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Abstract: Both drought and high temperature can influence the antioxidant metabolism of crop re-
productive organs in different ways, affecting the fertility of reproductive organs and yield formation.
However, the combined effects of drought stress and high temperature on the crop reproductive
physiology have not yet been widely considered. In order to broaden our understanding of this mech-
anism of influence, a pond experiment was conducted using a cotton variety Yuzaomian 9110 divided
into four treatment groups: control (CK), drought stress (DS), high temperature (HT), and drought
stress coupled with high temperature (DS+HT). Results showed a significant negative correlation
between pollen viability and superoxide anion (O2

−) content, as well as hydrogen peroxide (H2O2).
Compared with CK, DS did not alter O2

− content in anthers, but HT treatment resulted in higher
anther O2

−. Compared with single-stress groups, DS+HT further promoted the formation of O2
− in

anthers, leading to more malondialdehyde in anthers. Moreover, a higher H2O2 content in anthers
was found in DS and HT than in CK. DS+HT did not show altered H2O2 content relative to HT treat-
ment, although its H2O2 was higher than in DS. Further analyses of the antioxidant enzyme system
showed that DS had no significant effect on superoxide dismutase gene (GhCu/ZnSOD) expression,
but HT and DS+HT significantly downregulated its expression. The expression of GhCu/ZnSOD was
lower under DS+HT than HT, which might be why O2

− content was not altered under DS treatment
compared with CK and was higher in DS+HT than HT. DS and HT significantly downregulated the
expression of the peroxidase gene (GhPOD) and catalase gene (GhCAT), which should be the main
reason for the larger accumulation of H2O2 under drought stress and high-temperature conditions.
Compared with single-stress groups, DS+HT had lower expression of GhCAT, resulting in a larger
H2O2 content. Regarding the ascorbic acid–glutathione (AsA–GSH) cycle, DS and HT significantly
downregulated the expression of monodehydroascorbate reductase gene (GhMDHAR) to hinder the
production of AsA and upregulated the expression of ascorbate oxidase gene (GhAAO) to promote
the oxidation of AsA, which was theoretically detrimental to AsA accumulation. However, HT down-
regulated the expression of the ascorbate peroxidase gene (GhAPX), hindering the reduction of H2O2

by AsA, which was the reason for AsA and H2O2 accumulation. Moreover, DS also significantly
upregulated the expression of the dehydroascorbate reductase gene (GhDHAR2) to enhance the
reduction of dehydroascorbate to form AsA, leading to a higher content of AsA under DS than HT.
The combined stress significantly downregulated the expression of GhAAO to inhibit the oxidation of
AsA but significantly upregulated the expression of GhMDHAR and GhDHAR2, promoting the AsA
production, and downregulated the expression of GhAPX, hindering the reduction of H2O2 by AsA.
All these resulted in increased AsA content under combined stresses. In addition, HT significantly
downregulated the glutathione reductase gene (GhGR) expression, hindering the reduction of oxi-
dized glutathione (GSSG), which led to the reduction of GSH. However, DS and DS+HT significantly
downregulated the glutathione peroxidase gene (GhGPX) expression, resulting in the accumulation of
GSH. Overall, compared with single-stress treatments, the effects of DS+HT on cotton pollen fertility
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and peroxide accumulation were more significant. The effects of DS+HT on the antioxidant enzyme
system were mainly caused by high temperature, while the mechanism of abnormal accumulation of
AsA and GSH caused by DS+HT was different from those of single-stress groups.

Keywords: cotton (Gossypium hirsutum L.); drought stress; high temperature; combined stress; pollen
viability; antioxidant metabolism

1. Introduction

Global climate change leads to frequent extreme weather, especially drought stress
and high temperature, which seriously affect the growth and development of crops and
bring new challenges to agricultural production. It was estimated that by the end of this
century, the global average temperature will increase by another 1.8–4.0 ◦C [1,2]. The high
temperature seriously affects the physiological and metabolic activities of crops, especially
reproductive development, and thus affects the normal fertilization of plants, as one of
the main factors for crop yield loss [3,4]. At the same time, the deterioration of the global
climate has caused more than one-third of the world’s cultivated land to face the problem of
insufficient water supply [5]. Drought is also the main abiotic stress factor that limits crop
growth, especially drought occurring at the flowering and boll-forming stage, leading to a
significant decrease in pollen fertility, which is not conducive to fertilization and fruiting [6],
therefore reducing the crop yield [7,8]. Moreover, heat and drought stresses usually occur
simultaneously under field conditions, and some studies have explored the effects of
combined stress of drought and heat temperature on the physiological and metabolic
activities in cotton (Gossypium hirsutum L.) leaves, fibers, and seeds [9,10]. However, there
are few studies on the effects of the combined stress of drought and high temperature on
the physiological and metabolic activities of cotton male organs and their relationship with
pollen fertility.

Abiotic stresses, including drought, high temperature, salinization, etc., can destroy
the metabolic balance of reactive oxygen species (ROS) and result in ROS accumulation
in plant cells [11]. Excessive ROS are among the main causes of male sterility in wheat
(Triticum aestivum L.) [12], maize (Zea mays L.) [13], and rice (Oryza sativa L.) [14]. The
antioxidant systems responsible for scavenging ROS in plants include enzymatic and
nonenzymatic systems. Superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD) are three classical active oxygen scavenging enzymes. SOD can disproportionate
O2
− into H2O2 and O2, while CAT and POD are responsible for removing the H2O2 toxicity.

The former directly converts H2O2 into nontoxic H2O and O2, while the latter promotes the
interaction of H2O2 and the substrate to form H2O [15,16]. The nonenzymatic system for
scavenging ROS consists of a class of small molecular antioxidants, including ascorbic acid
(AsA), glutathione (GSH), proline, carotenoids, flavonoids, tocopherols, and others. AsA
can effectively eliminate O2

− and ·OH and is also the quenching agent of 1O2 [17]. GSH
can scavenge ·OH and 1O2 directly and protect the mercaptan groups of other enzymes [18].
AsA–GSH cycle is an important nonenzymatic antioxidant defense system in plants. The
redox process of AsA and GSH involves a variety of enzymes. Ascorbate peroxidase
(APX) catalyzes the reaction of AsA and H2O2, which is highly specific to AsA. Monodehy-
droascorbate reductase (MDHAR) catalyzes the reduction of monodehydroascorbic acid
(MDHA) to form AsA to complete the redox cycle of AsA. The transformation between
GSH and oxidized glutathione (GSSG) mainly depends on glutathione peroxidase (GPX)
and glutathione reductase (GR). In addition, dehydroascorbate reductase (DHAR) can
catalyze the reduction of dehydroascorbic acid (DHA) and oxidize GSH to GSSG [19].

Drought stress can cause the imbalance of antioxidant metabolism of crops to increase
ROS such as O2

−, ·OH, and H2O2 contents [20–22], and the effects of drought on antiox-
idant metabolism depend on the crop variety and the severity of drought. For example,
Rong et al. [23] have confirmed that mild-drought-stressed tobacco (Nicotiana tabacum L.)
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plants have higher antioxidant enzyme activities, but Fu et al. [24] found that severe
drought stress decreased the activities of SOD and CAT in anthers of two rice cultivars.
Selote et al. [25] reported that drought significantly influenced the activities of SOD, POD,
and CAT in spikelets of the two wheat varieties. The variation in amplitude of these
enzyme activities was higher for drought-resistant varieties than drought-sensitive vari-
eties. Regarding the AsA–GSH cycle, it was found that under mild drought conditions,
the activities of enzymes (APX, DHAR, MDHAR, and GR) related to the AsA–GSH cycle
in apple (Malus pumila Mill.) leaves increased to improve the antioxidant capacity; how-
ever, under severe conditions, the activities of these enzymes of AsA–GSH circulation
system decreased [26]. Under drought stress, the contents of AsA and GSH in spikelets of
drought-resistant rice cultivars were significantly increased, while the contents of AsA and
GSH in spikelets of drought-sensitive rice cultivars were significantly lower than that in
well-watered plants [25]. High temperatures also disturb the antioxidant metabolism in
plants [27]. Under high-temperature stress, ROS production rate and content increased dur-
ing pollen development [28,29], leading to cell death in anthers and pollen abortion [30,31].
It was found that high temperatures eventually lead to a decrease in the activities of antiox-
idant enzymes (SOD, POD, and CAT) related to antioxidant metabolism in reproductive
organs [32]. The contents of AsA and GSH in leaves of tall fescue and perennial ryegrass
decreased under high-temperature stress [33]. The activities of enzymes (APX, DHAR,
MDHAR, and GR) related to the AsA–GSH cycle were also affected by high temperatures.
Zou et al. [34] found that high temperature increased the activities of MDHAR, DHAR,
and GR in Chinese cabbage (Brassica campestris L.) seedlings and significantly increased
the content of AsA and GSH, which was beneficial to the AsA–GSH cycle. A similar
study found that the activities of APX, MDHAR, and GR were significantly increased in
pears (Pyrus communis L.) exposed to short-term high-temperature treatment but decreased
significantly with the extension of treatment time [35]. The effects of the combined stresses
depend on the intensity and condition of every single stress and cannot be deduced from
the plants’ responses to individual stresses [36]. Although the effects of drought stress and
high temperature on the antioxidant metabolism in crop male reproductive organs and
the relationship with pollen fertility have been studied individually, their effects, when
combined, have received less attention.

Therefore, exploring the effects of the combined stress of drought and high temperature
on the antioxidant metabolism in cotton male reproductive organs and its relationship with
pollen fertility can not only improve the mechanism of abiotic stress in cotton reproductive
growth but also provide a theoretical basis and technical support for the stress-resistant
cultivation of cotton production conducive to coping with the frequent stress caused by
climate change.

2. Materials and Methods
2.1. Experimental Design

This experiment was carried out in the Pailou Experimental Station of Nanjing Agri-
cultural University from 2019 to 2020. A total of 6 ponds (4 m length × 4 m width × 1.5 m
height and filled with yellow-brown loam soil) were placed under a half-open warming
greenhouse to effectively eliminate the effect of precipitation in this experiment. The up-
land cotton variety Yuzaomian 9110 was planted in nutrition bowls on May 6 and May 12
in 2019 and 2020, respectively. At the three-true-leaves stage, the cotton seedlings were
transplanted into the ponds, with line spacing of 75 cm and interplant spacing of 15 cm.
In this experiment, the split zone design with temperature treatment as the main plot
and water treatment as the subplot was performed in three replications. Before perform-
ing the different treatments, all ponds were kept at soil-relative water content (SRWC)
of (75 ± 5)% and ambient temperature. Different soil-moisture treatments began at the
early stage of flowering. When the soil moisture reached the predetermined level, the
temperature treatments were established (Figure S1) according to our previous report [10],
using a Temperature Control System (OTC, Southeast Co., Ltd., Ningbo, China) to raise the
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ambient temperature 2–3 ◦C. The mean daily temperatures in the ambient and the elevated
temperature areas in 2019 and 2020 are shown in Table S1. The mean daily temperature
in the ambient temperature area in 2019 and 2020 were 31.7 ◦C and 31.2 ◦C, respectively,
lower than the upper limit of 32 ◦C of the optimum temperature range for cotton develop-
ment [37]. The average daily temperature in the elevated temperature area in 2019 and 2020
were 34.2 ◦C and 33.8 ◦C, respectively, which were higher than the upper limit of the optimum
temperature range for cotton development. Hence, the plants in the elevated temperature area
were under high temperature stress. On the seventh day after the high-temperature treatment
was established, the white flowers blooming were collected as the study objects. Finally, the
four treatments were as follows: (1) control (CK), SRWC (75 ± 5)% + ambient temperature,
(2) drought stress (DS), SRWC (45 ± 5)% + ambient temperature, (3) high temperature (HT),
SRWC (75 ± 5)% + ambient temperature plus 2–3 ◦C, and (4) drought stress coupled with high
temperature (DS+HT), SRWC (45 ± 5)% + ambient temperature plus 2–3 ◦C.

2.2. Data Collection
2.2.1. Midday Leaf Water Potential (ΨMD)

The midday leaf water potential of cotton was measured from 18 July to 2 August and
from 23 July to 7 August in 2019 and 2020, respectively. The ΨMD of functional leaves of cotton
main stem was measured every 3 days. Three cotton leaves were taken from each treatment
from 12:00 to 13:00, and the leaf water potential was measured immediately with a 3005 series
pressure chamber from Soilmoisture Equipment Company (Burlington, ON, Canada).

2.2.2. Pollen Viability

In 2019, pollen viability was determined by I2-KI staining [38]. The pollen was shaken
onto a glass slide, and 1–2 drops of I2-KI were then added. The glass slide was incubated
at 37 ◦C for 5 min, and blue-black pollen grains were considered viable. In 2020, pollen
viability was determined by 2,3,5-triphenyltetrazolium chloride (TTC) staining [39]. The
pollen was shaken into a Petri dish, and 0.5% TTC solution was added. The pollen grains
were observed and photographed after 20 min. Red or pink pollen grains were considered
viable, and white pollen grains were abortive. The results of pollen viability measurements
in 2019 and 2020 are shown in Figure S2 and Table S2.

2.2.3. Anther Peroxide Content

The O2
− content test kit (No. A052-1-1) provided by Nanjing Jiancheng Bioengineering

Institute was used for anther O2
− extraction and determination. Fresh anther tissue (0.2 g)

was ground in a chilled grinder, and then 3.0 mL of 0.1 M PBS extract solution was added to
make a homogenate. The mixture was then centrifuged for 10 min at 10,000× g at 4 ◦C, and the
absorbance of the supernatant was determined at 550 nm using an ultraviolet spectrophotometer.

The H2O2 content test kit (No. A064-1-1) provided by Nanjing Jiancheng Bioengineering
Institute was used for anther H2O2 extraction and determination. The preparation method
of anther H2O2 extract was the same as that of the O2

− extract. Then, the absorbance of the
supernatant was determined at 405 nm using an ultraviolet spectrophotometer.

Malondialdehyde (MDA) content was assayed according to Hu et al. [40] with slight
modifications. Fresh anther tissue (0.2 g) was ground in a chilled grinder with 5 mL Tris-HCl
buffer and centrifuged at 4 ◦C 12,000× g for 10 min. The supernatant was collected, and
0.5 mL supernatant was heated at 100 ◦C with 2 mL TCA–TBA mixture [containing 10%
trichloroacetic acid (TCA) and 0.6% thiobarbituric acid (TBA)] for 20 min. Then, the mixture
was centrifuged for 10 min at 10,000× g. The absorbance values of the supernatant were
determined at the wavelengths of 450, 532, and 600 nm, respectively. The concentration of
MDA was calculated as 6.45 × (OD532 − OD600) − 0.56 × OD450.

2.2.4. Peroxides Labeling

The male reproductive organs (anthers and filament) were placed in a 7 mL centrifuge
tube. DAB staining kit (Wuhan Servicebio Technology Co., Ltd., Wuhan, China) was
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selected to label the peroxide. The plant hydrogen peroxide staining solution (DAB) (item:
G1022-100ML) should be protected from light during the operation. For the DAB staining
solution, 100 mg of DAB (3,3’-Diaminobenzidine tetrahydrochloride) was dissolved in
100 mL pH = 3.8 phosphate buffer. The samples were completely immersed in the dye
solution. After dyeing at 25 ◦C for 6 h, the samples were observed by DVM6 ultra-depth
stereoscope (LEICA company, Wetzlar, Germany).

2.2.5. Anther AsA and GSH Contents

The content of AsA was assayed according to Kampfenkel et al. [41] with slight
modifications. Fresh anther tissue (0.2 g) was ground in a chilled grinder with 2 mL
of 0.2 M PBS extract solution before centrifuged at 4 ◦C at 10,000× g for 10 min. The
supernatant was collected. The reaction system includes 400 µL sample extract, 100 µL
H2O2, 500 µL 10% (w/v) TCA, 400 µL 42% (w/v) H3PO4, 400 µL 4% (w/v) bipyridine, and
200 µL 3% (w/v) FeCl3. All the constituents were thoroughly mixed and placed in a water
bath at 42 ◦C for 40 min. The absorbance was detected at 525 nm.

The test kit (No. A006-2-1) of GSH content provided by Nanjing Jiancheng Bioengi-
neering Institute was used for anther GSH extraction and determination. Fresh anther
tissue (0.2 g) was ground in a chilled grinder, and then 1.8 mL of 0.1 M PBS extract solu-
tion was added to make a homogenate. The mixture was then centrifuged for 10 min at
10,000× g at 4 ◦C, and the absorbance of the supernatant was determined at 405 nm.

2.2.6. Gene Expression

The samples collected in 2020 were used for gene expression analysis. A FastPure Plant
Total RNA lsolation Kit (Vazyme, Nanjing, China) and a GoldenstarTM RT6 cDNA Synthesis
Kit Ver. 2 (TsingKe, Beijing, China) were utilized to extract total RNA and generate the
cDNAs, respectively. The PCR conditions were initial denaturation at 95 ◦C for 1 min,
40 cycles at 95 ◦C for 10 s, and annealing and extension at 60 ◦C for 15 s. The ubiquitin was
used as an internal control. The primers for all genes are presented in Table S3. The relative
expression level of tested genes was analyzed using the 2−44Ct method. Three biological
replicates were measured per treatment.

2.2.7. Data Analysis

The data were the mean of three replications. The statistical analysis software SPSS 17.0
(SPSS Inc., Chicago, IL, USA) was used to perform a one-way analysis of variance, corre-
lation analysis, and principal component analysis. The LSD method was used to test the
significant difference between means set at 0.05. Graphs were created by Origin 2021.

3. Results
3.1. Midday Leaf Water Potential (ΨMD)

In Figure 1, The ΨMD of CK and HT treatments was similar and relatively stable, about
−1.8~−1.6 Mpa and −2.2~−2.0 Mpa in 2019 and 2020, respectively. The ΨMD of DS and
DS+HT treatments was significantly lower than that of CK.

3.2. Pollen Viability and Pollen Germination Rate

Compared with CK, both DS and HT significantly decreased cotton pollen viability
(Figure S2 and Table S2), but the decrease was much greater under DS than HT conditions.
The pollen viability of DS treatment was only 49.94–55.20% of that of HT treatment. The
pollen viability under DS+HT treatment decreased by 73.43–75.37%, compared with CK,
which was markedly lower than DS and HT treatments.
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Figure 2. The labeling of peroxides in cotton anthers: (A) male reproductive organ and (B) single
anther under different treatments in 2020. CK—control; DS—drought stress; HT—high temperature;
DS+HT—drought stress coupled with high temperature.

3.4. Anther ROS Content

There was no significant difference in O2
− content between CK and DS treatments in

2019 and 2020 (Figure 3). In 2019, the O2
− content under HT and DS+HT treatments was

significantly higher than that of CK, and there was no significant difference between HT
and DS+HT treatments, while in 2020, the O2

− content under HT and DS+HT treatments
was significantly higher than that of CK, and DS+HT treatment had a higher value than
HT treatment. Compared with CK, the H2O2 content under DS, HT, and DS+HT treatments
increased by 7.17–9.30%, 19.49–24.30%, and 24.81–28.38%, respectively (Figure 3), and there was
no significant difference in H2O2 content between HT and DS+HT treatments in 2019 and 2020.
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3.6. Expression of Genes Associated with Antioxidant Enzymes in Cotton Anthers

In Figure 5, DS treatment had no significant effect on the expression of GhCu/ZnSOD
but significantly downregulated the expressions of GhPOD and GhCAT to 0.31- and
0.81-fold, respectively, compared with CK. HT treatment significantly downregulated the
expressions of GhCu/ZnSOD, GhPOD, and GhCAT to 0.41-, 0.22-, and 0.33-fold, respectively, com-
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pared with CK. DS+HT treatment significantly downregulated the expressions of GhCu/ZnSOD,
GhPOD, and GhCAT to 0.17-, 0.38-, and 0.28-fold, respectively, compared with CK.
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3.8. Expression of Genes Associated with AsA–GSH Cycle in Cotton Anthers

The expression patterns of genes associated with AsA–GSH cycle in cotton anthers
were different under single and combined stresses (Figure 7). Compared with CK, DS, HT,
and DS+HT treatments significantly downregulated the expression of GhAPX in cotton
anthers to 0.40-, 0.09-, and 0.34-fold, respectively (Figure 7). Compared with CK, DS and
HT treatments significantly downregulated the expression of GhMDHAR in cotton anthers
to 0.14- and 0.19-fold, respectively, while DS+HT treatment significantly upregulated the
expression of GhMDHAR in cotton anthers by a 5.93-fold (Figure 7). Compared with CK,
DS and DS+HT significantly upregulated the expression of GhDHAR2 in cotton anthers
with 1.58- and 4.38-fold, respectively, while HT treatment had no significant effect on
the expression of GhDHAR2 in cotton anthers (Figure 7). The expression of GhGR was
markedly decreased by all stress treatments compared with CK, with the decreases being
largest under DS+HT conditions, followed by DS, and then HT (Figure 7). Compared with
CK, DS and HT significantly upregulated the expression of GhAAO in cotton anthers with
1.44- and 1.51-fold, respectively, while DS+HT treatment significantly downregulated the
expression of GhAAO in cotton anthers to 0.19-fold (Figure 7). Compared with CK, DS and
DS+HT significantly downregulated the expression of GhGPX in cotton anthers to 0.58-
and 0.48-fold, respectively, while HT treatment had no significant effect on the expression
of GhGPX in cotton anthers (Figure 7).
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Figure 7. Effects of drought stress, high temperature, and combined stress on the relative expression
levels of ascorbate peroxidase gene (APX), monodehydroascorbate reductase gene (MDHAR), de-
hydroascorbate reductase gene (DHAR2), glutathione reductase gene (GR), ascorbate oxidase gene
(AAO), and glutathione peroxidase gene (GPX) in cotton anthers in 2020. CK—control; DS—drought
stress; HT—high temperature; DS+HT—drought stress coupled with high temperature. Columns
labeled with different letters are significantly different at the p = 0.05 probability level.



Agronomy 2023, 13, 2550 10 of 15

3.9. Correlation between Pollen Viability and ROS Content

According to correlation analysis, there was a significant negative correlation (p < 0.01)
between pollen viability, O2

− content, and H2O2 content in 2019 and 2020, respectively
(Table S4).

3.10. Principal Component Analysis of Antioxidant Metabolism in Cotton Anthers

In order to visualize the changes in antioxidant metabolism under different treatments,
a principal component (PC) analysis was conducted. The results showed that the first
two PCs could explain 60.88% and 20.73% of the total variance, respectively (Figure 8).
The scores plot showed that PC1 could well separate CK and DS+HT treatment, and the
combination of PC1 and PC2 could well separate CK and DS treatment as well as HT
treatment. According to the principal component load diagram (Figure 8), the indexes
with higher load (the absolute value > 0.4) in the direction of PC1 were MDA, GhPOD,
GhAPX, GhMDHAR, GhDHAR2, GhGR, and GhAAO, while those in the direction of PC2
were AsA and GSH. However, the loads of O2

−, H2O2, GhCu/ZnSOD, GhCAT, and GhGPX
were approximately equal in the direction of PC1 and PC2.
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4. Discussion
4.1. Effects of Drought Stress and High Temperature on ROS Content and Its Relationship with
Pollen Fertility

In this study, two common methods, I2-KI staining and TTC staining [42], were used to
determine the cotton pollen viability in 2019 and 2020, and the results indicated it had good
repeatability between years. Compared with CK, both DS and HT significantly decreased
cotton pollen viability. Pollen viability under DS+HT was markedly lower than under
DS and HT treatments, indicating that drought stress coupled with high temperature led
to greater damage to pollen fertility than any single stress. The embodiment of pollen
fertility includes a variety of complex metabolic processes. The balancing process of
production and scavenging of reactive oxygen species (ROS) is also closely related to pollen
fertility [43,44]. In line with their reports, there was a significant negative correlation
between pollen viability and O2

− content, as well as H2O2 content in the present study.
Previous studies have found that drought stress [45] and high temperature [32] could lead
to a significant accumulation of ROS in crop anthers, which was a significant cause of
reduced pollen fertility. In this study, the results also showed that, compared with CK,
there was a higher content of O2

− in anthers under HT treatment and a higher H2O2
content in anthers under DS and HT treatments. The content of O2

− in anthers under
DS+HT treatment was higher than that under individual stress treatments (except for O2

−

in 2019), meaning that compared with single stress, the combined stress of drought and
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high temperature further promoted the formation of O2
− in anthers. Moreover, DS+HT

treatment had more accumulation of malondialdehyde (MDA) in anthers than any single
stress, indicating that, compared with single drought or high-temperature stress, higher
O2
− content under combined stress led to greater damage to cell structure. In support of

our results, Yan et al. [46] found that O2
− content together with MDA content in a male tassel

of maize under combined stress of heat and drought was significantly higher than that under
individual stress, and the difference was the most significant 6–8 days after stress. However,
DS+HT treatment did not alter H2O2 content relative to HT treatment, although DS+HT had a
higher H2O2 content than DS treatment, suggesting that under combined stress, the influence
of high temperature on H2O2 content might play a dominant role.

4.2. Effects of Drought Stress and High Temperature on Antioxidant Enzyme System in Anthers

The antioxidant enzyme system in anthers mainly includes superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT). SOD is the first line of defense for scav-
enging ROS, and it converts O2

− to H2O2 and O2 by catalytic disproportionation [15,16].
Fu et al. [24] have found that pollen fertility under drought stress was closely related to
the activities of SOD, and Zhao et al. [44] found that the increase in O2

− content in rice
anthers under heat stress was closely related to the decrease in SOD activity. In this study,
DS treatment had no significant effect on the expression of GhCu/ZnSOD, indicating that
the O2

− disproportionation reaction was not altered, which might be why O2
− content

did not increase significantly under DS treatment compared with CK. The HT and DS+HT
treatments significantly downregulated the expression of GhCu/ZnSOD in relation to CK,
and the expression of GhCu/ZnSOD was substantially decreased under the DS+HT treat-
ment compared with HT treatment, indicating that combined stress might further damage
the ability to convert O2

− to H2O2 and O2 by catalytic disproportionation more than sin-
gle high-temperature stress. Hence, it was also why the content of O2

− under DS+HT
treatment was higher than that under HT treatment. The two enzymes, POD and CAT,
are responsible for catalyzing the scavenging of H2O2 [15,16]. In this study, DS and HT
treatments significantly downregulated the expression of GhPOD and GhCAT, which was
consistent with previous studies where drought stress significantly decreased the activities
or gene expression of POD and CAT [47], and the increase in ROS content in rice anthers
under high-temperature stress was closely related to the decrease in POD and CAT activi-
ties [44]. This also led us to speculate whether the downregulation of GhPOD and GhCAT
could be the main reason for the larger accumulation of H2O2 under drought stress and
high-temperature conditions. Compared with single stress, the downregulation range of
GhPOD under DS+HT treatment was the smallest. However, the expression of GhCAT
decreased to the lowest level under DS+HT treatment, letting us hypothesize that the
downregulation of GhCAT expression weakened the ability of anthers to scavenge H2O2
directly under combined stress, resulting in a large H2O2 accumulation.

4.3. Effects of Drought Stress and High Temperature on AsA–GSH Cycle in Anthers

The ascorbic acid–glutathione (AsA–GSH) cycle is an important nonenzymatic path-
way for scavenging ROS in plants [48,49]. In this study, all stress treatments significantly
increased the content of AsA in cotton anthers, which was consistent with previous stud-
ies [50]. Compared with CK, the GSH content under DS increased, while the GSH content
significantly decreased under HT treatment, indicating that drought and high temperature
had adverse effects on anther GSH content. Consistent with our results, related studies
have found the adverse effects of drought stress [25] and high temperature [51] on the
content of GSH. Hence, drought and high-temperature effects on GSH content resulted in a
higher GSH under DS+HT treatment than under HT but lower than under DS treatment.
However, similar to DS treatment, under DS+HT treatment, the GSH content was still
higher than under CK, suggesting that drought plays a major role in the effects of combined
stress on anther GSH content.
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AsA–GSH cycle involves multiple enzymatic reactions. Ascorbate peroxidase (APX)
uses AsA as a reductant in the first step of the AsA–GSH cycle and is one of the most
important enzymes for scavenging H2O2 [52]. Compared with CK, DS, HT, and DS+HT
treatments significantly downregulated the expression of GhAPX, severely hindering the
AsA’s reduction of H2O2. This can explain why the AsA content was high under drought
stress, high temperature, and their combined conditions, as opposed to leading to the
increased H2O2 content. Monodehydroascorbate reductase (MDHAR) is responsible for
reducing monodehydroascorbic acid (MDHA) [53]. Single DS or HT treatment led to
a significant downregulation of GhMDHAR, which was not conducive to forming AsA.
Under the combined stress, GhMDHAR was significantly downregulated, suggesting that
the effect of combined stress on GhMDHAR expression was different from that of any single
stress and thus conducive to forming AsA.

Dehydroascorbate reductase (DHAR) can catalyze two reactions: one is to recycle
AsA from DHA [54], and the other is to catalyze the oxidation of GSH to GSSG. Ascorbate
oxidase (AAO) is responsible for catalyzing the oxidation of AsA to MDHA, but MDHA
is unstable and can be easily converted into DHA [55]. Then, the DHA is restored to AsA
by DHAR. In this study, the results showed that DS and HT significantly upregulated the
expression of GhAAO, and there was no significant difference between the two treatments.
This indicated that drought stress and high temperature promoted the oxidation of AsA.
Drought stress also upregulated the expression of GhDHAR2, but the high temperature had
no significant effect on GhDHAR2 expression. It can be seen that drought stress enhanced
the process of reducing DHA to AsA compared with high temperature, which was also
why the content of AsA under drought stress was significantly higher than that under
high temperature. Under the combined stress, GhAAO was significantly downregulated,
and GhDHAR2 was significantly upregulated, which hindered the oxidation of AsA and
promoted the reduction of oxidized AsA, resulting in the accumulation of AsA content.

Glutathione peroxidase (GPX) can catalyze the reaction of GSH and H2O2 to produce
GSSG, and glutathione reductase (GR) is an enzyme that reduces GSSG and catalyzes
GSH regeneration [49]. The reaction catalyzed by GPX and GR plays a momentous role
in maintaining GSH/GSSG balance. In this study, compared with CK, all stress signifi-
cantly downregulated the expression of GhGR, and the amplitude of decline in the DS+HT
treatment was the largest, indicating that drought stress and high temperature, especially
when combined, were not conducive to GSH regeneration in cotton anthers. In addition,
HT had no significant effect on the expression of GhGPX, which means that high temperature
had no effects on the oxidation of GSH, so the hindrance of GSH regeneration may be the
primary reason for the decrease in GSH content under high temperature. However, the DS
and DS+HT treatment significantly downregulated the expression of GhGPX, indicating that
the oxidation of GSH was blocked by drought stress and drought stress coupled with high
temperature, which was the main reason for the final higher GSH accumulation than in CK.

5. Conclusions

The variation of pollen viability was closely related to the peroxide content in anthers.
DS had no significant effect on the expression of GhCu/ZnSOD, so the content of O2

− did not
increase significantly, while the HT and DS+HT significantly downregulated the expression
of GhCu/ZnSOD, resulting in a significant increase in the content of O2

−. Although AsA
content was higher under DS, HT, and DS+HT, the expression of GhPOD decreased under
DS and HT, and the expression of GhCAT decreased under DS+HT, which led to the
decrease in the ability to scavenge H2O2, resulting in the increase in H2O2 and MDA
contents. In addition, DS and HT significantly downregulated GhMDHAR to seriously
hinder the production of AsA. They upregulated the expression of GhAAO to promote the
oxidation of AsA but downregulated the expression of GhAPX to hinder the reduction of
H2O2 by AsA, which was the reason for the accumulation of AsA and the H2O2 increase.
DS also upregulated the expression of GhDHAR2, which was beneficial in reducing DHA to
AsA. This might be the reason why the content of AsA under DS was significantly higher
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than under HT; the DS+HT downregulated the expression of GhAAO and inhibited the
oxidation of AsA but upregulated the expression of GhMDHAR and GhDHAR2, which
was beneficial to the production of AsA. Downregulated GhAPX inhibited the reduction
of H2O2 by AsA, resulting in an increase in AsA content. In addition, HT significantly
downregulated the expression of GhGR, blocking the reduction of GSSG and decreasing the
content of GSH. In contrast, DS and DS+HT significantly downregulated the expression of
GhGPX, blocking the oxidation of GSH and leading to the accumulation of GSH. Combined
stress had a unique effect on the AsA–GSH cycle. Compared with single stress, combined
stress had a major influence on the related genes, including GhMDHAR, GhDHAR2, GhGR,
and GhAAO, involving the AsA–GSH cycle. Therefore, the combined stress had a more
comprehensive impact on the AsA–GSH cycle to influence ROS content. Timely inspection is
recommended to avoid severe antioxidant metabolism disorders caused by multiple stresses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy13102550/s1, Figure S1: Temporal trend in soil relative water content (2019–2020).
CK, control; DS, drought stress; HT, high temperature; DS+HT, drought stress coupling with high
temperature; Figure S2: Pollen viability ((A), in 2019 and (B), in 2020) under drought stress, high
temperature and combined stress. CK, control; DS, drought stress; HT, high temperature; DS+HT,
drought stress coupling with high temperature; Table S1: Mean daily temperature in the high temper-
ature area and the ambient temperature area (2019–2020); Table S2: Effects of drought stress, high
temperature and coupled stress on cotton pollen fertility in 2019 and 2020. CK, control; DS, drought
stress; HT, high temperature; DS+HT, drought stress coupling with high temperature; Table S3: Gene
primer sequences used for the quantitative real-time PCR analysis; Table S4: Correlation coefficient
among pollen viability and O2

− as well as H2O2 content in 2019 and 2020.
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