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Abstract: Abiotic stresses, such as a drought and heat, are potential constraints limiting wheat
production across the globe. This current perspective study intended to characterize the performance
of exotic synthetic hexaploid (SH) wheat genotypes on a physiological, biochemical, and agronomic
basis under field-based drought and heat conditions. The tri-replicate experiments were conducted
in two seasons using two-factorial arrangements in a randomized complete block design (RCBD)
with stresses as one factor and genotypes as another factor. The recorded data were statistically
analyzed using computer-based software statistix8.1 and R-studio. In this study, all the physiological
parameters (total chlorophyll, stomatal conductance, photosynthesis rate, transpiration rate, and cell
membrane stability percentage), biochemical stress markers (antioxidant enzymes, glycine betaine,
and proline), and agronomic traits (flag leaf area, plant height, tillers per plant, spike length, grains
per spike, and thousand grain weight) varied significantly under separate and combined regimes
of drought and heat stresses. All traits varied in same direction, excluding glycine betaine and
proline, which varied in the opposite direction because of stress, as explicated by correlation analysis.
Furthermore, PCA and heatmap analysis confirmed that the expression of the traits varied more
significantly because of combined regimes of drought and heat stresses as compared to controlled and
isolated applications. Interestingly, synthetic hexaploid (SH) genotypes depicted similar responses
to individual and integrated regimes of drought and heat stresses. The current study proved that
deciphering the physiological, biochemical, and agronomic performance of wheat genotypes under
stress can provide effective criteria for the future selection of wheat germplasm for breeding against
drought and heat stresses.

Keywords: abiotic stress; antioxidant; synthetic hexaploids; PCA; heatmap

1. Introduction

Wheat (Triticum aestivum L.) is an important cereal crop used as a main staple food
in many countries in the world. Various abiotic stresses individually or unanimously
impair the annual wheat yield [1]. The current decade has included drought and heat
stresses which became the most eminent factors in determining crop productivity and food
security [2]. The severe prevalence of drought and heat stresses is causing a substantial loss
in the crop yield through adverse effects on plant growth, biochemistry, physiology, and
reproduction [3,4]. Drought and heat stresses caused wheat productivity to suffer a 40%
reduction, as reviewed by Fahad et al. [1]. In arid regions, wheat production is potentially
reduced by terminal heat stress, and the effect is further intensified when combined with
drought stress [5]. The optimum temperature for wheat during its reproductive stage is
15–20 ◦C, where a per degree Celsius rise can decrease the yield by up to 21% [6]. Heat
stress has various implications during the reproductive stages of wheat: it shortens the life
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cycle, impairs pollen viability, and disrupts grain settings, which collectively leads toward
a decline in crop productivity [7]. In general, arid regions of the world are rain fed, and
drought combines with heat stress particularly at the terminal stages of wheat [5]. Heat and
drought stresses both dramatically impair various physiological activities such as stomatal
conductance, the transpiration rate, chlorophyll content, and membrane integrity [8].
Severe drought stress disrupts plant photosynthesis by destroying the enzymes involved in
chlorophyll synthesis, and these effects are further intensified when drought and heat stress
are combined [9]. Abiotic stresses such as drought and heat also create oxidative stress
within the plant cellular system; this is caused by the generation of reactive oxygen species
(ROS) that disrupt the membrane fluidity and integrity by enhancing lipid peroxidation [10].
A plant is not a passive system; instead, it reacts to any sort of stress through the activation of
various homeostatic mechanisms [11]. From this perspective, a plant triggers the activities
of various antioxidant enzymes such as superoxide dismutase, catalase, and peroxidase,
which regulate various pathways involved in the scavenging of ROS [12]. Moreover, abiotic
stresses impose osmotic stress that perturbs the plant water balance, causing the plant
to release various osmoprotectants, such as proline and glycine betaine [13]. Proline is
an important amino acid that tends to alleviate the impacts of drought and heat stress
through an antioxidant defense system that involves scavenging ROS [14]. In the same way,
glycine betaine is an important osmolyte that sustains growth and ensures plant survival
by counteracting the metabolic dysfunctions imposed by drought and heat stresses [15,16].
In addition to physiological and biochemical changes, wheat exhibits various agronomic
changes such as a reduction in the flag leaf area, plant height, number of tillers, spike
length, grain per spike, and thousand grain weight due to abiotic stresses [16]. The creation
of physiological and biochemical disequilibrium within the plant under the conditions of
stress severely compromises the crop yield [17]. The tendency of plants to respond to stress
varies based upon the diversity of their genetic architecture. Drought and heat tolerance
is a multigenic trait regulated by many genes that have been eroded from bread wheat
by its self-pollinated nature and continuous domestication process [18]. In this regard,
synthetic hexaploid wheat is considered a valuable source of novel genes and diversity
that can be incorporated in elite bread wheat cultivars without facing any reproductive
barrier [19]. Synthetic hexaploid wheat (2n = 6x = 42, AABBDD) is produced artificially
by an interspecific cross of durum wheat (2n = 4x = 28, AABB, T. turgidum L.) and goat
grass (2n = 2x = 14, DD, Aegilops tauschii Coss.) [20]. Furthermore, lines derived from
synthetic hexaploid wheat help breeders to restore the novel genes that were lost during
the evolutionary process [19]. Synthetic hexaploid wheat is also more tolerant of drought
and heat stresses as it contains many genes inherited from its wild progenitors [20]. This
perspective current study aimed to evaluate the performance of synthetic hexaploid wheat
genotypes under individual and combined applications of drought and heat stresses on
the physiological, biochemical, and agronomic factors under field conditions. Furthermore,
this study aimed to test the suitability of these genotypes as a valuable breeding material to
avoid damage from drought and heat stress.

2. Material and Methods

In the current study, different synthetic hexaploid (SH) wheat genotypes (Table 1)
collected from the NARC (National Agricultural Research Center) Islamabad, Pakistan were
evaluated under field conditions at Hada-Alsham (21.802◦ North, 39.729◦ East, 254 m a.s.l.),
the research area of King Abdulaziz University, Jeddah, Saudi Arabia. During the growing
season (October to March), the experimental site was characterized by an annual rainfall of
53 mm, 50–65% humidity, and a temperature of 19–35 ◦C (Table 2). The textural class of
soil was loamy sand with a moderately alkaline pH of 8.3. The tri-replicate experiments
were conducted in two runs (2020–21 and 2021–22) using a two-factorial arrangement in a
randomized complete block design (RCBD) with stresses as one factor and genotypes as
another factor.
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Table 1. List of synthetic hexaploid genotypes characterized for physiological, biochemical, and
morphological traits under separate and combined regimes of in field drought and heat stress.

Genotype Pedigree

SH1 68.111/RGB-U//WARD/3/FGO/4/RABI/5/AE.SQUARROSA (882)/6/ATTILA/10
SH2 RABE/2*MO88/3/CAZO/KAUZ//KAUZ
SH3 URES/JUN//KAUZ/3/ALTAR 84/AE. SQ//2*OPATA
SH4 CROC_1/AE.SQUARROSA (205)//KAUZ/3/ENEIDA/4/FINSI
SH5 FILIN/IRENA/5/CNDO/R143//ENTE/MEXI-2/3/AEGILOPS SQUAROSA (TAUS)/4/WEAVER/6/
SH6 FILI/IRENA/5/CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUAROSA (TAUS)/4/WEAVER/6/BERKUT
SH7 FILI/IRENA/5/CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUAROSA (TAUS)/4/WEAVER/6/BERKUT
SH8 FILIN/3/CROC_1/AE. SQUAROSA (205)//KAUZ/4/FILIN/5/VEE/MJI//2* TUI/3/PASTOR
SH9 CROC_1/AE. SQUAROSA (205)//KAUZ/3/PRL/SARA//TSI/VEE#5
SH10 QT8343//PASTOR*2/OPATA

Table 2. Average meteorological data of research station during cropping seasons 2020–21 and 2021–22.

Months Temperature (◦C) Precipitation (mm) Humidity (%) Rainy Days Average Sun Hours

Min Max Avg

October 25.5 34 29.6 3 65 0 10.4
November 23.4 31 27.1 26 63 2 9.7
December 21.2 28.5 24.7 15 61 2 9.1
January 19.4 26.8 23 25 59 2 8.7
February 19.8 28.2 23.9 2 60 1 9.8
March 20.7 29.8 25.2 4 59 1 10.6
April 22.9 32.2 27.6 4 57 0 11.3
May 25 34.8 30 0 55 0 11.8

2.1. Crop Husbandry, Treatments, and Data Collection

Soil followed by a power tiller was harrowed and well laddered. The remains and
leftovers of a previous crop were removed. A set of ten SH wheat genotypes were checked
under controlled (irrigated), individual, and combined levels of drought (rain fed) and heat
(site temperature) stresses during two cropping seasons (2020–21 and 2021–22). The size of
each plot was approximately 7.2 m2, with 6 rows of plants each at 20 cm apart. Furthermore,
the soil was augmented with nitrogen and P2O5 each at the rate of 50 kg ha−1. For the
individual level of the control and drought treatments, the wheat genotypes followed early
sowing (mid-October) for preventing them from terminal heat stress. On the other hand,
wheat genotypes subjected to heat and drought + heat treatments followed late sowing
(mid-November). The data for all physiological and biochemical parameters were recorded
after the crop attained physiological maturity at the heading stage and continued until the
grain setting. The data were collected on a weekly basis and averaged. On the other hand,
the data for the yield parameters were recorded after harvesting. For the data estimation,
five to ten plants were randomly selected for each treatment.

2.2. Estimation of Physiological Traits

The physiological traits of the stomatal conductance (Gs), photosynthesis rate (Pn),
and transpiration rate (Tr) were determined from an attached flag leaf between 8 a.m. and
10 p.m. using Syrus-3 (Decagon Devices, Pullman, WA, USA). The total chlorophyll con-
tent was measured using SPAD-502 (Spectrum Technologies, Bridgend, United Kingdom)
apparatus. The cell membrane stability percentage (CMSP) was estimated with the help
of formula CMSP = [(1 − (X1/X2))/(1 − (Y1/Y2))} × 100, whereas X1 = the conductance
of the stress-treated sample before autoclaving, X2 = the conductance of the stress-treated
sample after autoclaving, Y1 = the conductance of the control sample before autoclaving,
and Y2 = the conductance of the control sample after autoclaving.
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2.3. Estimation of Biochemical Traits

Among the biochemical traits, the activities of the antioxidant enzymes such as su-
peroxide dismutase (SOD), peroxidase (POD), and catalases (CAT) were estimated by
using respective enzyme assay kits. For this purpose, 1 g of frozen leaf samples were
homogenously crushed in 1 mL of 0.1 M ice cold Tri-HCL buffer following the procedure
used by Djanaguiraman et al. [21]. Subsequently, the mixture was centrifuged at 4 ◦C
for 15 min at 20,000× g and the supernatant was isolated for the assay of the enzymatic
activities. The activity of the SOD was recorded using an SOD-assay kit (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s guidelines. The catalase activity was
recorded using a CAT-assay kit (Sigma-Aldrich, St. Louis, MO, USA) following the given
instructions. In addition, a peroxidase-assay kit (Cell Biolabs Inc, San Diego, CA, USA)
was used for estimating the plants’ activity according to the given standard protocol. The
proline content was quantified using a UV-Vis spectrophotometer (DeNovix, Wilmington,
NC, USA) based on its reactivity with ninhydrin and the absorbance was recorded at
508 nm for the proline–ninhydrin condensation product. On the other hand, the glycine
betaine (GB) content from the selected samples was recorded using high-performance
liquid chromatography (HPLC) (Shimadzu Corp, Kyoto, Japan) following the protocol
demonstrated by Ma et al. [22]. For this purpose, a plant extract of 20–100 µL was used
and the eluted GB (retention time 4–5 min) was estimated by recording the absorbance at
200 nm with the help of a diode-array spectrophotometer (Bioevopeak, Jinan, Shandong,
China). Subsequently, the quantification was completed by comparing the surface areas of
the peaks with those obtained with pure standard GB solutions in the range of 0.05–4 mM.

2.4. Estimation of Agronomic Traits

The agronomic traits flag leaf area (FLA) was recorded with the help of the formula
used by Shah et al. [17]. The plant height (PH) from randomly selected plants was calculated
from the shoot base to the apex by using a meter rod and was averaged for analysis. The
spike length (SL) from randomly selected plants was measured with the help of a scale and
averaged for analysis. In the same way, the number of tillers per plant (TPP) and grains
per spike (GPS) were simply counted from randomly selected plants and averaged for
statistical analysis. The thousand grain weight (TGW) was recorded with the help of the
electric weighing balance (Bioevopeak, Jinan, Shandong, China).

2.5. Statistical Analysis

The recorded data were subjected to statistical analysis using computer-based program
Statistix8.1 and R-program [17]. The ANOVA was performed and LSD was calculated
at (p ≤ 0.05). Furthermore, for the delineation of the traits’ association and expression
correlation, PCA and heatmap analysis were performed.

3. Results
3.1. Physiological Traits

Among the individual factors, the stress treatments showed a significant effect
(p ≤ 0.01), while the genotypes showed no significant effect on the mean values of the
physiological traits such as the total chlorophyll, stomatal conductance (Gs), photosynthesis
(Pn), transpiration rate (Tr), and cell membrane stability percentage (CMSP), as indicated
in Table 3. All the physiological traits illustrated a significant reduction for all the level of
stresses compared to the control; however, this reduction was more dramatic when drought
and heat stresses acted together (Table 3). In the same way, a two-way interaction of the
genotypes and stress (genotypes × stress) showed a significant (p ≤ 0.05) effect on the
mean values of all the physiological traits. All the genotypes showed a significant decline
in the mean values of the physiological parameters in a parallel way under the individual
and combined treatment of the stresses; however, this decline was more dramatic due
to the combined application of the stresses as compared to their individual treatments
(Tables 3–6).
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Table 3. Variation in physiological parameters of different synthetic hexaploid wheat genotypes due to individual and combined application of drought and heat
stresses during 2020–21 and 2021–22.

Treatments

Photosynthesis Rate
(µmm−2S−1)

Stomatal Conductance
(mmm−2S−1)

Transpiration Rate
(mmm−2S−1) Total Chlorophyll (g kg−1) CMSP

2020–21 2021–22 2020–21 2021–22 2020–21 2021–22 2020–21 2021–22 2020–21 2021–22

Stress Types

Control 33.54 a 35.82 a 890.60 a 920.00 a 14.00 a 16.50 a 1.60 a 1.68 a 77 a 80 a
Drought
Heat
Drought + heat

23.63 b
24.55 c
18.00 d

26.24 b
27.50 c
18.50 d

797.25 b
790.50 c
605.00 d

829.50 b
835.00 c
650.00 d

11.25 b
10.00 c
7.50 d

12.34 b
11.25 c
8.15 d

0.87 b
0.82 c
0.50 d

0.95 b
0.83 c
0.55 d

50 b
52 c
46 d

53 b
57 c
47 d

LSD value at 0.05 0.32 0.40 7.88 8.25 0.15 0.17 0.06 0.056 1.00 0.95

Genotypes

SH1 27.25 28.61 825.55 835.60 13.15 13.78 1.45 1.54 24.25 25.00
SH2 28.39 28.90 830.17 838.25 14.25 15.20 1.50 1.52 25.15 26.15
SH3 30.50 30.60 866.48 856.40 14.75 15.23 1.56 1.58 27.25 25.69
SH4
SH5
SH6
SH7
SH8
SH9
SH10

32.45
31.25
28.50
30.50
29.50
33.50
34.00

29.78
32.00
29.50
31.63
31.75
34.00
33.75

850.55
840.55
855.40
860.76
858.59
845.50
848.58

855.50
848.45
873.42
866.56
862.49
855.40
868.49

13.65
14.00
14.25
13.78
14.65
15.00
14.75

14.13
14.65
15.00
14.25
14.78
15.38
15.37

1.66
1.45
1.53
1.59
1.63
1.54
1.60

1.69
1.54
1.57
1.65
1.69
1.60
1.65

26.15
23.18
24.45
23.25
24.45
24.50
25.55

27.23
24.16
25.76
24.15
25.25
26.00
26.76

LSD value at 0.05 2.30 1.85 7.46 3.70 0.95 0.93 0.05 0.06 1.60 1.72

Significance

Stress types ** ** ** ** ** ** ** ** ** **
Genotype ns ns ns ns ns ns ns ns ns ns
Stress × genotype * * * ** ** ** ** ** ** **

ns = non-significant; ** = significant at p ≤ 0.01; * = significant at p ≤ 0.05. The experiment was conducted in three replicates. The different letters represent significant differences.
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Table 4. Variation in biochemical parameters of different synthetic hexaploid wheat genotypes due to individual and combined application of drought and heat
stresses during 2020–21 and 2021–22.

Treatments

Superoxide Dismutase
(Enzyme Unit)

Peroxidase
(Enzyme Unit)

Catalase
(Enzyme Unit)

Glycine Betaine
(µmol g−1 DW)

Proline
(µg g−1 FW)

2020–21 2021–22 2020–21 2021–22 2020–21 2021–22 2020–21 2021–22 2020–21 2021–22

Stress Types

Control 35.54 a 37.82 a 0.70 a 0.75 a 16.00 a 16.50 a 60 a 63 a 20.00 a 21.16 a
Drought
Heat
Drought + heat

25.63 b
24.20 c
18.15 d

26.62 b
25.30 c
19.30 d

0.50 b
0.45 c
0.21 d

0..53 b
0.48 c
0.23 d

12.00 b
11.50 c
7.00 d

13.34 b
12.25 c
7.35 d

140 b
130 c
170 d

143 b
133 c
177 d

32.15 b
30.25 c
40.15 d

31.25 b
32.30 c
43.15 d

LSD value at 0.05 0.32 0.40 0.01 0.02 0.05 0.07 2.15 2.00 1.00 0.95

Genotypes

SH1 33.23 35.15 0.73 0.75 15.25 15.30 147 150 24.25 25.00
SH2 32.16 33.18 0.69 0.70 15.00 15.25 150 153 25.15 26.15
SH3 30.71 31.10 0.65 0.68 15.17 15.23 153 158 27.25 25.69
SH4
SH5
SH6
SH7
SH8
SH9
SH10

32.45
28.75
29.36
28.51
30.15
29.16
34.50

34.15
30.14
31.15
29.18
32.23
31.46
36.56

0.72
0.68
0.69
0.73
0.65
0.68
0.72

0.75
0.71
0.73
0.70
0.68
0.70
0.73

14.75
15.50
14.69
15.35
14.75
15.65
15.35

15.00
16.15
15.25
15.69
15.25
16.25
15.75

149
153
161
155
149
158
162

153
155
159
157
153
159
160

26.15
23.18
24.45
23.25
24.45
24.50
25.55

27.23
24.16
25.76
24.15
25.25
26.00
26.76

LSD value at 0.05 1.30 0.32 0.05 0.06 1.13 0.13 0.05 0.06 1.60 1.72

Significance

Stress types ** ** ** ** ** ** ** ** ** **
Genotype ns ns ns ns ns ns ns ns ns ns
Stress × genotype ** ** ** ** ** ** ** ** ** **

ns = non-significant; ** = significant at p ≤ 0.01; * = significant at p ≤ 0.05. The experiment was conducted in three replicates. The different letters represent significant differences.
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Table 5. Variation in agronomical parameters of different synthetic hexaploid wheat genotypes due to individual and combined application of drought and heat
stresses during 2020–21 and 2021–22.

Treatments

Flag Leaf Area
(cm2)

Plant Height
(cm) Tillers Plant−1 Grains Spike−1 Spike Length

(cm)
Thousand Grain Weight
(g)

2020–21 2021–22 2020–21 2021–22 2020–21 2021–22 2020–21 2021–22 2020–21 2021–22 2020–21 2021–22
Stress Types

Control 32 a 35 a 80 a 81 a 7.15 a 8.15 a 53 a 54 a 10.15 a 10.75 a 37 a 38 a
Drought
Heat
Drought + heat

24 b
25 c
14 d

25 b
26 c
15 d

75 b
73 c
63 d

74 b
71 c
64 d

5.25 b
6.10 c
3.00 d

5.35 b
5.75 c
3.15 d

44 b
42 c
38 d

45 b
41 c
39 d

9.15 b
8.50 c
5.50 d

9.00 b
8.25 c
5.35 d

33 b
31 c
27 d

35 b
33 c
28 d

LSD value at 0.05 1.00 0.95 1.80 8.25 0.5 0.60 0.61 0.56 0.05 0.05 0.95 0.97

Genotypes
SH1 28 29 76 75 7.15 7.35 49 51 10.00 9.95 35 36
SH2 29 31 77 76 7.35 7.45 50 49 9.75 10.00 34 37
SH3 30 32 75 74 6.90 7.50 51 50 10.15 9.85 36 35
SH4
SH5
SH6
SH7
SH8
SH9
SH10

29
32
31
33
29
31
33

30
29
32
31
30
32
31

74
73
76
75
77
78
75

77
74
75
77
74
77
75

6.85
7.00
7.15
6.90
6.85
7.10
8.00

7.00
7.15
7.50
7.00
7.15
7.50
7.85

53
52
50
49
50
51
48

52
53
52
51
49
52
51

9.85
10.25
9.85
10.15
10.35
10.30
10.40

10.15
10.40
10.35
9.85
10.15
9.95
10.25

37
35
38
37
34
36
37

36
38
35
36
37
35
36

LSD value at 0.05 2.30 0.32 3.4 3.7 0.13 0.13 2.00 2.15 0.045 0.05 1.15 1.23

Significance
Stress types ** ** ** ** ** ** ** ** ** ** ** **
Genotype ns ns ns ns ns ns ns ns ns ns ns ns
Stress × genotype ** ** ** ** ** ** ** ** ** ** ** **

ns = non-significant; ** = significant at p ≤ 0.01; * = significant at p ≤ 0.05. The experiment was conducted in three replicates. The different letters represent significant differences.
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Table 6. Variation in physiological, biochemical, and agronomic traits (averaged 2020–21 and 2021–22) due to interaction effect of synthetic hexaploid wheat
genotypes with individual and combined applications of drought and heat stresses.

Stress
Type Geno. Pn

(µmm−2S−1)
Gs
(mmm−2S−1)

Tr
(mmm−2S−1)

Chl
(gKg−1) CMSP Proline

(µgg−1FW)
SOD
(EU)

POD
(EU)

CAT
(EU)

GB
(µmol
g−1

DW)

FLA
(cm2)

PH
(cm) TPP GPS SL

(cm)
TGW
(g)

Control SH1 33 900 14 1.63 76 20 35 0.75 16 63 33 80 7.15 54 10.65 38
SH2 32 910 15 1.65 77 21 33 0.73 15 61 34 81 7.35 53 10.35 37
SH3 31 890 14 1.67 78 22 32 0.71 16 64 31 79 7.60 52 10.45 37
SH4
SH5
SH6
SH7
SH8
SH9
SH10

34
32
33
34
32
31
34

895
920
917
905
888
879
886

15
16
13
14
15
16
15

1.60
1.67
1.59
1.63
1.64
1.68
1.69

80
79
77
78
79
76
79

20
21
19
23
21
21
22

31
34
32
33
36
35
37

0.75
0.76
0.72
0.75
0.71
0.73
0.75

17
18
16
16
15
17
17

65
62
61
62
60
63
61

35
32
33
35
33
33
34

80
81
80
82
81
80
79

7.00
7.45
7.25
7.65
7.55
7.70
7.80

54
52
51
53
53
52
51

10.55
10.35
10.25
10.58
11.00
10.35
10.85

38
39
38
37
39
38
39

Drought SH1 23 800 11 0.95 53 32 25 0.53 13 145 24 73 5.50 53 9.15 33
SH2 22 810 10 0.90 52 31 24 0.51 13 143 23 71 5.10 44 8.75 31
SH3 21 815 11 0.87 50 33 26 0.52 12 141 25 72 5.65 45 8.80 32
SH4
SH5
SH6
SH7
SH8
SH9
SH10

24
22
23
24
22
21
24

821
808
817
805
825
821
813

9
10
11
10
11
10
11

0.83
0.91
0.88
0.93
0.91
0.90
0.95

51
49
50
52
51
53
51

35
32
31
34
31
33
32

27
24
23
25
26
23
25

0.50
0.53
0.51
0.52
0.51
0.54
0.51

11
12
12
13
11
12
12

145
141
140
139
142
144
141

22
25
22
21
24
25
23

70
72
73
71
72
73
72

5.35
5.45
5.25
5.60
5.75
5.70
5.55

43
45
43
44
45
43
42

9.10
9.05
8.75
8.90
8.85
8.95
8.75

33
32
31
33
34
33
32

Heat SH1 22 806 10 0.83 52 31 24 0.45 11 133 23 73 6.10 41 8.25 32
SH2 21 817 11 0.80 53 32 23 0.48 12 136 22 70 5.95 40 8.10 30
SH3 20 823 12 0.81 50 30 25 0.43 13 135 24 71 5.85 42 8.35 31
SH4
SH5
SH6
SH7
SH8
SH9
SH10

23
21
22
23
21
20
23

826
817
826
825
829
827
821

9.0
9.0
10
11
12
11
10

0.84
0.81
0.83
0.80
0.85
0.82
0.84

56
53
51
53
55
52
51

33
30
31
32
33
30
32

26
23
22
25
25
22
24

0.45
0.47
0.42
0.44
0.46
0.45
0.47

11
13
12
11
12
13
12

134
137
136
133
135
131
133

21
24
23
22
23
24
25

70
71
72
70
71
72
71

6.15
6.25
6.10
5.85
5.95
6.10
6.15

41
40
41
39
40
40
42

8.00
8.15
8.27
8.20
8.34
8.31
8.26

32
31
30
32
33
32
31
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Table 6. Cont.

Stress
Type Geno. Pn

(µmm−2S−1)
Gs
(mmm−2S−1)

Tr
(mmm−2S−1)

Chl
(gKg−1) CMSP Proline

(µgg−1FW)
SOD
(EU)

POD
(EU)

CAT
(EU)

GB
(µmol
g−1

DW)

FLA
(cm2)

PH
(cm) TPP GPS SL

(cm)
TGW
(g)

Drought
+ Heat SH1 18 606 7.3 0.50 45 40 19 0.25 7.5 173 14 62 3.25 39 5.25 27

SH2 17 615 8.4 0.52 46 41 18 0.23 6.3. 171 15 63 3.35 38 5.35 28
SH3 16 611 7.5 0.55 44 42 17 0.21 8.0 169 14 61 3.45 39 5.50 27
SH4
SH5
SH6
SH7
SH8
SH9
SH10

18
19
17
18
17
19
17

609
623
607
616
627
617
619

5.7
7.3
6.6
8.3
7.4
6.8
8.0

0.51
0.54
0.49
0.53
0.48
0.55
0.52

41
43
40
42
43
41
42

41
43
40
41
43
41
42

18
19
17
19
17
18
19

0.24
0.22
0.25
0.22
0.26
0.23
0.24

7.4
7.0
6.7
7.3
7.6
7.4
8.0

174
176
170
172
175
172
177

13
15
14
13
14
14
15

62
63
60
61
62
60
63

3.15
3.34
3.16
3.23
3.40
3.20
3.55

38
37
37
38
37
39
37

5.15
5.30
5.25
5.45
5.35
5.28
5.55

26
26
27
27
28
26
27

LSD 2.00 6.00 0.75 0.03 2.00 1.85 1.03 0.005 0.3 5.00 1.2 2.0 0.06 1.00 0.30 1.00
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3.2. Biochemical Traits

All biochemical traits such as antioxidant enzymes (SOD, POD, and CAT), glycine
betaine, and proline depicted a significant (p ≤ 0.01) change due to the individual factor
of stress, while they also showed a non-significant change due to the individual factor of
the genotypes (Table 4). Both separate and combined regimes of drought and heat stresses
recorded a significant decrease in the activities of the antioxidant enzymes and a significant
(p ≤ 0.01) increase in the concentrations of glycine betaine and proline as compared to the
control; however, this decrease and increase were at the maximum due to the combined
application as compared to the individual application of drought and heat stresses (Table 4).
In the same way, the biochemical traits showed a statistically significant (p ≤ 0.05) varia-
tion due to the interaction effect of the genotypes and stress (genotype × stress). All the
synthetic hexaploid (SH) wheat genotypes depicted the maximum increase in the activities
of the SOD, POD, CAT, glycine betaine, and proline due to the combined treatments as
compared to the individual treatments of drought and heat stresses (Table 6).

3.3. Agronomic Traits

The agronomic traits, such as the flag leaf area (FLA), plant height (PH), tillers per
plant (TPP), spike length (SL), grains per spike (GPS), and thousand grain weight (TGW),
recorded a significant (p ≤ 0.01) alteration due to the individual effect of stress while
they also showed a non-significant alteration due to the individual effect of the genotypes
(Table 5). Both the separate and combined regimes of drought and heat stresses manifested
a statistically distinct reduction in all the agronomic traits as compared to the control;
however, this reduction was the highest for the combined regime as compared to the
individual regimes of stress. On the other hand, a two-way interaction of the genotypes
and stress (genotypes × stress) significantly (p ≤ 0.05) affected the mean values of all the
agronomic traits. All synthetic hexaploid (SH) wheat genotypes revealed a more dramatic
reduction in the agronomic traits due to the combined regimes as compared to the separate
regimes of drought and heat stresses (Table 6).

3.4. Correlation, PCA and Heatmap Analysis

The correlation analysis revealed a significant paired association among all the phys-
iological, biochemical, and agronomic traits (Figure 1). Among the physiological traits,
the Chl, Gs, Pn, and CMSP recorded a significant positive paired association in the same
direction with the activities of the antioxidant enzymes (SOD, POD, and CAT) and agro-
nomic traits, such as the FLA, PH, SL, GPS, and TGW. Contrarily, the glycine betaine
(GB) and proline content revealed a significant negative paired association in the oppo-
site direction with the physiological traits (Chl, Gs, Pn, and CMSP), antioxidant enzymes
(SOD, POD, and CAT), and agronomic traits (FLA, PH, SL, GPS, and TGW). The principal
component analysis revealed (PCA) the differential extent of the association of the traits
due to the separate and combined treatments of drought and heat stresses as illustrated
by the differential dispersion of the traits’ clusters with respect to the origin in the PCA
scattered plot (Figure 2). This explicated that the nature of the association of the traits
is strongly associated with the type of stress treatment. However, no remarkable effect
on the orientation of the traits cluster with respect to the origin was noticed in the PCA
scattered plot due to the synthetic hexaploid (SH) wheat genotypes, which explicated that
the trend of association of the traits is independent of the nature of genotypes (Figure 3).
On the other hand, the PCA scattered graph showed a considerable deviation of the traits’
clusters from the origin due to the interaction effect of the genotypes and stress (Figure 4).
Moreover, the PCA plot depicted that the performance of all the genotypes varied to a great
extent with respect to the traits’ associations due to the combined treatments of drought
and heat stresses; however, individual treatments of drought and heat stresses did not
make a remarkable difference in the performance of the genotypes in terms of the traits’
associations. In addition, the heatmap cluster analysis also authenticated that the extent of
association of the traits varied significantly with the type of stress treatment (Figure 5).
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Figure 1.Correlation chart showing the significance of association of physiological, biochemical, and agronomic traits in synthetic hexaploid wheat genotypes. Pn; 
photosynthesis, Gs; stomatal conductance, Tr; transpiration rate, CMSP; cell membrane stability percentage, GB; glycine betaine, SOD; superoxide dismutase, 
POD; peroxidase, CAT; catalase, FLA; flag leaf area, PH; plant height, TPP; tiller per plant, SL; spike length, GPS; grains per spike, TGW; thousand grain weight. 
*** = significant at p ≤ 0.001. 

Figure 1. Correlation chart showing the significance of association of physiological, biochemical, and
agronomic traits in synthetic hexaploid wheat genotypes. Pn; photosynthesis, Gs; stomatal conductance,
Tr; transpiration rate, CMSP; cell membrane stability percentage, GB; glycine betaine, SOD; superoxide
dismutase, POD; peroxidase, CAT; catalase, FLA; flag leaf area, PH; plant height, TPP; tiller per plant,
SL; spike length, GPS; grains per spike, TGW; thousand grain weight. *** = significant at p ≤ 0.001.
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Figure 2.PCA plot showing the differential divergence of treatments circles with respect to 
proximity association of physiological, biochemical, and agronomic traits while extent of 
divergence of circles is directly associated with variation in the effect of treatments. Pn; 
photosynthesis, Gs; stomatal conductance, Tr; transpiration rate, CMSP; cell membrane stability 
percentage, GB; glycine betaine, SOD; superoxide dismutase, POD; peroxidase, CAT; catalase, 
FLA; flag leaf area, PH; plant height, TPP; tiller per plant, SL; spike length, GPS; grains per spike, 
TGW; thousand grain weight. 

Figure 2. PCA plot showing the differential divergence of treatments circles with respect to proximity
association of physiological, biochemical, and agronomic traits while extent of divergence of circles
is directly associated with variation in the effect of treatments. Pn; photosynthesis, Gs; stomatal
conductance, Tr; transpiration rate, CMSP; cell membrane stability percentage, GB; glycine betaine,
SOD; superoxide dismutase, POD; peroxidase, CAT; catalase, FLA; flag leaf area, PH; plant height,
TPP; tiller per plant, SL; spike length, GPS; grains per spike, TGW; thousand grain weight.
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Figure 3.PCA with no scatter circle indicating analogous impact of synthetic SH wheat genotypes 
on proximity association of physiological, biochemical, and agronomic traits. Pn; photosynthesis, 
Gs; stomatal conductance, Tr; transpiration rate, CMSP; cell membrane stability percentage, GB; 
glycine betaine, SOD; superoxide dismutase, POD; peroxidase, CAT; catalase, FLA; flag leaf area, 
PH; plant height, TPP; tiller per plant, SL; spike length, GPS; grains per spike, TGW; thousand 
grain weight. 

Figure 3. PCA with no scatter circle indicating analogous impact of synthetic SH wheat genotypes on
proximity association of physiological, biochemical, and agronomic traits. Pn; photosynthesis, Gs;
stomatal conductance, Tr; transpiration rate, CMSP; cell membrane stability percentage, GB; glycine
betaine, SOD; superoxide dismutase, POD; peroxidase, CAT; catalase, FLA; flag leaf area, PH; plant
height, TPP; tiller per plant, SL; spike length, GPS; grains per spike, TGW; thousand grain weight.
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Figure 4. PCA plot showing the differential divergence of treatment interaction (genotypes x stress) 
circles with respect to proximity association of physiological, biochemical, and agronomic traits 
while extent of divergence of circles is directly associated with variation in the effect of interacting 
treatments. Pn; photosynthesis, Gs; stomatal conductance, Tr; transpiration rate, CMSP; cell 
membrane stability percentage, GB; glycine betaine, SOD; superoxide dismutase, POD; peroxidase, 
CAT; catalase, FLA; flag leaf area, PH; plant height, TPP; tiller per plant, SL; spike length, GPS; 
grains per spike, TGW; thousand grain weight. 

Figure 4. PCA plot showing the differential divergence of treatment interaction (genotypes × stress)
circles with respect to proximity association of physiological, biochemical, and agronomic traits while
extent of divergence of circles is directly associated with variation in the effect of interacting treatments.
Pn; photosynthesis, Gs; stomatal conductance, Tr; transpiration rate, CMSP; cell membrane stability
percentage, GB; glycine betaine, SOD; superoxide dismutase, POD; peroxidase, CAT; catalase, FLA;
flag leaf area, PH; plant height, TPP; tiller per plant, SL; spike length, GPS; grains per spike, TGW;
thousand grain weight.
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Figure 5. Heatmap dendrogram revealing varying extent of traits association in SH wheat genotypes due to control, separte, and combined regimes of drought 
and heat stresses. Pn; photosynthesis, Gs; stomatal conductance, Tr; transpiration rate, CMSP; cell membrane stability percentage, GB; glycine betaine, SOD; 
superoxide dismutase, POD; peroxidase, CAT; catalase, FLA; flag leaf area, PH; plant height, TPP; tiller per plant, SL; spike length, GPS; grains per spike, TGW; 
thousand grain weight. 

Figure 5. Heatmap dendrogram revealing varying extent of traits association in SH wheat genotypes due to control, separte, and combined regimes of drought and heat
stresses. Pn; photosynthesis, Gs; stomatal conductance, Tr; transpiration rate, CMSP; cell membrane stability percentage, GB; glycine betaine, SOD; superoxide dismutase,
POD; peroxidase, CAT; catalase, FLA; flag leaf area, PH; plant height, TPP; tiller per plant, SL; spike length, GPS; grains per spike, TGW; thousand grain weight.
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4. Discussion

The current study intended to characterize the different genotypes of SH wheat under
separate and combined regimes of drought and heat stresses under a field condition at
physiological, biochemical, and agronomic levels. All the genotypes depicted compara-
tively similar responses to the separate and combined regimes of drought and heat stresses
(Tables 3–6). Abiotic stresses directly affected the plants’ metabolic activities via an inter-
ruption of the numerous physiological and metabolic activities [10]. For instance, drought
and heat stresses are capable of damaging the plants’ photosystem, thylakoid membrane,
and the enzymes involved in chlorophyll synthesis, which leads to a dramatic reduction in
the chlorophyll (chl) content and photosynthesis rate (Pn), as reviewed by Fahad et al. [2].
Moreover, both a high temperature and drought can trigger the production of ROS, which
destroys the membrane integrity, due to lipid peroxidation and protein degradation, which
leads towards cell membrane damage and more electrolyte leakage [23]. Furthermore,
abiotic stresses disrupt the plant water relations, including the water potential and osmotic
potential, which interrupts various exchange mechanisms such as the stomatal conduc-
tance (Gs) and transpiration (Tr) [11]. In consistence with these findings, the current study
recorded a dramatic reduction in the chlorophyll, Pn, Gs, Tr, and CMSP under both individ-
ual and integrated spans of drought and heat stresses (Tables 3 and 6). Correspondingly,
Algahabari et al. [8], Shah et al. [17], and Qaseem et al. [24] also reported a significant
reduction in the chlorophyll, Pn, Gs, Tr, and CMSP under isolated and combined versions
of drought and heat stresses. Furthermore, the simultaneous occurrence of drought and
heat stress aggravates the symptoms of stress [9]. A decline in the activities of antioxidant
enzymes during the regimes of stress is a potential cause of the generation of ROS that in-
terfere with the plant’s natural defense mechanism, as reviewed by Qayyum et al. [12] and
Caverzan et al. [25]. In fact, drought and heat stresses elicit the production of ROS, owing
to the suppression of the activities of antioxidant enzymes such as superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) [26]. Correspondingly, Alghabari et al. [8] and
Nasirzadeh et al. [27] recorded a decline in the activities of these enzymes in wheat under
heat and drought, respectively. In parallel with these findings, the current study reported
a significant decrease in the activities of these enzymes due to drought and heat stresses
(Tables 4 and 6). Plants are not passive objects; instead, they respond to counter the effect of
any external stimulus causing an imbalance in the plants’ homeostatic equilibrium through
the activation of various mechanisms involved in the synthesis of different metabolites [10].
In this context, plants conduct an osmotic readjustment by raising the levels of various
osmoprotectants, such as glycine betaine and proline [13,24], as confirmed by the present
study (Tables 4 and 6). Plants have several morphological adaptations to nullify the effect of
stress; the reduction in the flag leaf area (FLA) is one of them [17]. This is the most probable
reason for the reduction in Pn, Tr, and Gs that leads to less accumulation of photosynthates,
causing a reduction in the overall agronomic productivity, demonstrated by fewer tillers
per plant (TPP), the plant height (PH), the spike length (SL), the grains per spike (GPS),
and the thousand grain weight (TGW), as confirmed by numerous researchers [8,14,17].
In consistence with these findings, the current study reported a significant decline in the
agronomic traits due to drought and heat stresses (Tables 4 and 6). Furthermore, high-
temperature stress severely impacted the pollen viability, which hinders the pollination
and grain setting process, while the concurrence of drought stress intensified the hazards
of heat stress [7]. This is another potential reason for a declined agronomic productiv-
ity. Abiotic stress perturbs the chlorophyll content and physiological processes, such as
Pn, Gs, and Tr, which results in the availability of less photosynthates for enhancing the
agronomic productivity in the form of TPP, SL, GPS, and TGW [8,17]. In the same way,
the physiological activities are strongly correlated with the activities of the antioxidant
enzymatic and osmolyte concentration [12]. Therefore, equilibrium of the physiological
and biochemical processes is strongly correlated with the ultimate agronomic yield, as
proven by the correlation analysis in the current study (Figure 1). However, drought and
heat stress change the extent of association and expression of physiological, biochemical,
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and agronomic traits, as proven by the principal component (PCA) and heatmap analysis
(Figures 2 and 5). These findings were in complete agreement with Alghabari et al. [8]
and Shah et al. [17], who proved that during stress, all traits varied in the paired pattern.
Interestingly, in the current study, all SH wheat genotypes exhibited analogous behavior
to individual and combined regimes of drought and heat stress (Figures 3 and 4). This
can be attributed to their very close association in terms of the genetic architecture [19].
Although their behavior varied with the type of stress, they survived. Hence, this synthetic
hexaploid wheat germplasm can serve as potential stock for breeding against drought and
heat stress. Moreover, the current characterization of these genotypes on a physiological,
biochemical, and agronomic basis can provide substantial help for genetic elucidations in
the future. Moreover, crop productivity is an outcome of physio-chemical equilibrium that
a tolerant plant is sure to retain under conditions of abiotic stresses. In this context, the
current study concluded that synthetic wheat is better able to retain its physio-chemical
equilibrium under drought and heat stresses; hence, it can serve as a bridge to introgress
such novel traits into elite bread wheat varieties without facing any barrier of sexuality.
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