amplified DNA
fragments were analyzed using ALFexpress DNA Sequencer
(Amersham Pharmacia Biotech; Udupa et al. 1999) or DNA frag-
ments were visualized via silver staining, using a silver staining kit
(Promega, USA) as described by the supplier. The polymorphic
primer pairs were further tested on RILs.

Statistical analysis

Mapmaker/Exp version 3.0 (Whitehead Institute, Cambridge, Mass.,
USA; Lincoln et al. 1993) was used to create a linkage map. Markers
were included on the map only if the LOD value obtained was >3.
The Kosambi mapping function (Kosambi 1944) was used to convert
recombination frequencies to map distances in centiMorgans (cMs).
The QTL Cartographer version 1.15a program (developed by
J. Basten, B.S. Weir and Z.-B. Zeng, NC State University, Raleigh,
N.C., USA) was used to identify putative disease resistance QTLs
using simple linear regression models, where the genetic markers
served as independent variables and phenotypes served as dependent
variables. This resulted in estimation of F- and Likelihood ratio
(LR)-statistics for each marker. In order to minimize the number of
type-I errors leading to QTL false positives, and to compensate for
non-random selection of plants used for molecular mapping, we
chose a strict probability level of P < 0.001 as the threshold used to
indicate a significant association of a QTL with a particular marker
locus based on the F-statistic. Likelihood ratio (LR) test values were
used as the 2 value with 1 df (Maddala 1992). Interval mapping
analysis (with a permutation test, 1,000 permutations) was carried
out using QTL Cartographer, to confirm the presence of putative dis-
ease resistance QTL on the framework map. A LOD score of >3.0
was chosen to indicate significant results in the interval analyses. In
order to determine the effect of each of the pathotypes on RILs and
their parents, an ANOVA was performed using the program Agro-
base 21 (Agronomix Software Inc., Winnipeg, Canada).

Results
Parental polymorphism and genetic linkage map

Out of 140 microsatellite markers tested, 67 markers re-
vealed polymorphism between the parents ILC 1272 and
ILC 3279, and 52 of them were mapped on the genome.
For most of the mapped markers, marker segregation ra-
tios in this intraspecific population were closer to Mende-
lian expectations than in the previous inter-specific chick-
pea population of Winter et al. (2000), which showed a
39.8% distorted segregation. In this intraspecific popula-
tion, %2 values for 46 markers were less than 3.84 at P =
0.05; for four markers they were less than 6.63 at P =
0.01, and were more than 3.84 at P = 0.05. Only two
markers, namely CaSTMS 10 and TAA169, showed seg-
regation distortion (2 values were more than 6.63 at P =
0.01), and these two distorted markers were not used for
QTL analysis. The present genetic map, based on micro-
satellite markers with eight linkage groups (correspond-
ing to the chromosome number) and constructed using
the Kosambi function, covered 419 cM in length with an
average distance of 7.9 c¢cM between adjacent markers
(Fig. 1). Although the overall distribution of markers on
individual linkage groups was largely similar to the inter-
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Fig. 1 Linkage map and the positions of loci for resistance to A.
rabiei. The locus arl for resistance to pathotype I and the vertical
bars to right of the linkage groups indicate QTLs (ar2a and ar2b)
defined by LOD score >3.0 supporting the confidence interval for
resistance to pathotype 11

specific map of Winter et al. (2000), marker orientation
and linkage distance between markers differed.

Inheritance and mapping of resistance to pathotype I

In relation to pathotype I, the cultivar ILC 1272 was the
susceptible parent (mean disease rating of 8.00) and ILC
3279 the resistant parent (mean disease rating of 3.67).
The average disease score of the individual 97 recombi-
nant inbred lines (RILs) derived from the cross ILC 1272
x ILC 3279 followed a bimodal distribution (Fig. 2a).
Differences in disease scores among RILs and the par-
ents were highly significant (ANOVA, F-value = 14.77,
df =98, 122; P < 0.001). Based on symptoms, the RILs
were classified into susceptible and resistant types. The
RILs with the “stem breaking” symptom or symptoms
more severe than this (disease scores of six or above)
were considered to be “susceptible”. Up to the symptom
“stem girdling” they were considered “resistant” (disease
score of five and below), using average scores. Of the 97
RILs, 53 were resistant and 44 were susceptible. A simi-
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Fig. 2A, B Frequency distribution of RIL mean scores for resis-
tance to pathotype I (A) and pathotype II (B) in the RIL popula-
tion of the cross between ILC 1272 (susceptible) and ILC 3279
(resistant). Arrows show means of the parents

lar result was observed if LSD values (LSD = 1.62 at P =
0.05) were considered for the classification of resistant
RILs, as suggested by Tekeoglu et al. (2000). Segrega-
tion of susceptible/resistant phenotypes of the RILs fitted
a 1:1 ratio (x2=0.51, df = 1, P < 0.05). This segregation
ratio suggests that resistance to pathotype I is controlled
by a single locus (suggested name: arl). Our previous
study, with limited F,.; families, showed that the majori-
ty of the segregants are susceptible (unpublished results),
indicating that the resistance gene is recessive. Further
genetic mapping of this trait with the microsatellite
markers localized this gene to one end of linkage group 2
(LG 2), with a linkage distance of 24 cM from GA16 and
a LOD score of 3.2. When the disease scores were ana-
lyzed as quantitative traits, using a simple linear regres-
sion model, a highly significant association was also ob-
served with the same marker (likelihood ratio test = 19.8,
df=1, P <0.0001; F =21.5, df =1, 95; P < 0.0001), fur-
ther confirming that a single locus controls this trait.



Inheritance and mapping of resistance to pathotype II

The cultivar ILC 3279 is resistant (having a mean dis-
ease score of 3.83), and the cultivar ILC 1272 suscepti-
ble (disease score of 89 with a mean of 8.00), to patho-
type II. The distribution of average disease scores of 96
RILs are presented in Fig. 2b. Differences in disease
scores among RILs and the parents were highly signifi-
cant (ANOVA, F-value = 12.27, df =97, 164, P < 0.001).
The RILs were classified as “susceptible” (a total of 70
RILs) and “resistant” (a total of 26 RILs), employing the
same criteria used for pathotype I. The segregation data
of the RILs fits the expected segregation ratio of 3 sus-
ceptible: 1 resistant (x2 = 0.22, df =1, P < 0.05) for two
recessive complementary genes (suggested names: ar2a
and ar2b) conferring resistance.

A significant relationship was observed between indi-
vidual disease scores of pathotype I and pathotype II
(correlation coefficient = 0.58). Furthermore, out of 52
pathotype I resistant RILs, 27 and 25 RILs were, respec-
tively, susceptible and resistant to pathotype II (segrega-
tion ratio fits the expected ratio of 1:1; x2 = 0.08, df =1,
P < 0.05). Almost all RILs susceptible to pathotype I (44
RILs) are also susceptible to pathotype II (43 RILs) with
only one exception (a RIL susceptible to pathotype I
which is resistant to pathotype II). These observations
indicate that, in chickpea, resistance to pathotypes I and
II is genetically linked.

Analysis of trait-marker association was performed
for each microsatellite marker independently, using the
x2 test for the independence of segregation for the resis-
tance genes and individual microsatellite markers. Anal-
ysis revealed significant linkage with the ar/ gene of LG
2, and with the microsatellite markers of LG 4 (data not
shown). This observation was further confirmed by sim-
ple linear regression analysis of the markers with the dis-
ease score of the RILs (Table 1). The LR ratio was high-
est with the TR20 microsatellite locus. However, precise
localization of the genes to a particular interval between
the markers in LG 2 and LG 4 could not be accom-
plished with these analyses, because of the recessive and
complementary nature of the gene action of the resis-
tance genes.

Using the strategy of interval mapping and the permu-
tation test, we localized (mapped) pathotype II resistance
loci ar2a and ar2b with a peak of significance close to
the pathotype I resistance locus ar/ (on LG 2) and the
TA72 microsatellite marker (2 cM; on LG 4) respective-
ly (Fig. 3). Even though ar/ and ar2a mapped in the
same region, the segregation data showed that the two
loci are not the same. This conclusion is drawn from the
observation that, out of 44 pathotype I-susceptible RILs,
one showed resistance reaction to pathotype II, indicat-
ing recombination between the ar/ and ar2a loci. Since
susceptibility is dominant over resistance, other recombi-
nant classes could not be visualized. Based on the ob-
served recombinant class, other classes could be estimat-
ed (by multiplying by 3). Linkage distance was estimat-
ed using the Kosombi function between the two loci (re-
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Table 1 Association of genetic loci with pathotype II disease
scores based on simple linear regression analysis

Loci Linkage Likelihood F-valueb
group ratio test (LR)2
arl 2 35.96 42.63%##4%
Tal30 4 11.10 11.52%%*
Ta72 4 14.14 14.91%**
Tr20 4 16.02 17.06%##%
Ts72 4 14.73 15.58%**
Ts104 4 11.39 11.83%%**
Ta2 4 7.12 7.23%%

a Likelihood ratio test (LR) is —2log (LO/L1). This we use as 2
with 1 df. All the values are highly significant

b Significance at the 5%, 1%, 0.1% and 0.01% levels are indicated
by *, ¥%, F¥% and *#** respectively
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Fig. 3 Plots of LOD scores for resistance to pathotype II in the
RIL population derived from a cross between ILC 1272 and ILC
3279. The plots show the location of putative quantitative loci
identified for the resistance on linkage groups 2 (upper graph) and
4 (lower graph)
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combination: 4.12%; map units: 4.1 cM). The QTL ar2b
has two peaks, one on either side of marker TA72 to the
interval TA130-TA72-TR20, 2 cM apart (Fig. 3) with a
LOD score of >3.0. This indicates the possibility that
two closely linked loci contribute to the pathotype II-
specific resistance response [as observed by Banerjee et
al. (2001) for the RPS2-resistance locus of Arabidopsis
thaliana).

Discussion

Molecular mapping in chickpeas is mainly limited by the
availability of polymorphic markers. With the develop-
ment of sequence-tagged microsatellite site markers a
new marker system became available for chickpea ge-
nome mapping, which show a much higher level of poly-
morphism than other marker systems (Udupa et al.
1999). Using 140 such markers, polymorphism was stud-
ied between parental lines which differ for ascochyta
blight resistance.

Although, on average, only about 50% of polymor-
phic microsatellites were detected, we were able to study
the inheritance and mapping of pathotype-specific resis-
tance (pathotype I and II) to ascochyta blight for the first
time in cultivated chickpea. Our study demonstrated that
resistance to pathotype I is controlled by a major locus;
and resistance to pathotype II is controlled by two reces-
sive loci with complementary gene action.

On the subjects of inheritance and molecular map-
ping of ascochyta blight resistance, the present study
differs from others reported previously. We used a dif-
ferent population type (intraspecific cross derived
RILs), and a different screening method (under con-
trolled conditions). We tested for pathotype-specific re-
sistance (pathotypes I and II) and used different marker
types (microsatellites). Previously, interspecific cross
derived RILs have been used in this type of study (San-
tra et al. 2000). Moreover, previous studies have under-
taken field screening under natural conditions (Kus-
menoglu 1990; Santra et al. 2000; Tekeoglu et al. 2000)
and used different kinds of markers (Santra et al. 2000).
Interspecific crosses generate wider variability for many
morphological traits, which could interfere in scoring
for the disease. For mapping the disease resistance loci,
accurate screening methods (which provide a suitable
temperature, relative humidity and light conditions for
the pathogen to develop the disease) and a control on
the pathogen (pathotype) infecting the RILs are re-
quired. Our screening method, under controlled environ-
mental conditions (growth chambers), differed from
tests in the field and in plastic houses, in that co-infec-
tion of seedlings with other pathotypes of the pathogen
and other pathogens was avoided. In addition, our meth-
od controlled temperature, relative humidity and light
conditions better than other methods, which, if not ap-
propriately controlled, can often interfere with assays
and may increase the number of false scorings.

In linkage analysis, each false-scored qualitative phe-
notype would be interpreted as two recombination events
flanking the locus (Wright et al. 1998). The “maximum-
likelihood” location of a discrete phenotype that includ-
ed a low frequency of errors would either be in an inter-
val that was large enough to include several “double re-
combinants”, or at a sufficient “recombinational dis-
tance” from the end of a linkage group that false-scored
resistance or might be attributed to recombination
(Wright et al. 1998). Therefore, analysis of resistance as
a quantitative phenotype may further improve the reli-
ability of genetic mapping (Wright et al. 1998).

The importance of analyzing quantitative phenotypes
is especially well illustrated by molecular dissection of
resistance to various pathogens in several crops (Young
1996; Ghislain et al. 2001; Igbal et al. 2001; Wang et al.
2001; Wilson et al. 2001). In many cases, in comparison
with QTL analysis, classical Mendelian genetics detect-
ed a lower number of regions involved in imparting re-
sistance. (Wright et al. 1998). However, in our present
study, both classical Mendelian genetics and QTL analy-
sis have shown similar results; that is: (1) resistance to
pathotype I is controlled by a major locus and that of
pathotype II by two major independent recessive loci
with complementary gene action; (2) both methods
mapped these respective major genes to the same regions
in the linkage groups. The similarity between the results
of the two types of genetic analysis indicates the strong
reliability of our experimental data.

Resistance to ascochyta blight in chickpea accession
ILC 72 was reported to be governed by a single domi-
nant gene in a previous study by Singh and Reddy
(1983). They also suggested that the presence of some
additional minor genes played a part in imparting the re-
sistance. Observations of Kusmenoglu (1990) suggested
that resistance to ascochyta blight was conferred by two
recessive genes. Using the same source of resistance,
Tekeoglu et al. (2000) reported three major recessive
genes controlling resistance, possibly in conjunction
with many minor modifying genes. In the same RIL pop-
ulations, Santra et al. (2000) demonstrated the presence
of two or three QTLs conferring resistance to ascochyta
blight, depending upon on the year of planting. Since
these studies were conducted under field conditions,
there was very little control on the inoculum (pathotypes
of A. rabiei and other species of pathogens), inoculum
density, temperature, humidity and plant age. Therefore,
the general incongruity which exists between these stud-
ies and ours is mainly the result of the use of a different
source of resistant and susceptible parents, and of a dif-
ferent screening method and pathotypes.

In plants, the majority of resistance genes appear to
be linked and organized as complex clusters (Dickinson
et al. 1993; Anderson et al. 1996; Dixon et al. 1996,
1998; Parniske et al. 1997; Song et al. 1997; Meyers et
al. 1998; Shen et al. 1998). Our results in chickpea also
supported the view that disease resistance genes are
linked, and showed that ar! (pathotype I-specific resis-



tance gene) and ar2a (one of the pathotype II-specific re-
sistance genes) are located on LG 2. Furthermore, the
comparison of our results with the mapping results of
fusarium wilt resistance genes in chickpea suggests that
fusarium wilt resistance genes are also located on LG 2
(Winter et al. 2000).

Genetic dissection of ascochyta blight resistance in
this study provides insight into pathotype-specific resis-
tance in chickpea. Further fine mapping of the chickpea
genome will help in the isolation of these resistance
genes/clusters and in marker-assisted selection to im-
prove ascochyta blight resistance in chickpea.
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