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Abstract A recombinant inbred line (RIL) population,
comprising 181 lines derived from ILC588 x ILC3279,
was evaluated in 10 environments across three locations
with different moisture gradients. A drought resistance
score (DRS) and three phenology traits—plant height
(PLHT), days to flowering (DFLR), and days to maturity
(MAT)—were recorded along with seven yield-related
traits—grain yield (GY), biological yield (BY), harvest
index (HI), the number of pods/3 plants (Pod), percentage
of empty pods (%Epod), 100 seed weight (100 sw), and
seed number/3 plants (SN). Two RILs (152, 162) showed
the best GYs and DRSs under stressed and non-stressed
environments. The quantitative trait loci (QTLs) analyses
detected 93 significant QTLs (LOD > 2.0) across the
genome X environment interactions. The highest pheno-
typic variation (>24 %) was explained by the QTLpg R in
Terbol-11. Four common possible pleiotropic QTLs on
LG3 and LG4 were identified as associated with DFLR,
DRS, GY, MAT, HI, SN, and Pod. No significant epistatic
interactions were found between these QTLs and the other
markers. However, the QTL for DRS was detected as a
conserved QTL in three late planting environments. The
markers H6C-07 (on LG3) and H5GO1 (on LG4) were
associated with QTLs for many traits in all environments
studied except two. The allele ‘A’ of marker H6CO7 (from
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the tolerant parent ILC588) explained 80 % of the yield
increase under late planting and 29.8 % of that under dry
environments. Concentrating on LG3 and LG4 in molec-
ular breeding programs for drought could speed up
improvement for these traits.

Introduction

Drought is the most economically important abiotic con-
straint to crop production in the world (Boyer 1982).
Drought can be defined as below normal precipitation that
limits plant productivity (Kramer and Boyer 1995).
Chickpea is a member of the Leguminosae family, which
includes 18,000 species, grouped into 650 genera, grown in
the semi-arid regions of the world (Polhill and Raven
1981). It is a major pulse crop in South Asia, the Middle
East, East Africa, the western Mediterranean, Australia,
and Mexico. Chickpea and other pulse crops, such as lentil
(Lens culinaris Medik.), dry pea (Pisum sativum L.), and
dry bean (Phaseolus vulgaris L.), are a major source of
protein in human diets, particularly in low-income coun-
tries. In addition to being a major source of protein for
human food in the semi-arid tropical regions, the chickpea
crop plays an important role in the maintenance of soil
fertility, particularly in the dry, rain-fed areas (Saxena
1990; Katerji et al. 2001). The time of sowing and the
photoperiod vary among these regions, but generally most
of the precipitation is received before or during the early
crop season and the crops matures under progressively
declining soil moisture and increasing temperature. The
crop is a self-pollinated diploid (2x = 2n = 16 chromo-
somes) with a relatively small genome size of around 740
Mbp (Arumuganathan and Moss 1991). Chickpea faces
diverse environments in these and other production areas in
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terms of the photoperiod, temperature, and precipitation,
all of which have a profound effect on growth and devel-
opment (Khanna-Chopra and Sinha 1987).

Chickpea frequently suffers from drought stress towards
the end of the growing season under rain-fed conditions.
Ninety percent of the world’s chickpea is produced in areas
relying upon a decreasing, conserved soil moisture.
Therefore, crop productivity is largely dependent on the
efficient use of the available soil moisture (Kumar and Van
Rheenen 2000). Although chickpea is known as being more
drought tolerant than most of the other cool season
legumes, drought still reduces yields and can even lead to
total crop failure. In both Mediterranean and sub-tropical
climates, chickpea often suffers from terminal drought,
which delays flowering and seed filling, leading to a low
seed yield (Turner et al. 2001). Plants adapt to drought
stress either by escape, avoidance, or tolerance mecha-
nisms. It is reported that chickpea adapts by developing a
deep root system (Kashiwagi et al. 2005).

Conventional breeding methodologies for improving
drought tolerance in crop plants are primarily based on
screening germplasm and an empirical selection for GY
under different drought stress conditions over several
years. Because of the variability in drought patterns from
year to year, and to overcome the low response to direct
selection, substantial efforts have targeted the manipulation
of morpho-physiological traits influencing drought resis-
tance through escape, avoidance, and/or tolerance mecha-
nisms (Ludlow and Muchow 1990; Blum 1996).

A deep root system capable of extracting additional
soil moisture should positively affect yield under drought
stress environments. A set of 257 RILs was developed
from the cross of Annigeri x KC4958 at the International
Crops Research Institute for the Semi-Arid Tropics
(ICRISAT) and evaluated to identify molecular markers
for root traits. A QTL, flanked by markers TAA170 and
TRSS5 on LG4A, was identified for root length (Chandra
et al. 2003), however, the yield advantage of a deep root
system is still under investigation. A few researchers have
studied the genetic basis of the flowering time of chick-
pea. Or et al. (1999) suggested a major photoperiod
response gene (Ppd) affecting time to flowering. Cho
et al. (2002) identified a single QTL for days to 50 %
flowering on LG3. Lichtenzveig et al. (2006) identified
two QTLs on LG3 and LG4 linked to time to first flower.
Cho et al. (2002) also identified a QTL for seed weight on
LG4 accounting for 52 % of the total phenotypic varia-
tion. These reports generated information on the QTLs of
important traits measured under different conditions to
establish their usefulness for stress breeding in chickpea.
The basis of further development could lie in the inte-
gration of physiology, biotechnology, and plant breeding
(Blum and Nguyen 2004).
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At ICARDA, the principal criterion used to breed for
drought tolerance is based on yield performance (empirical
selection) under terminal drought and heat stress. The
methodology involves late planting chickpea (around 20
March), as under Mediterranean environments the chances
of rainfall occurring after late March are minimal. This
exposes the crop to terminal drought and heat because as
the season progresses, conserved soil moisture recedes and
the temperature increases. This methodology led to the
release of varieties which survived severe drought. For
example, the variety Gokge, released in Turkey, survived
severe drought in 2006-07 when most of the crops,
including wheat, were completely devastated. Therefore, in
this study, we have attempted to understand the genetic
basis of drought tolerance in elite genotypes developed for
dry environments, by combining several phenological/
morphological traits in varied environments and using
molecular marker analysis to identify and discern QTLs
related to drought tolerance in chickpea.

Materials and methods
Plant materials and DNA isolation

A mapping population of 181 (Fg) RILs was used in this
study. They were derived from an intra-specific cross
between drought tolerant chickpea genotype ILC588 and a
drought susceptible cultivar ILC3279. The single seed
descent (SSD) method was used to advance the lines from
F, to F;. The DNA was extracted from the young leaves of
four to 6 week old seedlings at the Fg generation. The DNA
was extracted from five seedlings using the cetyltrimeth-
ylammonium bromide (CTAB) method, as described by
Rogers and Bendich (1985). In brief, fresh leaf material
from seedlings was frozen in liquid nitrogen and ground
into a fine powder, which was subsequently added to a
2 mL Eppendorf tube with 1 mL pre-warmed 2 x CTAB
buffer—2 % CTAB, 0.1 M Tris—HC1 (pH 8.0), 1.4 M
NaCl, 20 mM ethylenediaminetetraacetic acid (EDTA).
The suspension was mixed and incubated at 65 °C for
30 min. The suspension was cooled at room temperature
(RT) for 5 min, 1 mL chloroform-isoamyl alcohol (24:1)
was added to the tube and the suspension gently mixed by
shaking for 10 min. The suspension was centrifuged at
4,500 rpm (Beckmann YA-12) for 20 min at RT and the
supernatant transferred to a new tube. The DNA was pre-
cipitated with 700 pL of cold isopropanol. The DNA was
transferred into a micro-centrifuge tube and washed twice
with a washing buffer (75 % ethanol and 200 mM sodium
acetate) for 20 min. After air-drying for about 10-20 min,
the DNA was dissolved in 100 pL of 1 x TE buffer—
10 mM Tris—HCI, pH 8.0, 1 mM EDTA. The sequences of



Theor Appl Genet (2013) 126:1025-1038

1027

chickpea primers were obtained from the literature (Winter
et al. 2000; Lichtenzveig et al. 2005; Gujaria et al. 2011).
The PCR mixture (20 pL) contained 10 ng genomic DNA
and 10 pmol of each forward and reverse primer, 0.2 mM
dNTP, 1 x PCR buffer and 1 U Tag DNA polymerase
(Invitrogen, Carlsbad, Calif.) Polymerase chain reaction
(PCR) was performed in a thermocycler (ABI—GeneAmp®
2720) with the following profile: an initial denaturing cycle
of 94 °C for 3 min followed by 35 cycles of 94 °C for 15 s
(denaturation), a specific temperature depending upon the
primer pair for 15 s (annealing) and 72 °C for 30 s (exten-
sion); followed by a final extension at 72 °C for 5 min. The
PCR products were electrophoresed on 8 % polyacrylamide
gel and stained by ethidium bromide as described by sup-
plier (Electrophoresis User Guide-Invitrogen).

Environments/locations

Three different environments used in this study were
Terbol (Lebanon); Tel Hadya (TH), Aleppo, Syria, and
Breda, Syria. These locations were varied in their moisture
gradients and the long-term annual average rainfalls are
Terbol, 450 mm; TH, 350 mm; and Breda, 250 mm. At
each location the lines were grown in multiple row plots
and laid out in an alpha lattice design,—plot length 5 m,
and spacing between rows 0.2 m—and two replications
were used in all trials. Planting dates, years, and locations
are summarized in Table 1.

Table 1 Ten environments (Tel Hadya, Breda, and Terbol) and
planting dates used during the 4 years 2008-2011

No. Environment  Location Planting date ~ Years
code

1 TH-cont08 Tel Hadya, Aleppo, 10/February/ 2008
Syria 2008

2 TH-Dr08 Tel Hadya, Aleppo, 17/March/ 2008
Syria 2008

3 TH-cont09 Tel Hadya, Aleppo, 1/January/ 2009
Syria 2009

4  TH-Dr09 Tel Hadya, Aleppo, 18/March/ 2009
Syria 2009

5  Breda-09 Breda, North Syria  6/January/ 2009
2009

6 Terbol-09 Terbol, Lebanon 16/January/ 2009
2008

7  TH-contl0 Tel Hadya, Aleppo, 22/March/ 2010
Syria 2010

8§ TH-Drl0 Tel Hadya, Aleppo, 21/March/ 2010
Syria 2010

9  Breda-10 Breda, North Syria ~ 20/December/ 2010
2009

10  Terbol-11 Terbol, Lebanon 6/December/ 2011
2010

Phenotyping in stressed and non-stressed environments

A RIL population, comprising 181 lines, was evaluated in
10 environments that were across 4 years and included
early and late plantings (Table 1). The following traits
were measured under both stressed and non-stressed
environments as reported by Canci and Toker (2009): The
DRS was estimated by using a rating scale ranging from 1
(plants with 95-100 % pod setting) to 9 (plants did not set
any pods and died). The PLHT was measured as the
average length of the plants from the ground to the top
extremity of the plant at maturity. The DFLR was mea-
sured when 50 % of the plants had set the first flower. The
MAT was recorded as the number of days after sowing
when 95 % of the pods had reached physiological maturity.
Five plants per plot were harvested and dried to a moisture
content of about 14 % when their yield and yield compo-
nents, including biomass, were recorded. The HI was
measured as the GY divided by the BY. The whole plot
yield was combined with the yield per five plants to obtain
the total yield per genotype in high rainfall environments.

Statistical analysis

A correlation matrix between the DRS and yield compo-
nents was calculated using the means of each trait across all
environments including drought stress (rainfall <25 mm;
TH-Dr08 and TH-Drl10), and non-stress environments
(rainfall >400 mm; Terbol09 and Terbol-11). The corre-
lation was performed by using GenStat 12th edition. An
analysis of variance (ANOVA) was performed on the
phenotype data collected from the different environments
using GenStat 12th edition. GenStat was used to perform
an additive main effects and multiplicative interactions
(AMMI) analysis on the values of the DRSs obtained per
plot across environments. The plot genotype and environ-
ment means were calculated against four interaction prin-
cipal component axes (IPCAs). The AMMI model is
described by Duarte and Vencovsky (1999) as follows:

Yj=p+gitai+ Y Aoy + 1+ Sy
k=1

where Yj; is the mean response of genotype i in environ-
ment j; p is the overall mean of the test; g; is the fixed
effect of genotype i (i = 1, 2,...g); a; is the fixed effect of
environment j (j = 1, 2,...a); A, is the singular value of the
kth TIPCA, (k = 1, 2,...p, where p is the maximum number
of estimable principal components); o; is the singular
value of the ith genotype in the kth IPCA; yj is the singular
value of the jth environment in the kth IPCA; r; is the
residue of the GEI or AMMI residue (data noise); k is the
characteristic non-zero root, k = [1, 2,...min(g—1, e—1)].
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After selecting the AMMI model the stability and
adaptability were studied by biplot graphs obtained from
combinations of the orthogonal IPCAs.

Mapping was performed using the JoinMap 4® software
(Van Ooijen 2006). Loci were assigned to linkage groups
based on a logarithm of odds score of greater than three
(LOD > 3) and a recombination frequency less than 0.45.
Map distances (centimorgan—cM) were calculated using
the Kosambi mapping function (Kosambi 1944). QTL
analysis (including the percentage explanation for vari-
ability and the additive effects) was performed using the
MapQTL 6® software (Van Ooijen 2009). The significance
of the QTL was estimated (LOD threshold >2) from a
2,000 permutation test by random sampling of phenotypic
data. Epistasis and a two-locus model of epistatic gene
interaction were carried out using the QTL IciMapping
v3.1 software, which provided an improved statistical
method for inclusive composite interval mapping-epistatic
mapping (ICIM-EPI) showing the significant interactions
between identified QTLs (Li et al. 2007).

Results
Phenotypic characterization

Four years of data (2008-2011) from three different loca-
tions, with different planting dates representing diverse
environments receiving different rainfalls, were used in this
study. The rainfall after the planting experiments ranged
from 14.6 mm (late planting season 2008) in TH up to
594.7 mm in Terbol in 2011 (Table 2). In this study, 12
agronomic and morphological traits, including DRS, were
measured for 181 RILs of a chickpea population derived
from a cross between the drought tolerant parent, ILC588,
and the drought sensitive one, ILC3279. The ANOVA
showed significant differences (P < 0.001) for all the traits
studied among the 181 RILs and the 10 environments used
in this study (ANOVA tables are not shown). However, the
mean values of these traits varied significantly among the
ten environments (Fig. 1). These traits showed a good fit to
the normal distribution in the population studied (data not
shown). To study the interactions between the environments
and drought tolerance, the estimated DRS, which showed
significant negative correlation with GY (r = —0.65%*%),
was selected as a major trait related to drought to be further
analyzed by an ANOVA using the AMMI model.

The AMMI ANOVA showed that 45.2 % of the total
sum of squares was attributable to environmental effects,
only 7.9 % to genotypic effects, and 17.9 % to genotype x
environment interaction (GEI) effects (Table 3). A large
sum of squares for environments indicated that the envi-
ronments were diverse, with the large differences between
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the environmental means causing most of the variation in
the DRS values. The magnitude of the GEI sum of squares
was almost 2.3 times larger than that for genotypes, indi-
cating that there were substantial differences in genotypic
responses across environments. Results from the AMMI
analysis also showed that the first principal component axis
(PCA 1) of the interaction captured 39 % of the interaction
sum of squares. Similarly, the second principal component
axis (PCA 2) explained a further 18 % of the GEI sum of
squares. Furthermore, PCA 1 and PCA 2 had sums of squares
(1,752) greater than that for genotype (1,354). The mean
squares for the PCA 1 and PCA 2 were significant at
P < 0.001 and cumulatively contributed around 57 % of the
total GEIL. Therefore, the postdictive evaluation using an
F-test at P < 0.001 suggested that two principal component
axes of the interaction were significant for the model with
374 degrees of freedom. However, the interaction of the 181
lines with the 10 environments was best predicted by the first
two principal components of genotypes and environments.

The AMMI model 2 biplot of the 10 environments is
illustrated in Fig. 2. The late planted drought environments
TH-Dr08 and TH-Dr10 were distributed evenly in quadrant
IV and these received only 23.5 and 14.6 mm rainfall after
planting respectively. The environments Terbol-11, which
received 405.4 mm total rainfall, and Terbol-09, which
received 594.2 mm, were sparsely distributed in quadrant 1.
Most of the other environments were close to the general
mean of DRS with low PCA 1 values. One environment,
TH-Dr09, located in quadrant III, was excluded from the
data as the plants were severely infected by Fusarium wilt
(caused by Fusarium oxysporum f.sp. ciceris). A compar-
ison of the average of the GY with the DRS in stressed and
non-stressed environments showed that at least two
promising RILs (152, 162) had good performances under
both contrasted environments, stressed (rainfall <25 mm)
and non-stressed (rainfall >400 mm) (see Fig. 3).

Using the mean of the data over all environments, the
correlation coefficient between the traits ranged from
r = 0.06%* (between Epod and HI) to r = (0.99%**
(between SN and GY) (see Table 4; set A). Except %Epod
the DRS was negatively correlated with all traits, and these
values ranged from r = —0.28%** for %Epod to r =
—0.65%** for GY (Table 4; set A). A significant positive
correlation (r = 0.78***) was observed between DFLR and
MAT across different environments varying in their mois-
ture gradients. The average estimates of broad-sense heri-
tability of the 12 traits under 10 environments were low and
ranged from 8 to 37 %. However, except for Epod, the val-
ues of heritability for the other traits increased when stressed
(rainfall <25 mm) and non-stressed (rainfall >400 mm)
environments were compared (Table 5). The highly stressed
environments showed the highest heritability with the values
for GY increasing from 0.13 to 0.78 (Table 5) in this study.
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Table 2 Rainfall and average and minimum temperatures recorded in three locations Terbol (Lebanon), Tel Hadya, Syria, and Breda, Syria,
across 4 years 2008-2011

Environment Dec Jan Feb Mar Apr Aug Jun Jul Total**
TH-cont08
Rainfall (mm) 63.3 56.2 0+ 22 279 1.9 10.8 0 0 182.1 (62.6)
Ave temp (°C) 12.9 104 14.3 22.6 27.5 29.6 36.3 38.6
Min temp (°C) 1.3 -3.79 1.4 6.8 9.9 11.7 18.9 222
TH-Dr08
Rainfall (mm) 63.3 56.2 27.9 17.1 +10.8 1.9 10.8 0 0 188 (23.5)
Ave temp (°C) 12.9 104 14.3 22,6 275 29.6 36.3 38.6
Min temp (°C) 1.3 -3.79 1.4 6.8 9.9 11.7 18.9 222
TH-cont09
Rainfall (mm) 42.6 0+ 379 84.3 36.2 234 4 0 0 228.4 (185.8)
Ave temp (°C) 12.8 11.9 14.2 17.1 24 30.1 36.7 374
Min temp (°C) 0.6 0.4 4.7 49 7.7 11.1 18.5 22.8
TH-Dr09
Rainfall (mm) 42.6 37.9 84.3 20.5 + 15.7 234 4 0 0 228.4 (43.1)
Ave temp (°C) 12.8 11.9 14.2 17.1 24 30.1 36.7 374
Min temp (°C) 0.6 0.4 4.7 49 7.7 11.1 18.5 22.8
Breda-09
Rainfall (mm) 46.4 1.6 + 242 50.2 434 22.8 1.8 0 0 190.4 (142.4)
Ave temp (°C) 11.5 11.4 13.5 16.4 23.6 29.8 36.5 36.9
Min temp (°C) 0.2 0.6 52 4.1 7.7 11.4 19 21.5
Terbol-09
Rainfall (mm) 59.8 11 +40.8 216.8 103.2 414 32 0 0 476.2 (405.4)
Ave temp (°C) 15.2 14.5 12.8 14.4 21 25.8 32.3 32.8
Min temp (°C) -0.2 -0.5 1.6 1.7 44 6.7 9.9 13.2
TH-cont10
Rainfall (mm)* 71.4 53.7 50.6 11.3 + 31.1 72.7 60.2 30.6 0 381.6 (194.6)
Ave temp (°C) 14.7 14.6 15.2 22.6 25.8 31.8 355 38.7
Min temp (°C) 59 4.7 4.4 6.2 8.2 134 18.8 22.6
TH-Dr010
Rainfall (mm) 71.4 53.7 50.6 113+ 1.1 12.7 0.2 0.6 0 201.6 (14.6)
Ave temp (°C) 14.7 14.6 15.2 22.6 25.8 31.8 355 38.7
Min temp (°C) 59 4.7 4.4 6.2 8.2 13.4 18.8 22.6
Breda-10
Rainfall (mm) 61.8 4+ 2.8 34 30.6 12.3 5.4 0 0 0 146.9 (85.1)
Ave temp (°C) 13 12.6 14 19.2 26.4 32.6 36.2 39.1
Min temp (°C) 5.6 42 3.9 6.1 7.1 12.2 17.7 21.3
Terbol-11
Rainfall (mm) 8 + 169.1 82.6 173 105.6 344 29.5 0 0 602.2 (594.2)
Ave temp (°C) 15.2 12.5 11.8 16.8 19.5 243 29.4 NA
Min temp (°C) 1.1 14 22 22 5.2 7.8 10.5 NA

Under lined numbers indicate both rainfall and supplemental water

Numbers in italics indicate the rainfall before the planting date

* Rainfall was supplemented by 180 mm (six times of irrigation of 30 mm each) given on 20 March, 10 April, 24 April, 10 May, 26 May, and

8 June

** Estimated total of the rainfall; water received after planting date in brackets
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Table 3 ANOVA (AMMI model) for DRS of 181 RILs evaluated in
10 different environments in Syria and Lebanon

Source Df SS MS F Explained (%)
Genotypes 179 1,354 7.6 5.15%*% 788
Environments 8 7,754 969.2 646.13*%*%* 4515
Interactions 1,157 3,073 2.7 1.81%*=* 17.90

IPCA1 188 1,198 6.4 4.34%%*% 3890

IPCA2 186 554 3 2.03%#% 18.20

IPCA3 184 434 2.4 1.61%%*% 14,12

IPCA4 182 301 1.7 1.13

Residuals 417 586 14

Total 3,809 17,174 9959

**% Significant at the 0.001 probability level; df degree of freedom,
F tabulated frequency
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Mapping and QTL analyses

Of the 263 primers tested, only 110 (42 %) of the primer
pairs revealed DNA polymorphism between the parents
ILC588 and ILC3279. The RIL population was screened
with these primer pairs. The linkage map comprised a total
of 77 simple sequence repeat (SSR) markers spanning
520 cM on nine linkage groups. The average distance
between the markers was 7.6 cM, however, 33 (30 %) of
the markers remained unlinked. Interval mapping revealed
significant QTLs for all the traits using the average of two
replications at each location (Table 6).

Ninety-three significant QTLs (LOD > 2.0) (Table 6)
were detected for the 12 drought-related traits in the pop-
ulation studied. Most of the QTLs were environmentally
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Fig. 2 AMMI model 2 biplot of RILs and 10 environments for DRS

specific, however eight QTLs expressed in more than one
environment (Table 6). The highest phenotypic variation
(greater than 24.2 %) was explained by the QTLs for
DFLR in Terbol-11. Although QTLs were detected on
linkage groups 1, 2, 3, 4, and 9, four regions on LG3 and
LG4 contained QTL for several traits and may contain
QTL with pleiotropic effects (Fig. 4). The first significant
QTL region on LG3, was comprised four markers (H4G-
07, H1B-04, H6C-07, and H1E-06) spanning 12.1 cM, and
contained a significant QTL for DFLR, DRS, GY, MAT,
HI, SN, BY and Pod (Fig. 4; Table 6). The second QTL
comprised two markers (H3G-09 and TR-50 s) spanning
0.68 cM, and contained significant QTL for 100sw, Pod,
PLHT, Epod, SN, and BY. Two common QTLs for dif-
ferent traits were observed on LG4. The first comprised
two markers (H1G-20, and H5G-01) spanning 5.81 cM,
indicating a common significant QTL for six traits DFLR,
DRS, GY, MAT, HI, and Pod. The second QTL on LG4
comprised two markers (H1B-17 and SCY17) spanning
4.63 cM, indicating a common significant QTL for DFLR,
MAT, and SN (Fig. 4). The pooled data of the stressed and
non-stressed environments showed that the DRS QTL
expressed strongly in the stressed environments, but was
weak or not significant in the non-stressed ones (Fig. 5).
The epistatic interactions were not significant between
these markers at their location on the genome. The QTL for
the DRS was detected as a stable QTL in three late
planted environments—TH-Dr08, TH-Dr10, and TH-
contl0 (Table 6). Interestingly, the marker H6C-07 was
associated with the QTLs for many traits—DFLR, DRS,
GY, MAT, HI, SN, and Pod—in all the environments
except Breda-09 and Breda-10. The allele ‘A’ of marker
H6CO07 (from the tolerant parent ILC588) increased GY 80,
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E 11 160 45 *
B e Y
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2 4 16319172
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Fig. 3 a Comparison between RILs based on DRS and GY under
drought-stressed environments (TH-DrO8 and TH-Drl0; rain-
fall <25 mm). b Comparison between GY averages under stressed
(rainfall <25 mm) and non-stressed environments (rainfall >400 mm).
The comparison shows that the performances of RILs (152 and 162)
were high under drought stress and around average in non-stressed
environments. Dashed lines indicate the average score of each trait

29.8 and 20.3 % under late planting environments (TH-
Dr08, TH-Dr10, and TH-cont10, % respectively; Table 7).
Although the PLHT QTL did not explain more than 6.1 %
of the total variation, it was interesting to find that
QTLp yr was associated with the non-linked marker
TA-76 in four environments—TH-cont09, Terbol-09,
TH-cont10, and TH-Dr10.
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Table 4 Phenotypic correlation coefficients among drought-related traits derived from 181 RILs (ILC588 x ILC3279)

100sw %Epod BY DFLR DRS Epod HI MAT PLHT GY Pod
%Epod A —0.14%%*
B —-0.032
C  —0.17%%*
BY A 027FFF —(.28%F*
B 0.24%*%  —0.02
C 0.09* —0.12%*
DFLR A 0.18%%* —(0.26%** 0.61%**
B -0.30%%* 0.25%%% 0.05
C 0.117%%* 0.19%%* 0.407%#*
DRS A —0.30%** 0.28%*F*  —(.58%**  —(0.56%**
B —0.37%%* 0.10%* —0.38%** 0.36%**
C  —0.31%%* 0.13%%  —0.28%**  —(.49%**
Epod A 0.08%** 0.27%%* 0.37%%%* 0.11%%%  —(0.26%**
B 0.06 0.51%%* 0.34%**  —0.01 —0.20%**
C 0.01 0.79%** 0.26%** 0.45%%* (. 17%%*
HI A 043%Fk (. 4]%%% 0. 1744 0.30%%*  —(0.48%** 0.06%*
B 0.44%%% (0 3] *** 0.01 —0.45%*%  —(.49%%* 0.05
C 0.54%%% — —0.15%*%*  —0.01 0.44%%%  —(0.46%** 0.197%%*
MAT A 0.18%%F  —(.22%%* 0.50%%%* 0.78%%*  —(.45%%* 0.10%%* 0.25%%%*
B —0.16%* 0.26%%* 0.227%3%%* 0.65%** 0.33%%* 0.05 —0.50%**
C 0.15%%%* 0.20%** 0.427%3%%* 0.99%**  —(.52%** 0.47%%* 0.47%%%*
PLHT A 0.33%%% —(Q.27%%* 0.84#%* 0.60%**  —(.49%%* 0.26%** 0.16%%* 0.50%**
B —0.17%%* 0.02 0.06 0.13%* 0.11 —0.01 —0.18%** 0.17#%%
C 0.05 —0.06 0.237%%* 0.40%**  -0.30%** 0.06 0.10%* 0.36%**
GY A 036%FF  —(0.32%%* 0.93 %% 0.63%**  —(.65%** 0.38%%* 0.427%%% 0.527%%% 0.78%%*
B 0.46%**  —(.24%%* 0.70%*%*  —0.31%*%*  —(0.62%** 0.24%%%* 0.63%%*  —(.25%*%*  —(.14%%*
C 0.39%**  —(.13%%* 0.72%%* 0.63***  —(.50%** 0.36%** 0.65%%* 0.66%** 0.23%%*
Pod A 0.30%FF  —(.32%%* 0.93 %% 0.62%%*  —(0.64%** 0.417%%%* 0.38%#* 0.51%%* 0.80%**  (.98***
B 0.31%** (0. 27%%* 0.61%*%%  —(.34%*%* (. 59%** 0.28%%%* 0.64%%*  —(.32%%*  —(Q.11%* 0.93***
C 0.20%**  —(.13%%* 0.73%** 0.56%*%  —(.44%%* 0.37%** 0.53%%* 0.59%** 0.21%*%  0.92%**
SN A 0.27FFk —(.32%%% 0.937#3% 0.63%**  —(.65%** 0.407%%* 0.39#%* 0.5 % 0.77%%%  0.,99%%*  (,98%**
B 0.32%%% (. 25%%* 0.71%%%  —0.27%%%  —(0,62%%* 0.27%#%* 0.60%**  —0.22%*%*  —0.11* 0.98%**  (.96%**
C 0.19%%% 0. 11%* 0.747%%% 0.65%**  —0.47*** 0.37%%% 0.57#%%* 0.67#%%* 0.25%** 0. 97**%*  (.95%%*

** Significant at the probability level P < 0.01, *** Significant at the probability level P < 0.001

A the mean of the data over all environments; B the mean of the data over the stressed environments (Rainfall < 25 mm; TH-DrO8 and TH-
Dr10); C the mean of the data over the non-stressed environments (rainfall > 400 mm; Terbol09 and Terbol-11)

Discussion

In plant breeding programs, drought tolerance is an
important objective. However, understanding the physio-
logical mechanisms that contribute to variability in crop
performance in drought environments remains limited
(Ceccarelli and Grando 1996; Passioura 1996). One of the
major mechanisms of drought resistance is drought escape,
which involves plants with early flowering and pod initi-
ation, as any change in the duration of various phenological
phases (vegetative phase, days to flowering, grain devel-
opment duration, etc.) helps plants to avoid exposure of the
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critical growth phases to stress conditions (Turner 1986).
Therefore, drought and yield are important traits. Many
different genes act throughout the life of the plant, plus
there are the effect of the environments and interactions. In
our study, we used 10 different environments, varying in
rainfall (ranging from <25 mm to >400 mm; Table 2),
temperature (10-25 °C) and planting dates (early Decem-
ber to end March), to study drought tolerance. (Drought
tolerance was measured by the DRS score, phenology traits
(PLHT, DFLR, and DMAT), yield, and yield components
(GY, BY, HI, Pod, Epod, %Epod, 100sw, and SN) under
moisture stress and optimum conditions.
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Table 5 Broad-sense heritability estimates for seven drought-related traits measured in 10 trials during the 4 years 2008-2011 for chickpea

RILs of the cross ILC588 x ILC 3279

Drought-related traits 10 environments

Stress environments
Rainfall <25 mm
(TH-Dr08 and TH-Dr10)

Non-stress environments
Rainfall >400 mm
(Terbol09 and Terbol-11)

&2 &2 W 2 &2 n &2 &2 W
DRS 1.46 0.59 0.18 0.639 7.60 0.79 1.1 1.00 0.28
PLHT 12.49 13.29 0.35 8.57 23.75 0.64 11.1 26.5 0.62
DFLR 6.16 9.026 0.37 13.55 51.15 0.62 1.64 15.55 0.75
MAT 706.1 237.09 0.29 2.25 38.25 0.85 1.43 3.63 0.62
GY 48.78 8.82 0.13 6.93 23.78 0.78 120.9 82.1 0.35
BY 219.5 31.08 0.11 30.76 38.12 0.46 575.7 1375 0.16
HI 0.04 0.01 0.08 0.02 0.04 0.64 0.01 0.01 0.26
Pod 471 77.48 0.13 66.56 227.85 0.76 1103 591 0.34
Epod 36.71 7.64 0.12 15.25 1.15 0.05 35.24 7.03 0.11
%Epod 1531 85.11 0.03 1270 4104 0.87 33.54 10.29 0.17
100 sw 14.73 2.38 0.09 15.55 21.13 0.37 8.67 9.24 0.34
SN 598.6 112.57 0.14 96.45 296.54 0.78 1365 794 0.34

63: Residual error, 6’2 Genotypic variance; h?: Estimated heritability

In general, the broad-sense heritability estimates for the
12 traits in this study in 10 environments ranged from 3 %
(%Epod) to 37 % (DFLR) with an average value of
16.8 %. These values are lower than those reported earlier
for chickpea (Eser 1976; Muehlbauer and Singh 1987;
Abbo et al. 2005; Cobos et al. 2007). However, the heri-
tability estimate values increased when stressed and non-
stressed environments were compared. For example, the
environments TH-Dr0O8, and TH-Drl0, which received
minimum rainfall (<25 mm after planting), showed higher
heritability values, which averaged 63.4 %. Eser (1976)
observed a 13 % narrow-sense heritability for single plant
yield, 25 % for number of pods per plant, 30 % for plant
height, and 78 % for seed weight in chickpea and con-
cluded that seed weight was the least environmentally
influenced trait. Our results showed that %Epod was the
least environmentally influenced trait with 87 % herita-
bility only under stressed environments. Abbo et al. (2005)
reported high heritability values for seed weight (71 %).
However, in the present study the heritability of seed weight
did not exceed 37 % even in the environments receiving
minimum rainfall values (<25 mm). The mean hereditabil-
ity obtained for yield across the 10 environments was 13 %,
which is very low (Table 5) and similar to the 14 %
observed by Cobos et al. (2007). However, when the results
for the non-stressed and stressed environments were com-
pared, this heritability value for yield increased to 35 %
(Terbol-09 and Terbol-10) and 78 % (TH-DrO8 and TH-
Dr10). This indicated that for chickpea, the drought-related
gene(s) are probably highly expressed under the moisture-
stressed environment, and thus direct selection for yield

under stressed conditions would give greater response than
indirect selection under non-stressed conditions. No such
comparisons for heritability have been made for chickpea
under moisture stressed and non-stressed environments.
Similar findings were reported by Mhike et al. (2012) for
maize when they compared the heritability values of the
anthesis-silking interval and ears per plant under optimum
and drought environments. They found that the heritability
values were increased under moisture stressed conditions
when compared to the optimum environment.

Our results indicated a positive correlation (63 %)
between yield and DFLR when we pooled the data for all
environments. This correlation was negative and significant
in the dry environments TH-Dr0O8 (—0.42***) and TH-
Dr10 (—0.44%%*), but not significant in the non-stressed
environments TH-cont08 (—0.07), TH-cont09 (—0.13), and
TH-cont10 (—0.05). This result agreed with that found by
Rubio et al. (2004), who performed a multi-location/year
assay and found a significant and positive effect of earli-
ness on yield in chickpea. Therefore, the detection of QTLs
for seed yield associated with early flowering would help
improve for chickpea yield in dry environments using
MAS. In our study, a significant correlation (r = 0.52,
P < 0.001) was detected between GY and MAT when we
pooled the data across all 10 environments indicating that
lae maturity could give greater yield. However, under
drought-stressed environments, the correlation between
these two traits (GY and MAT) is negative (Table 4, set B)
indicating that plants with early maturity gave higher yield
under moisture stress conditions and thus could facilitate
the selection of high-yielding genotypes for drought
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Table 6 QTLs detected through composite interval mapping for the
12 drought-related traits, phenology, and yield-related traits during
the 4 years 2008-2011 at three locations

Environment LG  Locus LOD % Expl.  Additive
Drought resistance score (DRS)
TH-Dr08 3 H6C-07 5.19 233 —0.89
TH-Dr08 U H4D-11 2.26 10.9 —0.61
Breda-09 3 NCPGR-81  2.28 6.4 —0.20
Terbol-09 3 H1B-04 2.13 6.7 0.42
TH-Dr10 3 H6C-07 5.1 12.5 —0.56
TH-Dr10 4 H5G-01 2.03 5.1 —0.36
TH-cont10 3 H6C-07 6.25 15.2 —-0.41
100 seed weight (100sw)
TH-Dr08 3 NCPGR-50  3.12 17.2 —2.38
TH-cont09 3 TR-50s 2.62 6.4 0.60
Terbol-09 7 SCEA19 2.29 7.1 —-1.12
BredalO 5 TAA-58 2.24 5.9 0.76
TH-Dr10 3 TS-43 2.76 74 0.97
Terbol-11 4 H1H-15 3.88 11.8 0.72
Terbol-11 3 TA-11 2.32 7.3 0.55
Pod number (Pod)
TH-Dr08 3 H6C-07 5.09 22.7 4.59
TH-Dr8 7 TAA-55 2.02 9.6 —2.98
Breda-10 3 H3G-09 2.82 74 —1.15
TH-cont10 3 H1B-04 2.92 7.3 6.22
TH-contl0 U TS-19 2.04 5.1 5.21
TH-Dr10 4 H5G-01 2.32 6.1 2.25
TH-Dr10 3 H6C-07 2 53 2.08
Days to flowering (DFLR)
TH-cont09 3 HI1F-14 2.04 5.1 —0.67
TH-cont09 4 H5G-01 2.15 53 —0.68
Terbol09 3 H6C-07 6.07 17.7 —1.02
Terbol-09 4 H1B-17 2.53 7.8 —0.68
Terbol-09 U TS-19 2.09 6.6 —0.62
TH-Dr10 3 H4G-07 3.94 9.7 —1.37
TH-Dr10 8] TS-19 2.58 6.5 —-1.12
TH-cont10 U GA-16 2.07 53 0.86
Terbol-11 3 H6C-07 8.64 242 —1.30
Grain yield (GY)*
TH-Dr08 3 H6C-07 2.18 124 0.74
TH-cont09 U HS5E-02 2.7 6.7 —1.48
TH-Dr10 4 H5G-01 2.28 6 0.77
TH-Dr10 3 H6C-07 2 53 0.72
TH-cont10 3 H1B-04 2.13 54 1.50
Terboll1 3 TR-31 2.03 6.4 —2.65
Plant height (PLHT)
Breda-09 3 TA-179 3.12 8.8 1.62
TH-cont09 2 TA-103 2.37 5.9 —1.15
TH-cont09 U TA-76 2.14 53 —1.10
Terbol-09 8] TA-76 2 6.1 —0.94
Breda-10 2 TA-96 3.26 8.5 —0.99
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Table 6 continued

Environment LG  Locus LOD % Expl.  Additive
TH-contl0 U TA-76 2.02 5.1 —1.00
TH-Dr10 7 TAA-55 2 5.1 0.76
TH-Dr10 8] TA-76 2 4.8 —0.75
Terbol-11 1 TA203 2.26 7.3 —1.03
Terbol-11 U TA-113 2.26 7.3 —-1.02

Days to maturity (MAT)

TH-cont08 1 TA-203 2.02 7 —1.11
TH-cont08 3 H6C-07 2 6.6 —1.07
TH-Dr08 3 H6C-07 2.75 13.7 —1.01
Terbol-09 3 H6C-07 4.26 12.8 —0.60
Terbol-09 8] NCPGR-42  2.57 7.9 —0.48
TH-cont09 3 H6C-07 3.49 8.5 —0.60
TH-cont09 U NCPGR-42 3 74 —-0.56
TH-cont09 U TA-113 2.65 6.6 —0.53
TH-cont09 2 H2B-061 222 55 0.48
TH-cont09 3 STMS-21 2.15 5.6 —-0.49
TH-cont10 3 H6C-07 4.71 11.6 —1.10
TH-Dr10 3 H6C-07 8.63 20.3 —-1.69
TH-Dr10 4 H1B-17 2.56 6.5 —0.96
TH-Dr10 4 H5G-01 2.45 6.1 —0.93
TH-Dr10 U TS-19 3.66 9.1 —1.14
Terbol-11 3 H6C-07 34 10.6 —0.34
Harvest index (HI)*
TH-cont08 8] TA-113 3.36 114 0.04
TH-cont08 2 TR-58 24 8.3 —0.03
TH-Dr08 3 H6C-07 2.49 144 0.07
Breda-09 5 HI1F-21 2.17 6.2 —0.02
TH-cont10 3 H6C-07 34 8.4 0.03
TH-Dr10 3 H6C-07 3.47 9.1 0.03
TH-Dr10 4 H5G-01 24 6.3 0.03
Breda-10 1 TA-203 3.65 9.5 0.02
Breda-10 1 TA-1 2.36 6.3 —0.02
Percentage of empty pods (%Epod)
TH-cont08 U TA-113 2.87 9.8 —4.73
TH-Dr08 2 H10-06 22 12.5 —5.75
TH-cont09 U SCOM 2.05 5.1 3.32
Breda-10 1 TA-1 2.05 5.6 —-3.72
Terbol-11 U HSE-02 2.61 8.3 1.50
Terbol-11 2 H10-06 2.28 7.1 —1.39
Empty pods (Epod)
TH-Dr08 3 GA-119 2.24 12.7 0.78
TH-cont10 U TS-19 2.78 6.9 1.59
TH-cont10 3 TR-50 s 2.65 6.9 1.59
TH-Dr10 2 HI1F-22 2.35 6.2 —0.81
THDr10 3 GA-6 2.12 5.6 0.78

Seed number (SN)

TH-Dr08 3 H6C-07 248 14 3.00
TH-cont09 U HS5E-02 2.25 5.7 —5.00




Theor Appl Genet (2013) 126:1025-1038

1035

Table 6 continued

Environment LG  Locus LOD % Expl. Additive
TH-cont10 3 H1B-04 2.58 6.5 6.29
TH-Dr10 4 H1B-17 2.18 5.8 2.60
Breda-10 3 H3G-09 2.74 7.1 —-1.2
Terbol-11 3 H6C-07 242 7.5 -9.81

Biological yield (BY)*

TH-cont09 U H5E-02 3.04 7.6 —3.33
TH-contl0 7 NCPGR-33 223 5.6 3.20
Breda-10 3 H3G-09 3.41 8.8 —0.82
Terbol-11 3 TR-31 2.78 8.6 —5.99
Terbol-11 8] TS-19 2.32 7.3 —5.51

* Measured from three plants/row

** Positive values of additive effect indicate the donor of the allele
for the trait was ILC 588 while negative values indicate the donor of
the allele for the trait was ILC 3279

tolerance. In contrast, no correlation between GY and MAT
was reported by Kumar and Rao (1996) and Gowda et al.
(2011). Toker and Cagirgan (1998) found significant corre-
lations between the drought susceptibility index and seed
yield (—0.65%*%), BY (—0.41**), and HI (—0.37*%*) for
chickpea in drought-stressed environments. In the present
study and by using the mean of the pooled data for all
environments, the correlation between DRS and yield and its
components indicated stronger significance between seed
yield (—0.65%**), BY (—0.58%**), and HI (—0.48%%*). In
this study, the RILs (152 and 162) had good performances in
stressed and non-stressed environments in term of DRS and
GY, which is the approach we are applying in our breeding

program to develop drought tolerant and water responsive
genotypes. Significant correlations between different
drought stress-related traits indicated that different genes are
controlling these traits and the interaction between these
genes and the environment.

The AMMI, the genotype main effects, and GEI effects
models are widely used for effective analysis and inter-
pretation of a multi-environment data structure in breeding
programs. The most accurate model for AMMI can be
predicted by using the first two PCAs (Gauch and Zobel
1996; Yan and Rajcan 2002). Conversely, Sivapalan et al.
(2000) recommended a predictive AMMI model with the
first four PCAs. Ceccarelli (1989) exposed a number of
genotypes to a set of contrasting environments to identify
genotypes with a high average yield and low GEI. In our
study, the GEI sum of squares was almost 2.3 times larger
than that for the genotypes, indicating that there were
substantial differences in genotypic response across envi-
ronments. This is similar to Kaya et al. (2002) who studied
the yield performances of 20 bread wheat genotypes across
six environments and found that the GEI sum of squares
was 3.4 times larger than that for genotypes. The AMMI
ANOVA indicated highly significant variation for geno-
types, environments, and GEI for DRS traits. The appli-
cation of the AMMI model for partitioning GEI revealed
that the first two IPCAs together with the sum of squares
(1,752) was greater than that of the genotypes (1,354) and
were highly significant (P < 0.001). This suggested the
AMMI model, with first and second multiplicative IPCAs,
was adequate for cross-validation of the drought tolerance
variation explained by the GEI in the present data set since
it excludes most of its actual noise.

Fig. 4 Linkage map depicting LG3 LG4
QTLs for eight drought-related .
traits detected in a RIL H18-09 - H1A12
(ILC588 x ILC3279) mapping 154 — 2 18.2—
population. The QTLs have H3E-052 < ’ o
been designated with the trait %g H--NCPGR-50 o 3; = |- scEA19 g 2 é > ; _
name abbreviations. Traits are 95— TS43 S (% = =53 5.2 o TARZ  afa OST
DRS Drought resistance score, 07 ~LL-H3G-09 I I A Lﬂm gg __/ :ggé} I
PLHT plant height at maturity, 42— |~TR-50s I I & 32 azé H5H-02
DFLR days to flowering, MAT g? 3 L’égé%a = 04—~ H4G-1
days to maturity, Pod number of 4511 GA6 o I gg 1 TA-146 3
pods per 3 plants; GY grain gg N TA421 ) 31— H?:g&% 74 e S
ield: SN d b 3 by TA-11 = 4.6—1 =143 < =
yield; seed number per 25~ H1P-092 a > > FH—H1H-15 & z
plants, BY biological yield, %g ] H1F-14 172) O - /A 48— TS-104 =] = ml
100sw 100 seed weight; 11 j 1!-1203111 g < %ﬂ —Z j; “H-H1B17 I I I
i 51 - 72] C
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38—\ HeC-07 2 == TR20
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Fig. 5 Linkage group 3 depicting QTLs for the DRS trait detected by
using the means of the data across environments, the mean of the data
over stressed environments, and the means across non-stressed
environments

Table 7 Average GY in 10 environments linked to the tolerance and
susceptible parental alleles (A/a) of marker H6C-07

Environment Marker (H6C-07) Yield increase
Tolerant Susceptible (%)
parent parent
ILC588 ILC3279
Allele (A) Allele (a)

TH-cont08 10.24 9.86 3.85

TH-DROS8 3.24 1.80 80.00

TH-cont09 21.79 23.47 —7.16

TH-DR09 247 3.38 —26.92

Breda-09 10.25 9.92 3.33

Terbol-09 27.10 29.71 —8.78

TH-cont010  14.14 11.75 20.34

TH-DRO10 6.27 4.83 29.81

Breda-10 4.96 5.01 —1.00

Terbol-11 46.87 52.02 —-9.90

In the present study, we initially performed composite
interval mapping (CIM) to detect the QTLs using MapQTL
5. Ninety-three significant QTLs (LOD > 2.0) were iden-
tified and mapped for the 12 traits in the population stud-
ied. Both temperature and photoperiod have been reported
to affect DFLR in chickpea (Roberts et al. 1985; Kumar
and Abbo 2001). Segregation of DFLR can be clearly
observed in the data distribution of the RILs grown under
different conditions and varied by planting date. In our
study, we used different planting dates and found the

@ Springer

DFLR ranged from 51 (late planting) to 136 (early plant-
ing). Using data from field and greenhouse experiments,
Cobos et al. (2007) detected a highly significant QTL for
DFLR (QTLpg;), LG4, closely linked to GAA47. They
suggested that LG4 could be considered an interesting
genomic region for agronomic traits in chickpea. We found
four QTLs for DFLR; two, on LG3 closely linked markers,
were H1F-14 and H6C-07, and two, on LG4 closely linked
markers, H5G-01 and H1B-17. GAA47 was found to be
monomorphic, thus making it difficult to confirm whether
H1B-17 is genetically close to GAA47, because GAA47
was mapped on LG4 (Cobos et al. 2007), LG6 (Gaur et al.
2011), and LG8 (Rajesh and Muehlbauer 2008). Two QTLs
for resistance to Ascochyta blight have also been reported
on the LG4 flanking markers, TA72 and TA146 (Iruela
et al. 2006; Cho et al. 2004), which are also flanking the
QTLs detected in this study for seed size, yield, and DFLR.
In our study, it was also observed that both LG3 and LG4
appeared to be pleiotropic, with QTLs for each of DRS,
Pod, DFLR, GY, MAT, and HI traits.

Of the QTLpgs identified in our study, only one, iden-
tified on LG3 at marker H6C-07, gave high LOD scores;
ranging from 5.19, 5.1, and 6.25 in the three environments
TH-Dr08, TH-Dr10, and TH-contl0, respectively. These
were late planted environments (late March), which means
that the plants were exposed to high temperatures during a
short growing period, in addition to being highly drought
stressed in TH-Dr0O8 and TH-Dr10. Interestingly, QTLpsr
on LG3 and LG4 was associated with the six traits, Pod,
DFLR, GY, MAT, HI, and SN in the TH-Dr08, TH-Dr10,
Terbol-09, Terbol-11, TH-cont08, and TH-contlO envi-
ronments (Table 6). This supports the significant positive
correlations observed among these traits (Table 4). Based
on the linked markers, it was interesting to note that LG3
and LG4 in our study correspond to the LG3 and LG4 of
the chickpea reference map (Winter et al. 2000), containing
QTLs for many traits, such as Pod, GY, 100sw, DRS,
DFLR, HI, Epod, and MAT (this study); DFLR and
Ascochyta blight resistance (Aryamanesh et al. 2010); seed
number per plant, 100sw, and days to 50 % flowering (Cho
et al. 2002); seed weight and lutein concentration (Abbo
et al. 2005); and seed size, yield, and days to 50 % flow-
ering (Cobos et al. 2007). Hence, concentrating on LG3
and LG4 in molecular breeding programs could speed up
the improvements for these traits.

Four 100sw associated QTLs were identified on LGs 3,
4,5 and 7. Among the 100sw QTLs on LG3, one common
QTL was identified in the TH-Dr08 and TH-Drl0 envi-
ronments, explaining 17.2 and 7.4 % of the total variation.
However, this figure is much lower than that determined by
Cho et al. (2002) who first reported a major QTL for seed
weight which explained 52 % of the total phenotypic var-
iation. In our study, this QTL was likely pleiotropic with a
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QTL for SN, BY, Pod, and Epod. Similarly, Gowda et al.
(2011) found that this trait appeared to be pleiotropic with a
QTL for yield per plant and plant height. Cobos et al.
(2007) identified two QTLs for seed weight on LG4 and
LG8 explaining 20.3 and 10.1 % of the variation. It is
possible that one or more of the 100sw QTLs might be the
same as the seed weight QTLs detected by Cho et al.
(2002) and Cobos et al. (2007). However, fine mapping
could reveal the true nature of the pleiotropism of these
QTLs. In our study, the non-linked marker TA-76 was
associated with plant height (QTLpyyr) in the four envi-
ronments TH-cont09, Terbol-09, TH-contl0, and TH-
Dr10. Another four QTLs for plant height were identified
and the QTL on LG3 (TA-179) explained highest variation
of 8.8 % in Breda-09.

The development of MAS for phenologic and yield traits
related to drought will allow identification of tolerant lines at
an early stage without the need for costly, environment-
dependent, and repetitive phenotyping. The QTLs which
were identified in the present study are likely to be useful for
improving drought resistance in chickpea and provide con-
firmation for the genetic basis of correlations. They also
suggest that selection for a small number of target genomic
regions (especially QTLprs and QTLgy on LG3 and LG4)
may achieve benefits for multiple characteristics, especially
yield. In late planting and dry environments, our results
indicated an important allele, H6C-07 from the ILC588
parent, was linked to increased yield (80, 29.8 and 20.3 %,
Table 7). This marker association allele must be validated in
other mapping populations or in association studies to con-
firm that QTL will be useful for selecting for drought tol-
erance in chickpea. Likewise, inclusion of the QTLs
expressed in a particular environment or physiological
conditions, along with the stable QTLs, could be a breeding
strategy for developing genotypes adapted to a wide range of
environments. In the present study, the use of 10 environ-
ments and performing interaction analyses permitted detec-
tion of many QTLs, some of which were stable across
environments while other were not, most likely pointing to
the well know concept of specific versus wider adaptation of
genotypes. Additionally, QTLs for many other important
traits were located on these LGs by previous researchers.
Hence, these LGs can be targeted in molecular breeding
programs to achieve simultaneous and correlated improve-
ment in these traits. Based on our study, it can also be
concluded that drought escape triggered by moisture stress
under late planting conditions has a major role in the
development of drought tolerant chickpea varieties.
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