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Abstract Heat is a major abiotic stress that drastically
reduces chickpea yield. This study aimed to identify heat-
responsive traits to sustain crop productivity by screening a
recombinant inbred line (RILs) population at two locations
in India (Ludhiana and Faridkot). The RIL population was
derived from an inter-specific cross between heat-tolerant
genotype GPF 2 (C. arietinum L.) and heat sensitive
accession ILWC 292 (C. reticulatum). The pooled analysis
of variance showed highly significant differences for all the
traits in RILs and most of the traits were significantly
affected by heat stress at both locations. High values of
genotypic coefficient of variation (19.52-38.53%), pheno-
typic coefficient of variation (20.29-39.85%), heritability
(92.50-93.90%), and genetic advance as a percentage of
mean (38.68-76.74%) have been observed for plant height,
number of pods per plant, biomass, yield, and hundred seed
weight across the heat stress environments. Association
studies and principal component analysis showed a sig-
nificant positive correlation of plant height, number of pods
per plant, biomass, hundred seed weight, harvest index,
relative leaf water content, and pollen viability with yield
under both timely-sown and late-sown conditions. Path
analysis revealed that biomass followed by harvest index
was the major contributor to yield among the
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environments. Both step-wise and multiple regression
analyses concluded that number of pods per plant, biomass
and harvest index consistently showed high level of con-
tribution to the total variation in yield under both timely-
sown and late-sown conditions. Thus, the holistic approach
of these analyses illustrated that the promising traits pro-
vide a framework for developing heat-tolerant cultivars in
chickpea.
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Abbreviations

ANOVA  Analysis of variance

BIO Biomass

DHF Days to 100% flowering

DFF Days to 50% flowering

DFI Days to flowering initiation

DG Days to germination

GAM Genetic advance as percent of mean
G x E Genotype x environment interaction
GCV Genotypic coefficient of variation

HI Harvest index

HSW Hundred seed weight

MAS Marker assisted selection
MPI Membrane permeability index
NPP Number of pods per plant
PCV Phenotypic coefficient of variation
PH Plant height

PV Pollen viability

PCA Principal component analysis
RILs Recombinant inbred lines
RLWC Relative leaf water content
YLD Yield
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Introduction

Chickpea (Cicer arietinum L.), originated from South-
eastern Turkey (Ladizinsky 1975), is a self-pollinated
diploid (2n = 2x = 16) crop having genome size of 738 Mb
(Varshney et al. 2013). Among chickpea growing coun-
tries, India alone adds to about 70% of the world’s total
production (FAOSTAT 2017) and ranks first in terms of
production and productivity. Chickpea seeds have high
amount of carbohydrates (around 60%) and protein
(20-22%). 1t also contains essential amino acids (Jukanti
et al. 2012), vitamins, minerals, and dietary fiber, which
helps to improve insulin secretion and control blood sugar
levels (Karim and Fattah 2007).

Due to relatively low levels of polymorphism between
cultivated chickpea genotypes, interspecific crosses
between C. arietinum and C. reticulatum have been the
prime focus for genetic studies of agronomic traits (Singh
et al. 2008). In spite of its economic importance and its role
in human health, productivity has not been increased that
much to meet the current demands. The sluggish pace of
productivity is due to several abiotic and biotic constraints
challenging the crop (Thudi et al. 2014). Among abiotic
stresses, heat is considered as one of the major constraints
that affects the chickpea production.

The confounding effect of drought stress slows down the
progress made on heat tolerance. Studies on the impact of
climate change on chickpea production underlined the
effect of high temperature on crop development and yield.
It is anticipated that climate change will result in temper-
ature rise by 3—4 °C over current levels by 2050 (Basu
et al. 2009). Chickpea is usually sown in winter season in
the month of October in Northern India. At reproductive
stage, it experiences terminal heat stress (> 35 °C) in
March/April (Gaur et al. 2007). However, < 10 °C tem-
perature at flowering stage can minimise the grain yield up
to 20%. (Chaturvedi et al. 2009). The comparatively nar-
row genetic base, due to domestication bottleneck of
chickpea varieties, is an additional reason for adverse
effect on growth and reproductive physiology under high
temperature stress (Abbo et al. 2003).

Flowers are the most sensitive organs of plant to heat
stress (Toker and Canci 2006). Pollen viability, pod for-
mation and seed set are adversely affected if temperature
rises above the threshold level during the flowering or
reproductive period, leading to reduction in grain yield and
harvest index (Wang et al. 2006; Basu et al. 2009). Heat
tolerance is a complex trait and is likely to be multi-genic
(Upadhyaya et al. 2011; Kushwah et al. 2020a). Thus, an
effective and simple screening method having well-defined
traits for selecting heat-tolerant genotypes under field
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conditions is indispensable for breeding heat-tolerant cul-
tivars (Devasirvatham et al. 2012).

The effects of heat stress during the vegetative and
reproductive growth stages have been studied in wheat
(Sharma et al. 2005), rice (Weerakoon et al. 2008) and
cotton (Cottee et al. 2010), while limited research has been
performed in chickpea (Wang et al. 2006). Visual inspec-
tion, selection for physiological attributes related to plant
response to high temperature, empirical selection for yield
and marker assisted selection are four important selection
methods used to improve heat tolerance in chickpea
through breeding (Howarth 2005; Kushwah et al. 2020b).
However, the first step in the breeding process is identifi-
cation of genetic diversity for economically important
traits. Genetic diversity can be assessed by quantifying the
variation in morphological traits that are targeted during
selection for adaptation to heat stress condition (Krishna-
murthy et al. 2011; Upadhaya et al. 2011). Selection of
superior heat-tolerant lines are the next step in the breeding
process by using a suitable screening environment.

Many breeders use late planting strategy to induce the
high levels of heat stress starting from anthesis to the grain
filling period (Krishnamurthy et al. 2011). Upadhyaya et al.
(2011) evaluated 35 early maturing chickpea germplasm
accessions and found large genetic variation for tolerance
to heat stress. Devasirvatham et al. (2012) evaluated 167
chickpea genotypes at International Crops Research Insti-
tute for the Semi-Arid Tropics (ICRISAT) for heat toler-
ance over 2 years and observed that most of the heat-
tolerant genotypes were unaffected by the temperature
variables in terms of yield. Canci and Toker (2009) studied
377 chickpea accessions and concluded that desi chickpeas
were usually more heat-tolerant than the kabuli chickpeas.
Paul et al. (2018) assessed the genetic variability and
identified heat tolerance related traits in a RIL population.

However, understanding of yield contributing traits
under heat stress conditions becomes more difficult due to
the presence of various mechanisms that plants can adopt
to maintain the reproductive growth under stress conditions
(Tuberosa and Salvi 2006). Numerous traits such as num-
ber of pods per plant, biological yield, hundred seed
weight, harvest index, membrane permeability index, rel-
ative leaf water content and pollen viability had been
studied in some previous studies (Krishnamurthy et al.
2011; Devasirvatham et al. 2012; Paul et al. 2018) to
understand the mechanism of heat tolerance. However, no
or very less importance or priority was given to traits under
stress conditions which resulted in lesser exploitation of the
critical traits in heat tolerance breeding (Purushothaman
et al. 2016). Consequently, qualitative trait-based breeding
approach is being comparatively more emphasized over
yield based breeding approach to recognize better stability
since grain yield is profoundly influenced by high
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genotype X environment interactions, thereby exhibiting
low heritability (Ludlow and Muchow 1990). Also, quali-
tative trait-based breeding approach increases the likeli-
hood of crosses which results in additive gene action and
reveals high heritability (Wasson et al. 2012). Therefore,
this approach has been considered more advantageous in
heat tolerance breeding to conquer the environmental
effects on yield during heat stress.

Breeding plants for heat tolerance requires the under-
standing of the type and intensity of heat stress as well as
the numerous traits and mechanisms adopted by the plants
to maintain the productivity under terminal heat stress such
as profuse root system and high water use efficiency
without reducing the biomass and grain yield (Pu-
rushothaman et al. 2017). Therefore, it becomes crucial to
know the component traits responsible for heat tolerance
and their importance for understanding the complex
mechanism of heat stress. A threshold temperature of
35 °C was found to be a perfect condition to expose the
chickpea to heat stress during reproductive phase under
field conditions (Krishnamurthy et al. 2011; Devasirvatham
et al. 2012; Gaur et al. 2014). The late sowing condition
exposes the chickpea to terminal heat stress condition at the
time of pod setting (Hamwieh and Imtiaz 2015). Keeping
in view the above factors, present study was performed to
assess the genetic variability present in the RIL population
for a total of 13 traits related to heat stress resilience under
heat stress condition.

Material and methods
Population development and variables measured

A total of 204 RILs segregating for heat tolerance related
traits from an inter-specific cross between heat-tolerant
genotype GPF 2 (C. arietinum L.) and heat sensitive
accession ILWC 292 (C. reticulatum) developed using
single seed descent methods were evaluated. The RIL
population along with parents was planted in alpha lattice
design (17 x 12) under timely-sown and late-sown con-
ditions with three replications at two locations, i.e., Lud-
hiana and Faridkot. The Ludhiana (30.9010° N, 75.8573°
E) and Faridkot (30.6769° N, 74.7583° E) locations are
categorized as a semi-arid sub-tropical region and semi-
arid dry region, respectively. Different heat tolerance
related traits were studied in late-sown irrigated condition
(January-May 2017), using the timely-sown irrigated con-
dition (November- April 2017) as a control. Late-sown
irrigated condition exposed the RIL population to heat
stress (> 35 °C) during reproductive stage. During the
screening for heat tolerance, irrigation was provided to
avoid the confounding effect of drought stress. The daily

maximum temperatures for late-sown as well as timely-
sown conditions during the reproductive phase at both
locations (Ludhiana and Faridkot) were recorded (Fig. 1)
for comparison.

Phenotypic data were collected for a total of 13 heat
tolerance related traits viz., DG, DFI, DFF, DHF, PH, NPP,
BIO, YLD, HSW, HI, MPI, RLWC and PV. Randomly five
plants were selected to record the observations on PH,
NPP, BIO and YLD in each plot, while data on DG, DFI,
DFF, DHF and HSW were recorded on a plot basis. HSW
was estimated from the plants used for estimating the NPP
and YLD by counting a random sample of hundred seeds.
HI was calculated as:

HI = (seed yield/total shoot biomass) x 100

Yield and yield contributing traits such as number of
pods per plant, biomass, hundred seed weight and harvest
index were collected.

Pollen viability test was studied by collecting the pollen
samples at the time of 50% flowering. The MPI was
determined according to the method of Premchand et al.
(1990) as modified by Sairam (1994) using following
formula:

MPI = [1 — (C1/C2)] x 100

where Cl1 = Initial electrical conductivity at (40 °C);
C2 = Final electrical conductivity at (100 °C).

The RLWC was calculated by the formula given by
Slavik (1974) using following formula:

RLWC (%) = (FW — DW/TW — DW) x 100
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Fig. 1 The daily maximum temperatures for late-sown as well as
timely-sown conditions during the reproductive phase at both of the
locations (Ludhiana and Faridkot)
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where FW = Fresh weight, DW = Dry weight, TW =
Turgid weight.

Statistical analyses

All observations were statistically analysed and the mean
values of three replications has been used for data analysis.
The ANOVA was calculated for individual environment
using mixed model analysis to estimate the contribution
made by each factor to the total variation using SAS-
software version 9.3 (SAS Institute, Cary NC). Broad sense
heritability (hy?) was calculated using the following for-
mula given by Allard (1960).

hy = o3/, x 100

where 6”g = genotypic variance, 021, = phenotypic variance

GCV and PCV were classified into three categories, i.e.,
high (> 15%), moderate (10-15%) and low (< 10%).
Similarly, heritability was also classified into three cate-
gories, i.e., high (> 80%), moderate (50-80%) and low
(< 50%).

Expected genetic advance (GA) was figured by the
following formula given by Allard (1960).

GA =k x hj x /o,

where k = selection differential (2.06) at 5% selection
intensity, /,> = broad sense heritability, azp = phenotypic
variance.

The genetic advance as a percentage of the mean was
estimated as:

GA (% of mean) = (GA/u) x 100, ¢ = grand mean

A matrix of Pearson correlation coefficients analysis
between the seed yield and its components were computed
in order to determine the relationship between the exam-
ined traits and seed yield. Multiple linear regression anal-
ysis and step wise linear regression analysis procedure was
performed to determine the contribution of independent
variables on seed yield. Associations among the traits were
worked out by using principal component analysis. The
path coefficients were analysed according to the method
suggested by Dewey and Lu (1959) by using matrix
method to know the direct and indirect effects of inde-
pendent traits on seed yield. The Pearson correlation
coefficients analysis, linear regression analysis and prin-
cipal component analysis were computed with the SAS-
software version 9.3 (SAS Institute, Cary NC), while path
coefficients analysis was calculated by using INDOSTAT
programme.
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Results

Phenotypic assessment of RIL population
and parents

The maximum temperature data indicated that it crossed
the threshold limit and RIL population has been exposed to
heat stress during reproductive stage at both the locations
(Fig. 1). Significant variation was observed in the RILs as
well as the parents for heat stress related traits under
timely-sown and late-sown conditions (Table 1). The mean
difference between late-sown and timely-sown conditions
for DG was 3.79, indicated delayed germination under late-
sown condition (Table 1) while, mean difference for DFI,
DFF and DHF was — 10.57, — 11.31 and — 11.11, indi-
cated precocity under late-sown condition. Likewise, mean
difference for PH, NPP, BIO, YLD and HSW was negative
which indicated reduction in the mean values for these
traits under late-sown condition. Reduction in HI, low
RLWC and low PV was also observed under late-sown
condition as mean difference for these traits was negative.

The contrast analysis of parents depicted highly signif-
icant differences between parents for all the traits studied
under timely-sown and late-sown conditions. The pooled
ANOVA for all the traits showed highly significant dif-
ferences in RILs for genotypic variance for both locations
in timely-sown as well as late-sown conditions. Significant
differences were also observed for genotype x location
(G x L) interaction variance for all the traits, except DG,
DFI, DFF and DHF (Table 1). The frequency distributions
for most of the traits were normal in both timely-sown as
well as late-sown treatments (Figs. 2 and 3).

Genetic variability, heritability and genetic advance

Usually, the estimates of PCV were higher than that of
GCV (Paul et al. 2018) which are in accordance with our
results. The values of GCV and PCV were high for PH,
NPP, BIO, YLD and HSW (19.52-39.85%), moderate for
HI, MPI, RLWC and PV (12.37-15.74%) and low for DG,
DFI, DFF and DHF (3.20-7.40%) in case of late-sown
environment (Table 1). In case of timely-sown environ-
ment, the values of GCV and PCV were low to moderate
for all the traits. Broad sense heritability was found to be
high for traits like PH, NPP, BIO, YLD, HSW, HI, MPI,
RLWC and PV (79.40-90.40%) and low to moderate
(25.10-56.40%) for traits like DG, DFI, DFF and DHF in
case of timely-sown environment. However, in case of late-
sown environment, high heritability (83.20-93.90%) was
observed for all the traits except DG (59.10%) which
showed moderate heritability. The GAM for all the traits
varied from 0.86 to 44.37% in timely-sown condition and
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Fig. 2 Graphical
representations of RILs for
various traits in chickpea under
timely-sown condition
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Fig. 3 Graphical
representations of RILs for
various traits in chickpea under
late-sown condition
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from 6.02 to 76.74% in late-sown condition (Table 1). The
value of GAM was observed moderately high for all the
traits, except DG, DFI, DFF and DHF in case of timely-
sown environment. In contrast, high value of GAM was
recorded for traits like PH, NPP, BIO, YLD and HSW,
moderate for HI, MPI, RLWC and PV and low for DG,
DFI, DFF and DHF in late-sown condition.

Trait association analysis and path analysis

The worth of independent secondary traits in the selection
process can be understood by their significant association
with a dependent trait like yield. Results of trait association
in timely-sown as well as in late-sown condition indicated
that the yield exhibited significantly high positive corre-
lation with PH, NPP, BIO, HSW, HI, RLWC and PV
consistently at Ludhiana and Faridkot locations (Tables 2,
3). Significant but inconsistent negative correlation of yield
was found with DG, DFI, DFF and DHF, while highly
negative association was observed with MPI under timely-
sown as well as in late-sown condition at both the loca-
tions. A significantly high positive association was also
observed among the traits like PH, NPP, BIO, YLD, HSW,
RLWC and PV consistently in timely-sown as well as late-
sown condition at both the locations.

Path analysis explained that BIO and HI were the major
contributors towards YLD under timely-sown as well as
late-sown environment at both the locations (Ludhiana and
Faridkot). BIO was observed to have the highest positive
indirect effect on YLD through NPP, followed by PH and
HSW under timely-sown environment and through PH,
followed by NPP, HSW, PV and RLWC under late-sown
environment at both the locations (Tables 4, 5).

Regression analysis

Multiple linear regression is used to predict the outcome of
a response variable (grain yield) from several explanatory
variables. The analysis revealed that PH, NPP, BIO and HI
had contributed positively, while DHF, MPI, HSW and
RLWC contributed negatively to the variation in YLD in
late-sown environment (Table 7, Figure S1). However in
timely-sown environment, DFF, BIO and HI contributed
majorly and positively, while DG, DHF, PH, MPI and PV
contributed negatively to the variation in YLD (Table 6.
Figure S2). Overall, multiple linear regression depicted that
NPP, BIO and HI had greater contribution to the total
variation of YLD in heat stress environment. Based on the
estimated results the prediction equation for seed yield
(YLD as dependent variable) was formulated using the
chickpea plant variables (as independent variables) as
follow:

@ Springer

The regression equation of YLD and other yield related
traits in timely-sown environment for pooled condition:

YLD = 4.61 — 0.170DG + 0.184DFF — 0.222DHF —
0.030PH + 0.393BIO + 0.672HI — 0.204MPI — 0.056
PV; R? = 0.9988, Adjusted R* = 0.9988.

The regression equation of YLD and yield related traits
in late-sown environment for pooled condition:

YLD = — 9.051 — 0.150DHF + 0.109PH + 0.094
NPP + 0.273BIO — 0.157HSW + 0.451HI — 0.131
MPI — 0.047RLWC; R* = 0.9979, Adjusted R* = 0.9979.

In stepwise linear regression analysis, MPI was entered
at first in the model in timely-sown condition and explained
77% of the variation in response trait like YLD, followed
by BIO and HI. While in late-sown environment, BIO
contributed 93% to the variation in response trait like YLD,
followed by HI and PH. Thus, stepwise linear regression
depicted that BIO and HI consistently showed a very high
level of contribution to the total variation of YLD in late-
sown as well as timely-sown conditions (Table S1, S2).

Principal component analysis

The PCA provides information about the traits elucidating
the maximum variability present in the population under
specific environment. Results from PCA analysis revealed
that the first three principal components explained 80.76%
and 91.52% of the total phenotypic variability under
timely-sown and late-sown environment, respectively. The
principal component analysis revealed that PH, NPP, BIO,
HSW, HI, MPI, RLWC and PV were the main contributing
traits in PC1 (Table S3, S4; Fig. 4). MPI was one of the
major contributing traits in PC1 but negatively correlated
with YLD under timely-sown as well as late-sown
environment.

Discussion

Heat stress reduces the seed yield at higher rate during pod
development as compared to heat stress during vegetative
phase or early flowering (Wang et al. 2006). Thus, late-
sown condition was proved to be an ideal condition for
screening of heat tolerance as the temperature goes beyond
the threshold limit (> 35 °C) at the time of reproductive
phase (Fig. 1). At both the locations (Ludhiana and
Faridkot), the crop was exposed to heat stress as temper-
ature goes beyond the threshold limit during the repro-
ductive stage, indicated that both the locations were ideal
for evaluation of RIL population for heat tolerance. How-
ever, similar temperature was also observed for 10 to
15 days out of 100 days which has no significant effect on
results, as shown in Fig. 1.
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PV
0.51%*

NPP BIO YLD HSW HI MPI RLWC

DFI DFF DHF PH

RLWC

Table 2 continued

Ludhiana
Faridkot
Pooled

@ Springer

0.82%%*
0.70%*

days to 50% flowering,

yield per plant, HSW = 100-seed weight, HI = harvest index,

days to germination, DFI = days to flowering initiation, DFF

biomass per plant, YLD

pollen viability

Number of pod per plant, BIO

plant height, NPP =

days to 100% flowering, PH

Significant at 5% probability level, ** = Highly significant at 1% probability level, DG

DHF

MPI = membrane permeability index, RLWC = relative leaf water content, PV

* —

The contrast analysis depicted highly significant differ-
ences between the parents for all the traits under late-sown
and timely-sown conditions which validated the experi-
mental conditions for screening of RILs for heat tolerance
related traits (Table 1). It also indicated that the RIL
population developed by using these parents were perfect
for studying the heat stress. In earlier studies also, contrast
analysis of parents showed significant differences for all
the traits studied, except biomass under heat stress envi-
ronment (Paul et al. 2018; Devasirvatham et al. 2013). The
mean difference between late-sown and timely-sown con-
ditions indicated delayed germination while, mean differ-
ence for DFI, DFF and DHF indicated precocity under late-
sown condition (Table 1).

All the morphological and physiological traits were
significantly affected by heat stress environment, except
HSW and HI which were moderately affected. Low pollen
viability could be one of the major causes of reduced seed
yield due to heat stress. Significant differences were
observed for yield and yield contributing traits and physi-
ological traits in RIL population and its parents in late-
sown as compared to timely-sown condition (Table 1).
Studies conducted in the past had also reported the sig-
nificant differences for most of the morphological and
physiological traits between the heat stress and non-stress
environments (Krishnamurthy et al. 2011; Devasirvatham
et al. 2013; Paul et al. 2018). Low pollen viability and
pollen sterility could be one of the major causes of reduced
seed yield due to poor pod setting in the RILs during pre-
anthesis heat stress environment (Porch and Jahn 2001;
Devasirvatham et al. 2010). Sakata and Higashitani (2008)
also observed that poor pod setting during pre-anthesis high
temperature stress was associated with low pollen viability,
indehiscent anthers and other anther abnormalities.
Whereas, poor pod setting during post-anthesis high tem-
perature stress was related to poor pollen germination,
pollen tube growth and fertilization (Kakani et al. 2002).

Wang et al. (2006) also concluded that post-anthesis
high temperature stress reduced the seed yield in chickpea
by reducing the number of pods per plant and hundred seed
weight. Anther and stigma were the most sensitive organs
to heat stress in chickpea (Nayyar et al. 2005). Devasir-
vatham et al. (2013) concluded that low pollen viability
was the major reason of sterility under high temperature
stress during anthesis in chickpea which results in poor pod
setting percentage. Thus, pollen viability can be one of the
useful indicators which help to know the genetic variations
present among the genotypes for heat tolerance at repro-
ductive phase.

A number of morphological traits like PH, YLD and
HSW and physiological traits such as RLWC, MPI were
adversely affected by the late-sown condition as compared
to timely-sown condition which was in agreement with the
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0.89%%*
0.83%%*

days to 50% flowering,

yield per plant, HSW = 100-seed weight, HI = harvest index,

days to germination, DFI = days to flowering initiation, DFF

biomass per plant, YLD

pollen viability

Number of pod per plant, BIO

plant height, NPP =

days to 100% flowering, PH

Significant at 5% probability level, ** = Highly significant at 1% probability level, DG

DHF

MPI = membrane permeability index, RLWC = relative leaf water content, PV

Faridkot
Pooled
k —

results of Kumar et al. 2017a, b. The present study indi-
cated that reduction in RLWC due to increase in transpi-
ration was associated with reduced water availability which
was frequently associated with heat stress under field
conditions. Due to this, both source and sink relationship
for photosynthate assimilates was disturbed during heat
stress which caused reduction in seed yield (Simdes-Araudjo
et al. 2003; Devasirvatham et al. 2012).

The pooled ANOVA revealed significant differences for
all the traits in RILs for genotypic variance across the
environments, suggesting the presence of good amount of
variations among the RILs (Table 1). Significant genotypic
variation for various physiological and morphological traits
were also observed by Tongden et al. (2006) and Kumar
et al. (2017a, b) under controlled as well as late-sown
conditions. Significant variation was also observed due to
genotype x location (G x L) interaction for all the traits
except DG, DFI, DFF, DHF, which were consistently non-
significant (Table 1). Genotypic variances among the RILs
were significant and consistent across the environments as
well as highly interactive with the locations and could be
the reason for significant variances due to both genotypes
and G x L interaction (Upadhyaya et al. 2011). Paul et al.
(2018) also observed highly significant genotypic and
G x E interaction variances for pooled analysis of two
heat stress environments for almost all the traits studied.
Upadhyaya et al. (2011) also reported a highly significant
genetic and G x E interaction variance across the heat
stress environments which were in agreement with our
results.

The value of GCV and PCV components facilitates to
assess the extent of genetic variation present in a popula-
tion for various traits (Paul et al. 2018). High values of
GCYV and PCYV for the traits like PH, NPP, BIO, YLD and
HSW in late-sown condition, while low to moderate in
timely-sown condition explained the large effect of heat
stress revealing genetic variation in RILs (Table 1). The
results indicated that the RILs performed differently in
terms of their tolerance to heat stress under high temper-
ature. However, the values of GCV and PCV for DG, DFI,
DFF and DHF were low and showed similar magnitude in
both non-stress and heat stress environment indicating that
these traits were less influenced by heat stress (Table 1).
High values of GCV and PCV for total number of seeds per
plot and grain yield, moderate for hundred seed weight,
while low for days to 50% flowering in heat stress envi-
ronment was observed by Paul et al. (2018) which was in
agreement with our results.

High heritability was observed for all the traits, except
DG which showed moderate heritability in case of late-
sown environment. While in case of timely-sown condi-
tion, high heritability was found for PH, NPP, BIO, YLD,
HSW, HI, MPI, RLWC and PV, while low to moderate
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PV
0.012

RLWC
0.006

— 0.010
— 0.021
— 0.008

MPI

HI
0.010

NPP BIO HSW
0.010 0.010 0.010

PH
0.006

— 0.001
— 0.005
— 0.002

DHF

— 0.001
— 0.005
— 0.002

DFF

— 0.001
— 0.005
— 0.003

DFI

— 0.001
— 0.002
— 0.003

DG

PV

Table 4 continued

Ludhiana
Faridkot
Pooled

@ Springer

0.018 0.016 0.018 0.017 0.020 0.022
0.007

0.011

0.010

0.008 0.008 0.007 0.007

0.006

days to 100%

days to 50% flowering, DHF =

days to germination, DFI = days to flowering initiation, DFF =

0.075, DG

Number of pod per plant, BIO

Residual effect of Ludhiana = 0.075; Faridkot = 0.078; Pooled

flowering, PH

yield per plant, HSW = 100-seed weight, HI = harvest index, MPI = membrane permeability

biomass per plant, YLD

plant height, NPP =

pollen viability

index, RLWC = relative leaf water content, PV

heritability was observed for DG, DFI, DFF and DHF
(Table 1). It is remarkable that consistently moderate to
high heritability was observed for all the traits studied
except for a few. Heritability facilitates understanding the
magnitude of genetic expression under specific environ-
ment (Kumar et al. 2017a, b). In this study, higher heri-
tability was observed under heat stress environment for
yield and yield related traits as compared to non-stress
environment at both Ludhiana and Faridkot locations,
indicating that these traits were less influenced by envi-
ronmental fluctuations. This implicated that these traits
were expressed more distinctly under heat stress condition,
and thus, selection will be more promising for these traits
as also explained by Krishnamurthy et al. (2011). Wide
range of genotypic variability in the RILs led to higher
broad sense heritability under heat stress environment.
High heritability for the traits such as PH, NPP, BIO, YLD,
HSW, HI, MPI, RLWC and PV under abiotic stress con-
ditions in chickpea was also observed in previous studies
(Vadez et al. 2012; Varshney et al. 2014; Paul et al. 2018).

It is noteworthy that value of GAM for the traits like PH,
NPP, BIO, YLD, HSW, HI, MPI, RLWC and PV were
consistently high or moderately high, while DG, DFI, DFF
and DHF were consistently low across the environments at
both Ludhiana and Faridkot locations (Table 1). High value
of GAM for yield and yield contributing traits except
biomass and low value of GAM for days to 50% flowering
was also recorded by Paul et al. (2018) which was in
accordance with our results. Traits having high heritability
combined with high genetic advance explained the major
effect of additive genes for these traits. Thus, the selection
should be based on yield per se and other important traits
like PH, NPP, BIO, HSW, HI, MPI, RLWC and PV which
were indirectly correlated with yield and have high heri-
tability along with high genetic advances.

A strong positive association has been observed between
PH, NPP, BIO, HSW, HI, RLWC and PV with YLD which
revealed significance of these traits for determining yield
across the environments (Tables 2, 3). It appears that these
traits are the major contributors for enhancing YLD in
chickpea. A positive and significant association of grain
yield was observed with plant height, number of pods per
plant, biomass and harvest index in some previous studies
(Jivani et al. 2013; Purushothaman et al. 2017; Paul et al.
2018).

A significant negative association of yield was found
with DG, DFI, DFF, DHF and MPI, however, it was
inconsistent across the environments (Mallu et al. 2015).
Genotypes showing early flowering had comparatively
extended period of reproductive phase which resulted into
more seed yield before the onset of stress, consequently
seed yield was negatively correlated with days to flowering
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PV
0.171

RLWC
0.147

— 0.153
0.164

MPI

HI
0.147

0.153

HSW

BIO
0.159

NPP
0.157

PH
0.161

— 0.042

DHF
0.048

— 0.041

DFF
0.048

— 0.042

DFI
0.049

— 0.018

DG
0.017

PV

Table 5 continued

Ludhiana
Faridkot
Pooled

@ Springer

- 0.170

0.067

— 0.164

0.060

—0.148

0.059

— 0.163

0.062

— 0.162

0.063

—0.162

0.063

— 0.160

0.064

— 0.061

— 0.012 — 0.017 — 0.016

— 0.002

days to 100%

days to 50% flowering, DHF =

days to germination, DFI = days to flowering initiation, DFF =

0.073, DG

Number of pod per plant, BIO

Residual effect of Ludhiana = 0.055; Faridkot = 0.081; Pooled

flowering, PH

yield per plant, HSW = 100-seed weight, HI = harvest index, MPI = membrane permeability

biomass per plant, YLD

plant height, NPP =

pollen viability

index, RLWC = relative leaf water content, PV

(Zaman-Allah et al. 2011; Magbool et al. 2016; Purush-
othaman et al. 2017; Paul et al. 2018).

Path analysis showed that BIO followed by HI had the
highest direct effect on YLD, while BIO contributed the
highest positive indirect effect on YLD through NPP under
timely-sown environment and through PH under late-sown
environment (Tables 4, 5). These traits also expressed the
significant and positive correlation with yield. The com-
bined results of correlation and path analysis concluded
that these traits were significant to devise selection indices
for screening high yielding heat-tolerant genotypes in
chickpea. In some previous studies, path analysis revealed
that the number of pods per plant, number of seeds per plot,
harvest index, biomass, hundred seed weight and plant
height was the major direct contributor to grain yield
(Renukadevi and Subbalakshmi 2006; Thakur and Sirohi
2009; Jivani et al. 2013; Paul et al. 2018). The BIO and HI
were found to have the high negative indirect effect on
YLD through MPI under timely-sown and late-sown
environment at both locations.

Multiple linear regression depicted the major positive
contribution of NPP, BIO and HI and major negative
contribution of MPI to the total variation of YLD consis-
tently across the environments (Tables 6, 7). Likewise,
stepwise linear regression represents that BIO and HI
consistently showed a high level of contribution to the total
variation of yield among the environments (Table S1, S2).
Hence, the combination of these traits can be a good
strategy for creating selection index for screening of
chickpea genotypes under heat stress conditions. In previ-
ous studies, regression analysis revealed that number of
pods per plant, number of seeds per plot and number of
filled pods are the major contributor towards yield (Zaman-
Allah et al. 2011; Paul et al. 2018).

The principal component analysis depicts that PH, NPP,
BIO, HSW, HI, MPI, RLWC and PV consistently were the
main contributing traits for yield under timely-sown and
late-sown environment (Table S3, S4). Thus, these traits
were clustered together and contributed to maximum
variability for YLD in both timely-sown and late-sown
environment. Hence, phenotypic selection for these traits
will be helpful for the monitoring of chickpea genotypes
under heat stress. In previous studies, number of pods per
plant, harvest index and biomass were observed to be the
main contributing traits under heat stress conditions
revealed by principal component analysis which was in
agreement with our findings (Canci and Toker 2009;
Krishnamurthy et al. 2011; Paul et al. 2018).
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Table 6 The regression
coefficient (b), standard error
(SE), t-value and probability of
the estimated variables in
predicting chickpea seed yield
by the multiple linear regression
analysis under timely-sown
condition

Location Entered Variable Regression coefficient (b) SE t-value p-value
Ludhiana DG — 0.064 0.05477 - 1.17 0.2434
Faridkot —0.120 0.04640 — 2.58* 0.0102
Pooled - 0.170 0.03587 — 4.774%%* <.0001
Ludhiana DFI 0.054 0.05420 1.00 0.3167
Faridkot 0.001 0.05998 0.02 0.9867
Pooled — 0.075 0.03918 — 191 0.0562
Ludhiana DFF 0.017 0.07775 0.22 0.8257
Faridkot 0.097 0.07765 1.25 0.2101
Pooled 0.184 0.05599 3.29%* 0.0010
Ludhiana DHF —0.115 0.05054 — 227 0.0236
Faridkot —0.163 0.06071 — 2.68%* 0.0076
Pooled —0.222 0.04187 — 5.30%* < .0001
Ludhiana PH — 0.028 0.01432 - 1.95 0.0512
Faridkot — 0.003 0.01246 —0.22 0.8258
Pooled — 0.030 0.00966 — 3.09%* 0.0020
Ludhiana NPP 0.015 0.01416 1.07 0.2852
Faridkot — 0.003 0.01268 —0.23 0.8144
Pooled — 0.009 0.00984 — 0.96 0.3373
Ludhiana BIO 0.387 0.01409 27.48%%* < .0001
Faridkot 0.351 0.01399 25.11°%%* < .0001
Pooled 0.393 0.01009 38.97%* < .0001
Ludhiana HSW 0.014 0.03136 0.43 0.6675
Faridkot 0.127 0.04057 3.12%% 0.0019
Pooled 0.008 0.02572 0.27 0.7852
Ludhiana HI 0.732 0.01104 66.27%%* <.0001
Faridkot 0.616 0.01254 49.06%* < .0001
Pooled 0.672 0.00852 78.84%%* < .0001
Ludhiana MPI — 0.088 0.01341 — 6.53%* <.0001
Faridkot —0.276 0.01690 — 16.33%* < .0001
Pooled — 0.204 0.01081 — 18.90%* < .0001
Ludhiana RLWC 0.012 0.00600 1.93 0.0537
Faridkot 0.019 0.01039 1.88 0.0607
Pooled 0.010 0.00530 1.85 0.0653
Ludhiana PV — 0.033 0.01274 — 2.55% 0.0109
Faridkot — 0.062 0.01193 — 5.24%* <.0001
Pooled — 0.056 0.00855 — 6.59%* < .0001

* = Significant at 5% probability level, ** = Significant at 1% probability level, DG = days to germina-
tion, DFI = days to flowering initiation, DFF = days to 50% flowering, DHF = days to 100% flowering,
PH = plant height, NPP = Number of pod per plant, BIO = biomass per plant, YLD = yield per plant,
HSW = 100-seed weight, HI = harvest index, MPI = membrane permeability index, RLWC = relative leaf
water content, PV = pollen viability

@ Springer
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Fig. 4 Biplots based on principal component analysis (PCA) showing the relationship of yield (YLD) under timely-sown and late-sown

environment
Conclusion

This study illustrated the presence of large genetic varia-
tion in RILs for yield and yield contributing traits under
heat stress environments. Among these traits, PH, NPP,
BIO and YLD were the most affected traits due to heat
stress. High value of GCV and PCV along with high her-
itability and GAM were recorded for PH, NPP, BIO, YLD
and HSW across the heat stress environments. Path anal-
ysis and both multiple and step-wise regression analysis
depicted that NPP, BIO and HI were the major contributor
to YLD consistently across the environments, while

@ Springer

correlation studies and principal component analysis
showed positive association of PH, NPP, BIO, HSW, HI,
RLWC and PV with YLD across the environments. Thus, a
holistic approach across these analyses identified NPP,
BIO, and HI as the key traits, which could be used for
improving chickpea yield through indirect selection for
developing heat-tolerant cultivars. Large genetic variability
present in RILs can be used for developing heat-tolerant
cultivars in heat tolerance breeding programme in
chickpea.
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CT(?:;EC?GH?}(IZ)’FGS%;?;?QI error Location Entered variable Regression coefficient (b) SE t-value p-value
(SE), t-value and probability of | 4hiana DG 0.080 002629  3.03%* 0.0026
the estimated variables in .
predicting chickpea seed yield Faridkot — 0.001 0.02337 —0.04 0.9660
by the multiple linear regression Pooled 0.033 0.01879 1.76 0.0778
analysis late-sown condition Ludhiana  DFI 0.072 0.04664  1.54 0.1234
Faridkot 0.036 0.02221 1.64 0.1010
Pooled — 0.011 0.01840 — 0.59 0.5532
Ludhiana DFF — 0.147 0.06874 — 2.13* 0.0333
Faridkot 0.029 0.04471 0.64 0.5218
Pooled 0.068 0.03672 1.85 0.0648
Ludhiana DHF — 0.039 0.05081 —0.76 0.4463
Faridkot — 0.106 0.03881 — 2.74%% 0.0063
Pooled — 0.150 0.03246 — 4.61%* < .0001
Ludhiana PH 0.229 0.01783 12.83%* < .0001
Faridkot 0.058 0.01462 3.99%* < .0001
Pooled 0.109 0.01159 9.38%* < .0001
Ludhiana NPP 0.191 0.01559 12.28%* < .0001
Faridkot 0.063 0.01415 4.43%* < .0001
Pooled 0.094 0.01061 8.89%* < .0001
Ludhiana BIO 0.1845 0.01219 15.18%%* < .0001
Faridkot 0.306 0.01148 26.68** < .0001
Pooled 0.273 0.00875 31.24%* < .0001
Ludhiana HSW — 0.156 0.03670 — 4.27%% < .0001
Faridkot — 0.099 0.04415 — 2.26% 0.0244
Pooled — 0.157 0.03070 — 5.13%* < .0001
Ludhiana HI 0.321 0.01540 20.85%* < .0001
Faridkot 0.504 0.01431 35.26%* < .0001
Pooled 0.451 0.01095 41.22%* < .0001
Ludhiana MPI — 0.066 0.00788 — 8.35%* < .0001
Faridkot — 0.131 0.00996 — 13.20%* < .0001
Pooled — 0.095 0.00667 — 14.17%* < .0001
Ludhiana RLWC — 0.059 0.00648 — 9.12%* < .0001
Faridkot — 0.031 0.01017 — 2.99%: 0.0029
Pooled — 0.047 0.00572 — 8.20%* < .0001
Ludhiana PV 0.047 0.00791 5.92%%: < .0001
Faridkot — 0.069 0.00911 — 7.55%% < .0001
Pooled — 0.001 0.00623 —0.21 0.8319

* = Significant at 5% probability level, ** = Significant at 1% probability level, DG = days to germina-
tion, DFI = days to flowering initiation, DFF = days to 50% flowering, DHF = days to 100% flowering,
PH = plant height, NPP = Number of pod per plant, BIO = biomass per plant, YLD = yield per plant,
HSW = 100-seed weight, HI = harvest index, MPI = membrane permeability index, RLWC = relative leaf
water content, PV = pollen viability
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