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Abstract: Heat-related traits in chickpea (Cicer arietinum L.) play a crucial role in reducing the harmful
effect of heat stress, as the increase in heat stress is predicted to occur in the coming years due
to global warming as a result of climate change. The advantage of multiple pods per peduncle
and compound (imparipinnate) leaf traits in kabuli chickpea has not been properly revealed under
heat stress conditions. We, therefore, want (i) to provide insight into the advantage of multiple
pods and compound leaf traits over single pod per node and simple (unifoliolate) leaf traits, and
(ii) to determine the highest direct and indirect effects of agro-morphological traits on seed yield
in chickpeas under rainfed conditions with prevailing heat stress. With a delayed sowing time, the
plants were subjected to heat stress of more than 43 °C in flowering and pod setting stages under field
conditions. According to the number of pods per node and leaf shape, plants were evaluated for yield
and yield components, and were divided into six groups, namely (i) single-pod and compound leaf,
(ii) single-pod and simple leaf, (iii) double-pods and compound leaf, (iv) double-pods and simple leaf,
(v) multi-pods and compound leaf, and (vi) multi-pods and simple leaf. Plants with multi-pods and
compound leaf traits had the highest seed yield, followed by plants with double-pods and compound
leaf, while plants with single-pod and simple leaf had the lowest yield. The number of seeds and
pods per plant, 100-seed weight, and leaf shape were the highest determinants of seed yield under
heat stress conditions. It was concluded that multi-pods per peduncle and compound leaf traits had
an obviously incontrovertible advantage in kabuli chickpeas under heat stress conditions. The plant
shapes that nature has evolved for millions of years, which are mostly found in wild plants, have
been proven by the current study to have a better fitness ability than plants shaped by human hands.

Keywords: Cicer arietinum; heat stress; multi-pods; double-pods; compound leaf

1. Introduction

Cultivated chickpea (Cicer arietinum L.) is divided into two different varietal groups,
namely “desi” and “kabuli”, and “desi” chickpeas are portrayed with small seeds, different
seeds in colors including brown, black, and green, with pinkish-purple flowers and pig-
mented plants, while “kabuli” chickpeas have large seeds, are cream in color, with white
flowers and non-pigmented plants [1]. Both chickpeas are predominantly grown in arid
and semi-arid areas of the world under rainfed conditions [2,3]. As they are dependent on
these growing conditions, the majority of the crop is exposed to continuous limiting soil
moisture and high temperature during flowering and pod setting stages, despite the fact
that the crop is adapted to temperate regions as an important cool season food legume [3,4].
According to the Food and Agriculture Organization Statistical Database (FAOSTAT) in
2020, the cultivation area and production quantity of chickpeas in the world have been
reported to be 14.8 million ha and 15.1 million t, respectively. The average seed yield of
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chickpeas is reported to be as low as 1016 kg per ha [5], despite the fact that the seed yield
potential of chickpeas is on par with the other food legumes [6]. The main reason for the low
seed yield of chickpeas is based on the adverse effect of a/biotic stresses, because chickpeas
are grown in marginal areas without using input or with minimum input under rainfed
conditions, although they are endowed with some agro-morphological and physiological
characteristics that make it possible to settle them into marginal areas where there are
prevailing a/biotic stresses [6,7].

The optimum temperatures for chickpeas range from 18 to 29 °C for growth and
development [1], despite the fact that most of the cultivated areas of chickpeas have suffered
from excessive temperatures that accelerated drought [2,8,9]. Temperatures above 32 °C in
the daytime are detrimental, resulting in lower pod sets and seed yields in chickpeas [7].
The predicted changes in temperature in the world are expected to be in the range of
2-3 °C in the near future [10,11]. Due to heat stress, yield losses in chickpeas have been
reported to range from 10 to 78% of the potential yield for every increase of one degree
in temperature [12,13]. Under these circumstances, heat stress caused by heatwaves and
extreme temperatures occurring during the period from the end of spring to summer has
a dramatic impact on the productivity of cultivated chickpeas. However, in a number
of research carried out on heat tolerance in cultivated chickpeas [8,13-17] and its wild
relatives [18], resistance sources for heat tolerance have been found to be insufficient. Heat
tolerance in recombinant inbred lines generated from intraspecific crosses in chickpeas has
been studied [17].

The relationship between some morpho-physiological traits of chickpeas and drought
stress accompanying high temperature stress has been studied [8,13,19-22]. One of the
most striking morphological traits of chickpeas is undoubtedly their leaf shape. Three
different leaf shapes in cultivated chickpeas, namely compound or fern-like (imparipin-
nate), simple (unifoliolate), and multipinnate (bipinnate) leaves [23,24], have been reported,
and the inheritance of the traits was studied [25-27], and it was concluded that these
traits were not affected by the environment due to their qualitative nature. Like wild
Cicer species [1,28], the compound leaf shape is common in most cultivated chickpeas
commercially grown in the world. Cultivars with simple leaf shapes have been improved
by Muehlbauer et al. [29,30], for resistance to ascochyta blight caused by Ascochyta rabiei
(Pass.) Labr. Despite advantages of multipinnate leaf shape in cultivated chickpeas, such
as resistance to leafminer (Liriomyza cicerina Rond.) and reducing water loss by transpira-
tion [31-33], they have not been taken into account much in chickpea production. Under
heat stress conditions, the effect of leaf shape on yield in cultivated “kabuli” chickpeas
deserves attention, as no information is available on this issue.

Another important trait of chickpeas is the number of flowers or pods per peduncle
(node or axil), and most cultivated chickpea cultivars usually carry a single flower, and a
single flower forms a single pod per peduncle [23,24]. On the other hand, some cultivated
chickpeas form double flowers and double pods (see details in Kivrak et al. [34]) as wild
chickpeas [1,28]. Double-podded chickpeas, reported in cultivated chickpeas, provide more
seed yields in favorable conditions [34-36] and yield stability [37,38]. However, the seed
yield of multi-podded chickpeas has not been compared with double-podded chickpeas nor
single-podded chickpeas under heat stress conditions. Insight into heat-related architectural
shapes in chickpeas plays a crucial role in reducing the detrimental effect of heat stress,
as an increase in heat stress is forecasted in the near future due to global warming. The
current study is therefore aimed at: (i) gaining insight into the advantages of multiple pods
and compound leaf traits over single pod per node and simple (unifoliolate) leaf traits, and
(ii) finding out the highest direct and indirect effects of agro-morphological traits on seed
yield in “kabuli” chickpeas under rainfed conditions with prevailing heat stress.
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2. Materials and Methods
2.1. Plants

Plants from F3 and F,4 populations were advanced from intraspecific crosses between
PI 631078 simple-leafed (unifoliolate) and single-podded [39], and PI 632396 compound-
leafed (imparipinnate) and double-podded [40]. According to the mentioned intraspecific
crosses, six different architectural groups have been recognized [34,41], namely (i) single-
pod and compound leaf, (ii) single-pod and simple leaf, (iii) double-pods and compound
leaf, (iv) double-pods and simple leaf, (v) multi-pods and compound leaf, and (vi) multi-
pods and simple leaf. Detailed information about parents and checks, including ILC 3279,
ILC 1929, ICC 12004, ILC 482, and ILC 72, is provided in Table 1. Figure 1 shows leaf shape
and number of flowers per peduncle in cultivated “kabuli” chickpeas.

Table 1. Agro-morphological traits and reaction to ascochyta blight of checks and parents.

Parents and . . Pods per . . .

Checks Kabuli/Desi  Flower Color Peduncle Leaf Shape  100-Seed Weight (g) Resistance to Ascochyta Blight

PI ?31078 Kabuli White 1 Simple 46.9 Resistant
(Sierra)

PI 632396 . . .

(CA 2969) Kabuli White 2 Compound 28.9 Resistant
ILC 72 Kabuli White 1 Compound 23.2 Resistant
ILC 482 Kabuli White 1 Compound 23.5 Tolerant

ILC 1929 Kabuli White 1 Compound 25.5 Susceptible

ILC 3279 Kabuli White 1 Compound 24.3 Resistant

ICC 12004 Desi Purple 1 Compound 9.1 Resistant

Figure 1. Leaf types and number of flowers per peduncle in cultivated chickpeas. (A) Simple-leafed
and single-podded (Sierra), (B) compound-leafed and double-podded (CA 2969), (C) multipinnate-
leafed and double-podded (Mutant), and (D) simple-leafed and multi-podded.

2.2. Sowing and Growing Procedures

Seeds of chickpeas were sown on 4 April 2019 and 4 March 2020 at the campus of
Akdeniz University, Antalya, Turkey (30°38' E, 36°53' N, 51 m above sea level), for two
years. Late sowings were preferred to coincide with heat stress and the flowering time of
the chickpeas. Plants including parents and checks were grown in rows of 2 m in length.
Inter row spacing of 50 cm and intra row spacing of 10 cm were adopted. In F3 and Fy,
1214 and 485 plants were grown, respectively, and each plant was harvested as a single
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plant. PI 631078 and PI 632396 were used as parents and the earlier mentioned checks
were replicated four times. Plants were irrigated using a drip irrigation system with a drip
lateral line, which had emitters with 2 L per hour and 20 cm emitter spacing to each plant
row, and they were well-watered at three-day intervals as the plants were only subjected to
heat stress. During seedling and before the flowering stages, the weeds were pull out by
hand. Fertilization was not applied as fertilization was not used in spring-sown crops due
to a negative effect.

2.3. Phenological Traits

Phenology plays a critical role in resistance to drought and heat stresses [6,42,43], and
two important phenological traits, namely days to first flowering (FF) and days to 50%
flowering (DF), were recorded as the number of days from germination to first flowering
and 50% flowering, respectively.

To assess the temperature intensity, the averages of the maximum temperatures (°C)
from germination to flowering (Tqyr) and from flowering to harvest (T}axpH) Were cal-
culated for each chickpea. Similarly, cumulative growing degree-days (GDD) for each
chickpea were calculated from germination to flowering and from flowering to harvest,
and were denoted as GDDp and GDDgy, respectively. The following formula was used to
calculate the GDD values [44]:

GDD = Z( Tmux ‘zi‘ Tmin o Tb>

where Tyax, Thiin, and Tp, are the maximum, minimum, and base temperatures, respec-
tively. The base temperature is the minimum threshold temperature below which plant
development stops. The base temperature in chickpeas is considered 0 °C [45].

2.4. Agro-Morphological Traits

For agro-morphological traits, plant height (PH) was recorded as cm from the ground
to top of the plant, while the number of pods (PP) and seeds (SP) were counted as the total
number of pods and seeds per plant, respectively. Seed yield (SY) was weighted as the total
weight of a single plant after harvest, whereas seed size (SW) was determined using the
following formula [34,41]:

Total seed weight per plant (g)

= 1
Total number of seeds per plant <100

100 — seed weight (g)

2.5. Qualitative Traits

The number of pods per peduncle (node or axil) as single, double, and multiple pods
and leaf shape as compound-leafed or fern-like and simple-leafed or unifoliolate leaves
were evaluated for each plant.

2.6. Climatic Data

Climatic data for the growing seasons were provided by the fourth Regional Direc-
torate of Meteorology of the Turkish State Meteorological Service (TSMS) at the campus of
Akdeniz University. Cumulative degree-days for optimum growth (DDO) were calculated
using the formula below and the optimum temperature was considered to be up to 29 °C,
while the cumulative degree-days for heat stress (DDH) were calculated following the
formula considering for the heat threshold as 29 °C in chickpeas. Formulas were modified
from the equation of Krese et al. [46]:

For Tyux < Ty, DDO =Y "1 (Ty — Tynax)

For Tyax > Ty, DDH = Y 7 (Tyuax — Tp)
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where DDO and DDH are the cumulative sums of optimum growth degree-days and
heat stressed degree-days for n days, and n is the total days in the period. T}, is the base
temperature for heat stress in chickpeas, and Ty is the maximum temperature. The base
temperature is considered to be 29 °C.

2.7. Statistical Analyses

All agro-morphological data were analyzed for descriptive statistics using IBM SPSS
statistics (2014). Moreover, plants were divided into six classes to compare (i) single-pod
and compound leaf, (ii) single-pod and simple leaf, (iii) double-pods and compound
leaf, (iv) double-pods and simple leaf, (v) multi-pods and compound leaf, and (vi) multi-
pods and simple leaf. Data on phenological and agro-morphological traits of parents
and checks were statistically analyzed through analysis of variance (ANOVA) using SPSS
22.0. The comparison of the averages of the analyzed agro-morphological traits was per-
formed using Tukey’s Multiple Comparison Test at p < 0.05. Furthermore, direct and
indirect relationships of agro-morphological traits on seed yield of the single-podded
plants, double-podded plants, and multi-podded plants in F4 were studied via path co-
efficients according to Dewey and Lu [47] using SPSS 22.0. Path coefficients are used by
breeders/researchers for determining the direct contribution of agro-morphological traits
and the indirect contribution over other traits on seed yield [48]. Principal component
analysis (PCA) was carried out using JMP Pro 16.0.0 (SAS Institute Inc., Cary, NC, USA).
A hierarchical cluster analysis (HCA) was performed on seed yield values using JMP Pro
16.0.0 according to Ward’s method to analyze the studied chickpeas, parents, and checks
under heat stress conditions.

3. Results
3.1. Heat Stress

Chickpeas were exposed to significant heat stress, especially during flowering and
pod setting periods, for both years (Figure 2 and Figure S1). During the flowering and pod
setting periods, the average maximum temperature was recorded to be 30.8 £ 0.56 °C and
29.2 £ 0.74 °C in 2019 and 2020, respectively. During the same periods, high temperatures
above 29 °C were observed for 27 days and the highest temperature during this period
was recorded as 40 °C in 2019. In May and June 2020, high temperatures above 29 °C
were recorded for 21 days and there was a period of consecutive extreme temperatures
between May 15 and May 20, while the highest temperature was recorded as 43.1 °C in
flowering (Figure S1). Cumulative degree-days for heat stress (DDH) and optimum growth
(DDO) were 106.4 and 27.4 °C days in 2019, while they were 127.8 and 118.6 °C days in
2020, respectively (Figure 2).

Values for growing degree-days from germination to flowering (GDDp) were higher
in compound-leafed chickpeas than that of simple-leafed chickpeas in both years (Table S1).
In contrast, growing degree-days from flowering to harvest (GDDgy) had higher values in
simple-leafed chickpeas than that of compound-leafed chickpeas in both years (Table S1).

As seen in Table 2, seed yield in general was significantly correlated with TyuxrH,
GDDg, and GDDgp. The closest relationships between seed yield and Tsxpr, GDDg, and
GDDgy are given in Table 2. A significant negative correlation between seed yield and
Thmaxr (r = —0.406 *) was observed in simple-leafed and multi-podded chickpeas. Similarly,
a significant negative correlation between seed yield and Tuxpry (r = —0.524 **) was found
in simple-leafed and multi-podded chickpeas. There was a significant negative relationship
between seed yield and GDDg On the other hand, the closest association between seed
yield and GDDgyy (r = 0.436 **) was detected in simple-leafed and single podded chickpeas.
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Figure 2. Cumulative degree-days for heat stress (DDH) and optimum growth (DDO) according to
heat threshold temperature (29 °C) and daily maximum temperatures (T};qy) during flowering and
pod setting stages in the 2019 and 2020 growing seasons.

3.2. Nutrient Elements and Soil Properties

Phosphorus (with 9.4 ppm), potassium (with 0.6 meq per 100 g), calcium (with
37.7 meq per 100 g), magnesium (with 7.1 meq per 100 g), mangan (with 2.3 ppm), and
copper (with 1.4 ppm) were found to be at a sufficient level, while organic matter (with
1.9 ppm) and total nitrogen (with 0.1%), iron (with 3.6 ppm), and zinc (with 0.8 ppm) were
determined to be at a low level owing to high pH (8.0). Soil texture was loam with CaCOs
of 26.5%, while electrical conductivity was 0.9 mS per cm.

3.3. Phenological Traits

According to the ANOVA results, the effect of chickpeas was found to be significant,
while the G by Y interaction was significant for days to first flowering, days to 50% flower-
ing, plant height, seed yield, and 100-seed weight, while it was not significant for pods and
seeds per plant (p < 0.05) (data not shown).
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Table 2. Correlation coefficients (r) between seed yield and maximum temperatures from germina-
tion to flowering (Tyuuxp) and from flowering to harvest (Tyxpr), and growing degree-days from
germination to flowering (GDDg) and from flowering to harvest (GDDgyy).

TmuxF TmaxFH GDDF GDDFH

Year Leaf Shape Pods per Axil
SY SY SY SY
Single —0.012 —0.197 **  —0.294 ** 0.294 **
Compound Double 0.020 —0.192**  —0.328 ** 0.328 **
Multi 0.109 —0.134 —0.311* 0.325 *
*3% *3% *%
2019 All 0.018 0.184 0.308 0.307
Single —0.086 —0.259 *  —0.308 ** 0.310 **
Simple Double —0.080 —0.284**  —0.379 ** 0.379 **
Multi 0.088 —0.120 —0.200 0.200
All —0.067 —0.255**  —0.328 ** 0.328 **
Single 0.068 0.248 * —0.421 ** 0.408 **
Compound Double 0.209 ** 0.174 * —0.213 ** 0.206 **
Multi 0.142 0.261 0.185 —0.173
*3% *3% *% *%
2020 All 0.158 0.199 0.272 0.264
Single 0.003 0.071 —0.432 ** 0.436 **
Simple Double 0.128 —0.018 —0.249 * 0.243 *
Multi —0.406* —0.524* —0.440 ** 0.408 **
All —0.011 —0.067 —0.354 ** 0.347 **

* Significant at p < 0.05, ** Significant at p < 0.01.

Phenological traits such as days to first flowering and days to 50% flowering in 2019
were found earlier than that of 2020. ICC 12004 had the earliest days to first flowering and
days to 50% flowering. According to leaf shape and pods per axil, there was no difference
for phenological traits (Figure 3).

3.4. Plant Height

In 2019, plant height was 44.8 for compound-leafed chickpeas, whereas it was 50.6 cm
for simple-leafed chickpeas. In 2020, plant height was 52.1 cm for compound-leafed
chickpeas, while it was 55.4 cm for simple-leafed chickpeas (Figure 4). Multi-podded
chickpeas had a higher plant height than that of single- (6.5%) and double-podded (2.2%)
chickpeas based on both years (Figure 4).

3.5. Pods per Plant

The number of pods per plant was found to be 68.9 for compound-leafed chickpeas,
while it was 49.5 for simple-leafed chickpeas in 2019. The number of pods per plant was
44 4 for compound-leafed chickpeas, whereas it was 32.2 for simple-leafed chickpeas in
2020 (Figure 4). For number of pods per plant, a significant difference between compound-
and simple-leafed chickpeas was detected. Compound-leafed chickpeas had more pods
per plant (57.7%) compared to simple-leafed chickpeas. In both compound- and simple-
leafed chickpeas, multi-podded chickpeas had the highest pods per plant for both years
(Figure 1D), while compound-leafed and multi-podded chickpeas had the highest pods per
plant (Figure 4).

3.6. Seeds per Plant

The number of seeds per plant was determined as 79 for compound-leafed chickpeas,
whereas it was 52.3 for simple-leafed chickpeas in 2019. The number of seeds per plant
was found to be 48.8 for compound-leafed chickpeas, while it was 33.7 for simple-leafed
chickpeas in 2020 (Figure 4). Compound-leafed chickpeas had 48.6% more seeds than
simple-leafed chickpeas for both years. Multi-podded chickpeas had 13.8% and 21% more
seeds per plant than that of double-podded and single-podded chickpeas, respectively.
Multi-podded chickpeas had the highest seeds per plant in both compounds- and simple-
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leafed chickpeas for both years, whereas compound-leafed and multi-podded chickpeas
had the highest seeds per plant (Figure 4).

3.7. Seed Yield

In 2019, compound-leafed chickpeas had a seed yield of 26.8 g, whereas simple-leafed
chickpeas had a seed yield of 16.1 g. In 2020, seed yield for compound-leafed chickpeas was
18.2 g, while seed yield for simple-leafed chickpeas was 11.8 g (Figure 5). Seed yield had a
significant difference between compound-leafed chickpeas and simple-leafed chickpeas.
Compound-leafed chickpeas had a higher seed yield (60.7%) than simple-leafed chickpeas
in both years. Multi-podded chickpeas had 7.8% and 20.5% more seed yield than that of
double-podded and single-podded chickpeas in both years, respectively. Multi-podded
and compound-leafed chickpeas had the highest seed yield (Figure 5).
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Figure 3. Comparison of compound-leafed versus simple-leafed and multi-podded versus double-
podded and single-podded chickpeas with parents and checks for phenological traits. Different
lowercase letters and uppercase letters represent the significant difference (p < 0.05) between the
means for 2019 and 2020, respectively.
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Figure 4. Comparison of compound-leafed versus simple-leafed and multi-podded versus double-
podded and single-podded chickpeas with parents and checks for plant height, pods and seeds per
plant. Different lowercase letters and uppercase letters represent the significant difference (p < 0.05)
between the means for 2019 and 2020, respectively.
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Figure 5. Comparison of compound-leafed versus simple-leafed and multi-podded versus double-
podded and single-podded chickpeas with parents and checks for seed yield and 100-seed weight.
Different lowercase letters and uppercase letters represent the significant difference (p < 0.05) between
the means for 2019 and 2020, respectively.

3.8. 100-Seed Weight

As shown in Figure 5, 100-seed weight was counted as 41.4 g for compound-leafed
chickpeas, while it was recorded as 38.5 g for simple-leafed chickpeas in 2019. In 2020,
100-seed weight was detected as 41.7 g for compound-leafed chickpeas, whereas it was
found as 37.5 g in 2019. Compound-leafed and single-podded chickpeas (42.4 g) had supe-
rior 100-seed weight, followed by compound-leafed and double-podded, and compound-
leafed and multi-podded in 2019. However, the highest 100-seed weight was obtained in
compound-leafed and multi-podded chickpeas (44.6 g) in 2020 (Figure 5).

3.9. Direct and Indirect Relationships of Multi-Podded and Double-Podded Traits on Seed Yield

Path analyses were carried out to show the direct and indirect relationships of agro-
morphological traits on seed yield (Tables 3 and 4). In multi-podded chickpeas, the highest
direct relationships were lined up for seeds per plant (p = 0.733 *) and pods per plant
(p = 0.330 *), followed by seed weight (p = 0.201 *) and leaf shape (p = —0.036 *). The highest
indirect relationships on seed yield over seeds per plant were attained as seed weight
(p = —2.064 *) and leaf shape (p = —1.453 *) in multi-podded chickpeas (Table 3).
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Table 3. Direct and indirect relationships among agro-morphological traits on seed yield over pods

per axil.
Indirect Relationship
Traits
Pods per Axil LS FF DF PH PP SP SW

Single —0.038 * —0.636 * 0.493 * 0.162 * 0.659 * —0.968 * —0.340 *
Leaf shape (LS) Double —0.42* —0.41 0.069 0.338 * 0.593 * —0.900 * —0.304 *
Multi —0.36 * —0.268 0.270 0.186 0.788 —1.453* —0.721*

Days to first Single —-0.77 * 0.007 0.960 * 0.008 —0.22 0.015 0.005

flowering (FF) Double —0.07 —0.49 0.939 * 0.006 0.021 0.038 —0.15
Multi —-0.19 0.143 0.944 * 0.013 0.372* —0.444 * —0.90*

Days to 50% Single 0.057 * 0.922 * 0.025 —0.26 0.064 —0.74 —-0.37

flowering (DF) Double 0.011 0.925 * 0.067 * —043 0.053 —0.131 —0.14

Multi 0.020 0.981 * —0.73 —0.40 —0.296 * 0.353 * 0.085

Single 0.113* 0.048 —0.159 —0.09 -0.97 0.339 0.216 *

Plant height (PH) Double 0.251* 0.026 —0.194 —0.09 —0.290 0.439 * 0.225 *

Multi 0.152 0.148 —0.437 —0.12 —0.349 0.386 0.272

Single 0.033 * —0.09 0.028 —0.07 0.533 * 0.975 * 0.098 *

Pods per plant (PP) Double 0.036 * 0.008 0.020 —0.24 0.201 * 0.991 * 0.090 *
Multi 0.055 0.362 * —0.277 * —0.30 0.330 * 1.074 * 0.154 *
Single —0.48* 0.006 —0.32 0.024 0.963 * 0.420 * —0.101 *

Seeds per plant (SP) Double —0.52* 0.013 —0.47 0.035 * 0.945 * 0.796 * —0.99 *
Multi —-0.81* —0.342 * 0.262 * 0.026 0.849 * 0.733 * —0.178 *

Single —0.325* 0.037 —0.309 0.295 * 1.845* —1.943 % 0.194 *

Seed weight (SW) Double —0.310* —0.93 —0.90 0.308 * 1.490 * —1.729* 0.266 *
Multi —0.464 * —0.809 * 0.728 0.214 1.411* —2.064 * 0.201 *

Bold data show direct relationships. * Significant at p < 0.05.

Table 4. Direct and indirect relationships among agro-morphological traits on seed yield over

leaf shapes.
Indirect Relationship
Traits
Leaf Shape PA FF DF PH PP SP SW
. Compound ~ —041%  —0.228 0.244 0.071 0.199 —0.74 —0.56
Pods per axil (PA) Simple —045%  0376*  —0.245 0213 * —0.531 % 0.443 0.008
. . Compound 020  —058*  0956* —0.18 0.074 ~0.12 ~0.03
Days to first flowering (FF) Simple 0.042 * —011  0930* 0.043 0.018 —041 —0.40
. . Compound 0.021 0932%  0.065* ~0.16 ~0.19 ~0.56 ~0.13
Days to 50% flowering (DF) Simple —0.27 0.919 * 0.066 —0.62* 0.068 ~0.83 ~0.15
4 Compound 0.039 —0113  —0.101 —0.16 ~0.100 0.288 0.225 *
Plant height (PH) Simple 0.109 * 0194  —0287* 0.030 —0.130 0.275 0.252 *
Pods per plant (PP) Compound 0.008 0.034 ~0.09 ~0.07 0.346 * 0.985 * 0.093 *
perp Simple —036% 0011 0.042 —0.17 0.271 % 0.977 * 0.119 *
Seeds per plant (SP) Compound ~0.03 ~0.05 ~025 0.020 0.952 * 0.655 * ~0.100 *
perp Simple 0.029 —0.24 —0.48 0.035 0923 * 0.745* —0.148 *
: Compound ~0.40 028  —0.106 0.290 * 1.657 * ~1.856* 0.246 *
Seed weight (SW) Simple 0.005 —0226  —085 0.308 * 1.085 * —1.437* 0.260 *

Bold data show direct relationships. * Significant at p < 0.05.

3.10. Direct and Indirect Relationships of Compound-Leafed Trait on Seed Yield

The highest direct relationships on seed yield in compound-leafed chickpeas were
determined as seeds per plant with p = 0.655 * and pods per plant with p = 0.346 *, followed
by seed weight (p = 0.246 *) (Table 4). Seed weight had the highest indirect effect on seed
yield over seeds per plant (p = —1.856 *) and pods per plant (p = 1.657 *). Seeds per plant
(p = 0.745 *) and pods per plant (p = 0.271 *) had the highest direct effect on seed yield in
simple-leafed chickpeas, while the highest indirect effect on seed yield was seed weight
over seeds per plant (p = —1.437 *) and pods per plant (p = 1.085 *) (Table 4).
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3.11. Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) Based on
Seed Yield

According to the principal component analysis (PCA), three principal components
with Eigenvalues > 1 were found in chickpeas in both years, but the first two components
explaining 71.7% (46.5% for the PC1 and 25.2% for the PC2 in 2019) and 72.3% (46.2% for
the PC1 and 26.1% for the PC2 in 2020) of the total phenotypic variance are presented in
Figure 6. The first axis was positively correlated with seeds per plant (SP), pods per plant
(PP), and seed yield (SY), while negatively correlated with days to first flowering (FF) and
days to 50% flowering (DF) in both years (Figure 6A,B). The second axis was positively
correlated with FF and DEF, but it was negatively correlated with 100-seed weight (SW) and
plant height (PH) in both years. It was determined that the compound-leafed chickpeas
(3,4, and 5) were better than the other chickpeas in terms of SP, PP, and SY in both years
(Figure 6A,B). However, compound-leafed and multi-podded chickpeas (5) were the best
in terms of these traits in both years.

10

3%

PC2 (25,2 %)

PC2 (26,1 %)

APH

(B) (D)

Figure 6. The principal component analysis (PCA) for agro-morphological traits with compound-
leafed, simple-leafed chickpeas, parents, and checks in 2019 (A) and 2020 (B). Constellation plot of
compound-leafed, simple-leafed chickpeas, parents, and checks constructed using Ward’s method
based on hierarchical cluster analysis (HCA) in 2019 (C) and 2020 (D). Different colors (blue, green,
and red) indicate distinct groups. The numbers in the figures represent: (1) Sierra, (2) CA 2969,
(3) Compound-leafed and single-podded, (4) Compound-leafed and double-podded, (5) Compound-
leafed and multi-podded, (6) Simple-leafed and single-podded, (7) Simple-leafed and double-podded,
(8) Simple-leafed and multi-podded, (9) ILC 3279, (10) ILC 1929, (11) ICC 12004, (12) ILC 482,
(13) ILC 72.
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According to the hierarchical cluster analysis (HCA), compound- and simple-leafed
chickpeas, parents, and checks were placed in three groups in 2019 and two groups in 2020
for seed yield (Figure 6C,D). Compound-leafed chickpeas were grouped distinctly from
other groups, while simple-leafed chickpeas were gathered in a different group together
with Sierra, CA 2969, and ILC 482 in 2019 (Figure 6C). In addition, ILC 3279, ILC 72, ILC
1929, and ICC 12004 had a lower seed yield than these two groups, forming a separate
group in 2019 (Figure 6C). Compound-leafed chickpeas, simple-leafed chickpeas, Sierra,
and ILC 482 were gathered in a group, while the remaining chickpeas formed in the other
group in 2020. However, compound-leafed and simple-leafed chickpeas were grouped in
different groups (Figure 6D).

4. Discussion

High temperature stress may be one of the most important factors affecting yield in
cool season food legumes in the future [49] due to climate change. Among cool season
food legumes, chickpeas are also significantly affected by heat stress in the reproductive
stage [21,50-52]. A maximum daily temperature above 25 °C is considered the upper
threshold for heat stress in cool season crops [53], and the temperature range for optimum
growth and development in chickpeas is 18-29 °C [1], whereas the chickpeas used in
the current study were subjected to extremely high temperature in flowering and pod
setting stages of as high as 43.1 °C (Figure 2 and Figure S1). In general, the seed yield was
found to be significantly correlated with T}yavrr1, GDDE, and GDDgy (Table 2). Growing
degree-days from flowering to harvest (GDDry) had lower values in compound-leafed
chickpeas than that of simple-leafed chickpeas in both years (Table S1). Phenology plays
a critical role in resilience to drought and heat stresses, with early flowering providing
an advantage by avoiding terminal heat and drought stress by making the reproductive
periods early [6,42,43]. In the current study, sowing, which was carried out one month
earlier in 2020 compared to 2019, extended the vegetative period (about 16 days), but led
to the reproductive period being earlier (about 12 days) than the previous year based on
the month. However, the sudden extreme temperature conditions (leading to defoliation,
leaf drying especially in simple-leafed chickpeas, and flower abortion) occurring at the
beginning of the flowering and pod setting periods (Figure 2 and S1) caused a relatively
low yield and yield components compared to the previous year (Figures 3-5).

Modifying plant architecture is one of the methods used in plant breeding to increase
crop yield, as well as to cope with a/biotic stresses. Morphological and anatomical charac-
teristics of plant leaves are generally related to metabolic type, amount of sun exposure, or
water stress [54], and during evolution, nature allows for the formation of the most suitable
form in the natural habitat, together with the formation of different leaf forms within the
species. Similarly, there are three leaf forms for cultivated chickpeas, including compound,
simple, and multipinnate (Figure 1), and the most commonly used varieties in agricultural
production have a compound leaf form. With the introduction of simple-leafed chickpea
varieties at the end of the 1990s [29,30], many studies were conducted on the agricultural
importance of leaf shape in chickpeas [19,20,34,41]. Compound-leafed chickpeas were
more advantageous in terms of seed yield than that of simple-leafed chickpeas under high
temperature stress. In the current study, compound-leafed chickpeas had a 60.7% higher
seed yield than that of simple-leafed chickpeas under heat stress conditions (Figure 5). One
of the reasons for the difference in yield may be that the area of a single compound leaf
is approximately 2-3 times larger than a single simple leaf, and the compound leaf types
have more photosynthetic leaf area, as reported by Abbo et al. [19]. Another reason can
because plants can respond to the amount of sunlight and stress in a particular habitat
by improving their leaf structural characteristics in accordance with their leaf orientation
abilities [54,55], and when compound-leafed chickpeas are exposed to high sunlight, the
leaf surface area is reduced by the closing movement of opposite leaflets towards each
other (Figure 1). However, simple-leafed chickpeas do not have the ability to narrow the
angle of sunlight intake (Figure 1).
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The current study demonstrated that multi-podded chickpeas had more advantages
than that of single- and double-podded chickpeas in terms of seed yield and its compo-
nents under high temperature stress (Figures 3-5). The multi-podded chickpeas had the
advantage of 7.8% and 20.5% higher seed yield than the double-podded and single-podded
chickpeas, respectively. In previous studies, the effects of pods per axil in chickpea on yield
were investigated [34-36,38,56-58]. Sheldrake et al. [57] studied the effects of converting
double-podded plants to single-podded ones by cutting off one of the flowers at every
double-podded node, and concluded that the double-podded character may increase seed
yield by 6-11%. Kumar et al. [35] reported that the double podding trait had a yield
advantage of 18% in the F, and 7% in recombinant inbred lines. On the other hand, the
double podding trait does not provide an advantage on seed yield [38,59]. Furthermore,
the double podding trait increases seed yield and therefore can play an important role in
stabilizing the chickpea yield [58], and the double-pod gene has a positive effect on the
yield stability of chickpeas [38]. It has been suggested that the double podding trait in
chickpeas increases the demand for assimilation in the sink during the pod filling period,
which in turn accelerates maturity, especially in regions with a short growing season [56]. It
is known that heat stress affects the reproductive stage more negatively than the vegetative
stage in chickpeas [49]. Heat stress during reproduction reduces the number of flowers,
increases flower abortion, causes pollen sterility, and reduces fertilization and the remobi-
lization of assimilates to seeds, as well as a decline in seed number, seed weight, and seed
yield [21,60-62].

In addition to double-podded chickpeas, multi-podded chickpeas containing more
than two pods in an axil were induced by spontaneous mutations [34,63,64]. However,
no study has been conducted on the response to high temperature stress in multi-podded
chickpeas. In the current study, the effects of both pods per axil and leaf shape on the yield
and yield components were investigated under heat stress conditions. Compound-leafed
chickpeas had a considerable yield advantage over the simple-leafed chickpeas, the number
of pods per axil also affected seed yield (Figure 5). The number of pods per axil had not
had a significant effect on seed yield in simple-leafed chickpeas, while the increase in the
number of pods per axil in compound-leafed chickpeas showed a positive and significant
effect (Figure 5).

The path analysis provides the separating of the direct and indirect relationships
among traits on the seed yield in chickpea [14], and the main purpose of the path analysis
in the current study was to determine the direct or indirect relationship between seed yield
and yield components based on leaf shape and pods per axil. The number of seeds and
pods per plant, 100-seed weight, and pods per axil had the highest direct effect on seed
yield in both compound-leafed and simple-leafed chickpeas (Table 4). In addition, for
seeds and pods per plant, 100-seed weight had the highest direct effect on seed yield in
multi-podded chickpeas, and therefore, these traits should be considered as the selection
criteria to select superior chickpeas (Table 3). Moreover, 100-seed weight indirectly affected
the seed yield over the number of seeds per plant in multi-podded chickpeas (Table 3).

Principal component analysis (PCA) was performed to examine how chickpeas were
classified according to leaf shape and pods per axil, parents, and checks. PCA results
showed that the maximum variation was contributed by yield parameters such as seeds
per plant (SP), pods per plant (PP), and seed yield (SY) for PC1, and phenological traits
such as days to flowering (DF) and days to 50% flowering (FF) for PC2 (Figure 6A,B).

Hierarchical cluster analysis (HCA) was carried out to show chickpea groups and
agro-morphological traits under heat stress conditions, and three groups were formed
in 2019 (Figure 6C). Compound-leafed and simple-leafed chickpeas were formed in two
separate groups in terms of yield in 2020 (Figure 6D). Chickpeas with multi-pods with the
highest yield were differentiated from the single-pod and double-pods (Figure 6C,D).

In conclusion, plants with multi-pods and compound leaf traits had the highest seed
yield, followed by plants with double-pods and compound leaves. On the other hand,
plants with single-pod and simple leaves had the lowest yield, but they had large seeds than
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their counterparts. The number of seeds and pods per plant and 100-seed weight had the
highest determinant of seed yield under heat stress conditions. Multi-pods per peduncle
and compound leaf traits had an obviously enormous advantage in “kabuli” chickpeas
under heat stress conditions. The plant shapes that nature has evolved for millions of years,
which are mostly found in wild plants, have been proven by the current study to have a
better fitness ability than plants shaped by human hands.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agronomy12030557/s1. Table S1: Growing degree-days of chick-
peas having leaf shape and number of pods per axil in comparison to parents and checks in 2019
and 2020 (°C). Figure S1: Daily maximum (Tqx), minimum (T},;,,) and average (Te) temperatures
during flowering (May) and pod setting (June) stages in 2019 and 2020 growing seasons. Threshold
temperature is considered as 29 °C.
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