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ABSTRACT

The unpredictably changing climatic conditions, especially high temperatures, are putting a continuous
threat to sustainable cotton production. The current study was designed to investigate the impact of heat
stress on several morpho-physiological, biochemical, and fibre quality-related traits. The results revealed
the presence of significant variations in agro-morphological, physio-chemical and staple length-related
parameters for upland cotton genotypes and stress treatments. Further analysis of pooled data unveiled
that heat stress had a detrimental impact on all studied plant traits. Severe reduction in plant height,
nodes per plant, sympodial branches per plant, number of bolls per plant, ginning out-turn, and staple
length were recorded under heat stress. A significant reduction in net photosynthetic rate (Pn) up to
28.6 % was observed in cotton genotype BH-200 (24.7 to 19.2 pmole m2 s '). The accumulation of
hydrogen peroxide (H,0,) was increased from 7.1 % in BH-306 to 28.7 % in BH-200 under heat stress
due to the incidence of oxidative stress. A substantial increase in the accumulation of antioxidants i.e.,
catalase (65 %-74 %), peroxidase (54 %-169 %), and superoxide dismutase (52 %-98 %) was seen under
high-temperature stress conditions. The correlation coefficient analysis unveiled a significantly positive
correlation of seed cotton yield with nodes per plant (r = 0.432*), net photosynthetic rate (r = 0.8297),
peroxidase (r = 0.974™), and superoxide dismutase (r = 0.868""), under heat stress conditions. However,
a negative but statistically significant correlation of seed cotton yield with ginning out turn (r = —0.46
6*), staple length (r = —0.898 "), hydrogen peroxide (r = —0.955") and catalase (r = —0.904") was also
observed. The overall results unveiled that cotton genotype BH-232 has a comparatively higher heat tol-
erance than other contesting genotypes while BH-306 showed the highest susceptibility to heat stress.
Hence, BH-232 could be recommended after its approval for general cultivation in heat-prone areas of
Pakistan.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
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The transitional environmental conditions are posing a contin-
uous menace to the productivity and sustainability of major field
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crops by altering their development behaviour and capacity to
endure severe environmental conditions. The constant deteriora-
tion in croping areas due to urbanization, desertification, saliniza-
tion, and uncontrolled increase in the human population
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exacerbated the effects of climate change. Several environmental
factors determine the productivity of crop plants including heat,
drought, precipitation, humidity, and sunshine hours. However,
high temperature or heat stress is one of the major constrain in
the growth and development of crops including cotton. Singh
et al. (2007) reported that with an increase in temperature of even
1 °C over optimal growing temperature, the lint yield of the cotton
crop could be reduced up to 110 kg ha™!.

Cotton is the most important industrial crop regarding natural
fibre and oil (Salimath et al., 2021). During 2020-21, it was culti-
vated on 31.42 million hectares from which 111.48 million
480 1b bales were obtained, averaging 773 kg ha~! in the World
(USDA, 2022). In Pakistan, its cultivated area during 2021-22
was 1.937 million hectares, from which 8.329 million bales were
produced, averaging 731 kg ha~! (ESP, 2021-22). Although Pak-
istan’s per hectare cotton production is very near to the world’s
per hectare production, it is far behind the major cotton-
producing countries i.e., Australia (2217 kg ha™!), China
(1976 kg ha™'), Turkey (1804 kg ha~!), Brazil (1720 kg ha~!) and
United States (957 kg ha~') (USDA, 2022). The major reasons for
a lower yield of cotton in Pakistan are high input rates, unavailabil-
ity of inputs, high diseases and insects-pest infestation rates,
drought stress, heat stress, lack of mechanical harvesting, and
unavailability of quality seed.

In cotton, one of the most heat-sensitive phases is the flowering
stage, which leads to severe flower shedding, stunted plant growth,
and reduced number of bolls and boll weight, resulting in signifi-
cant yield losses (Xu et al, 2020). Higher temperatures (32-
40 °C) negatively influence root development and stomatal con-
ductance. Moreover, temperatures higher than 29 °C also reduce
the boll weight (Lokhande and Reddy, 2014). The seed germination
rate is highly affected by the higher temperatures (>37 °C) along
with the reduction in pollen tube germination and elongation
(Burke et al., 2004). Salman et al. (2019) showed that the reduction
in cotton yield under heat stress is resulted by the decrease in ger-
mination rate, net photosynthetic rate, relative cell injuries, sym-
podial branches, boll weight, and increase in flower, square, and
boll abscission. Along with the cotton yield, lint quality is also
degraded under heat stress due to the increase in short fibres,
decrease in fibre fineness and fibre uniformity (Zafar et al., 2021).
Therefore, it is a hard challenge for plant breeders to rigorously
evaluate cotton genotypes under stressful conditions to identify
tolerant genotypes. The current experimental study was designed
to evaluate local cotton genotypes for their heat tolerance along
with the identification of key traits that contribute to the heat tol-
erance in cotton.

2. Materials and methods
2.1. Experimental materials and location

The current experimental study was conducted at the research
area of Cotton Research Station (CRS), Bahawalpur (29° 22
29.2296" N, 71° 38 16.1124"" E) and at the altitude of 115 m during
two consecutive cotton growing seasons (2020-21, 2021-22). The
experimental material was comprised of five upland cotton geno-
types viz., BH-254, BH-234, CIM-600, BH-200, and BH-306.

2.2. Experimental layout

The experiment was carried out in the field under two treat-
ments 1) control and 2) heat stress for two consecutive cotton-
growing seasons 2020-21 and 2021-22. In the control treatment,
the cotton crop was sown during the 2nd week of March while
under stress treatment, the sowing was done during the 3rd week
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of April (Late sowing). In the late sown crop, the flowering and bud
formation stage is expected to experience a high temperature
(above 40 °C) as revealed by previous years’ metrological data.
The research was carried out in an RCBD pattern in triplicates
and treatments were laid out using split-plot arrangement.

2.3. Measurement/Recording of plant parameters

2.3.1. Morpho-Physiological and fibre-related parameters

Several plant morphological traits i.e., plant height (PH), nodes
per plant (N/P), number of sympodial branches per plant (SB/P)
and number of bolls per plant (NB/P) were recorded at the time
of second picking while ginning out-turn (GOT) and seed cotton
yield (SCY) were measured after crop harvest. Net photosynthetic
rate (Pn; pmolem2s~') was recorded through CI-320, a handheld
Near-Infrared Gas Analyzer as recommended and used by Yousaf
et al. (2022). The staple or fibre length of cotton was measured
through a high-volume instrument (HVI) and measured in
millimetres.

2.3.2. Methodology for the measurement of hydrogen peroxide (H202)
accumulation

The activity of H,0, was measured through the protocol devel-
oped and used by Velikova et al. (2000).

3. Enzymatic antioxidant determination
3.1. Preparation of enzyme extract

Collected Fully extended and healthy leaves were thoroughly
washed with distilled water and frozen under liquid nitrogen
(N3) and stored at —800oC for the assessment of the antioxidant
activity of different enzymes. Leaf samples of 5 g from the stored
samples were ground meticulously in chilled 10 ml potassium
phosphate buffer (pH 7.8). The reaction mixture was then cen-
trifuged at 14000 rpm for 10 min at 4 °C. The supernatant was used
for the determination of antioxidant activities through their absor-
bance at different wavelengths in a UV-vis spectrophotometer
(Sarwar et al., 2019).

3.2. Estimation of Catalase, Peroxidase and Super-oxidase dismutase
activities (U mg~! Protein)

The activity of these enzymes was measured through a UV-vis
spectrophotometer at different wavelengths. The Catalase activity
was measured at the wavelength of 240 nm as given by Liu
et al., 2009. The Peroxidase activity was recorded according to
Liu et al. (2009) at 470 nm wavelength. Similarly, superoxidase dis-
mutase (SOD) activity was measured spectrophotometrically
through the absorbance capacity of SOD at 560 nm wavelength
by following the protocol given by Beauchamp and Fridovich
(1971).

3.3. Statistical analysis

The obtained data of seed cotton yield and its associated
morpho-physiological and biochemical traits were investigated
for analysis of variance (ANOVA) and correlation coefficient analy-
sis (Steel et al., 1997). To execute the above mention analysis, three
statistical packages i.e., Statistix 8.1, XLSTAT 21.0, and Origin 21.0
were used. Furthermore, Microsoft Excel 2021 and Adobe Illustra-
tor 22.0 were used for the illustration of the results.
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4. Results
4.1. Climatic data

Climatic data for key factors, temperature (°C) and precipitation
(mm) were recorded on daily basis from the date of sowing to
square and boll development (60 days after sowing). The data
was recorded for both treatments and two consecutive years
(2020-21 and 2021-22). The data showed that the maximum tem-
perature for the control treatment during the month of sowing was
less, 34 °C (2020-21) and 36 °C (2021-22) than the maximum tem-
perature for the heat stress treatment, 36 °C (2020-21) and 40 °C
(2021-22) (Fig. 1a). Moreover, the mean daily maximum tempera-
ture under high-temperature treatment was meaningfully higher
than maximum temperature in control (Fig. 1b).

4.2. Analysis of variance (ANOVA)

The combined analysis of variance revealed the presence of
highly significant variations among cotton genotypes for
morpho-physiological, biochemical, and fibre related parameters
under control and high temperature conditions (Table 1). However,
the variation for the year’s source of variance was non-significant
for all studied traits except the number of bolls per plant. Due to
this fact, the two-year data were pooled, and their average was
taken for further analysis.

4.3. Seed cotton yield-associated morpho-agronomical traits

The correlation analysis unveiled a significant positive associa-
tion between nodes per plant (N/P) and seed cotton yield (SCY)
under normal (r = 0.465*) as well as heat stress conditions
(r = 0.432%) (Table 2). However, seed cotton yield depicts a signif-
icantly negative correlation with GOT under normal (r = —0.548%)
and heat stress conditions (r = —0.466"). The correlation of SCY
with PH and NB/P was positive but non-significant under both nor-
mal (r = 0.96, r = 0.179) and heat stress (r = 0.235, r = 0.236) con-
ditions, respectively. On the other hand, the correlation between
SB/P and SCY was negative but non-significant under both stress
conditions (r = —0.317, r = —0.270), respectively (Table 2). A signif-
icant decrease in seed cotton yield (SCY) and its associated
morpho-agronomical traits i.e., PH, N/P, SB/P, NB/P and GOT was
observed in heat stress treatment compared to control (Table 3).

4.4. Staple length

Staple length (SL), which is one of the most important fibre
traits from the textile industrial point of view, showed significant
variance among cotton genotypes under normal and heat stress
conditions (Table 1). The results revealed that the highest staple
length was exhibited by cotton genotype BH-254 (29.2 mm) fol-
lowed by BH-306 (29.1 mm) and CIM-600 (29.0 mm) (Fig. 2a).
On the other hand, BH-232 showed minimum staple length under
normal (28.2 mm) and heat stress treatment (27.9 mm) followed
by BH-200 (28.5 mm, 28.2 mm), respectively. The correlation coef-
ficient analysis indicated a strong negative and highly significant
correlation between staple length (S.L) and seed cotton yield
(SCY) under normal (r = —0.9217) and heat stress treatment
(r=—-0.898") (Table 2).

4.5. Net photosynthetic rate (Pn)

Photosynthesis is the key physiological process in cotton which
is responsible for optimum growth and development for higher
productivity. The ANOVA revealed the presence of significant
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diversity for net photosynthetic rate (Pn) in cotton genotypes
under normal and stress conditions (Table 1). The results further
showed a significant decline in net photosynthetic activity (Pn)
under heat stress compared to control in all-cotton genotypes
(Fig. 2b). The highest reduction in Pn under heat stress was
observed in BH-200 (28.6 %) from 24.7 pmolem™s~! in control to
19.2 pmolem™s~! in stress conditions (Fig. 2b). However, the min-
imum reduction in Pn (7.0 %) was reported in BH-306 under heat
stress, even though the overall net photosynthetic rate of BH-306
under control and heat stress treatment was the lowest among
the cotton genotypes under study (Fig. 2b). The correlation coeffi-
cient analysis unveiled a strong positive correlation of net photo-
synthetic rate (Pn) with seed cotton yield (SCY) under control
(r = 0.838") as well as heat stress treatment (r = 0.829""), respec-
tively (Table 2).

4.6. Accumulation of reactive oxygen species (ROX)

4.6.1. Hydrogen peroxide (H,0>)

Results from combined ANOVA revealed a high degree of varia-
tion in cotton genotypes for the accumulation of hydrogen perox-
ide (H;0,) under heat stress conditions (Table 1). The further
results revealed that the accumulation of hydrogen peroxide
(H,0,) was quite significant under heat stress conditions compared
to control in all-cotton genotypes, indicating the higher oxidative
stress experienced by the plants under stress. Under heat stress,
the maximum accumulation of H,0, was recorded in BH-306
(13.1 pumoleg™!) in comparison to control (9.6 pmoleg™!) while
the lowest H,0, accumulation was observed in BH-232 under heat
stress (7.2 pmoleg™!) in contrast to the control treatment
(4.8 umoleg™1) (Fig. 2c). Moreover, the hydrogen peroxide (H,0,)
was found to have a very strong negative correlation with seed cot-
ton yield under control (r = —0.972") as well as heat stress condi-
tions (r = —0.955 ") (Table 2).

4.6.2. Accumulation of enzymatic antioxidants

The combined analysis of variance unveiled the existence of sig-
nificant diversity for CAT, POXs and SOD under stress treatments
(Table 1). However, the variations for these antioxidants across
years were found non-significant and their interactions too. Fur-
ther results revealed that heat stress triggered the accumulation
of several antioxidants including CAT, POXs and SOD in cotton
genotypes (Fig. 2d, Fig. 3a & b). The maximum increase in CAT
accumulation was observed in BH-254, where CAT accumulated
189 % more under heat stress (238.0 U mg~! protein) than control
(82.6 U mg! protein). However, the highest CAT accumulation
under heat stress was recorded in BH-306 (248.9 U mg~! protein).
A strong, negative but highly significant correlation was observed
between CAT accumulation and seed cotton yield under both con-
ditions (r, = —0.937", 1, = —0.904"") in studied cotton genotypes
(Table 2). The highest accumulation of POXs was recorded in BH-
232 (115.9 U mg ! protein) while the lowest POXs accumulation
was observed in BH-306 (83.6 U mg~! protein), respectively. How-
ever, the percentage increase in POXs accumulation was found
highest in BH-306, where POXs accumulated 168 % higher under
heat stress conditions compared to control (Fig. 3a). The correla-
tion coefficient analysis disclosed a strong positive and highly sig-
nificant correlation between POXs accumulation and seed cotton
yield under control (r = —0.920") heat stress conditions
(r = —0.974"), respectively (Table 2). Similarly, the highest SOD
activity was observed in cotton genotype BH-232 (109.8 U mg !
protein) while the lowest activity was recorded in BH-306 (84.8
U mg~! protein) under heat stress conditions. The maximum per-
centage increase in T-SOD activity was recorded in BH-306
(97.8 %) from 42.9 U mg~' protein in control to 84.8 U mg~! pro-
tein in heat stress conditions, respectively.
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Fig. 1. (a) Metrological data for the first four months of crop growth, (b) Variation in temperature under control and heat stress conditions.

Table 1

Mean Squares (MS) of plant traits in five cotton genotypes under drought stress conditions.
Source of Variation df PH N/P SB/P NB/P GOT SL Pn H,0, CAT POXs T-SOD  SCY
REP (A) 2 197.36 5.12 24.08 20.70 0.20 0.88 3.15 0.10 75.51 58.42 23.51 35,900
Year (B) 1 007" 0.60N 0.02Ms 1.30* 0.32M  0.50N 0.14Ms 1.33N 048N 0.51N8 0.14M 167
Error A*B 2 068 0.35 213 0.55 0.22 0.38 0.22 1.42 0.54 0.38 0.32 2.92
Treatment (C) 1 18704 98.8" 112.07" 1488~ 152" 046" 1826~ 194.8" 3242837 334437 22136° 2054980
B*C 1 002 0.82N 0.07™s 094N 042N 0.10M 1.49” 1.64N°  0.68N 0.71Ns 0.26M  201.67™
Error A*B*C 4 165 0.67 0.20 0.66 0.29 0.12 0.36 1.32 78.95 0.81 23.00 6379.27
Genotypes (D) 4 1430”7 13.90" 424" 8743”7 14547 438" 49.18" 63.02° 651897  2861.9" 930" 377000
D 4 3246° 1077° 0.83%  4157* 550"  0.008N 9.03" 080" 6404~ 122.65° 1257 165008
Error A*B*C*D 32 9865 439 10.77 19.10 1.99 0.12 0.92 0.07 47.17 8.47 10 24,562
Total 59 197.36 5.12 24.08 20.70 0.20 0.88 3.15 0.10 75.51 58.42 23.51 35,900

*P < 0.05, **P < 0.01; ns: non-significant.

P.H = Plant height (cm), N/P: Number of nodes per plant, SB/P: Number of sympodial branches per plant, NB/P: Number of bolls per plant, G.0.T: Ginning out turn (%), SL:
Staple length (mm), Pn: Net photosynthetic rate (umolems~!), H,0,: Hydrogen peroxide (umoleg™'), CAT: Catalase (U mg~"' protein), POXs: Peroxidase (U mg~! protein), T-
SOD: Total superoxide dismutase (U mg~' protein), SCY: Seed cotton yield (Kg per ha™").

Table 2

Correlation between different agronomic, physio-chemical, and fibre-related traits in upland cotton genotypes under heat stress conditions.
Traits P.H N/P SB/P NB/P GOT SL Pn H,0, CAT POXs T-SOD SCY
P.H 0.418 0.025 0471 0.767 0.220 0.578 -0.160 —-0.490 0.215 0.327 0.179
N/P 0.771 0.656 -0.285 0.185 -0.177 0.226 -0.576 -0.515 0.473 0.158 0432
SB/P 0.186 0.423 -0.809 0.229 0418 —0.466 0.153 0.300 -0.293 -0.631 -0.270
NB/P 0411 0.040 -0.516 0.292 -0.212 0.555 -0.217 —-0.506 0.344 0.684 0.236
GOT 0.772 0.295 0.255 0.210 0.732 —0.058 0.399 0.090 -0.379 -0.237 —0.466
SL 0.183 -0.104 0.609 -0.357 0.700 -0.590 0.884 0.732 —0.895 -0.804 —0.898
Pn 0.235 0.631 -0.216 -0.024 -0.347 -0.722 —-0.700 —0.868 0.792 0.881 0.829
H,0, -0.174 —0.582 0.246 -0.185 0478 0.859 —-0.940 0.920 —0.986 —0.831 -0.955
CAT -0.330 -0.517 0.470 -0.495 0.289 0.865 -0.851 0.932 —-0.953 —0.926 —0.904
POXs 0470 0.709 -0.239 0.426 -0.185 -0.752 0.866 -0.939 —-0.967 0.908 0.974
T-SOD 0.193 0.599 -0.243 0.160 -0.454 —0.842 0.956 —0.999 -0.929 0.938 0.868
SCY 0.096 0.465 -0.317 0.335 -0.548 -0.921 0.838 —-0.972 -0.937 0.920 0.959

Note: Values in the upper diagonal are the correlation (r,) between different traits under heat stress while the values in the lower diagonal are the correlation (r,) between
different plant traits under control/normal conditions. P.H = Plant height (cm), N/P: Number of nodes per plant, SB/P: Number of sympodial branches per plant, NB/P: Number
of bolls per plant, G.0.T: Ginning out turn (%), SL: Staple length (mm), Pn: Net photosynthetic rate (umolem-2 s-1), H,0,: Hydrogen peroxide (umoleg '), CAT: Catalase (U
mg~! protein), POXs: Peroxidase (U mg~! protein), T-SOD: Total superoxide dismutase (U mg~! protein), SCY: Seed cotton yield (Kg per ha™?).
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Table 3
Effects of heat stress on upland cotton genotypes.
Variety Treatment P.H N/P SB/P NB/P GOT
BH-254 Control 115.7 £ 3.22abc 24.0 + 0.47abc 18.7 £ 0.75ab 20.3 + 1.09abc 413 £ 041a
Heat Stress 103.0 + 3.45bcd 21.0 £0.53 cd 16.3 £ 0.73ab 18.0 + 1.08bc 39.9 + 0.38abcd
BH-232 Control 120.0 + 3.23ab 25.0 + 0.49ab 17.7 £ 0.73ab 26.0 +1.1a 40.0 £ 0.39abc
Heat Stress 110.0 + 3.47abcd 21.7£0.52 cd 15.0 £ 0.72b 22.0 + 1.09abc 39.0 + 0.39bcd
CIM-600 Control 125.0 £ 3.26a 26.3 £ 0.47a 20.7 £ 0.73a 20.7 £ 1.12abc 41.0 £ 0.41ab
Heat Stress 120.0 + 3.45ab 23.3 + 0.52abcd 17.7 £ 0.72ab 17.7 £ 1.09bc 40.7 £ 0.37ab
BH-200 Control 99.7 + 3.24cde 24.0 + 0.48abc 19.0 £ 0.74ab 18.7 £ 1.09abc 38.4+0.40 cd
Heat Stress 80.0 £ 3.47e 22.0 £ 0.54bcd 17.0 £ 0.75ab 15.0 + 1.10c 37.8+0.37d
BH-306 Control 108.7 + 3.26bcd 23.3 + 0.45abcd 19.3 + 0.75ab 233 £ 1.11ab 40.4 + 0.39abc
Heat Stress 90.0 + 3.45de 20.7 £ 0.53d 16.0 + 0.74ab 19.3 + 1.08abc 39.8 + 0.38abcd

P.H = Plant height (cm), N/P: Number of nodes per plant, SB/P: Number of sympodial branches per plant, NB/P: Number of bolls per plant, G.0.T: Ginning out turn (%).
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Fig. 2. Impact of Heat stress on (a) Staple length and (b) Net Photosynthetic rate (Pn) (c) Hydrogen peroxide (H,0,) and (d) Catalase (CAT) activity in cotton genotype.

4.6.3. Seed cotton yield (SCY)

Seed cotton yield is the most important trait and the final pro-
duct ready for usage in different industries. In the current study,
significant differences were observed among cotton genotypes,
stress treatments, and their interactions with seed cotton yield
(Table 1). The mean data of five cotton genotypes revealed the
drastic impact of heat stress on seed cotton yield (Fig. 3c). Results
revealed that heat stress reduced SCY from 15.1 % in BH-254 to
27.0 % in BH-232. Maximum SCY under heat stress was recorded
in BH-232 (1646.7 kg ha™!) followed by BH-200 (1492.7 kg ha™1)
while the lowest seed cotton yield was recorded in BH-306
(1202 kg ha™') (Fig. 3c). The correlation coefficient analysis
unveiled the presence of highly significant and positive correlation

of seed cotton yield with N/P (r = 0.432*), Pn (r = 0.829"), POXs
(r=0.974") and T-SOD (r = 0.868") under heat stress conditions.
However, under heat stress conditions, SCY had a strong negative
correlation with GOT (r = —0.466"), SL (r = —0.898"), H,0,
(r=-0.955") and CAT (r = —0.904") (Table 2).

5. Discussion

Heat stress is one of the major constrain in improving cotton
yield and fibre quality as it affects several yields and quality-
associated physio-chemical and metabolic processes (Xu et al,
2020). The development of new cotton genotypes and improving
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Fig. 3. Impact of Heat stress on (a) Peroxidases (POXs) and (b) Total superoxide dismutase (T-SOD) activity (c) seed cotton yield in cotton genotypes.

the existing ones with high-temperature tolerance along with
higher cotton yield is the primary focus of plant breeders to com-
bat climate change. To achieve this target, screening and evalua-
tion of existing germplasm for seed cotton yield and its
associated physio-chemical, agronomical and fibre-related traits
under stress conditions is pivotal to assess the magnitude of
genetic diversity for these traits (Yousaf et al., 2022). The results
obtained through combined ANOVA showed the existence of suffi-
cient genotypic variations among cotton genotypes for studied
traits, which indicates the extent of genetic variability present in
the studied genotypes and could be used to develop heat stress-
tolerant cotton genotypes as suggested by Riaz et al., 2021. How-
ever, the variations in the studied traits were non-significant for
years as a source of variation, indicating the minute impact of dif-
ferent growing seasons, suggesting the pooling of data as recom-
mended and used by Saroj et al., (2021).

Results revealed that the performance of seed cotton yield-
associated traits was greatly reduced under heat stress (Fig. 4).
Plant height, nodes per plant and sympodial branches per plant
were significantly reduced under stress. This might be due to a
decrease in the internodal distance, and photosynthate availability
because of the reduction in chlorophyll contents and net photosyn-
thesis (Abro et al., 2021). Cotton genotype CIM-600 was the best
performer due to higher plant height, nodes per plant, and
sympodial branches per plant. Several other studies also categorize
CIM-600 as a heat-tolerant cotton variety (Majeed et al., 2021).

Fibre quantity and quality are also greatly affected by the increase
in temperature. In the current study, ginning out turn (GOT) and
staple length were significantly reduced under stress conditions.

The reduction in GOT and staple length is associated with a
decrease in cell division and photosynthetic ability (Abro et al.,
2021). Correlation analysis also showed a negative but strong cor-
relation of seed cotton yield with GOT and staple length under con-
trol as well as heat stress conditions as shown by Bhatti et al.
(2020), Abro et al. (2021), Aslam et al. (2022).

Photosynthesis is one of the key physiological processes which
is responsible for yield potential and sustainability. However, heat
stress adversely affects plant growth and development by halting
and ceasing plant photosynthesis (Hassanuzzaman et al., 2013).
Results revealed a differential response of net photosynthesis
under heat stress conditions (Fig. 3). It was observed that heat
stress significantly reduced the net photosynthetic rate in cotton
genotypes. The reduction or sometimes inhibition of net photosyn-
thetic rate under stress conditions might be attributed to the
reduction in chlorophyll contents, increase in ionic conductance
of thylakoid membranes, and disruption in RuBisCo activity
(Crafts-Brandner and Law, 2000; Karademir et al., 2018).

Heat stress in cotton is accompanied by oxidative stress, which
disrupts the composition and concentration of biochemical and
metabolic compounds. One of the major impacts of oxidative stress
in cotton is the increased accumulation of reactive oxygen species
(ROXs), especially hydrogen peroxide, which increases the peroxi-
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dation of lipid bilayers and the degradation of cellular membranes.
Therefore, a lower concentration of H,0, in the cotton plants could
serve as an indicator of heat stress tolerance (Majeed et al., 2019).
In the current study, the concentration of H,O, was increased in
all-cotton genotypes under heat stress conditions. However, the
highest accumulation of H,0, was observed in BH-306, which
appeared to be the least productive and heat susceptible cotton
genotype. This was evident that a higher concentration of ROS spe-
cies like H,0, had a strong negative correlation with seed cotton
yield under heat stress as shown by correlation analysis. Similar
findings were reported by Zhang et al. (2014), Majeed et al.
(2019), who reported a highly negative correlation between seed
cotton yield and hydrogen peroxide concentration under stress
conditions.

To check, minimize or detoxify the adverse effects of reactive
oxygen species, several enzymatic and non-enzymatic antioxidants
are produced in cotton plants under heat stress, which act as
detoxifying or scavenging agents (Giir et al., 2010; Sekmen et al.,
2014). The highest accumulation of CAT was observed in BH-306
while the lowest CAT activity was recorded in BH-232. However,
the accumulation of POXs and T-SOD was found maximum in
BH-232, respectively under heat stress conditions, and these were
the main reasons for the lowest accumulation of H,O, and highest
seed cotton yield in BH-232 under stress conditions. The same
results were also shown by many other researchers who revealed
that an increase in antioxidant activity decreases the accumulation
of ROXs in stress-tolerant genotypes, which has a very significant
and positive impact on economical yield (Giir et al., 2010;
Sekmen et al., 2014). However, the accumulation of SOD decreases
at the temperature of 45 °C while the concentration of CAT, POXs,
and APX kept on increasing with the increase in temperature
(Sarwar et al., 2018).

6. Conclusion

In this study, heat stress was found to have a very negative
impact on plant growth and development by significantly reducing
plant height (PH), nodes per plant (N/P), sympodial branches per
plant (SB/P), number of bolls per plant (NB/P), ginning out-turn
(GOT), net photosynthetic rate (Pn), staple length (S.L) and seed
cotton yield (SCY). However, the concentration of hydrogen perox-
ide (H,0,) was increased under heat stress as an indication of
oxidative stress. To combat the negative impact of heat stress
and higher concentration of H,0,, cotton genotypes increased the
accumulation of certain enzymatic antioxidants i.e., CAT, POXs,
and T-SOD. Based on the results, it is therefore recommended to
cultivate the heat-tolerant cotton genotype BH-232 in heat-prone
areas of the country.
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