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Abstract: Heat stress is one of the major threats to wheat production in many wheat-growing
areas of the world as it causes severe yield loss at the reproductive stage. In the current study,
28 crosses were developed using 11 parental lines, including 7 female lines and 4 male testers
following line × tester matting design in 2018–2019. Twenty-eight crosses along with their 11
parental lines were sown in a randomized complete block design in triplicate under optimal and
heat stress conditions. Fifteen different morpho-physiological and grain quality parameters were
recorded at different growth stages. Analysis of variance illustrated the presence of highly significant
differences among wheat genotypes for all traits under both optimal and heat stress conditions.
The results of combining ability unveiled the predominant role of non-additive gene action in the
inheritance of almost all the studied traits under both conditions. Among parents, 3 parental lines
WL-27, WT-39, and WL-57 showed good combining ability under both normal and heat stress
conditions. Among crosses, WL-8 ×WT-17, WL-37 ×WT-17, WL-7 ×WT-39, and WL-37 ×WT-39
portrayed the highest specific combining ability effects for grain yield and its related traits under
optimal as well as heat stress conditions. Biplot and cluster analysis confirmed the results of
general and specific combining ability by showing that these wheat crosses belonged to a highly
productive and heat tolerant cluster. Correlation analysis revealed a significantly positive correlation
of grain yield with net photosynthetic rate, thousand-grain rate, and the number of grains per spike.
The designated parental lines and their crosses were selected for future breeding programs in the
development of heat resilient, climate-smart wheat genotypes.

Keywords: heat resilient; non-additive gene action; line × tester analysis; specific combining ability

1. Introduction

Global climate change is drastically affecting sustainable crop production. Extreme
weather events, especially temperature and rainfall inconsistencies, are putting a great
danger on the successful cultivation of field crops to feed the immensely growing human
population. Among the other environmental factors, high temperature is one of the most
recurrent forms of abiotic stress. Extreme temperature events like severe heatwaves and
floods are expected to become more frequent and severer in many wheat-growing regions
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of the world. Under such conditions, the temperature may increase over 5 ◦C above normal
temperature [1].

Wheat, being the second most important staple food of the human population, is
adapted to a wide range of eco-climatic conditions in six continents of the world. About
36% of the world population depends directly on wheat to fulfill its calorie requirements.
It provides 21% caloric and 20% protein requirements to about 4.5 billion peoples of the
world, and most of them belong to developing countries [2]. In 2019, wheat was cultivated
on an area of 215.9 million hectares in the world, and 765.8 million tonnes production was
obtained with an average yield of 3547 kg/ha, respectively [3]. However, this amount
would not be enough to feed the immensely increasing world’s population, and 198 million
tonnes of additional wheat would be required by 2050. To achieve this milestone, wheat
grain yield in developing countries must be increased by 77% [4]. This could only be
achieved by developing high yielding, climate-smart, and abiotic stress tolerant wheat
genotypes through intensive selection under actual field conditions.

Abiotic stresses, especially heat and drought stresses, are the major threats to sustain-
able wheat production. High-temperature stress or heat stress not only affect the grain
yield but also had a severe impact on grain quality through the reduced accumulation of
carbohydrates, gluten, and proteins [5]. Heat stress is considered more fatal than drought
due to its extensive damages in almost all plant organs and developmental phases. Differ-
ent phenophases have their genetics to tolerate heat-imposed effects depending upon the
duration and intensity of heat. However, the early flowering or anthesis stage is thought to
be the most sensitive developmental phase to heat stress, and pollen grains are considered
as the most sensitive plant organ [6]. The complexity of interactions between different
phenophases and their sensitivity to the surrounding environment ultimately decide the
final grain yield [7]. The flowering period, which lasts for about 20 days before flowering
and 10 days after anthesis, is reported to endure a temperature of a maximum of 31 ◦C
without any decline in the number of grains [8]. Higher temperatures shorten the days
required for anthesis, developing fewer grains per spike. Besides, high temperature also
reduces pollen fertility and pollen tube development, slows pollen growth, and reduces
ovary growth, leading to peer fertilization which ultimately reduces seed setting [9]. It is
reported that high temperature (33–40 ◦C) for three consecutive days at anthesis and grain
filling period could drastically reduce grain seize, numbers and weight, resulting in the
development of a large number of deformed grains [10]. Even a single, hot day might cause
serious, irreversible damage to several plant organs, resulting in a significant reduction in
grain yield. Heat stress also reduces several plant development phases including flowering,
anthesis, grain filling, and ripening [11]. The grain filling period is reported to shorten
by 45–60% under high-temperature stress in wheat [12]. However, substantial genetic
variability was observed among wheat genotypes for their ability to cop heat stress [13].

Asseng et al. (2014) [14] tested 30 wheat genotypes at 15 ◦C to 32 ◦C through wheat
crop models and found that wheat yield could decrease up to 28% for an increase in 2 ◦C
and 55% for 4 ◦C increase in temperature at 30 different locations in the world. It was
also reported that grain yield could reduce by 6% for every 1 ◦C increase in temperature.
Lobell et al. (2008) [15] reported a 3 to 17% reduction in wheat grain yield in India and
Pakistan for a 1 ◦C increase in temperature due to global warming. High temperature
could drastically impair different physiological processes including photosynthetic rate,
transpiration activity, and rate of grain development in wheat. As photosynthesis is one of
the major physiological process that affects grain yield in wheat [16], so net photosynthetic
rate acts as an indicator of heat stress tolerance in wheat. Moreover, heat stress is also
reported to decrease the number of grains per spike, grain size, grain weight, plant biomass,
plant height, and shortening of the life cycle, which eventually resulted in reduced grain
yield in wheat.
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To develop or improve wheat genotypes for heat stress tolerance, the first step is to
evaluate the cultivated germplasm’s genetic diversity for heat stress tolerance and to select
genotypes with a higher level of heat tolerance. For this, estimation of combing ability
effects provides valuable information for the selection of suitable parents to run an effective
breeding program. Estimation of combining abilities (general and specific) provides a
framework for the assessment of the genetic potential of grain yield and quality-related
plant traits under optimal and heat stress conditions. Furthermore, it also defines the
breeding value of parental lines to produce wheat hybrids [17]. Biplot analysis, profile plots,
and correlation analysis were also used to categorize wheat crosses/hybrids and compute
their relationship with different yield-associated traits based on their mean performance
under normal and heat stress conditions. Therefore, keeping the above facts in mind, the
current investigation was executed to predict the performance of wheat lines/varieties in
their hybrid combinations for grain yield and quality-related parameters under optimal
and heat stress conditions through a line into tester mating design.

2. Materials and Methods
2.1. Experimental Material, Design, and Site

The current study was carried out in the research area of Wheat Research Institute,
Ayub Agricultural Research Institute, Faisalabad during the crop season 2016–2017. The
Climate of Faisalabad region is subtropical, having an average precipitation of about
200 mm. Analysis showed that soil was sandy clay loam (sand 28%, silt 36% and clay
45%) with pH 7.6, 0.85% organic matter, 9.1 cmolc kg−1 cation exchange capacity (CEC),
1.79 dS m−1 electrical conductivity (EC), 0.062% totals nitrogen, 13.1 ppm phosphorus, and
179 ppm potassium.

During the first year, 100 wheat lines/genotypes were evaluated under normal (field)
and tunnel conditions (heat stress) for their heat tolerance based on morpho-physiological
traits. A comparison between the field and tunnel conditions was described in Table 1.
After a comprehensive evaluation, seven best-performing, heat-tolerant lines were selected
as female parents (lines) while four poor-performing, heat-susceptible lines were selected as
male parents (testers). Furthermore, crossing between parents (lines and testers) was carried
out according to line into tester mating design in 2017–2018. Selected lines and testers were
sown under randomized complete block design in triplicates along with their crosses in the
field conditions during the crop season 2018–2019 under two treatments: (i) optimal sowing
(in the 2nd week of November) and (ii) late sowing (heat stress conditions) (late sowing in
the 1st week of January) (Table 2). Late sowing was used as proxy to heat stress because
historical data revealed that sowing at this stage will coincide the reproductive phase of
crop with high temperature during April–May. The net plot size of the experimental unit
was kept at 3 m2 (2 × 5 m × 0.30 m) for the measurement of grain yield and related traits.
Standard agronomic and cultural practices were applied to the experiment as sowing was
done with the help of dibbler at the rate of 2 seeds per hill. After the establishment of
seedlings, thinning was done to 1 seedling per hill to ensure plant population. Fertilizers
were applied as Nitrogen 80 kg ha−1, Phosphorus 58 kg ha−1, Potash 63 kg ha−1, Zinc
(33%) 15 kg ha−1, and Boron (17%) 7.5 kg ha−1, respectively. All the fertilizers were applied
at the time of sowing except nitrogen, which was applied in 4 splitting. Zinc and Boron
were applied with first irrigation.

2.2. Data Acquisition

Data was collected for different morphological, phonological, physiological, and grain
quality traits as given in Table 3.
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Table 1. Field and tunnel conditions comparison.

Normal/Field Conditions Tunnel Conditions

Month Temperature
(Min./Max.)

Relative
Humidity

Precipitation
(mm)

Temperature
(Min./Max.)

Relative
Humid-
ity

November 10/28 ◦C 62 13

December 9/21 ◦C 63 5 13/26 ◦C 75

January 6/20 ◦C 43 24 9/23 ◦C 54

February 9/20 ◦C 30 29 12/24 ◦C 41

March 14/28 ◦C 39 5 17/32 ◦C 50

April 21/36 ◦C 40 31 25/40 ◦C 48

May 32 27/44 ◦C 43

Table 2. Names of wheat lines, testers, and their crosses used in the study.

Sr. # Parentage Line/Tester Sr. # Parentage Line/Tester

1 WL7 L1 1 WT17 T1
2 WL8 L2 2 WT39 T2
3 WL27 L3 3 WT83 T3
4 WL37 L4 4 WT92 T4
5 WL57 L5
6 WL71 L6
7 WL100 L7

Sr. # Cross Name Parentage Sr. # Cross Name Parentage

1 WL7 ×WT17 L1 × T1 15 WL7 ×WT83 L1 × T3
2 WL8 ×WT17 L2 × T1 16 WL8 ×WT83 L2 × T3
3 WL27 ×WT17 L3 × T1 17 WL27 ×WT83 L3 × T3
4 WL37 ×WT17 L4 × T1 18 WL37 ×WT83 L4 × T3
5 WL57 ×WT17 L5 × T1 19 WL57 ×WT83 L5 × T3
6 WL71 ×WT17 L6 × T1 20 WL71 ×WT83 L6 × T3
7 WL100 ×WT17 L7 × T1 21 WL100 ×WT83 L7 × T3
8 WL7 ×WT39 L1 × T2 22 WL7 ×WT92 L1 × T4
9 WL8 ×WT39 L2 × T2 23 WL8 ×WT92 L2 × T4
10 WL27 ×WT39 L3 × T2 24 WL27 ×WT92 L3 × T4
11 WL37 ×WT39 L4 × T2 25 WL37 ×WT92 L4 × T4
12 WL57 ×WT39 L5 × T2 26 WL57 ×WT92 L5 × T4
13 WL71 ×WT39 L6 × T2 27 WL71 ×WT92 L6 × T4
14 WL100 ×WT39 L7 × T2 28 WL100 ×WT92 L7 × T4

Table 3. Morpho-phonological, physiological, and grain quality related plant traits under study.

Sr.# Trait Name Sr. # Trait Name

1 Cell membrane thermostability (CMT) 9 Days to maturity (DTM)
2 Canopy temperature at grain filling stage (CTG) 10 Grains per spike (GPS)
3 Relative water Content (RWC) 11 1000-grain weight (TGW, g)
4 Plant height (PH, cm) 12 Protein (%)
5 Flag leaf area (FLA, cm2) 13 Starch (%)
6 Peduncle length (PL, cm) 14 Gluten (%)
7 Spike length (SL, cm) 15 Net photosynthetic rate (Pn)
8 Days to heading (DTH) 16 Grain yield per plant (GY, g)
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2.3. Morpho-Phonological Traits

Days to heading (DTH) and days to maturity (DTM) were calculated by counting the
days from sowing to 5% heading and physiological maturity, respectively. At maturity,
data related to morphological traits, i.e., plant height (PH), peduncle length (PL), spike
length (SL), number of grains per spike, thousand-grain weight, and grain yield per plant
were recorded. Leaf area (LA) was measured from flag leaf with the help of a hand-held
leaf area meter (CI-203; CID Bio-Science, Camas, WA, USA).

2.4. Physiological and Biochemical Traits of Plants

Canopy temperature at the grain filling stage (CTG) was measured with the help of
an infrared thermometer (IRT). Relative water contents (RWC) of leaves were measured
according to [18] in percentage according to the following formula:

RWC (%) =
Fresh leaf weight − Turgid leaf weight
Turgid leaf weight − Dry leaf weight

× 100

Net photosynthetic rate (Pn; µmole m−2 s−1) was measured with the help of an
infrared gas analyzer (IRGA, CI-340 CID Bio-Science, Inc., USA) between 9:00 a.m. and
11:00 a.m.

Cell membrane thermostability (CMT) was measured in terms of relative cell injury
percentage (RCI%) according to [19] through the following formula:

RCI (%) = [1− {1 − (T1/T2)}
{1 − (C1/C2)} ] × 100

where
T1/T2 = 1st and 2nd Electrical conductivity (EC) readings of a heat-treated set of test

tubes containing leaf disks;
C1/C2 = 1st and 2nd Electrical conductivity (EC) readings of a controlled set of test

tubes containing leaf disks.
Grain quality traits i.e., grain protein contents percentage (Protein%), grain starch

contents percentage (Starch%), and gluten contents percentage (Gluten%) were estimated
by using Infrared spectroscopy through NIR, Informatic 9200 (Parten Instruments, Sweden).
Cleaned samples (750 g) were poured into the feeder and the estimated percentage value
of these parameters was displayed digitally on its LED screen and got noted.

2.5. Statistical Analysis

The mean value of the recorded data was subjected to analysis of variance (ANOVA) [20].
Combining ability analysis was done by using Kempthorne model of line into tester analy-
sis [21]. Biplots, correlation analysis and profile plots were also used to compute relation-
ships among traits and with wheat crosses by using Microsoft Excel (v.2019). The Statistix
8.1 (Analytical Software, Tallahassee, FL 32312, USA) and XLSTAT (Addinsoft Inc., New
York, NY, USA 19th ed.) software packages were used in the general statistical analyses.

3. Results
3.1. Analysis of Variance (ANOVA)

Analysis of variance unveiled the existence of highly significant differences among
wheat genotypes for grain yield and quality-related traits under both optimal and heat
stress conditions (Table 4). However, the protein and starch percentage of testers and
CTG of lines showed no significant differences among wheat lines and testers under
optimal sowing conditions, respectively. However, under heat stress conditions, only
starch percentage showed non-significant differences among wheat lines and testers. In
cross combinations (L × T), plant height, protein, and starch percentage also had non-
statistical variations under heat stress conditions. The mean grain yield per plant of the
wheat crosses under normal and heat stress conditions are shown in Figure 1.
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Table 4. Analysis of variance (ANOVA) for grain yield and related traits under optimal and heat stress conditions.

Mean Squares under Optimal Sowing Conditions

Source of
Variation df CMT CTG RWC PH FLA PL SL DTH DTM GPS TGW Pn Protein% Starch% Gluten% GYP

Replications (R) 2 21.9 ** 19.5 ** 11.8 ** 29.7 ** 1.4 NS 2.8 NS 25.9 ** 0.3 NS 7.8 ** 15.9** 15.9** 0.12** 4.8** 0.29
NS 2.1 NS 0.31 NS

Testers (T) 3 152 ** 5.9 ** 74.3 ** 245 ** 5.2 ** 28.4 ** 2.6 ** 33.8 ** 49.2 ** 74.6 ** 111 ** 208 ** 1.6 NS 1.75
NS 10.5 ** 48.1 **

Lines (L) 6 140 ** 1.6 NS 9.1 ** 224 ** 14.6 ** 20.7 ** 6.1 ** 12.2 ** 53.4 ** 33.7 ** 19.6 ** 61.1 ** 4.5 ** 2.72 * 8.2 ** 26.0 **
L × T 18 211 ** 2.4 ** 46.8 ** 76.2 ** 26.2 ** 18.5 ** 9.8 ** 36.1 ** 69.9 ** 55.1 ** 28.3 ** 134 ** 5.4 ** 2.84 ** 18.9 ** 34.2 **
Error 57 0.351 0.73 0.727 0.05 0.95 1.11 0.074 0.51 0.88 0.36 0.28 0.003 1.016 1.13 1.1 0.99

Mean Squares under Heat Stress Conditions

Replications 2 20.1 ** 17.5 ** 20.9 ** 13.4
NS 22.9 ** 21.6 ** 22.4 ** 19.3 ** 0.3 NS 0.5 NS 1.5 NS 11.6

NS 0.2 NS 2.8 NS 13.1 ** 0.8 NS

Testers (T) 3 92.3 ** 9.6 ** 24.3 ** 617 ** 5.7 ** 23.1 ** 6.6 ** 59.1 ** 125 ** 20.8 ** 417 ** 117 ** 2.2 NS 4.8 ** 16.1 ** 17.4 **
Lines (L) 6 40.1 ** 4.3 ** 23.6 ** 72.0 ** 4.8 ** 8.2 ** 3.5 ** 42.9 ** 21.5 ** 15.1 ** 188 ** 66.8 ** 6.2 ** 1.2 NS 7.6 ** 17.8 **
L × T 18 109 ** 5.3 ** 25.7 ** 84.5 ** 13.8 ** 16.7 ** 9.4 ** 40.5 ** 66.5 ** 40.9 ** 73.6 ** 50.9 ** 5.8 ** 1.4 NS 23.9 ** 10.7 **
Error 57 0.29 0.40 0.37 16.6 0.16 0.27 0.27 0.33 1.00 1.04 1.10 6.52 1.24 1.20 0.81 1.11

* Significant at 5% probability level, ** significant at 1% probability level, NS = Non-significant. (CMT = Cell membrane thermostability,
CTG = Canopy temperature at grain filling stage, RWC = Relative water content, PH = Plant height, FLA = Flag leaf area, PL = Peduncle
length, SL = Spike length, DTH = Days to heading, DTM = Days to maturity, GPS = Number of grains per spike, TGW = Thousand grain
weight, Pn = Net photosynthetic rate, Protein% = Grain protein content percentage, Starch% = Starch protein content percentage, Gluten%
= Gluten protein content percentage, GYP = Grain yield per plant).
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Figure 1. Mean grain yield per plant in wheat crosses under normal and heat stress conditions.

3.2. General Combining Ability (GCA)

Genetic diversity and mean performance of parental lines along with their crosses are
a vital source of genotypic evaluations; however, parents with the highest mean values
could not necessarily transmit this trait to their offspring/hybrids. To assess the ability of
parental lines to combine and give better performance, general combining ability (GCA)
effects of parental lines and specific combining ability (SCA) effects of their crosses are
estimated. In this experiment, the GCA effects of parental inbred lines showed that female
lines WL27 and WL57 were the good general combiner for grain yield per plant under
optimal (2.10 **, 0.58 *) and heat stress conditions (1.18 **, 2.06 **), respectively (Table 5). On
the other hand, two testers, WT39 and WT17, were found to be the best general combiner
under optimal (0.81 **, 0.48 *) and heat stress conditions (0.95 **, 0.59 *) for grain yield per
plant, respectively. The best performing female lines, i.e., WL27 and WL57, were also found
good general combiners for some other yield-associated traits like relative water contents
(RWC), spike length (SL), thousand-grain weight (TGW), and net photosynthetic rate (Pn)
(Table 5). Similarly, the best performing tester, WT17 was also a good general combiner
for canopy temperature at grain filling period (CTG), days to heading (DTH), number of
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grains per spike (GPS), and net photosynthetic rate (Pn). Concerning grain quality, WL8
and WT92 were found to be the best general combiners under both conditions.

3.3. Specific Combining Ability (SCA)

Specific combining ability is the measure of performance of parental lines in a specific
cross combination. The specific combining ability effects of 28 cross combinations for grain
yield and quality-related traits under optimal and heat stress conditions are presented in
Table 6. Not all cross combinations showed significantly positive SCA effects for traits
under study under both optimal and heat stress conditions. Among 28 crosses, only 10
crosses (WL8 × WT17, WL27 × WT17, WL37 × WT17, WL8 × WT39, WL37 ×WT39,
WL71 ×WT39, WL7 × WT83, WL27 × WT83, WL100 × WT83, and WL57 ×WT92)
showed desirably significant SCA effects for grain yield per plant (GYP) under opti-
mal conditions. However, under heat stress conditions at the reproductive stage, only
four of these crosses (WL8 ×WT17, WL37 ×WT17, WL8 ×WT39, and WL37 ×WT39)
demonstrated significantly positive SCA effects for GYP. Besides these four crosses, three
other crosses (WL71 ×WT83, WL7 ×WT92, and WL71 ×WT92) also showed desirably
significant performance in terms of SCA effects for GYP under heat stress. However, the
SCA effects of these three crosses were not significantly positive under optimal conditions.

The highest SCA effects for GYP under heat stress conditions were observed in cross
WL37 ×WT39 (2.85 **) followed by WL71 ×WT83 (2.27**) and WL7 ×WT92 (2.14 **),
respectively. In the case of physiological traits, WL100×WT17 and WL57×WT39 were the
best specific combiners under both conditions. Similarly, WL71 ×WT17 and WL7 ×WT92
were found best combiners for protein%, WL7 ×WT17 and WL100 ×WT83 for starch,
and WL27 ×WT39 and WL71 ×WT39 for gluten, respectively. The lowest gluten was
observed in WT71×WL83 (−3.17 ** and−3.11 **) under optimal and heat stress conditions,
respectively. Higher dominance variance than additive variance showed the presence of
non-additive gene action for all the studied traits under both optimal and heat stress
conditions except PH and TGM, for which additive variance was higher than dominance
variance under heat stress conditions.

3.4. Correlation, Profile Plot, and Biplot Analysis

Information on associations between grain yield and other related traits under optimal
and heat stress conditions will help in the identification of desirable secondary traits to
improve grain yield under both conditions. The estimates of the phenotypic correlations
between grain yield and associated traits under optimal and heat stress conditions are
presented in Figure 2. Grain yield was found to have a significantly positive.
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Table 5. General combining ability (GCA) estimates of lines and testers for grain yield and related traits under optimal and heat stress. Conditions.

Lines/Testers
CMT CTG RWC PH FLA PL SL DTH

NT HT NT HT NT HT NT HT NT HT NT HT NT HT NT HT

WL7 5.60 ** 0.18 0.35 0.29 −0.17 0.91 ** −1.60 ** 0.53 −1.15** −0.78 ** 0.78 * 0.47 ** −0.01 −0.16 0.60 ** 0.47 **
WL8 −1.75 ** −1.20 ** −0.58 * −0.17 −0.24 0.40 * 7.93 ** −0.14 −0.29 0.17 −0.20 −1.17 ** −0.42** −0.05 −1.02 ** −2.51 **
WL27 −0.09 −1.86 ** 0.20 0.47 * 1.16 ** 1.52 ** −5.73** −1.59 −0.37 −0.48 ** −0.66 * −0.23 1.48 ** 0.38 * −0.13 2.57 **
WL37 −3.91 ** −0.16 −0.16 0.73 ** 0.10 1.36 ** 3.01 ** 4.90 ** −0.60* 0.13 0.09 0.69 ** 0.20 * 0.31 * −0.18 1.06 **
WL57 3.39 ** −1.44 ** 0.02 −0.81** 0.55 * −1.67 ** −0.78** −1.89 2.22 ** 1.22 ** 1.78 ** 1.10 ** −0.56** −0.27 1.90 ** 1.53 **
WL71 −0.23 1.01 ** 0.45 −0.74 ** 0.25 −0.67 ** −1.12** −2.31 0.57* −0.26 * 0.60 −0.87 ** −0.56** −0.93 ** −1.00 ** −1.64 **
WL100 −3.00 ** 3.46 ** −0.29 0.22 −1.65 ** −1.84 ** −1.70** 0.50 −0.38 0.00 −2.40 ** 0.01 −0.13 0.73 ** −0.16 −1.47 **
Std. Error 0.171 0.158 0.247 0.183 0.246 0.175 0.061 1.175 0.304 0.114 0.076 0.150 0.207 0.149 0.271 0.166
WT17 −3.88 ** −0.88 ** 0.62 ** 0.99 ** 1.68 ** −0.01 1.75 ** −1.53 0.11 0.68 ** −0.09 −0.22 0.20 ** −0.52 ** 1.54 ** 0.76 **
WT39 1.64 ** −0.46 ** −0.66 ** −0.13 1.27 ** 1.47 ** −5.03** −6.73** 0.25 0.13 −1.61 ** −1.32 ** 0.07 0.41 ** 0.44 ** −0.39 **
WT83 0.25 −1.71 ** −0.10 −0.42 ** −0.52 ** −0.36 ** 0.83 ** 2.34 * −0.73** −0.45** 0.78 ** 0.37 ** −0.51** −0.44 ** −1.37 ** 1.77 **
WT92 1.98 ** 3.05 ** 0.14 −0.44 ** −2.43 ** −1.10 ** 2.46 ** 5.92 ** 0.36 −0.36** 0.92 ** 1.17 ** 0.25 ** 0.55 ** −0.61 ** −2.14 **
Std. Error 0.129 0.119 0.186 0.138 0.186 0.132 0.046 0.888 0.212 0.086 0.230 0.113 0.058 0.113 0.157 0.126

Lines/Testers
DTM GPS TGW Protein% Starch% Gluten% Pn GYP

NT HT NT HT NT HT NT HT NT HT NT HT NT HT NT HT

WL7 1.63 ** 2.35 ** 2.10 ** 0.70 * −0.37 * −0.20 0.50 0.75 * 0.65 * −0.32 0.52 0.59 * −1.93** −1.83 * −0.37 −1.00 **
WL8 −1.68 ** 0.67 * 2.28 ** −0.13 −0.27 −0.44 0.18 0.09 −0.25 −0.11 −1.02 ** −0.94 ** −3.06** −2.37 ** −2.30 ** −0.99 **
WL27 2.24 ** −1.97 ** −2.09 ** 0.98 ** 0.72 ** 5.17 ** 0.01 0.29 0.44 0.60 −0.32 −1.01 ** 3.22 ** 2.60 ** 2.10 ** 1.18 **
WL37 2.03 ** −0.54 −0.45 * −1.35 ** 0.93 ** 0.87 ** 0.56 0.52 0.10 0.16 −0.32 0.01 −1.45** −0.95 −1.28 ** −1.03 **
WL57 0.20 0.17 −1.14 ** 0.69 * 1.35 ** 3.85 ** 0.38 0.30 0.04 0.10 −0.79 * −0.10 1.79 ** 3.83 ** 0.58* 2.06 **
WL71 −1.14 ** 0.07 0.41 * 0.85 ** 0.16 −2.55 ** −0.55 −0.67 * −0.19 −0.16 0.72 * 0.24 1.32 ** −1.43 1.08 ** −0.39
WL100 −3.27 ** −0.75 * −1.11 ** −1.75 ** −2.52 ** −6.71 ** −1.09** −1.27** −0.79 * −0.27 1.22 ** 1.22 ** 0.10 ** 0.15 0.19 0.18
Std. Error 0.271 0.238 0.173 0.295 0.153 0.303 0.291 0.321 0.307 0.316 0.301 0.259 0.015 0.737 0.288 0.304
WT17 −2.14 ** −2.93** 2.34 ** 1.48 ** 1.37 ** −1.97 ** 0.27 0.38 0.11 −0.17 −0.98 ** −1.25 ** 1.04 ** 1.64 ** 0.48* 0.59*
WT39 0.12 −0.90** −1.97 ** −0.36 −2.96 ** −2.47 ** 0.20 0.16 −0.09 0.05 −0.04 0.23 1.46 ** 2.42 ** 0.81 ** 0.95 **
WT83 1.47 ** 2.66 ** −0.97 ** −0.66 ** 2.21 ** 6.68 ** −0.19 −0.30 −0.35 −0.51 * 0.38 0.23 2.17 ** −2.07 ** 0.97 ** −0.64 **
WT92 0.55 ** 1.17 ** 0.60 ** −0.46 * −0.62 ** −2.24 ** −0.28 −0.24 0.33 0.63 * 0.63 ** 0.79 ** −4.67** −1.98 ** −2.25 ** −0.91 **
Std. Error 0.205 0.219 0.131 0.223 0.115 0.229 0.220 0.243 0.232 0.239 0.228 0.196 0.011 0.557 0.218 0.229

NT = Optimal condition, HT = Heat stress conditions. (CMT = Cell membrane thermostability, CTG = Canopy temperature at grain filling stage, RWC = Relative water content, PH = Plant height, FLA = Flag leaf
area, PL = Peduncle length, SL = Spike length, DTH = Days to heading, DTM = Days to maturity, GPS = Number of grains per spike, TGW = Thousand grain weight, Pn = Net photosynthetic rate, Protein% =
Grain protein content percentage, Starch% = Starch protein content percentage, Gluten% = Gluten protein content percentage, GYP = Grain yield per plant). * Significant at 5% probability level, ** significant at 1%
probability level.
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Table 6. Specific combining ability (SCA) of cross combinations for grain yield and related traits under optimal and heat stress conditions.

Crosses
CMT CTG RWC PH FLA PL SL DTH

NT HT NT HT NT HT NT HT NT HT NT HT NT HT NT HT

WL7 × WT17 −11.47** −2.61** 1.92 ** 1.28 ** −1.08* 2.53 ** 8.42 ** 7.61 ** 1.12 −1.89** −2.06 ** −2.28 ** −1.57 ** −0.23 −0.83 * −2.57 **
WL8 × WT17 1.47 ** −5.44 ** 0.29 0.65 5.09 ** 0.04 2.21 ** 0.18 −3.64 ** 1.75 ** −0.31 −0.54 1.30 ** 2.08 ** −0.79 2.56 **
WL27 × WT17 5.47 ** −2.08** −0.90 −2.10 ** 1.79 ** −0.26 −4.79 ** 1.67 −0.56 −0.45 −2.55 ** 2.71 ** 2.94 ** 0.35 −2.02 ** −5.15 **
WL37 × WT17 −5.34 ** 2.31 ** −0.01 −0.25 −1.16* 1.22 ** −6.47 ** −3.62 −3.47** −2.97** 0.74 1.29 ** 1.01 ** 0.85 ** 2.45 ** 1.35 **
WL57 × WT17 −3.04 ** 8.99 ** −0.29 0.91* 0.36 0.45 −0.58 ** −5.90* 3.79 ** 1.90 ** 0.90 −2.61 ** −2.00 ** −1.73 ** 0.40 −0.11
WL71 × WT17 2.73 ** −6.19** −0.71 −0.84* −7.62 ** −5.19 ** 4.92 ** 1.50 2.51 ** 1.48 ** 4.06 ** 4.20 ** −1.05 ** −0.46 −0.66 −0.34
WL100 × WT17 10.17 ** 5.03 ** −0.30 0.34 2.62 ** 1.19 ** −3.70 ** −1.44 0.26 0.18 −0.79 −2.76 ** −0.62 ** −0.86 ** 1.46 ** 4.26 **
WL7 × WT39 15.04 ** 6.84 ** −1.47 ** −1.90 ** 0.95 2.51 ** −6.62 ** −16.85** −3.87** −0.84 −3.17 ** 0.66 * 0.94 ** 1.14 ** 3.84 ** 4.59 **
WL8 × WT39 −2.52 ** −2.30** −1.46 ** −0.53 −5.97** −3.98 ** −9.87 ** −7.51 ** 1.47* −1.86** −0.90 −1.49 ** 0.67 ** 0.00 −4.16 ** −4.44 **
WL27 × WT39 6.41 ** −3.82** −0.95 0.13 2.04 ** 2.85 ** −6.42 ** −6.09* −1.62** −0.33 −2.77 ** −3.38 ** −0.93 ** 1.43 ** 0.63 0.85 *
WL37 × WT39 4.34 ** 0.37 −0.93 −0.41 −1.24* 0.08 −8.75 ** −5.67* 2.67 ** 0.13 −0.49 0.63 * 0.64 ** 2.72 ** −1.52 ** −5.02 **
WL57 × WT39 1.34 ** −4.21** −2.90 ** −1.65 ** 2.21** 3.77 ** −5.67 ** 0.16 −0.21 1.24 ** −0.23 1.13 ** −1.90 ** −0.83 ** −2.63 ** −2.53 **
WL71 × WT39 9.01 ** 2.38 ** −0.52 0.24 −1.26* 1.85 ** −8.77 ** −2.25 1.50 ** −0.43 −1.10 −4.55 ** 1.21 ** 2.87 ** 2.31 ** 3.06 **
WL100 × WT39 5.03 ** 3.67 ** −0.72 −3.77 ** 0.41 3.25 ** −1.37 ** 1.86 1.06 −1.69** −1.99 ** −0.66 * −1.53 ** −0.77 * −6.19 ** −4.60 **
WL7 × WT83 −1.56 ** −4.00** −2.01 ** −0.20 0.51 −0.08 −7.56 ** 0.89 −0.15 4.09 ** 0.79 0.18 2.03 ** 1.98 ** −1.68 ** −0.66
WL8 × WT83 −8.74 ** 3.03 ** 1.10* −1.10 ** −2.74 ** 1.32 ** 3.56 ** 3.40 −0.90 −1.60** −2.17 ** 0.82 ** −2.15 ** −2.16 ** 2.77 ** −1.68 **
WL27 × WT83 −6.02 ** 8.01 ** 0.51 0.61 −0.06 −1.17 ** 3.68 ** −3.03 2.18 ** 0.87 ** 0.39 0.64 * −2.33 ** −1.49 ** −4.31 ** 0.84 *
WL37 × WT83 7.59 ** 5.23 ** 0.70 0.11 −2.88** −2.60 ** 3.83 ** 0.38 −2.42** −1.78** −1.43* −3.16 ** 0.02 −0.31 −2.19 ** 3.35**
WL57 × WT83 13.52 ** −1.91** 0.42 −1.49 ** 0.58 0.34 0.31* 1.14 −0.63 −1.87** −0.97 −1.42 ** 1.43 ** 1.90 ** −1.15 ** −1.83 **
WL71 × WT83 2.06 ** −5.21** 0.14 −0.36 3.79 ** 2.55 ** 2.61 ** 3.37 −0.16 −0.81** −0.81 0.49 −0.28 −1.30 ** 0.19 −3.42 **
WL100 × WT83 −6.86 ** −5.14 ** −0.85 2.43 ** 0.80 −0.35 −6.43 ** −6.15* 2.08 ** 1.10** 4.19** 2.47 ** 1.29 ** 1.38 ** 6.38 ** 3.40 **
WL7 × WT92 3.51 ** 0.19 0.28 −0.31 −0.79 −3.48 ** −1.03 ** 3.16 3.05 ** −1.90** 2.92 ** 0.36 −1.52 ** −1.95 ** −2.43 ** −2.53**
WL8 × WT92 15.31** 5.12 ** −1.21* −0.15 3.21 ** 4.09 ** −2.68 ** −1.26 3.21 ** 1.18 ** 1.86 ** 0.11 0.06 1.01 ** 1.08 * 2.41 **
WL27 × WT92 −0.35 −1.69** 0.07 0.24 −4.19 ** 0.05 0.75 ** 2.26 0.15 −0.63** 3.41** −1.06 ** 0.19 0.65 * 4.60 ** 2.31 **
WL37 × WT92 −1.07 ** −7.49** −1.04* −0.58 ** 4.87 ** 2.78 ** 4.62 ** 3.72 3.37 ** 4.08 ** −0.35 0.15 −1.80 ** −2.33 ** 0.16 −0.83 *
WL57 × WT92 −6.30 ** −2.45** 1.50 ** 1.10 ** −3.55 ** −3.08 ** −0.84 ** −0.59 −2.81** −1.80** −1.23* 1.81 ** 2.34 ** 1.61 ** 2.28 ** 3.31 **
WL71 × WT92 −8.28 ** 9.45 ** −0.19 −0.17 4.68 ** 2.27 ** −5.54 ** −7.82 ** −3.70** −0.79** −3.67 ** −1.24 ** −0.01 −0.17 −2.94 ** −0.45
WL100 × WT92 −2.82 ** −3.13** 0.59 −0.13 −4.24 ** −2.61 ** 4.72 ** 0.53 −3.26** −0.13 −2.94 ** −0.14 0.73 ** 1.19 ** −2.75 ** −4.21 **
S. E 0.342 0.316 0.493 0.365 0.492 0.349 0.122 2.350 0.561 0.227 0.607 0.300 0.152 0.299 0.414 0.332

Wheat Crosses
DTM GPS TGW Protein% Starch% Gluten% Pn GYP

NT HT NT HT NT HT NT HT NT HT NT HT NT HT NT HT

WL7 × WT17 2.85 ** 0.76 0.09 1.41 * −2.6 ** −3.22** −1.90** −2.03** 1.67 ** −0.76 0.59 −0.70 −10.2** −6.38** −5.41** −3.3 **
WL8 × WT17 6.36 ** −0.02 1.97 ** 1.90 ** 4.06 ** 5.68 ** −1.63** −1.30* −1.46 * 0.08 2.82 ** 3.69 ** 5.67 ** −0.05 2.68 ** 1.59 *
WL27 × WT17 −0.71 −2.0** 7.43 ** 3.82 ** 1.41 ** −2.73** −0.61 −0.66 −0.04 −0.04 0.38 −1.36 * 4.12 ** 3.82 * 2.07 ** 1.15
WL37 × WT17 −1.24 * −0.23 −1.16** 0.27 −1.76** −1.65** −0.40 −0.07 −0.55 −0.20 0.24 0.73 8.47 ** 3.96 ** 4.84 ** 1.46 *
WL57 × WT17 −5.1 ** −4.9** −4.52** −3.80** 1.61 ** −0.69 1.03 1.46 ** −0.65 −0.31 −2.15** −0.34 −0.61** −0.50 −0.44 −0.19
WL71 × WT17 −3.27** 2.6 * −4.18** −4.97** −4.21** −2.21** 2.15 ** 1.45 ** 0.66 0.96 −0.62 −1.54 ** −8.65** −0.97 −3.73** −0.99
WL100 × WT17 1.14 * 3.7 ** 0.37 1.37 ** 1.48 ** 4.82 ** 1.35 * 1.15 0.36 0.26 −1.26 * −0.48 1.22 ** 0.12 −0.01 0.32
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Table 6. Cont.

Wheat Crosses
DTM GPS TGW Protein% Starch% Gluten% Pn GYP

NT HT NT HT NT HT NT HT NT HT NT HT NT HT NT HT

WL7 × WT39 5.17 ** 6.6 ** 2.20 ** 1.21 ** −4.58** −5.25** −0.11 −0.03 −0.17 1.23 0.40 1.12 * −1.77** 0.90 −1.12 0.51
WL8 × WT39 4.57 ** 3.6 ** −4.04 ** −3.79** −6.66** −7.26** 0.13 −0.31 0.67 0.86 0.09 0.62 3.40 ** 5.25 ** 1.85 ** 1.65 **
WL27 × WT39 4.32 ** 3.1 ** −6.76** 1.72 ** −2.53** 4.13 ** 0.72 0.45 −0.43 −0.78 4.14 ** 6.07 ** −8.82** −3.83 * −3.75** −1.5 *
WL37 × WT39 −1.34 * 3.8 ** −5.42** −1.83** 1.10 ** 5.43 ** 0.74 1.31 * 0.23 0.37 −0.80 −0.33 4.77 ** 5.19 ** 1.82 ** 2.85 **
WL57 × WT39 −5.38** −2.0** −8.56** −2.81** −4.41** 7.44 ** −0.15 −0.41 0.41 0.61 0.84 0.85 2.26 ** 1.89 0.85 0.65
WL71 × WT39 6.93 ** −1.9 * −3.03** −4.92** −6.91** −5.05** −1.12 −1.52 * −0.18 0.05 4.23 ** 4.66 ** 6.73 ** −5.45** 4.04 ** −2.3 **
WL100 × WT39 1.48 ** 1.02 * −4.54 ** −2.43** −6.36** −2.97** −0.66 −1.09 −1.9 ** −0.78 −2.35** −2.65** −3.59** 1.51 −1.39** 0.69
WL7 × WT83 1.16 * −0.99 1.44 ** 1.40 ** 1.47 ** 3.02 ** 0.55 0.41 −1.49 * −0.58 2.23 ** 2.91 ** 9.40 ** 1.74 5.32 ** 1.04
WL8 × WT83 −5.30** 1.8 ** −2.76** −0.93 −0.04 1.96 ** 0.64 0.43 0.27 0.19 −0.38 −0.76 −7.53** −2.59 −3.65** −1.03
WL27 × WT83 −4.17** 4.8 ** −1.21** −2.12** −1.44 ** −4.58** 0.84 1.00 0.51 0.37 −1.14 −0.78 3.29 ** −2.55 1.95 ** −0.24
WL37 × WT83 1.77 ** −9.9** −1.20** −3.58** −1.81** −0.12 1.41 * 0.90 −0.03 0.15 1.80 ** 1.45 ** −9.35** −4.38** −4.67** −2.1 **
WL57 × WT83 5.98 ** 4.5 ** 5.73 ** 0.57 −2.97** −4.10** −1.76** −2.18** 0.10 0.08 −1.69** −2.82** −3.76** 0.30 −1.65** −0.36
WL71 × WT83 1.34 * 1.3 ** −0.81* 5.10 ** 1.95 ** 5.47 ** −0.69 0.04 −0.98 −0.79 −3.17** −3.11** 2.88 ** 5.58 ** −0.05 2.27 **
WL100 × WT83 −0.78 −1.6 ** −1.19** −0.42 2.84 ** −1.64 ** −1.00 −0.59 1.62 * 0.58 2.35 ** 3.10 ** 5.07 ** 1.90 2.76 ** 0.42
WL7 × WT92 −6.93** −4.4 ** −8.03** −5.85** 1.37 ** 4.95 ** 1.39 * 1.42 * −0.22 0.33 −2.29** −1.85** 3.01 ** 4.52 ** 1.54 2.14 **
WL8 × WT92 −3.38** −3.4 ** 0.53 0.99 −1.69** −0.88 0.80 0.96 0.32 −0.91 −1.60 * −2.08** −1.10** −1.83 −0.55 −1.8 **
WL27 × WT92 2.81 ** −3.9** −3.77** −5.26** −1.78** 2.68 ** −1.02 −1.02 −0.23 0.67 −2.44 ** −2.45** 1.84 ** 3.34 * 0.06 1.03
WL37 × WT92 3.06 ** 8.4 ** 3.48 ** 3.31** −1.86** −4.17** −1.82** −2.36** 0.15 −0.10 −0.31 −0.37 −3.46** −3.99** −1.66** −1.8 **
WL57 × WT92 6.79 ** 4.5** 3.04 ** 4.20 ** 1.43 ** −3.15** 0.82 0.90 −0.06 −0.16 3.94 ** 3.79 ** 2.53 ** −0.91 1.57 ** 0.25
WL71 × WT92 −2.75 ** −0.1** 3.71 ** 2.96 ** 4.83 ** 1.29 * −0.41 −0.20 0.30 0.00 0.50 1.46** −0.54 ** 1.62 0.07 1.34 *
WL100 × WT92 0.40 −1.2** 1.05 ** −0.35 −2.29 ** −0.72 0.24 0.30 −0.26 0.17 2.19 ** 1.50 ** −2.27** −2.75 −1.03 −1.07
S. E 0.54 0.58 0.346 0.589 0.305 0.606 0.582 0.643 0.614 0.631 0.602 0.519 0.030 1.474 0.576 0.607

NT = Optimal condition, HT = Heat stress condition. (CMT = Cell membrane thermostability, CTG = Canopy temperature at grain filling stage, RWC = Relative water content, PH = Plant height, FLA = Flag leaf
area, PL = Peduncle length, SL = Spike length, DTH = Days to heading, DTM = Days to maturity, GPS = Number of grains per spike, TGW = Thousand grain weight, Pn = Net photosynthetic rate, Protein% =
Grain protein content percentage, Starch% = Starch protein content percentage, Gluten% = Gluten protein content percentage, GYP = Grain yield per plant). * Significant at 5% probability level, ** significant at 1%
probability level.



Sustainability 2021, 13, 2972 11 of 18

Correlation with Pn (r = 0.977 **), SL (r = 0.475 *), TGW (r = 0.478 *) and RWC
(r = 0.485 *) under optimal conditions. However, under heat stress conditions, only Pn
(r = 0.951 **) and TGW (r = 0.455 *) were found to have a significant positive correlation with
GY. A negative correlation was found between GY and PH under both optimal (r = 0.707 **)
and Heat stress conditions (r = 0.472 *). Starch percentage showed a positive correlation
with GY under optimal conditions while negative correlation under heat stress conditions.

Similar results were depicted by biplots as shown in Figure 3. The trait biplot for optimal
treatment showed a strong correlation between GY and Pn under both conditions as there
was a very low angle between their corresponding lines. Although a lower angle was also
found between GY and TGW under both conditions, the variations were lower for TGW
due to smaller corresponding lines. Plant height, on the other hand, had a strong negative
association with GY as the angle between their corresponding lines was greater than 180◦.
Considering the performance of wheat crosses, biplot analysis showed that four wheat crosses,
i.e., WL27 ×WT17, WL71×WT39, WL7×WT83, and WL100×WT83 were the most produc-
tive crosses under optimal conditions. However, under heat stress conditions, WL27 ×WT17,
WL57 ×WT39, WL57 ×WT17, and WL37 ×WT39 outyielded other wheat crosses. Cluster
analysis was used to classify wheat crosses based on their performance under normal and
heat stress conditions. Cluster analysis categorizes wheat crosses into three classes under
both conditions (Table 7 and Figure 4). In optimal condition, Class-2 consisted of seventeen
wheat crosses, was the biggest and most productive group having an average yield of 20.55 g
per plant (Tables 7 and 8). Similarly, under heat stress conditions, Class-2 was again the most
productive and heat tolerant group of wheat crosses having a yield of as much as 13.79 g per
plant. Profile plot was used to illustrate the dominance of different classes for each studied
trait (Figure 5). Profile plot showed that GY under normal conditions was highest in Class-2,
having significant differences with other 2 classes while in heat stress conditions, although
class-2 had the highest GY but its difference with Class-3 wheat crosses was negligible.

Table 7. Mean values of different classes of wheat crosses under optimal and heat stress conditions.

Mean Values of Four Classes of Wheat Hybrid Crosses under Optimal Conditions

Class CMT CTG RWC PH FLA PL SL DTH DTM GPS TGW PRO STR GLU Pn GYP
1 43.7 25.7 60.3 111.6 27.5 41.4 12.9 98.2 130.1 57.4 39.8 13.7 55.0 35.1 23.4 15.10
2 45.8 25.0 62.5 99.1 28.9 41.7 14.3 99.4 130.0 54.9 40.6 13.8 54.8 34.5 33.8 20.55
3 62.9 24.9 61.9 103.2 28.8 43.5 13.7 99.7 130.7 58.1 38.9 14.2 55.3 33.1 26.5 16.83

Mean Values of Four Classes of Wheat Hybrid Crosses under Heat Stress Conditions

1 57.9 24.7 63.3 101.5 28.9 31.6 13.1 84.1 113.1 48.0 36.9 12.3 53.5 34.4 15.3 9.06
2 53.7 24.8 62.7 96.2 28.5 31.6 12.9 88.4 112.1 47.9 50.3 13.7 53.8 34.3 20.4 11.93
3 58.4 25.5 61.0 89.7 28.7 31.4 12.9 89.0 112.1 48.0 39.5 13.5 53.8 35.7 20.5 11.83

Table 8. Name of wheat crosses classified into different classes under optimal and heat stress conditions.

Treatments Class No. Name of Wheat Crosses/Genotypes

Optimal

Class 1 WL7 ×WT17, WL8 ×WT17, WL71 ×WT17, WL8 ×WT83, WL37 ×WT83, WL37 ×WT92, WL100 ×WT92

Class 2
WL27 ×WT17, WL37 ×WT17, WL57 ×WT17, WL100 ×WT17, WL8 ×WT39, WL27 ×WT39, WL37 ×
WT39, WL57 ×WT39, WL71 ×WT39, WL100 ×WT39, WL7 ×WT83, WL27 ×WT83, WL71 ×WT83,
WL100 ×WT83, WL27 ×WT92, WL57 ×WT92, WL71 ×WT92

Class 3 WL7 ×WT39, WL57 ×WT83, WL7 ×WT92, WL8 ×WT92

Heat Stress

Class 1 WL7 ×WT17, WL100 ×WT39, WL8 ×WT92, WL37 ×WT92, WL100 ×WT92

Class 2 WL8 ×WT17, WL27 ×WT17, WL27 ×WT39, WL37 ×WT39, WL57 ×WT39, WL7 ×WT83, WL8 ×WT83,
WL27 ×WT83, WL37 ×WT83, WL57 ×WT83, WL71 ×WT83, WL7 ×WT92, WL27 ×WT92

Class 3 WL37 ×WT17, WL57 ×WT17, WL71 ×WT17, WL100 ×WT17, WL7 ×WT39, WL8 ×WT39, WL71 ×
WT39, WL100 ×WT83, WL57 ×WT92, WL71 ×WT92
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Figure 4. Dendrogram of different classes of wheat crosses under optimal and heat stress conditions.
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Figure 5. Profile plots of grain yield and related traits under optimal and heat stress conditions.

4. Discussion

Usually, for a self-pollinated crop like wheat, a study of segregating population for
specific combining ability (SCA) serves as a vital factor for their grain yield improve-
ment [22]. Analysis of variance (ANOVA) showed the presence of significant differences
among parents and their crosses in wheat under optimal and heat stress conditions for
all studied traits except starch, which showed no significant differences among parents
and their crosses under heat stress conditions. The presence of sufficient genetic variability
among male and female parents and their cross combinations allows further assessment
of these parental lines for combining ability analysis. Many researchers showed that the
presence of significant diversity among cultivated germplasm from the warmer regions
could be used for the development of heat resilient, climate-smart verities for heat prone
areas [23–26].

In the current study, the combining ability analysis revealed that both GCA and SCA
effects played an imperative role in the control of grain yield and its associated traits
under optimal and heat stress conditions of studied genotypes, with the specific combining
ability effects being greater than the general combining ability effects. The GCA estimates
unveiled that none of the parental lines was consistently superior for all the grain yield and
its associated traits. However, the GCA effects of three parental lines, i.e., WL27, WL57,
and WT39, were higher than the remaining parents concerning grain yield under both
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optimal and heat stress conditions. These lines also showed superiority over other lines
for yield-related morpho-phonological and physiological traits like plant height, relative
water contents, peduncle length, days to heading, days to maturity, thousand-grain weight,
and net photosynthetic rate. These observations indicated that these parents could be
used in generating a segregating population or pool having a higher mean grain yield as
suggested by [27]. However, GCA alone is not an efficient approach in self-pollinated crops
like wheat because the similarity in parents will provide a restricted diversity for grain
yield. Therefore, in such conditions, SCA estimates, which represent the degree of allelic
complementation, will provide an opportunity for the selection of superior crosses as there
will be some crosses with higher genetic variability than others.

Although SCA effects do not contribute substantially towards yield improvements
in self-pollinated crops, productive crosses are expected to generate transgressive seg-
regants to be used as potent homozygous lines [28]. The significant SCA effects of any
cross depict the presence of intra or inter allelic interaction and can be easily exploited in
cross-pollinated crops and in those self-pollinating crops where hybrid seed production
at a commercial level is possible. However, higher SCA effects may also be due to the
accumulation of dominant alleles from either parent because of their higher general com-
bining ability; in such conditions, SCA could easily be exploited in self-pollinated crops like
wheat by selecting transgressive segregates from a segregating population. In the current
investigation, grain quality-related traits like protein content percentage, starch content
percentage, and gluten content percentage had a higher magnitude of SCA effects display-
ing the predominant role of non-additive gene action under both conditions. Moreover,
four crosses, i.e., WL8 ×WT17, WL37 ×WT17, WL8 ×WT39, and WL37 ×WT39, which
displayed significantly positive SCA effects under both optimal and heat stress conditions
for grain yield per plant, were derived from the parents with the same types of general
combining ability effects (high x high) under these conditions. The prevalence of such
crosses indicates the presence of non-additive genetic control of grain yield in wheat under
optimal and heat stress conditions as suggested [29]. The presence of higher dominance
variance than additive also confirms non-additive gene action for this trait under both
optimal and stress conditions. Furthermore, cell membrane thermostability, relative water
contents of leaves, spike length, number of grains per spike, thousand-grain weight, and
net photosynthetic rate appeared to be the most prominent plant traits when selecting for
grain yield in wheat under heat stress conditions. Similar results were also reported by
many researchers who found the presence of non-additive gene action for grain yield in
wheat under normal and stress conditions [25,30–36]. Sareen et al. (2018) [36] investigated
six generations of five crosses of wheat under optimal and heat stress conditions to explicate
the inheritance pattern of yield and its contributing traits under heat stress using different
cross combinations. They reported the presence of additive as well as non-additive genetic
control of grain yield and some of its associated traits in wheat under heat stress conditions.
Similarly, Ataei et al. (2017) [37] also reported that both additive and dominance gene
effects were associated with grain yield and its associated traits in wheat under abiotic
stress conditions.

Selection of desirable traits from existing germplasm may lead to simultaneous im-
provement of associated characters. As grain yield is a complex, polygenic trait that is
greatly influenced by the surrounding environment, the direct selection of genotypes based
on grain yield is not an appropriate option. Section based on associated traits could prove
more fruitful for the development of superior genotypes [23]. In current studies, newly
developed wheat crosses were evaluated under optimal and heat stress conditions, and
significantly positive associations were found between GY and associated traits. Grain
yield was found to have a very strong positive correlation with a net photosynthetic rate
under both optimal and heat stress conditions, indicating that positive selection for Pn
could indirectly help us in choosing the best performing genotype under stress and non-
stressed conditions [6,7]. Furthermore, the presence of a significantly negative correlation
between GY and PH under both conditions depicts that reduction in plant height could
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increase grain yield in wheat [38]. Under heat stress, by reducing the biomass, increasing
assimilate portioning to the spike increased harvest index and lodging resistance [39]. A
moderately significant but positive correlation of GY was also found with GPS and TGW
under heat stress conditions. Similar findings were also reported by Yousaf et al. (2017) [40],
who found a significantly positive correlation of GY with GPS and TGW. The correlation
analysis showed that early maturing wheat genotypes may prove suitable for heat affected
areas as they employ escape mechanisms to avoid the prolonged terminal heat stress that
normally occurs particularly in the tropics and subtropics [41]. Similar findings were
obtained from biplot analysis, which showed a strong association of GY with Pn, TGW, and
RWC under both normal and heat stress conditions. Furthermore, the biplot also revealed
that WL27 ×WT17 and WL8 ×WL39 were the most heat tolerant and productive hybrids
under stress conditions.

Cluster analysis was used to categorize wheat crosses based on their performance
under optimal and heat stress conditions. In this study, cluster analysis classified wheat
crosses into three groups under both conditions. Under heat stress conditions, highly
productive and heat tolerant wheat crosses were placed in cluster-2 while heat susceptible
and least productive wheat crosses were placed in cluster-1. Therefore, these two clusters
could be used in hybridization programs to broaden the genetic basis of germplasm, and top
entries from cluster-2 could be directly resealed for general cultivation if their performance
in multilocation trials remains as good as in this experiment. Several researchers used
cluster and biplot analysis to characterize genotypes under the different environmental
conditions and found these tools quite useful [42,43].

5. Conclusions

The current study confirmed the importance of non-additive gene effects in governing
grain yield and associated morpho-physiological and quality traits in spring wheat under
optimal and heat stress conditions. Among parental lines, WL 27, WT 39, and WL 57
were found to be the best general combiners for grain yield and its related traits under
both conditions and thus could be used in wheat hybridization programs for the devel-
opment of heat resilient wheat genotypes. Among crosses, WL8 ×WT17, WL37 ×WT17,
WL7 ×WT39, and WL37 ×WT39 were the most promising wheat crosses and could be re-
leased for cultivation in heat prone areas after satisfactory results from multilocation trails.
Several plant traits including relative water contents, spike length, thousand-grain weight,
and net photosynthetic rate were identified as the best selection criteria in wheat breeding
for developing heat resilient, climate-smart genotypes due to their positive correlation with
grain yield per plant. Cluster and biplot analysis revealed that wheat crosses included in
cluster-2 under heat stress conditions are the most productive and heat tolerant crosses
and could be used for cultivation in heat prone areas after multilocation trails.
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