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Abstract

Drought is a major abiotic stress worldwide limiting chickpea yield drastically. Low heritabil-
ity and high genotype × environment interactions make the trait-based breeding strategy an
unreliable approach. This study was planned to identify the drought-tolerant lines by evalu-
ating yield-based selection indices in a recombinant inbred line (RIL) population derived from
an inter-specific cross between drought-tolerant genotype GPF 2 (Cicer arietinum L.) and
drought-sensitive accession ILWC 292 (C. reticulatum) at two locations in India (Ludhiana
and Faridkot). A total of six yield-based selection indices were calculated and significant vari-
ation was observed in the RILs and their parents for yield-based selection indices at both loca-
tions. A holistic approach across association analysis and principal component analysis
identified drought tolerance index, mean productivity, geometric mean productivity and har-
monic mean productivity as key selection indices, which could be used for indirect selection of
drought-tolerant lines. Overall, on the basis of these approaches, a total of 15 promising RILs
were identified for their use in chickpea breeding programme for developing drought-tolerant
cultivars.

Introduction

Chickpea (Cicer arietinum L.) is a diploid (2n = 2x = 16) self-pollinated cool season crop
having genome size of 738Mb (Varshney et al., 2013; Kushwah et al., 2021a). It is second
most consumed grain legume after dry bean, originated from south-eastern Turkey
(Ladizinsky, 1975) and cultivated largely in the semi-arid and arid regions of Asia and
Africa (Gaur et al., 2012). Chickpea seeds are rich in carbohydrates (around 60%), proteins
(23%), nutrients, vitamins and essential amino acids in a readily digestible form (Jukanti
et al., 2012). It is free from anti-nutritional factors and also helps in improving soil fertility
by fixation of atmospheric nitrogen (Kushwah et al., 2020a).

Despite growing international demand, chickpea productivity is unstable and lower than
the desired level (Millan et al., 2006) due to adverse effects of several biotic and abiotic stresses
(Thudi et al., 2014), particularly drought (Krishnamurthy et al., 2010). About 90% of chickpea
is sown under rainfed conditions with residual soil moisture (Kumar and Abbo, 2001), which
leads to 40–50% annual yield loss from drought stress alone (Sabaghpour et al., 2006;
Varshney et al., 2010). Drought stress reduces the conserved soil moisture and promotes
evapotranspiration as the season progresses, thus reduces yields (Toker et al., 2007). This
emphasizes the urgent requirement to focus on increasing the chickpea productivity under
drought stress.

Reproductive stage is the most significant growth stage in chickpea affected by the terminal
drought stress (Kushwah et al., 2020b). Drought stress is well-known for reducing the crop
growth duration in various crops, thus affecting yield components, i.e. total biomass, pod
number, seed number, seed weight, seed quality and yield per plant (Toker et al., 2007;
Krishnamurthy et al., 2013). Breeding for drought tolerance requires an understanding of
the genetic basis of the numerous morphological and physiological traits responsible for
drought tolerance (Purushothaman et al., 2017). Despite several studies in this area, the sig-
nificance of the traits responsible for drought tolerance remains unclear, resulting in poor
exploitation of critical characteristics in drought tolerance breeding programmes. Despite of
this, genotypes having low yield potential under non-stress condition generally depict high
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tolerance under stress condition, which also causes problems in
selection of tolerant genotypes precisely.

Drought tolerance is a complex quantitative trait which is
highly influenced by genotype by environment (G × E) interac-
tions (Kashiwagi et al., 2008). Thus, high G × E interactions
largely hampered the direct selection of genotypes with high
yields under stress conditions in the field (Kushwah et al.,
2021b). Due to the presence of various underlying mechanisms
such as drought escape, drought avoidance and drought tolerance,
understanding the yield stability under drought stress becomes
more difficult (Tuberosa and Salvi, 2006). Genetic improvement
in the drought tolerance-related traits can be an enduring strategy
for high and stable yield under drought stress. Considering this, a
trait-based breeding strategy can be preferred over yield-based
breeding approach, as seed yield is profoundly affected by high
G × E interactions and low heritability (Ludlow and Muchow,
1990; Kushwah et al., 2021c). But successful exploitation of
trait-based breeding strategy under drought stress in chickpea is
still doubtful.

Yield-based selection indices involve the comparison of crop
performance under stress and non-stress environment, thus facili-
tate the selection of tolerant genotypes efficiently (Porch, 2006).
Thus, an inter-specific population from a cross between GPF 2
(C. arietinum) and ILWC 292 (C. reticulatum) has been used in
the present study to identify drought-tolerant lines based on
breeder-friendly yield-based selection indices in chickpea.

Material and methods

Plant materials and experimental sites

A set of 202 recombinant inbred lines (RILs; F8-generation) seg-
regating for drought tolerance-related traits from an inter-specific
cross of drought-tolerant genotype GPF 2 (C. arietinum L.) with
drought-sensitive accession ILWC 292 (C. reticulatum) were
developed using single seed descent method. Chickpea cultivar
GPF2 is a semi-erect, medium tall cultivar recommended for cul-
tivation in Punjab state and in North Western Plains Zone of
India. This is a drought-tolerant high-yielding chickpea cultivar
resistant to fusarium wilt and ascochyta blight. Another parent
of RILs, ILWC292 (C. reticulatum) has semi-prostrate growth
habit. It is sensitive to drought and susceptible to ascochyta blight
disease, but resistant to botrytis grey mould disease and chickpea
cyst nematode. In spite of drought sensitivity, it possesses some
desirable drought-related traits such as more root length density,
root-to-shoot ratio and membrane permeability index. The RIL
population and the parents were planted in 2017 in an alpha lat-
tice design (17 × 12) under irrigated (non-stress) and rainfed
(drought-stress) conditions at two locations (Ludhiana and
Faridkot) with three replications. Each RIL was planted in 2 m
long paired-rows at 30 cm × 10 cm spacing. The Ludhiana
(30.9010°N, 75.8573°E) and Faridkot (30.6769°N, 74.7583°E)
sites are categorized as a semi-arid sub-tropical region and semi-
arid dry region, respectively. Both sites comprise loamy sand with
59.8% sand and 16.5% clay (Typic Ustorthents). The average
annual rainfall is 700 mm at Ludhiana and 450 mm at Faridkot,
of which more than 70% occurs from July to September.

Phenotyping and statistical analysis

Sowing was done on the residual moisture on 30 October which
was sufficient for good germination, as recommended for

chickpea sowing in this region. Essential irrigation was applied
to the irrigated treatment at regular intervals, while no irrigation
was applied to the rainfed treatment. In case of rainfed plots, the
soil moisture was ideal for drought conditions for chickpea crop.
Drastic reduction in soil moisture content at 90, 110 and 130 days
of planting in rainfed plots as compared to irrigated plots induced
sufficient drought stress at reproductive stages (flowering, pod
formation and development) at both locations.

A total of six yield-based selection indices, i.e. drought toler-
ance index (DTI), drought sensitivity index (DSI), tolerance
index (TI), mean productivity (MP), geometric mean productivity
(GMP) and harmonic mean productivity (HMP), were calculated
by the following formulae:

Drought tolerance index (DTI): [(Yp) × (Ys)/(YAP)
2] (Fernandez,

1992)
Drought sensitivity index (DSI): [1-(Ys/Yp)]/[1-(YAS/YAP)]

(Fisher and Maurer, 1978)
Tolerance index (TI): Yp–Ys (Rosielle and Hamblin, 1981)
Mean productivity (MP): (Yp + Ys)/2 (Rosielle and Hamblin,

1981)
Geometric mean productivity (GMP): GMP = Ys × Yp

( )1/2

(Fernandez, 1992)
Harmonic mean productivity (HMP): 2(Yp-Ys)/(Yp + Ys) (Baheri

et al., 2003)

where, Ys is the seed yield from stressed plot of a given genotype;
Yp is the seed yield from non-stressed plot of the same genotype.
DII is the drought intensity index, which was calculated by the
following equation:

DII = [1-(YAS/YAP)]

where, YAS is the average seed yield of all genotypes from the
stressed plot; YAP is the average seed yield of all genotypes from
the non-stressed plot.

In each plot, five randomly taken plants were used to record
seed yield observations in each plot under stressed and non-
stressed conditions.

Analysis of variance (ANOVA) was undertaken for individual
environments using a mixed-model analysis to estimate the con-
tribution of each factor to total variation using SAS-software ver-
sion 9.3 (SAS Institute, Cary, NC, USA). The variability of each
trait was estimated by simple statistical measures, such as mean,
range, phenotypic and genotypic variances and coefficients of
variation. Variances and coefficients of variation were calculated
as per Singh and Chaudhary (1985). A matrix of simple correl-
ation coefficients between seed yield and its components was
computed using SAS-software version 9.3 to determine the rela-
tionship between the examined traits and seed yield. Principal
component analysis (PCA) was performed using SAS-software
version 9.3 in which all the traits were considered as independent
variables while yield was taken as dependent variable.

Results

Phenotypic evaluation of selection indices of RIL population
including parents

The RILs, along with parents, were evaluated for all the yield-
based selection indices in the irrigated (non-stress) and rainfed
(drought-stress) treatments at two research locations (Ludhiana
and Faridkot) in the state of Punjab, India. Significant variations
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were observed in the RILs and their parents for all the selection
indices and yield under irrigated (non-stress) and rainfed (stress)
environment (Table 1). The analysis of parents with contrast
reaction to drought for all the selection indices and yield were
showing highly significant differences between parents at both
locations. The rainfed treatment had significantly lower mean
values of RILs for yield (YLD) (44.18%) than the irrigated treat-
ment. The pooled ANOVA for all the yield-based selection indices
including yield showed highly significant differences between gen-
otypes at both the locations. Significant differences were also
observed for genotype × location (G × L) interactions for all the
selection indices (Table 1). Even though there was significant
G × L interaction, the scatter plots showed highly significant cor-
relation between locations (Ludhiana and Faridkot) for almost all
of the selection indices including yield (Fig. 1). The frequency
distributions for most of the yield-based selection indices were
normal at both locations (Fig. 2).

Association analysis and principal component analysis

The value of independent secondary traits in the selection process
can be identified through associations with dependent traits such
as yield. The association analysis indicated that yield under con-
trol condition had a significant positive correlation with all the
yield-based selection indices. In contrast, yield under stress condi-
tion had significant negative correlation with DSI and TI. DSI and
TI depict significant negative correlation with all the yield-based
selection indices, while the remaining selection indices depict
the significant positive correlation with each other (Table 2).

The PCA provides information on the measured traits to elu-
cidate the maximum variability present in the population under
specific environments. The PCA explained that the first two prin-
cipal components explained 97.53 and 98.27% of the total pheno-
typic variability at Ludhiana and Faridkot locations, respectively
(Table 3). The PCA revealed that DTI, MP, GMP and HMP

Figure 1. The scatter plots of various quantitative yield-based selection indices showing relationship between both of the locations, i.e. Ludhiana and Faridkot. The
straight was plotted as regression line.

Figure 2. Graphical representations of RILs for the various quantitative yield-based selection indices and yield under rainfed and irrigated conditions in chickpea
using pooled phenotypic data of Ludhiana and Faridkot locations.
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were the main contributing selection indices in PC1 at both the
locations, while DSI and TI were the other selection indices that
occurred in a negative direction (Supplementary Fig. 1).

Overall, on the basis of these yield-based selection indices, a
total of 15 promising RILs were identified as drought tolerant
(Table 4). These lines were showing high values of DTI, MP,
GMP and HMP while low values of DSI and TI as compared to
both the parents as well as remaining RILs. These RILs could
be used in chickpea breeding programme for developing drought-
tolerant cultivars.

Discussion

Drought stress is one of the most significant abiotic stresses which
reduces chickpea yields by up to 50% alone (Kumar et al., 2015).
Drought tolerance is highly influenced by several morphological
and physiological traits, which directly or indirectly participated
in various unknown mechanisms implying in drought tolerance
(Kushwah et al., 2022a). Due to this highly complex nature of
drought tolerance, it is imperative to study various yield-based
selection indices onto which any breeder can rely for selection
of drought-tolerant genotypes. Therefore, evaluation of various
yield-based selection indices and identification of molecular mar-
kers tightly linked to selection indices will facilitate the selection
of drought-tolerant genotypes and for introgression of drought
tolerance into other genetic background in marker-assisted breed-
ing programme. Thus, an inter-specific RIL mapping population
from a cross between GPF 2 (C. arietinum) and ILWC 292 (C.
reticulatum) was developed and a rainfed (drought-stress) treat-
ment was used to evaluate RILs and parents for mapping of vari-
ous selection indices using an irrigated (non-stress) treatment as a
control.

Significant variation was observed in the RILs and their par-
ents for all the yield-based selection indices and yield under

Table 2. Phenotypic correlation coefficient among various quantitative drought tolerance selection indices and yield in chickpea at Ludhiana and Faridkot locations

YLDs DTI DSI TI MP GMP HMP

Ludhiana
Faridkot
Pooled

YLDns 0.34**
0.32**
0.33**

0.63**
0.62**
0.62**

0.32**
0.25**
0.28**

0.66**
0.54**
0.60**

0.85**
0.80**
0.82**

0.71**
0.66**
0.69**

0.38**
0.35**
0.36**

Ludhiana
Faridkot
Pooled

YLDs 0.89**
0.92**
0.90**

−0.72**
−0.79**
−0.76**

−0.48**
−0.62**
−0.56**

0.79**
0.83**
0.81**

0.90**
0.91**
0.91**

1.00**
1.00**
0.99**

Ludhiana
Faridkot
Pooled

DTI −0.38**
−0.49**
−0.44**

−0.13**
−0.30**
−0.22**

0.91**
0.95**
0.93**

0.96**
0.98**
0.97**

0.91**
0.93**
0.92**

Ludhiana
Faridkot
Pooled

DSI 0.88**
0.91**
0.89**

−0.19**
−0.35**
−0.28**

−0.37**
−0.49**
−0.44**

−0.69**
−0.76**
−0.73**

Ludhiana
Faridkot
Pooled

TI 0.16**
−0.08
0.04

−0.06
−0.27**
−0.17**

−0.45**
−0.59**
−0.53**

Ludhiana
Faridkot
Pooled

MP 0.97**
0.97**
0.97**

0.81**
0.85**
0.83**

Ludhiana
Faridkot
Pooled

GMP 0.92**
0.93**
0.92**

**, Highly significant at 1% probability level; YLDns, yield non-stress (irrigated); YLDs, yield stress (rainfed); DTI, drought tolerance index; DSI, drought susceptibility index; TI, tolerance index;
MP, mean productivity; GMP, geometric mean productivity; HMP, harmonic mean productivity.

Table 3. Eigen values, proportion of variability and quantitative drought
tolerance selection indices that contributed to the two principal components
in RILs of chickpea at Ludhiana and Faridkot locations

Location Variables PC1 PC2

Ludhiana
Faridkot
Pooled

Eigenvalue 4.05
4.40
4.22

1.81
1.50
1.64

Ludhiana
Faridkot
Pooled

Variation % 67.44
73.28
70.40

30.10
25.00
27.40

Ludhiana
Faridkot
Pooled

Cumulative % 67.44
73.28
70.40

97.53
98.27
97.81

Location Characters PC1 PC2

Ludhiana
Faridkot
Pooled

DTI 0.47
0.45
0.46

0.17
0.23
0.20

Ludhiana
Faridkot
Pooled

DSI −0.30
−0.35
−0.33

0.57
0.53
0.54

Ludhiana
Faridkot
Pooled

TI −0.17
−0.26
−0.22

0.69
0.67
0.68

Ludhiana
Faridkot
Pooled

MP 0.43
0.42
0.42

0.35
0.39
0.38

Ludhiana
Faridkot
Pooled

GMP 0.48
0.45
0.46

0.21
0.25
0.24

Ludhiana
Faridkot
Pooled

HMP 0.49
0.48
0.48

−0.09
−0.04
−0.06

DTI, drought tolerance index; DSI, drought susceptibility index; TI, tolerance index; MP,
mean productivity; GMP, geometric mean productivity; HMP, harmonic mean productivity.
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irrigated (non-stress) and rainfed (stress) environment. It
indicated that the genetic components in the RILs were well
segregated and normally distributed, which provides ample
opportunity for fine mapping of QTLs of these selection indices.

However, RILs also depict the presence of transgressive segregants
for all the selection indices explained that genes having both posi-
tive and negative effects were dispersed between the parents. The
pooled ANOVA for all the yield-based selection indices including

Table 4. List of promising recombinant inbred lines showing drought tolerance based on yield-based selection indices

RILs Location DTI MP GMP HMP DSI TI

152
Ludhiana
Faridkot
Pooled

1.71
2.12
1.91

42.24
46.03
44.14

42.34
46.02
44.18

39.96
44.48
42.22

0.23
0.16
0.20

4.98
3.39
4.19

58
Ludhiana
Faridkot
Pooled

1.03
1.85
1.44

34.57
43.20
38.89

32.43
42.98
37.71

24.36
40.14
32.25

1.08
0.33
0.71

22.38
6.66
14.52

40
Ludhiana
Faridkot
Pooled

1.70
1.83
1.77

42.82
43.04
42.93

42.41
42.85
42.63

38.32
40.25
39.29

0.49
0.34
0.42

9.91
6.15
8.03

80
Ludhiana
Faridkot
Pooled

2.01
1.81
1.91

45.75
42.21
43.98

45.62
42.25
43.94

42.90
42.64
42.77

0.25
−0.05
0.10

6.18
−0.99
2.59

59
Ludhiana
Faridkot
Pooled

1.00
1.80
1.40

34.71
42.62
38.67

32.19
42.42
37.31

24.17
39.54
31.86

1.09
0.31
0.70

32.04
6.69
14.87

25
Ludhiana
Faridkot
Pooled

1.42
1.69
1.56

39.45
41.16
40.31

39.00
41.21
40.11

37.37
40.22
38.80

0.21
0.08
0.15

4.53
2.02
3.28

85
Ludhiana
Faridkot
Pooled

0.96
1.61
1.29

33.36
40.57
36.97

31.51
40.16
35.84

23.12
35.72
29.42

1.05
0.54
0.80

22.41
10.60
16.51

12
Ludhiana
Faridkot
Pooled

1.57
1.41
1.49

40.56
37.37
38.96

40.27
37.39
38.83

36.63
35.73
36.19

0.37
0.19
0.28

8.51
3.57
6.04

15
Ludhiana
Faridkot
Pooled

1.55
1.31
1.43

40.61
36.28
38.45

40.41
36.15
38.29

37.83
33.84
35.83

0.25
0.28
0.27

6.06
5.34
5.70

7
Ludhiana
Faridkot
Pooled

1.43
1.29
1.36

38.53
35.94
37.24

38.47
35.89
37.18

36.69
35.15
35.92

0.13
0.06
0.10

3.94
1.69
2.82

55
Ludhiana
Faridkot
Pooled

1.51
1.28
1.40

40.44
35.95
38.17

39.90
35.86
37.88

38.53
35.86
37.19

0.17
0.00
0.09

4.13
0.09
2.11

9
Ludhiana
Faridkot
Pooled

1.11
1.28
1.19

33.76
35.68
34.73

33.68
35.62
34.65

35.45
36.61
36.03

−0.34
−0.21
−0.28

−3.96
−2.24
−3.10

16
Ludhiana
Faridkot
Pooled

1.42
1.27
1.34

38.29
35.59
36.94

38.33
35.57
36.95

38.91
35.06
36.99

−0.16
0.02
−0.07

−1.51
1.07
−0.22

10
Ludhiana
Faridkot
Pooled

0.94
1.26
1.10

32.35
36.01
34.18

30.87
35.57
33.22

23.90
31.07
27.49

0.93
0.56
0.75

18.63
10.82
14.73

69
Ludhiana
Faridkot
Pooled

1.51
1.25
1.38

39.43
35.69
37.56

39.19
35.52
37.36

36.51
33.56
35.04

0.29
0.25
0.27

6.35
4.66
5.50

ILWC 292
Ludhiana
Faridkot
Pooled

0.32
0.33
0.32

19.81
19.88
19.85

18.33
17.81
18.07

13.57
12.32
12.95

1.18
1.48
1.33

14.64
17.64
16.14

GPF 2
Ludhiana
Faridkot
Pooled

1.57
2.01
1.79

41.32
45.19
43.25

40.59
44.94
42.76

34.04
40.52
37.28

0.70
0.45
0.33

15.82
10.11
12.96

DTI, drought tolerance index; DSI, drought susceptibility index; TI, tolerance index; MP, mean productivity; GMP, geometric mean productivity; HMP, harmonic mean productivity.
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yield showed highly significant differences for genotypes and
genotype × location (G × L) interactions at both locations.
Combined ANOVA in several studies also showed significant dif-
ferences for various morphological and physiological traits
(Hamwieh et al., 2013; Pang et al., 2017; Purushothaman et al.,
2017; Sachdeva et al., 2018).

Considering DSI as an important selection index, parent
ILWC 292 showed higher DSI value than the other parent GPF
2 at both locations. In contrast, GPF 2 exhibited higher value
for DTI than the other parent ILWC 292. This clearly indicated
that both the parents were contrasting in nature in terms of
drought tolerance. GPF 2 was the tolerant parent while ILWC
292 was the sensitive parent. Similarly, considering MP, GMP
and HMP as other important selection indices, GPF 2 exhibited
higher value for all these selection indices than the other parent
ILWC 292 at both locations. These results indicated that mapping
of QTLs using RILs developed from these contrasting parents was
much more precise and can be easily exploited in further drought
tolerance breeding programmes in chickpea. These yield-based
selection indices were already exploited for selection of drought
tolerance genotypes previously in chickpea (Sabaghnia and
Janmohammadi, 2014; Jha et al., 2016), rice (Khan and Dhurve,
2016) and wheat (Anwar et al., 2011). Thus, the higher value of
DTI, MP, GMP and HMP indicated the presence of high level
of drought tolerance as compared to others and can be efficiently
used in selection of superior genotypes under drought stress.
While, in context of DSI, genotypes showing <1 value of DSI
can be considered as drought tolerant, also reported previously
(Porch, 2006; Yucel and Mart, 2014).

Selection indices having significant positive correlation with
yield under both control and stress conditions can be effectively
used for selection of drought-tolerant genotypes. In the present
study, DTI, MP, GMP and HMP are the selection indices that
showed significantly high positive correlation with YLDns and
YLDs at both the locations. These results were in accordance
with the previous studies in chickpea under drought stress
(Sabaghnia and Janmohammadi, 2014; Jha et al., 2016) and
heat stress (Jha et al., 2018). Similar results were also obtained
in other crops such as wheat (Drikvand et al., 2012) and maize
(Parihar et al., 2012). DSI and TI were the selection indices that
showed significant negative correlation with yield under stress
condition in the present study which is in agreement with
Sabaghnia and Janmohammadi (2014) and Jha et al. (2016).
Considering these results, genotypes having high values of DTI,
MP, GMP and HMP and low values of DSI and TI can be the
most tolerant against drought stress. Considering MP, GMP and
HMP as an important selection index for drought tolerance,
promising RILs having drought tolerance showed higher value
than sensitive RILs (Table 4). Importantly, these selection indices
were also observed as an important selection parameter for
drought tolerance in other crops such as rice (Sabouri et al.,
2022) and wheat (Mahdy et al., 2022).

Various selection indices have been suggested on the basis of
seed yield under stress and non-stress conditions for identifica-
tion of superior genotypes (Singh et al., 2017). Importantly, the
combination of these selection indices developed by different
mathematical models will be more appropriate for the selection
of the promising genotypes under both stress and non-stress con-
ditions (Sallam et al., 2019). Multivariate analysis such as PCA
could also give an idea of simultaneous analysis of several vari-
ables for improving the ranking accuracy of the selected genotypes
(Yang et al., 2019). Indeed, a combination of specific selection

indices may offer an appropriate criterion for selection in abiotic
stress tolerance breeding programmes (Kushwah et al., 2022b). In
the present study, PCA reduced all the selection indices into two
principal components and concluded that DTI, MP, GMP and
HMP were the main contributing selection indices at both the
locations, while DSI and TI were the other selection indices that
occurred in a negative direction. Similar results were also obtained
in some previous studies in chickpea (Sabaghnia and
Janmohammadi, 2014; Jha et al., 2016, 2018). On the basis of
these yield-based selection indices, a total of 15 promising RILs
were identified as drought tolerant having high values of DTI,
MP, GMP and HMP while low values of DSI and TI as compared
to both the parents as well as remaining RILs, which could be
used in chickpea breeding programme for developing drought-
tolerant cultivars.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1479262123001107.

Acknowledgements. The INSPIRE research grant provided to A. K. by the
Department of Science and Technology (DST), New Delhi, India and research
grant provided under the project ‘Consortia Research Platform on Molecular
Biology’ by the Indian Council of Agricultural Research, New Delhi to
S. S. for carrying out the research are highly acknowledged.

Author contributions. A. K., G. S., S. S., I. S. and S. B. designed and con-
ducted the experiments. D. B., A. K. and S. V. performed the data acquisition
and data analysis. A. K., N. J., K. K., S. V. and S. S. prepared and edited the
final manuscript. All authors reviewed the manuscript critically and approved
for submission.

Competing interests. None.

References

Anwar J, Subhani GM, Hussain M, Ahmad J, Hussain M and Munir M
(2011) Drought tolerance indices and their correlation with yield in exotic
wheat genotypes. Pakistan Journal of Botany 43, 1527–1530.

Baheri SF, Javanshir A, Kazemi HA and Aharizad S (2003) Evaluation of dif-
ferent drought tolerance indices in some spring barley genotypes. The
Journal of Agricultural Sciences 13, 95–100.

Drikvand R, Doosty B and Hosseinpour T (2012) Response of rainfed wheat
genotypes to drought stress using drought tolerance indices. The Journal of
Agricultural Sciences 4, 126.

Fernandez GCJ (1992) Effective selection criteria for assessing plant stress
tolerance. In Proc of the International Symp on Adaptation of Vegetable
and Other Food Crops in Temperature and Water Stress. Taiwan:
pp. 257–70.

Fisher RA and Maurer R (1978) Drought resistance in spring wheat
cultivars. I. Grain yield responses. Australian Journal of Agricultural
Research 29, 897–912.

Gaur R, Azam S, Jeena G, Khan AW, Choudhary S, Jain M, Yadav G, Tyagi
AK, Chattopadhyay D and Bhatia S (2012) High-throughput SNP discov-
ery and genotyping for constructing a saturated linkage map of chickpea
(Cicer arietinum L.). DNA Research 19, 357–373.

Hamwieh A, Imtiaz M, Hobson K and Ahmed SK (2013) Genetic diversity of
microsatellite alleles located at quantitative resistance loci for ascochyta
blight resistance in a global collection of chickpea germplasm.
Phytopathologia Mediterranea 52, 183–191.

Jha UC, Basu P, Shil S and Singh NP (2016) Evaluation of drought tolerance
selection indices in chickpea genotypes. International Journal of
Bio-resource and Stress Management 7, 1244–1248.

Jha UC, Jha R, Singh NP, Shil S and Kole PC (2018) Heat tolerance indices
and their role in selection of heat stress tolerant chickpea (Cicer arietinum
L.) genotypes. The Indian Journal of Agricultural Sciences 88, 260–270.

Jukanti AK, Gaur PM, Gowda CLL and Chibbar RN (2012) Chickpea: nutri-
tional properties and its benefits. British Journal of Nutrition 108, 11–26.

Plant Genetic Resources: Characterization and Utilization 123

https://doi.org/10.1017/S1479262123001107 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262123001107
https://doi.org/10.1017/S1479262123001107
https://doi.org/10.1017/S1479262123001107


Kashiwagi J, Krishnamurthy L, Upadhyaya HD and Gaur PM (2008) Rapid
screening technique for canopy temperature status and its relevance to
drought tolerance improvement in chickpea. SAT eJournal 6, 1–4.

Khan I and Dhurve OP (2016) Drought response indices for identification of
drought tolerant genotypes in rainfed upland (Oryza sativa L.).
International Journal of Science, Environment and Technology 5, 73–83.

Krishnamurthy L, Kashiwagi J, Gaur PM, Upadhyaya HD and Vadez V
(2010) Sources of tolerance to terminal drought in the chickpea (Cicer
arietinumL.) minicore germplasm. Field Crops Research 119, 322–330.

Krishnamurthy L, Kashiwagi J, Upadhyaya HD, Gowda CLL, Gaur PM,
Singh S, Purushothaman R and Varshney RK (2013) Partitioning coeffi-
cient – a trait that contributes to drought tolerance in chickpea. Field Crops
Research 149, 354–365.

Kumar J and Abbo S (2001) Genetics of flowering time in chickpea and its
bearing on productivity in semi arid environments. Advances in
Agronomy 72, 107–138.

Kumar T, Bharadwaj C, Rizvi AH, Sarker A, Tripathi S, Alam A and
Chauhan SK (2015) Chickpea landraces: a valuable and divergent source
for drought tolerance. International Journal of Tropical Agriculture 33,
633–638.

Kushwah A, Gupta S, Bindra S, Johal N, Singh I, Bharadwaj C, Dixit GP,
Gaur PM, Nayyar H and Singh S (2020a) Gene pyramiding and multiple
character breeding. In Singh M (ed.), Chickpea: Crop Wild Relatives for
Enhancing Genetic Gains. Netherlands: Elsevier Academic Press, pp. 131–
165.

Kushwah A, Bindra S, Singh I, Dixit GP, Sharma P, Srinivasan S, Gaur PM
and Singh S (2020b) Advances in chickpea breeding and genomics for var-
ietal development and trait improvement in India. In Gosal SS and Wani
SH (eds), Accelerated Plant Breeding. Switzerland: Springer, pp. 31–66.

Kushwah A, Bhatia D, Rani U, Yadav IS, Singh I, Bharadwaj C and Singh S
(2021a) Molecular mapping of quantitative trait loci for ascochyta blight
and botrytis grey mould resistance in an inter-specific cross in chickpea
(Cicer arietinum L.) using genotyping by sequencing. Breeding Science 71,
229–239.

Kushwah A, Bhatia D, Singh G, Singh I, Bindra S, Vij S and Singh S
(2021b) Phenotypic evaluation of genetic variability and selection of yield
contributing traits in chickpea recombinant inbred line population under
high temperature stress. Physiology and Molecular Biology of Plants 27,
747–767.

Kushwah A, Bhatia D, Singh I, Thudi M, Singh G, Bindra S, Vij S, Gill BS,
Bharadwaj C, Singh S and Varshney RK (2021c) Identification of stable
heat tolerance QTLs using inter-specific recombinant inbred line popula-
tion derived from GPF 2 and ILWC 292. PLoS ONE 16, e0254957.

Kushwah A, Bhatia D, Barmukh R, Singh I, Singh G, Bindra S, Vij S,
Chellapilla B, Pratap A, Roorkiwal M, Kumar S, Varshney RK and
Singh S (2022a) Genetic mapping of QTLs for drought tolerance in chick-
pea (Cicer arietinum L.). Frontiers in Genetics 13, 953898.

Kushwah A, Bhatia D, Singh G, Singh I, Vij S, Bindra S, Siddique KHM,
Nayyar H and Singh S (2022b) Phenotypic evaluation of agronomic and
root related traits for drought tolerance in recombinant inbred line popula-
tion derived from a chickpea cultivar (C. arietinum L.) and its wild relative
(C. reticulatum). Physiology and Molecular Biology of Plants 28, 1437–1452.

Ladizinsky G (1975) A new Cicer from Turkey. Notes Roy Bot Gard,
Edinburgh 34, 201–202.

Ludlow MM and Muchow RC (1990) A critical evaluation of traits for
improving crop yields in water limited environments. Advances in
Agronomy 43, 107–153.

Mahdy RE, Althagafi ZMA, Al-Zahrani RM, Aloufi HHK, Alsalmi RA,
Abeed AHA, Mahdy EE and Tammam SA (2022) Comparison of
desired-genetic-gain selection indices in late generations as an insight on
superior-family formation in bread wheat (Triticum aestivum L.).
Agronomy 12, 1738.

Millan T, Clarke HJ, Siddique KHM, Buhariwalla HK, Gaur PM, Kumar J,
Gil J, Kahl G and Winter P (2006) Chickpea molecular breeding: new tools
and concepts. Euphytica 147, 81–103.

Pang J, Turner NC, Khan T, Du YL, Xiong JL, Colmer TD and Siddique
KH (2017) Response of chickpea (Cicer arietinum L.) to terminal drought:

leaf stomatal conductance, pod abscisic acid concentration, and seed set.
Journal of Experimental Botany 68, 1973–1985.

Parihar AK, Godawat SL, Singh D, Parihar CM and Jat ML (2012)
Behaviour of quality protein maize (QPM) genotypes under well irri-
gated and water stress conditions in subtropical climate. Maydica 57,
293–299.

Porch TG (2006) Application of stress indices for heat tolerance screening of
common bean. Journal of Agronomy and Crop Science 192, 390–394.

Purushothaman R, Krishnamurthy L, Upadhyaya HD, Vadez V and
Varshney R (2017) Genotypic variation in soil water use and root distribu-
tion and their implications for drought tolerance in chickpea. Functional
Plant Biology 44, 235–252.

Rosielle AA and Hamblin J (1981) Theoretical aspects of selection for yield in
stress and nonstress environments. Crop Science 21, 943–946.

Sabaghnia N and Janmohammadi M (2014) Interrelationships among some
morphological traits of wheat (Triticum aestivum L.) cultivars using biplot.
Botanica Lithuanica 20, 19–26.

Sabaghpour SH, Mahmoudi AA, Saeed A, Kamel M and Malhotra RS
(2006) Study of chickpea drought tolerance lines under dryland conditions
of Iran. Indian Journal of Crop Science 1, 70–73.

Sabouri A, Dadras AR, Azari M, Kouchesfahani AS, Taslimi M and Jalalifar
R (2022) Screening of rice drought-tolerant lines by introducing a new
composite selection index and competitive with multivariate methods.
Scientific Reports 12, 2163.

Sachdeva S, Bharadwaj C, Sharma V, Patil BS, Soren KR, Roorkiwal M,
Varshney R and Bhat KV (2018) Molecular and phenotypic diversity
among chickpea (Cicer arietinumL.) genotypes as a function of drought tol-
erance. Crop and Pasture Science 69, 142–153.

Sallam A, Alqudah AM, Dawood MF, Baenziger PS and Börner A (2019)
Drought stress tolerance in wheat and barley: advances in physiology,
breeding and genetics research. International Journal of Molecular
Sciences 20, 3137.

Singh RK and Chaudhary BD (1985) Analysis in Biometrical Genetics. New
Delhi, India: Kalyani Publishers.

Singh G, Singh MK, Tyagi BS, Singh JB and Kumar P (2017) Germplasm
characterization and selection indices in bread wheat (Triticum aestivum)
for waterlogged soils in India. Indian Journal of Agricultural Sciences 87,
1139–1148.

Thudi M, Upadhyaya HD, Rathore A, Gaur PM, Krishnamurthy L,
Roorkiwal M, Nayak SN, Chaturvedi SK, Basu PS, Gangarao NV, Fikre
A, Kimurto P, Sharma PC, Sheshashayee MC, Tobita S, Kashiwagi J,
Ito O, Killian A and Varshney RK (2014) Genetic dissection of drought
and heat tolerance in chickpea through genome-wide and candidate gene-
based association mapping approaches. PLoS ONE 9, e96758.

Toker C, Lluch C, Tejera NA, Serraj R and Siddique KHM (2007) Abiotic
stresses. In Yadav SS, Redden R, Chen W and Sharma B (eds), Chickpea
Breeding and Management. United Kingdom: CAB International, pp.
474–496.

Tuberosa R and Salvi S (2006) Genomics-based approaches to improve
drought tolerance of crops. Trends in Plant Science 11, 405–412.

Varshney RK, Thudi M, May GD and Jackson SA (2010) Legume genomics
and breeding. In Janick J (ed.), Plant Breeding Reviews. United Sates: Wiley,
pp. 257–304.

Varshney RK, Mohan SM, Gaur PM, Gangarao NVPR, Pandey MK, Bohra
A, Sawargaonkar SL, Chitikineni A, Kimurto PK, Janila P, Saxena KB,
Fikre A, Sharma M, Rathore A, Pratap A, Tripathi S, Datta S,
Chaturvedi SK, Mallikarjuna N, Anuradha G, Babbar A, Choudhray
AK, Mhase MB, Bhardwaj CH, Mannur DM, Harer PN, Guo B, Liang
X, Nadrajan N and Gowda CLL (2013) Achievements and prospects of
genomics-assisted breeding in three legume crops of the semi-arid tropics.
Biotechnology Advances 10, 1016–1022.

Yang X, Wang B, Chen L, Li P and Cao C (2019) The different influences of
drought stress at the flowering stage on rice physiological traits, grain yield,
and quality. Scientific Reports 9, 1–12.

Yucel D and Mart D (2014) Drought tolerance in chickpea (Cicer arietinum
L.) genotypes. Turkish Journal of Agricultural and Natural Sciences 1,
1299–1303.

124 Ashutosh Kushwah et al.

https://doi.org/10.1017/S1479262123001107 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262123001107

	Evaluation of yield-based selection indices for drought tolerance involving recombinant inbred line population derived from a chickpea cultivar (C. arietinum L.) and its wild relative (C. reticulatum)
	Introduction
	Material and methods
	Plant materials and experimental sites
	Phenotyping and statistical analysis

	Results
	Phenotypic evaluation of selection indices of RIL population including parents
	Association analysis and principal component analysis

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


