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Abstract Fusarium wilt (FW) and Ascochyta blight
(AB) are two important diseases of chickpea which
cause 100 % yield losses under favorable conditions.
With an objective to validate and/or to identify novel
quantitative trait loci (QTLs) for resistance to race 1 of
FW caused by Fusarium oxysporum f. sp. ciceris and
AB caused by Ascochyta rabiei in chickpea, two new
mapping populations (F,.3) namely ‘C 214> (FW
susceptible) x ‘WR 315° (FW resistant) and ‘C 214’
(AB susceptible) x ‘ILC 3279’ (AB resistant) were
developed. After screening 371 SSR markers on

Electronic supplementary material The online version of
this article (doi:10.1007/s10681-013-0959-2) contains
supplementary material, which is available to authorized users.

M. M. Sabbavarapu - M. Sharma - S. K. Chamarthi -

N. Swapna - A. Rathore - M. Thudi -

P. M. Gaur - S. Pande - R. K. Varshney (I)

Research Program - Grain Legumes, International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT),
Hyderabad, India

e-mail: r.k.varshney @cgiar.org

S. K. Chamarthi
Plant Science Department, McGill University, Montreal,
QC, Canada

S. Singh - L. Kaur
Department of Plant Breeding and Genetics, Punjab
Agricultural University (PAU), Ludhiana, India

R. K. Varshney
CGIAR Generation Challenge Programme, c/o CIMMYT,
Mexico DF, Mexico

parental lines and genotyping the mapping popula-
tions with polymorphic markers, two new genetic
maps comprising 57 (C 214 x WR 315) and 58
(C 214 x ILC 3279) loci were developed. Analysis of
genotyping data together with phenotyping data
collected on mapping population for resistance to
FW in field conditions identified two novel QTLs
which explained 10.4-18.8 % of phenotypic variation.
Similarly, analysis of phenotyping data for resistance
to seedling resistance and adult plant resistance for AB
under controlled and field conditions together with
genotyping data identified a total of 6 QTLs explaining
up to 31.9 % of phenotypic variation. One major QTL,
explaining 31.9 % phenotypic variation for AB resis-
tance was identified in both field and controlled
conditions and was also reported from different
resistant lines in many earlier studies. This major
QTL for AB resistance and two novel QTLs identified
for FW resistance are the most promising QTLs for
molecular breeding separately or pyramiding for
resistance to FW and AB for chickpea improvement.

Keywords Disease resistance - Ascochyta blight -
Fusarium wilt - Genetic linkage map -
Molecular breeding

Introduction

Chickpea (Cicer arietinum L.) or Garbanzo beans
(Latin America) is a short-duration pulse crop and
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originated from Southeastern Turkey (Ladizinsky
1975). It is a self-pollinated diploid (2n = 2x = 16)
crop with genome size of 738 Mb (see Varshney et al.
2013). Chickpea is cultivated in different parts of the
world mainly in the Mediterranean, South Asia, North
Africa, Middle East and North and Central America. It
is classified as ‘desi’ and ‘kabuli’ type based on seed
size, shape and color. It is a rich and cheap source of
vegetarian protein and also used as green vegetable
dish whereas, other food legumes such as pigeonpea
(Cajanus cajan), green gram (Vigna radiata), black
gram (Vigna mungo) and lentils (Lens culinaris) are
essentially consumed after drying and preservation.
Chickpea contains vitamins and minerals such as Ca,
Mg, Zn, K, Fe, and phosphorus (http://www.whfoods.
com/genpage.php?tname=nutrientprofile&dbid=68,
Jukanti et al. 2012) and it is also free from anti-
nutritional factors therefore, making nutritionally
more valuable and increasing consumer preference
for this legume. The major nutritional value of
chickpea is mainly because of its superior fiber
content (12.0 in g; http://www.wehealnewyork.
org/healthinfo/dietaryfiber/fibercontentchart.html#
c) over many cereals and consumption of even
smaller amounts of chickpea improves insulin
secretion and controls blood sugar levels (http://
www.whfoods.com/genpage.php?tname=foodspice&
dbid=58). These valuable aspects of chickpea caused
an increase in its global cultivation and the overall
production reached 10.0 million metric tons from 6.6
million metric tons (http://www.cgiar.org/our-
research/crop-factsheets/chickpea, as on 23rd April
2013) during last 30 years. South Asia accounts for
more than 75 % of the total area under chickpea cul-
tivation and India is the world leader in chickpea
production with 7.5 m tons (FAOSTAT data 2010),
followed by Pakistan and Turkey. In spite of avail-
ability of chickpea cultivars with good grain yield, the
crop is highly susceptible to many diseases from time
to time and due to this constraint the production is
largely affected in all chickpea growing areas.
Among biotic constraints affecting chickpea pro-
duction, Fusarium wilt (FW) caused by Fusarium
oxysporum f. sp. ciceris and Ascochyta blight (AB)
caused by Ascochyta rabiei are major diseases reduc-
ing yield up to 90 %. FW is prevalent under dry and
warm conditions while AB is prevalent under humid
conditions (Pande et al. 2005) in the temperature
ranges of 23-25 °C during heavy rains (>150 mm).

@ Springer

AB attacks all aerial parts of the plant and it is
necrotrophic in nature which kills the cells of the host
plant and then feeds on it. In the case of FW, the
disease is seed and soil borne, the tap root system of
the plant is affected including destruction of vascular
bundles leading to a disturbance in plant-water
relations and ultimately plant dies by showing gradual
wilting symptoms (Castro et al. 2010). The FW
infected chickpea plants also exhibit drooping of
petioles, rachis and leaflets as the disease progresses.
Both AB and FW are prevalent across all chickpea
growing regions of the world including India, how-
ever, AB mainly occurs in northwestern plains while
FW is mostly restricted to central and southern parts.

In the case of FW, so far, eight races (0, 1A, 1B/C,
2, 3,4, 5 and 6) were reported (Jiménez-Gasco and
Jiménez-Diaz 2003). The genetics of resistance to five
races (race 1A, race 2, race 3, race 4 and race 5) was
reported by Sharma et al. (2005) while, genetics of
resistance to three races (race 1B, race 1C and race 6)
is yet to be studied. In addition, efforts were also made
to map quantitative trait loci (QTLs)/genes and
markers flanking these QTLs were reported for
different Fusarium wilt races. For instance, markers
flanking “Foc0” locus (OPJ20600 and TRS59), Focl
locus (TA110 and H3A12), Foc2 locus (H3A12 and
TA96), Foc3 locus (TA96 and TA194), Foc4 locus
(TA96 and CS27) and Foc5 locus (TA59 and TA96)
determining resistance to race 0 (Cobos et al. 2005),
race 1 (Gowda et al. 2009), race 2 (Gowda et al. 2009);
race 3 (Sharma et al. 2004; Gowda et al. 2009); race 4
(Winter et al. 2000; Sharma et al. 2004, 2005) and race
5 (Cobos et al. 2009) respectively were reported.

In the case of AB, a number of pathotypes were
reported; for instance, more than ten pathotypes by Vir
and Grewal (1974); five pathotypes by Nene and Reddy
(1987); three pathotypes by Udupa et al. (1998) and ten
pathotypes by Ali et al. (2009). Udupa et al. (1998)
reported occurrence of three pathotypes (pathotype I
(less aggressive), pathotype II (aggressive) and patho-
type III (most aggressive) as revealed by microsatellites
and RAPD markers. Varshney et al. (2009b) character-
ized 64 isolates of Ascocyta rabiei using AFLP and SSR
markers and reported four distinct groups based on
STRUCTURE analysis. Further, Kaur et al. (2012b)
characterized AB isolates and reported 10 pathotypes
based on morphological variation. A large number of
QTLs/genes for AB resistance and markers flanking
these QTLs have been reported, for instance QTLs for
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resistance to AB using F, populations (Flandez-Galvez
et al. 2003; Taran et al. 2007; Anbessa et al. 2009;
Kottapalli et al. 2009; Aryamanesh et al. 2010) and
recombinant inbred line populations (Millan et al. 2003;
Udupa and Baum 2003; Iruela et al. 2006, 2007) were
reported. Madrid et al. (2012) reported characterization
of E1N4-like sequence (CaETR-1) located in QTL AR,
(Truela et al. 2006) implicated in AB resistance in
chickpea. More recently, Madrid et al. (2013) also
reported development of a co-dominant marker (CaFE-
TR) based on allele sequence length polymorphism in
an ethylene response gene located in QTL g, region.

The development of resistant cultivars is generally
the preferred strategy for managing the above two
diseases as host plant resistance is economical and
eco-friendly. Host plant resistance also preserves the
quality of the final produce. Therefore, in this direc-
tion, mapping of important QTLs/genes responsible
for AB and FW resistance has also been considered an
important input for present day breeding programmes
based on both traditional and modern approach for
instance, marker-assisted backcrossing (MABC)
which aims at conversion of targeted lines with respect
to one or two traits without disturbing remaining all
other native traits of the line (Varshney et al. 2009b).

In the present study, molecular mapping for FW
resistance was carried out with respect to race 1
(synonymous 1A, Indian isolate) which was reported
from India (Haware and Nene 1982). The resistance to
race 1 was shown to be controlled by three indepen-
dent genes and display complete resistance in combi-
nation or incomplete (late wilting) when present alone
(Upadhyaya et al. 1983; Singh et al. 1987a, b; Sharma
and Muehlbauer 2007). The timing of early and/or late
wilting appears to be influenced by polygenes accord-
ing to Brindha and Ravikumar (2005). A limited
number of QTL studies were carried out so far using a
popular or high yielding genetic background in
chickpea for mapping AB and FW resistance.

In view of above, the present study aims at detecting
QTLs for the FW and AB, two devastating diseases of
chickpea using crosses developed from widely adapted
variety ‘C 214’, (a common parent for both AB and FW
crosses) and genotypes, ‘WR 315’ and ‘ILC 3279’ highly
resistant to FW and AB respectively. This study was also
aimed at validating QTLs identified in the previous QTL
studies using different parental combinations and to detect
new QTLs, if any, as resistant parents used in the present
investigation were used for mapping studies in the past.

Materials and methods
Plant material and DNA isolation

In the present study, two mapping populations, ‘C
214> x ‘WR 315 and ‘C 214’ x ‘ILC 3279’ were
developed for mapping FW resistance and AB resis-
tance respectively. ‘C 214’ is a well-adapted FW and
AB susceptible (Kaur et al. 2012a) desi variety
suitable for rainfed conditions (Bhardwaj et al. 2010)
while “WR 315’ is a desi landrace from central India
resistant to race 1A, race 2, race 3, race 4 and race 5 of
FW (Mayer et al. 1997, Sharma et al. 2005). ‘ILC
3279’ is AB resistant kabuli landrace (Udupa et al.
1998) originated from former USSR and was also used
as a source of AB resistance in previous studies
(Udupa and Baum 2003; Iruela et al. 2006, 2007).

DNA was isolated from 188 F, plants of each
mapping population as per Cuc et al. (2008) and DNA
was normalized to 5 ng/pl.

Screening for FW resistance under field conditions

The F,.; families were sown in the wilt-sick plot at
Patancheru, India during crop season 2011-2012 in
two replications using randomized complete block
design (RCBD). Experimental plots were 4 m long,
row to row spacing of 60 cm and spacing of 10 cm
between plants. Observations for disease incidence
were recorded at 60 days after sowing (DAS). The
wilt incidence was measured on the basis of a formula
(% wilt incidence = number of wilted plants/total
number of plants x 100).

Screening for AB resistance

The AB populations were screened for both seedling
resistance (SR) and adult plant resistance (APR). For
SR, F,.3 families were phenotyped as described in
Pande et al. (2010), in plastic trays (40 x 30 x 5 cm)
filled with sand and vermiculate mixture in 10:1 ratio
under controlled environment facility (CEF) at ICRI-
SAT-Patancheru. The pathogen inoculum was sprayed
onto foliage of 10 days old seedlings and observations
were recorded 10 days after inoculation.

For APR, both CEF as well as natural field conditions
were used. F, population consisting of 188 F, individuals
was used for APR screening in CEF at ICRISAT. Cut-
twig screening technique-sand (CTST-S), which can
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accommodate testing more number of samples, reported
by Pande et al. (2010) was adopted for screening in CEF,
which is a modified non-destructive technique and was
earlier referred to as cut-twig screening technique-water
(CTST-W; Singh et al. 1982; Pande et al. 2005). Disease
severity was recorded on 1-9 scale, where, 1 = no
symptoms (highly resistant), 9 = highly susceptible (up
to 100 % killing of cut twigs) (Pande et al. 2010). The
experiment was conducted under complete randomized
block design (RCBD). In terms of field conditions, the
entries (F5 families) were planted in RCBD with two
replications in PAU (test location—Ludhiana). The
experimental units were one row plots of 2 m length
with 10 cm spacing between plants and 40 cm between
rows. Susceptible check ‘ICC 4991 was planted after
every four-test rows to provide a constant disease
pressure for the AB. All plants of test entries were spray
inoculated with conidial suspension derived from single
spore culture of A. rabiei containing 4 x 10* conidia/ml
during the flowering stage of the crop. Water sprinkling
was provided through perfo-spray system to maintain the
relative humidity (RH) and temperature from the
following day after the inoculation for 21 days.
The disease was recorded when the susceptible check
shows the maximum disease severity of ‘9’ on a scale of
1-9 where 1 is highly resistant and 9 is highly susceptible.

Statistical analysis of phenotyping data

Phenotyping data for resistance to FW and AB
obtained were used to compute the best linear
unbiased predictors (BLUPs) of the random effect in
restricted maximum likelihood (REML) variance
components analysis using SAS 9.1 (SAS Institute
Inc 2004) with replicates as fixed models and geno-
types as random effects. BLUPs were used for QTL
mapping. Analysis of variance (ANOVA) was con-
ducted using the PROC GLM of SAS for the disease
rating data. Broad-sense heritability was calculated by
dividing genotypic variance of trait with that of total

phenotypic trait variance (HZ = a;/ GI%)

Marker genotyping
The parental polymorphism was studied using a total

of 371 SSR markers reported earlier (Hiittel et al.
1999; Winter et al. 1999; Lichtenzveig et al. 2005;

@ Springer

Varshney et al. 2009a; Nayak et al. 2010; Thudi et al.
2011; Supplementary Table 1).

For marker genotyping, the PCR was setup in 5 pl
reaction volume containing 5 ng template DNA, 0.2 mM
dNTPs, 2 mM MgCl,, 2 pmol of forward and reverse
primer, 1 U of Tag DNA polymerase (Sib enzyme) and
1 x PCR buffer in GeneAmp® PCR System 9700 thermal
cycler (Applied Biosystems, Foster City, CA, USA). A
common touch down PCR amplification profile as
described in Gujaria et al. (2011) was adopted for PCR
amplification and PCR products generated using SSR
markers were analyzed on capillary electrophoresis using
ABIPRISM® 3730 DNA analyzer, and allele calling was
done employing GENEMAPPER (Applied Biosystems,
Foster City, CA, USA).

Linkage and QTL analysis

Linkage analysis was performed by JoinMap® 3.0
program (van Ooijen and Voorrips 2001) and the
linkage maps were developed on the basis of 188 F,.3
plants for both FW and AB crosses. The logarithm of
odds (LOD) score for the test of linkage between marker
pairs was set at 3.0 and most-likely marker orders were
determined by using ‘ripple’ command. Markers that
were attributed to a linkage group at a LOD grouping
threshold of 3.0 were only included. Recombination
frequencies were converted to genetic distances using
the Kosambi mapping function (Kosambi 1944).

Both main and epistatic effect QTLs were deter-
mined in the present study using QTL Cartographer
version 2.5 (Wang et al. 2005) and QTLNetwork 2.0
(Yang et al. 2005). In the case of FW, a dataset
obtained from sick plot experiment was used for
mapping APR. In the case of AB, two datasets
obtained from controlled conditions (F,.; families
for SR and, F, plants for APR) at ICRISAT and, a
dataset from field (Test location—Ludhiana) experi-
ment for APR were used for the analysis. The QTL
analysis was performed by composite interval map-
ping (CIM) (Jansen and Stam 1994; Zeng 1994) in
QTL Cartographer, which facilitates automatic co-
factor selection by a forward/backward regression.
The threshold log likelihood ratio (LOD) score was
estimated with 1000 permutations to declare signifi-
cance at 0.05 for the trait evaluated. Model 6 of the
Zmapqtl module of QTL Cartographer was used for
scanning marker intervals with a window size of 10,
and LOD threshold of 2.5 was used to declare presence
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of QTL. The confidence interval for each QTL was set
at 1-LOD support interval. The QTLs were designated
with italicized symbol composed of disease name
initially (for instance FW and AB to refer to Fusarium
wilt and Ascochyta blight respectively), a hyphen,
followed by Q, a trait name, the symbol for the
chromosome in which the QTL is located, and, in
cases where more than one QTL controlling a trait
were detected in the same LG, they were numbered
serially. For instance, the QTL name AB-Q-SR-4-1
refers to the QTL for seedling resistance to AB
detected on chickpea linkage group LG 4.

Results and discussion

Variation and distribution of resistance to FW
and AB

The resistant parents “‘WR 315’ (6.0 % wilt incidence)
and ‘ILC 3279’ (AB resistance score of 4.0, 3.3 and
4.0) for SR (controlled conditions), APR (controlled
conditions) and APR (field conditions) respectively of
two different mapping populations showed greater
resistance to both FW and AB respectively as com-
pared to susceptible parent ‘C 214’ (with 54.5 % wilt
incidence & AB score of 6.0, 8.4 and 7.0 for SR
(controlled conditions), APR (controlled conditions)
and APR (field) respectively) (Table 1). The fre-
quency distribution of the FW and AB disease scores
based on mean values is illustrated in Fig. 1. The
distribution for all the traits analyzed was normal
except in the case of AB for seedling resistance
(controlled conditions) and the disease scores (for
instance seedling resistance for AB) extended beyond
the parents, suggesting transgressive segregation.
Transgressive segregation for resistance (appearance
of extreme individuals than the resistant parent of the

mapping populations) suggested that the parents
involved in the present crosses for both FW and AB
possess positive alleles of different genes governing
resistance. The transgressive segregation also suggests
the resistance to be quantitative in nature.

ANOVA for disease severity revealed significant
differences among families (P < 0.001) indicating
high phenotypic variation. The H? estimates were low
to high (0.21 in the case of FW resistance and 0.78 in
the case of AB). The high heritability value in the case
of AB indicates high influence of genetic variability
than environmental variability. On the other hand, the
low heritability in the case of FW might be due to more
influence of environment on the trait, which is evident
from the normal distribution of FW resistance (Fig. 1).
Components of variance (variance due to genotype
and variance due to environment) estimated for the
disease severities are presented in Table 2. Significant
(P < 0.001) genotype effect to FW and AB in both
field and controlled conditions was found. In the case
of FW, the maximum observed FW survival rate in the
population was 45.0 % and the minimum was 5.0 %
(Fig. 1). A majority of individuals (n = 120) exhib-
ited less survival rate (<25 %) against FW incidence.
For AB resistance, in the case of both controlled and
field conditions, more number of individuals (ranging
from 50 to 120) coincided with moderate resistance
with a score of 4.0 on 1.0-9.0 scale (Toker and Hseyin
2003). This observation is similar to results obtained
by Kottapalli et al. (2009) using a F; cross between AB
susceptible parent (‘ICC 4991°) and an AB resistant
parent (‘ICCV 04516°).

Genetic linkage maps
Of 371 SSR markers tested on parents of both FW and

AB crosses, a total of 298 SSR markers produced
scorable amplification in the case of FW parents

Table 1 Statistical parameters on phenotyping for Fusarium wilt (C 214 x WR 315) and Ascochyta blight (C 214 x ILC 3279)

Trait Means

C 214 WR 315 ILC 3279 | SD H?
FW-% wilt 54.5 6.0 - 78.6 8.15 0.21
AB-APR (ICRISAT, Patancheru) 8.4 - 33 4.0 0.90 0.72
AB-SR (ICRISAT, Patancheru) 6.0 - 4.0 4.5 0.66 0.66
AB-APR (PAU, Ludhiana) 7.0 - 4.0 42 0.84 0.78

APR adult plant resistance, SR seedling resistance, SD standard deviation, H? broad sense heritability
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(A) Fusarium wilt resistance under field conditions
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Fig. 1 Frequency distribution of disease scores for: A FW resistance under field conditions, B seedling resistance (SR) to AB under
controlled conditions, C adult plant resistance (APR) to AB under control conditions, and D APR to AB under field conditions

(‘C 214> and ‘WR 315’) which further allowed
identifying a total of 62 polymorphic SSR markers
between ‘C 214’ and “WR 315°. In the case of AB, a
total of 302 SSR markers produced scorable amplifi-
cation in both the parents (‘C 214’ and ‘ILC 3279’)
and a set of 69 polymorphic SSR markers were
identified consequently (Supplementary Table 1).

F, populations (n = 188 each) for both FW and AB
were genotyped with all the above polymorphic markers
identified in polymorphism survey and used for con-
struction of genetic maps for the respective populations.
The linkage groups in the genetic maps were named
following linkage group nomenclature given in Thudi
etal. (2011) and Hiremath et al. (2012). In the case of ‘C
214> x ‘WR 315’ population, 57 (91.9 %) markers
could be mapped onto 8 linkage groups spanning a total
map length of 347.9 cM (Fig. 2). Five markers namely
CaM1650, CaMO0475, TA76, CaM0436 and
ICCMO0076, however, remained unlinked. Similarly in

@ Springer

the case of AB cross (‘C 214’ x ‘ILC 3279’), of 69
polymorphic markers, only 58 markers could be
mapped onto 10 linkage groups with the total map
length of 386.3 cM (Fig. 3). Eleven markers namely,
CaM1451, TR58, TR3, ICCM0068, CaM 1648, GA26,
TA76 s, TA142, CaM2155, TA3 and CaM1301
remained unlinked and this may be due to lack of
informative adjacent loci. The distribution of markers
across linkage groups in the linkage map developed was
comparable to Thudi etal. (2011). Linkage groups 1 and
5 consisted of subgroups LG 1A, LG 1B and LG 5A, LG
5B respectively and, with the addition of a few more
markers, these subgroups (LG 1 and LG 5) may merge
into separate groups.

QTLs for FW resistance

QTL analysis was conducted with dataset obtained
from wilt sick plot experiment and detected two QTLs
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Table 2 Estimation of variance components for Fusarium wilt and Ascochyta blight diseases in chickpea

Source of variation Fusarium wilt

Ascochyta blight

Seedling resistance
(ICRISAT, Patancheru)

Adult plant resistance
(ICRISAT, Patancheru)

Adult plant resistance
(PAU, Ludhiana)

Replication 89.43™(M 0.60™"
Genotype 463.30%**157 1.673x(162
Error 298.79 0.33

0.88™ 5.06%#*
26815 1.507(120)
030 0.17

Numbers in parenthesis denote the degrees of freedom
ns non-significant
**% Significant at P < 0.001

(FW-Q-APR-6-1 and FW-Q-APR-6-2) for FW resis-
tance on linkage group 6 in the FW cross (‘C
214> x ‘WR 315°) (Table 3; Supplementary Fig. 1)
with LOD values 8.0 and 7.6 and explained 10.4 and
18.8 % phenotypic variation respectively. Analysis
with QTLNetwork based on Mixed-model based
composite interval mapping (MCIM) resulted into
identification of the same QTL (FW-Q-APR-6-1)
flanked by SSR markers CaM 1402 and CaM1101 on
LG 6 explaining 16.4 % of phenotypic variation. No
epistatic QTL affecting FW resistance in this popula-
tion was detected. Another QTL (FW-Q-APR-6-2)
detected by QTL cartographer was not detected by
QTLNetwork.

The QTLs for FW resistance identified in the present
study were not reported so far and therefore these QTLs
may be considered novel. Identification of these novel
QTLs for FW race 1 as compared to some earlier
studies on QTL mapping (Gowda et al. 2009; Sharma
et al. 2004) involving WR 315 as resistant parent may
be explained due to differences in the experimental
conditions employed in our study and the earlier
studies. It is important to note that FW screening was
carried out under lab conditions in the earlier studies
while FW screening was undertaken under field
conditions in the present study. Therefore for breeding
applications, the identified QTLs in the present study
seem to be the most promising QTLs for FW race 1.
Furthermore, as the QTL region also included four
bacterial artificial chromosome end (BAC-end)
derived SSR markers (CaM1402, CaM1101,
CaM1125 and CaM0594), integration of BACs for
these corresponding markers into physical map of
chickpea (http://probes.pw.usda.gov:8080/chickpea/)
may facilitate the isolation of genes that are responsible
for FW resistance.

QTLs for resistance to AB

QTL analysis for resistance to AB was conducted for
both SR and APR. For SR, QTL analysis detected two
QTLs (AB-Q-SR-4-1 and AB-Q-SR-4-2) on LG 4
(Table 3; Fig. 3). These two QTLs were detected with
8.8 and 2.9 LOD values and explained 31.9 and 10.3 %
phenotypic variation respectively. AB-Q-SR-4-1 was
flanked by SSR markers STMS11 and TA130 while,
AB-Q-SR-4-2 was flanked by H4G11 and CaM2049
markers (Fig. 3). QTLNetwork identified the same
QTL (AB-Q-SR-4-1) (Table 3) explaining 21.0 %
phenotypic variation. Furthermore, this QTL was also
involved in epistatic interaction and this QTL region
has its own effect and also involved in interaction with
other loci with an epistatic effect of 0.23 (Fig. 4).

This QTL could be the same QTL identified in
several earlier studies (Flandez-Galvez et al. 2003;
Udupa and Baum 2003; Tekeoglu 2004; Cho et al.
2004; Iruela et al. 2006). This assumption was
supported by the presence of common marker, (either
TA130 or GAA47) in the corresponding QTL regions.
It is important to note that the resistant parent (ILC
3279) used in the present study was also used in the
QTL studies of Udupa and Baum (2003); Iruela et al.
(2006, 2007). In the case of other QTL studies
(Flandez-Galvez et al. 2003; Tekeoglu 2004; Cho
et al. 2004), a different resistance source was used for
mapping AB resistance. By taking all these studies
together, the QTL (AB-Q-SR-4-1) identified in the
present study seems to be a very promising QTL
region for SR resistance to AB in chickpea breeding as
it was identified across different genetic backgrounds
as well as locations.

For APR to AB, a total of four QTLs were identified
in QTL Cartographer analysis using two datasets

@ Springer
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(ICRISAT-Patancheru and PAU-Ludhiana). Of four
QTLs, two QTLs (AB-Q-APR-6-1 and AB-Q-APR-6-
2) were detected on LG 6 (Fig. 3) using dataset from
controlled conditions (Table 3). These QTLs detected
with LOD values 4.8 and 5.1, explained 2.2 and
11.5 % of phenotypic variation, respectively. QTL-
Network detected AB-Q-APR-6-2 with 10.8 % phe-
notypic variation. Taran et al. (2007) reported a QTL
on LG 6 in the vicinity of TA106 marker which in fact,
flanked QTL (AB-Q-APR-6-2) in the present study on
LG 6 and small differences in the QTL region in terms
of precise marker order from this study with that of

@ Springer

Taran et al. (2007) may be due to differences in
meiotic recombinations, methodology and linkage
testing softwares.

Another dataset based on field screening at Ludhi-
ana detected two QTLs, AB-Q-APR-4-1 and AB-Q-
APR-5BonLG 4 and LG 5B, respectively. AB-Q-APR-
4-1 explained 26.4 % variation with a LOD of 4.3 and,
AB-Q-APR-5B explained 1.5 % of phenotypic varia-
tion with LOD value 3.1 (Table 3). AB-Q-APR-4-1
QTL was also detected by QTLNetwork with 6.7 %
phenotypic variation. The detection of same genomic
region/QTL for both SR (AB-Q-SR-4-1) and APR (AB-
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Q-APR-4-1) on LG 4 flanked by STMS11 and TA130
might be due to presence of common genes condition-
ing resistance to AB at different plant growth stages.
Comparison of QTL analysis for SR and APR
provided at least one QTL that was identified for both,
SR (AB-Q-SR-4-1) as well as APR detected under both
field (APR) and controlled conditions (lab screening for
SR). Detection of the same resistance QTL for SR and
APR may support the presence of common genes
conditioning AB resistance at different developmental
stages of the plant. In fact, Rajesh et al. (2008) predicted
candidate genes for AB resistance in the same genomic
region using sequence information from corresponding
BAC clones and recently, Madrid et al. (2012) reported
characterization of a functional sequence (EIN4-like
sequence (CaETR-1) located under the QTL (ARI)
(Iruela et al. 2006) and its involvement in AB resistance.

The above QTL (AR]I) is the same or similar to AB-Q-
SR-4-1 identified in the present study for AB resistance.
The other QTL (AB-Q-SR-4-2) identified in the present
study was reported earlier by Lichtenzveig et al. (2006).
This study however added one additional marker
(CaM2049), derived from end sequence of BAC (Thudi
etal. 2011), for this QTL region. Integration of the BAC
corresponding to this SSR marker into physical map
may provide additional BACs covering this region and
eventually isolation of resistance genes to AB. In a
separate study integration of the genetic and physical
map of chickpea indicated that the SSR marker was
mapped on to the BAC contig (ctg2052). In fact, Zhang
et al. (2010) also reported one BAC/BIBAC contig
(ctg3270) containing or closely linked to the same QTL.
Nevertheless, the availability of draft genome sequence
of chickpea and the resequencing data on ninety

@ Springer
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Fig. 4 A snapshot showing B NoD B D+DE
significant interaction of loci
(in red). Circles denote
QTLs with additive effect
whereas squares represent
QTLs with dominance effect

chickpea lines (Varshney et al. 2013) will enable
identification of genes and superior alleles underlying in
the novel QTLs regions identified for FW and AB
resistance.

In summary, the present study reports two major
and novel QTLs for resistance to FW and one major
QTL for resistance (both SR and APR) to AB. These
QTL regions are linked with some BAC-end sequence
derived SSR markers. While QTLs for FW are
identified based on field data, these QTLs are most
promising for deployment in chickpea breeding. In
case of AB resistance, one QTL that was detected
under lab conditions as well as field conditions is the
same QTL identified in several earlier studies. There-
fore the QTLs identified and markers linked with the
promising QTLs are useful resource for genomics-
assisted breeding for resistance to FW and AB.
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