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Nitric Oxide and Hydrogen Sulfide Coordinately Reduce
Glucose Sensitivity and Decrease Oxidative Stress via
Ascorbate-Glutathione Cycle in Heat-Stressed Wheat
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Abstract: The involvement of nitric oxide (NO) and hydrogen sulfide (H2S) in countermanding
heat-inhibited photosynthetic features were studied in wheat (Triticum aestivum L.). Heat stress (HS)
was employed at 40 ◦C after establishment for 6 h daily, and then plants were allowed to recover
at 25 ◦C and grown for 30 days. Glucose (Glc) content increased under HS and repressed plant
photosynthetic ability, but the application of sodium nitroprusside (SNP, as NO donor) either alone or
with sodium hydrosulfide (NaHS, as H2S donor) reduced Glc-mediated photosynthetic suppression
by enhancing ascorbate-glutathione (AsA-GSH) metabolism and antioxidant system, which reduced
oxidative stress with decreased H2O2 and TBARS content. Oxidative stress reduction or inhibiting
Glc repression was maximum with combined SNP and NaHS treatment, which was substantiated
by 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) and hypotaurine (HT),
scavengers for NO and H2S, respectively. The scavenge of H2S reduced NO-mediated alleviation of
HS suggesting of its downstream action in NO-mediated heat-tolerance. However, a simultaneous
decrease of both (NO and H2S) led to higher Glc-mediated repression of photosynthesis and oxidative
stress in terms of increased H2O2 content that was comparable to HS plants. Thus, NO and H2S
cooperate to enhance photosynthesis under HS by reducing H2O2-induced oxidative stress and
excess Glc-mediated photosynthetic suppression.

Keywords: AsA-GSH; glucose; H2S; nitric oxide; photosynthesis

1. Introduction

Global temperature rise is an emerging issue for plant growth and development as it
causes oxidative stress in plants affecting their physiology and metabolism. Heat stress
leads to excess production of reactive oxygen species (ROS) that disturbs plant membrane
lipids and alters protein structure and functions. The plant response to HS is highly
conserved and involves a complex regulatory network of signalling molecules. Nitric
oxide (NO) is an emerging signalling molecule that counterfeits heat-induced adverse
effect. Although NO causes nitroso-oxidative stress, it is equally important as a signalling
molecule that protects against abiotic stress. Supplementation of NO to wheat seeds under
HS was reported to reduce oxidative stress by enhancing the methylglyoxal (MG) and
antioxidative system [1]. Various studies unravel the role of NO in reducing stress [2,3].

Hydrogen sulfide (H2S) is another gaseous signalling molecule in plants which is in-
volved in modulating defence responses together with affecting plant growth and develop-
ment [4]. While NO regulates post-translational modification (PTM) through S-nitrosation,
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H2S signaling causes protein persulfidation, which modifies the structure, localization, and
function of a target protein. Persulfidation refers to the addition of S to the thiol group
of cysteine (-SH) in proteins modifying it into persulfide group (-SSH) [5]. Exposure of
plants to abiotic stress increases the production of ROS causing oxidative stress, and this is
followed by increased persulfidation or S-nitrosation, which acts as a protective mechanism
against protein oxidative damage. H2S is reported to protect plants from heat stress [6,7]
by regulating stomatal movement [8–10], photosynthesis [11], and antioxidative enzyme
activities [12]. Because of the similarity of their physiological effects, H2S and NO crosstalk
under different stresses are gaining attention [13–18]. Both are small uncharged molecules
and can easily diffuse in inter- or intracellular spaces without the need of any carrier or
transporter [16]. H2S interacts with hydrogen peroxide (H2O2), calcium (Ca2+), NO, and
abscisic acid (ABA) to bring about a response under stress [5,18,19]. Both NO and H2S
enhances the activity of the antioxidant enzymes by PTM [12,20]. Under heat stress in
maize, both SNP and NaHS and GYY4137 (a H2S donor) decreased the electrolyte leakage
and reduced the stress. NO was also found to increase H2S levels through increased
formation of L-cysteine desulfhydrase (LCD, E.C. 4.4.1.1.). Besides, the combined appli-
cation of SNP and H2S more efficiently reduced heat stress, which was eliminated by the
application of H2S inhibitors and scavenger, suggesting that H2S may act as a downstream
signalling agent in NO-mediated heat stress tolerance in maize seedlings [6]. However, H2S
may act upstream or downstream of NO in the signalling cascade [18], and multifaceted
connections occur between NO and H2S involved in various physiological functions and
pathways [17]. The positive interaction between H2S and NO is reported in bermudagrass
under cadmium (Cd) stress [21] in Pisum sativum under arsenate stress (AsV) [22], in maize
seedling under chromium stress [23,24], and in wheat under Cd stress [25]. Both H2S
and NO are reported to affect each other’s responses to modulate the plants’ antioxidant
and other stress molecules. Both S-nitrosation and persulfidation are reported to regulate
catalase (CAT) via interaction with thiol groups [26]. Shan et al. [27] reported that under
water stress, H2S increases the production of NO, which enhances AsA-GSH cycle for
water stress tolerance via decreasing the monodehydroascorbate (MDA) production and
electrolyte leakage and increasing plant height and biomass. The previous exploration
by [28] has shown that exogenous NO helped in enhancing the activity of AsA-GSH cy-
cle through ascorbate peroxidase (APX), glutathione reductase (GR), dehydroascorbate
reductase (DHAR), and monodehydroascorbate reductase (MDAR) [28]. Shan et al. [29] de-
scribed the influence of NO in reducing glucose (Glc)-mediated photosynthetic repression
under salt stress. Chen et al. [30] found that under water stress, Glc content increases, while
supplementation of H2S decreased the Glc content. However, till now we do not find a
study that correlates the role of NO and H2S in reducing Glc content under heat stress and
alleviating photosynthesis by increasing the antioxidants and components of AsA-GSH
cycle. Thus, the present study aims to evaluate the mechanistic approach adopted by wheat
under heat stress to reduce photosynthetic suppression both due to oxidative stress and
accumulated Glc.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Healthy seeds of wheat (Triticum aestivum L.) cultivar WH 542, winter wheat, were
treated with 0.01% HgCl2 followed by washing with double distilled water to remove
any adhered chemical after sterilization. Sterilized seeds were sown in truncated pots
with a 14 cm diameter across the top and 8 cm across the bottom, with a 15 cm height
filled with acid-washed sand that was purified according to Hewitt [31]. All the pots were
placed in an environmental growth chamber (Khera KI-261) with day/night temperatures
that was maintained at 25/18 ◦C, and 12 h photoperiod (PAR 300 µmol m−2 s−1), relative
humidity of 65 ± 5%. Two plants were maintained in each pot, and it was saturated every
alternate day with full-strength Hoagland’s nutrient solution (300 mL) in the morning.
The temperature stress treatment was given by subjecting the plants for 6 h during the
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mid of the 12 h photoperiod to 40 ◦C daily (10 days after sowing, at 2–3 leaf emergence
stage) for 15 day, and were then allowed to recover at optimum temperature (25 ◦C) and
grown for the experimental period (5 days, total time-period was 30 days). The Hoagland
nutrient solution was provided on alternate days in the morning. The control plants were
maintained throughout the experimental growth period (30 days) at 25 ◦C. Sampling was
done at 30 DAS.

A concentration of 100 µM SNP (as a NO donor) and 200 µM NaHS (as an H2S donor)
was applied either alone or in combination with the foliage of plants in HS treated or
non-treated plants with a hand sprayer at 15 days after sowing (DAS). A surfactant teepol
(0.5%) was added with the control and NO and H2S treatments. Treatments were arranged
in a complete randomized block design, and the number of replicates for each treatment
were four (n = 4). A second set of experiments were performed to substantiate the result
where inhibitors of NO and H2S were applied under heat stress. One hundred µM cPTIO
was used as NO scavenger, and 200 µM HT as H2S inhibitor for verifying the results.
The concentration of chemicals was determined based on the study of Kaya et al. [25].
They were applied on HS and non-stressed plants at 15 DAS together with surfactant
teepol (0.5%).

2.2. Leaf Crude Extracts for Enzymatic Assays

In chilled mortar and pestle, freshly sampled leaves (200 mg) were homogenized
with an extraction buffer containing 0.05% (v/v) Triton X-100 and 1% (w/v) PVP in potas-
sium phosphate buffer (100 mM, pH 7.0). The homogenate was centrifuged for 20 min
at 15,000× g and 4 ◦C. After centrifugation, the supernatant obtained was used for the
activity assay of the different enzymes. The leaves that were taken for sampling were fully
expanded and of the same age in each sampling. They were used directly for extraction.

2.3. Glucose (Glc) Content

Glucose content in leaf was determined adopting the method of Krishnaveni et al. [32],
and Glc was used as a standard. Dried leaves were dissolved in 80% ethanol to obtain
the leaf extract, which was heated in a water bath for 10 min at 60 ◦C and then allowed
to cool. The samples were cooled and were then centrifuged at 1500× g for 1 min. The
supernatant that was obtained was collected for the estimation of Glc content. The reaction
mixture contained 1.0 mL of methanol, 25 mg O-dianisidine, 49 mL of phosphate buffer
(0.1 M) at pH 6.5, peroxidase (5.0 mg), and 5.0 mg of Glc oxidase. To this reaction mixture
(1.0 mL) 0.5 mL of the enzyme extract was added in a test tube to start the reaction. The
test tubes were incubated at 35 ◦C, for 40 min. To terminate the reaction, 2.0 mL of 6 N HCl
was added. At 540 nm, the colour intensity of the reaction mixture was recorded.

2.4. NO, H2S and H2O2 Content

For determination of NO content, nitrite content was estimated by adopting the
method of Zhou et al. [33] with slight modifications. Fresh leaves (0.5 g) were taken
and treated with 3.0 mL of ice-cold acetic acid buffer (50 mM, pH 3.6) having 4% zinc
acetate. With the help of mortar and pestle, the leaf mixture was homogenized. The
homogenate obtained was centrifuged for 15 min at 11,500× g and 4 ◦C. The supernatant
was collected and pellets were washed with extraction buffer (1.0 mL), and then they were
again centrifuged. Now, there were two supernatants from the two spins, and both were
combined and were neutralized by the addition of 100 mg charcoal. Vortex and filtration
were done, and the filtrate was leached and collected. In the ratio of 1:1, one ml for each of
filtrate and Griess reagents (1.0% sulphanilamide and 0.1% -1-naphthyl ethylenediamine
dihydrochloride in 0.5% H2PO4 solution) were mixed. The mixture was incubated at
540 nm and the content of NO was estimated from the calibration curve that was plotted
using sodium nitrite as standard.

The content of leaf H2S was estimated by methylene blue formation from dimethyl-p-
phenylenediamine in HCl as discussed by Xie et al. [34] with slight modification. In 0.7 g
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of leaves, 2.5 mL of Tris-HCl buffer (20 mM L−1, pH 6.8) containing 10 mM L−1 ethylene
diamine tetraacetic acid (EDTA) was added, and the leaves were grounded in it. The
homogenate obtained was centrifuged at 4 ◦C and 12,000× g for 15 min. In the supernatant
(0.75 mL), 0.2 mL of 1% (w/v) zinc acetate was added for trapping H2S. It was allowed to
develop for 30 min and then 0.1 mL of 20 mM L−1 dimethyl-p-phenylenediamine dissolved
in 7.2 mol L−1 of HCl and 0.1 mL of 30 mM L−1 ferric chloride in 1.2 mol L−1 of HCl
were added Spectrophotometrically at 670 nm, and the methylene blue formation was
determined. Different concentrations of NaHS were used as standard curve expressed as
nmol g−1 fresh weight (FW).

Leaf H2O2 content was determined by following Okuda [35]. Fresh leaves (500 mg)
were ground in 200 mM of perchloric acid (HClO4) that was ice cold. The homogenate
obtained was centrifuged at 1500× g for 10 min, and then HClO4 of the supernatant was
neutralized with the addition of 4 M KOH. Insoluble KClO4 formed was eliminated by
another centrifugation at 500× g for 3 min. The reaction mixture contained 1.5 mL of
eluate, 80 µL of 3-methyl-2-benzothiazoline hydrazone, 400 µL of 12.5 mM 3-dimethyl
aminobenzoic acid in 0.375 M phosphate buffer (pH 6.5), and 20 µL of peroxidase (0.25 unit).
The reaction was started by the addition of peroxidase at 25 ◦C and at 590 nm, and the
increase in absorbance was recorded.

2.5. Lipid Peroxidation

The content of thiobarbituric acid reactive substances (TBARS) was estimated by using
the method of Dhindsa et al. [36], which provided the status of lipid peroxidation in leaves.
To 500 mg of fresh leaves, 0.25% of 2-thiobarbituric acid (2-TBA) in 10% trichloroacetic
acid (TCA) was added, and this mixture was heated for 30 min at 95 ◦C and then cooled
rapidly on an ice bath. Centrifugation of the mixture was done at 10,000× g for 10 min.
Supernatant (1 mL) was taken, and 4.0 mL of 20% TCA containing 5% TBA was added,
and final colour intensity was recorded at 532 nm.

2.6. Non-Enzymatic Antioxidant Components

Reduced and oxidized glutathione (GSH and GSSG, respectively) was assayed through
an enzymatic recycling method [37]. In this method, sequential oxidation by 5,5′-dithiobis-
(2-nitrobenzoic acid) (DTNB) and reduction by NADPH was observed in the presence of
glutathione reductase. The complete details for GSH and redox state determination was
explained by Fatma et al. [38].

Ascorbic acid (AscA) and dehydroascorbate (DHA, corresponding to the oxidized
ascorbate) were determined adopting the method of Law et al. [39] with slight modifications.
To 500 mg of fresh leaves, 2 mL of potassium phosphate buffer (100 mM, pH 7.0) containing
EDTA (1 mM) was added and then centrifuged at 10,000× g for 10 min. The supernatant
obtained (1 mL) was mixed with 0.5 mL of 10% (w/v) TCA. It was thoroughly mixed, and
was then incubated at 4 ◦C for 5 min. The 1.5 mL of the above solution and 0.5 mL of
NaOH (0.1 M) were thoroughly mixed and were centrifuged at 5000× g at 20 ◦C for 10 min.
The aliquot obtained after centrifugation was distributed equally in two separate 750 µL
microfuge tubes. For AsA estimation, 200 µL of potassium phosphate buffer (150 mM, pH
7.4) was added to 750 µL of the aliquot, and for DHA estimation, 100 µL of DTT was added
to 750 µL of the aliquot, followed by vortex-mixing and incubation for 15 min at 20 ◦C,
followed by the addition of 100 µL of 0.5% (w/v) N-ethylmaleimide. Then, both microfuge
tubes were incubated for 30 sec at room temperature. Then, 400 µL of 10% (w/v) TCA
400µL of 4% (w/v) of N′, N-dimethyl bipyridyl dye, 400 µL of H3PO4, and 200 µL of 3%
(w/v) FeCl3 were added and thoroughly mixed in each sample tube. After 1 h incubation
at 37 ◦C, the absorbance at 525 nm was recorded. For AsA, a standard curve in the range of
5–55 nmol was used for calibration. For DHA, the standard curve range was 1–5 nmol.
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2.7. Enzymatic Antioxidant Systems

Superoxide dismutase (SOD, EC; 1.15.1.1) was estimated adopting Beyer and Fridovich [40]
and Giannopolitis and Ries [41] method. The inhibition of photochemical reduction of
nitro blue tetrazolium was monitored. Method of Aebi [42] was used for catalase (CAT,
EC; 1.11.1.6) determination with slight modification. In this, H2O2 disappearance was
monitored at 240 nm. The method of Foyer and Halliwell [43] was used for glutathione
reductase (GR, EC; 1.6.4.2) estimation, and Glutathione-dependent oxidation of NADPH
was monitored at 340 nm. Ascorbate peroxidase (APX, EC; 1.11.1.11) was measured by
Nakano and Asada [44] method and the decrease in the absorbance of ascorbate at 290 nm
was recorded. For this assay, the extraction buffer was supplemented with 2.0 mM ascorbate.
Dehydroascorbate reductase (DHAR, EC; 1.8.5.1) activity was measured following the
method of Foyer et al. [45]. The increase in absorbance at 265 nm due to the GSH dependent
production of AsA was recorded. The reaction mixture contained potassium phosphate
buffer (0.1 M, pH 6.2), 50–100 g of proteins and 2 mM GSH. DHA (1 mM) was added to
start the reaction. One enzyme unit was equivalent to the production of nmol AsA/(g dry
weight min). MDAR (EC, 1.6.5.4) activity was measured adopting the method of Hossain
et al. [46]. In the reaction mixture 50 mM Tris-HCl buffer (pH 7.5), 2.5 mM AsA, 0.2 mM
NADPH, 0.5 unit of ascorbate oxidase and enzyme solution, and the final volume was
made 700 µL. Addition of ascorbate oxidase was done to begin the reaction and the activity
was calculated from the change in absorbance at 340 nm, for 1 min, using an extinction
coefficient of 6.2 mM−1 cm−1. Bradford’s [47] method was used for determining the protein
concentration, and bovine serum albumin was used as standard.

2.8. Photosynthetic Parameters

The maximal PS II photochemical efficiency (variable fluorescence to maximal fluo-
rescence; Fv/Fm) was determined with the help of chlorophyll fluorometer (Junior-PAM,
Heinz Walz, Effeltrich, Germany). To obtain minimal fluorescence (Fo) and Fm, the plants
were dark-adapted for 30 min. To obtain Fm, the Fo was measured during the weak measur-
ing pulses (125 µmol m−2 s−1) and a saturating pulse (720 µmol m−2 s−1). The difference
between Fo and Fm gave Fv. The quantum yield efficiency of PS II was represented by the
ratio of Fv to Fm.

Stomatal conductance (gs), intercellular CO2 concentration (Ci) and net photosyn-
thesis (PN) were measured at a light saturating intensity of 300 µmol m−2 s −1 and
370 ± 5 µmol mol−1 atmospheric CO2 concentration in fully expanded uppermost leaves
of plants in each treatment using Infra-Red Gas Analyzer (CI-340, Photosynthesis system,
CID Bio-Science, USA). In all measurements, the conditions were same as supplied in the
growth chamber.

The method of Usuda [48] was used for determination of Rubisco activity. NADH
oxidation was monitored at 340 nm and at 30 ◦C, after the addition of enzyme extract to
the reaction mixture., This oxidation resulted in the conversion of 3-phosphoglycerate to
glycerol-3-phosphate. The enzyme was extracted by using chilled mortar and pestle for
homogenization of leaf tissue (1.0 g) in ice-cold extraction buffer that comprised of 0.25 M
Tris-HCl (pH 7.8), 0.05 mM MgCl2, 0.0025 mM EDTA, and 37.5 mg DTT. The homogenate
obtained was centrifuged for 10 min at 10,000× g and 4 ◦C. After centrifugation, the
supernatant obtained was used for enzyme assay. The reaction mixture contained 100 mM
Tris-HCl (pH8.0), 40 mM NaHCO3, 0.2 mM NADH, 4.0 mM ATP, 5.0 mM DTT, 10 mM
MgCl2, 0.2 mM EDTA, 1.0 U of glyceraldehydes-3-phosphodehydrogenase, and 1.0 U of
3-phosphoglycerate-kinase and 0.2 mM of ribulose1,5-bisphosphate.

2.9. Leaf Area and Dry Mass Determination

Plant dry mass was measured after uprooted the plants and then the root was washed
gently under running tap water to remove any soil particles. The plant was then dried
in an oven at 80 ◦C until it reached a constant weight. The dried plant samples were
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then weighed to know their dry mass on an electronic balance. Leaf area meter (LA211,
Systronic, New Delhi, India) was used to measure the leaf area.

2.10. Statistical Analysis

Analysis of variance (ANOVA) was used for data analysis and SPSS 17.0 for windows
was used. Data were presented as mean ± SE (n = 4). The least significant difference (LSD)
was calculated for the significant data at p < 0.05. Bars that showed the same letter were
not significantly different by LSD test at p < 0.05.

3. Results

We aim to understand the potential interrelationship between NO and H2S in the
mechanism of protection against heat stress (HS). Wheat plants were exposed to 40 ◦C, and
were also supplemented with different chemical compounds including 100 µM SNP (as NO
donor) or 200 µM NaHS (as H2S donor) alone or combined. Accordingly, key parameters
were analysed including growth and photosynthetic parameters, as well as elements of
ROS and NO metabolism.

Figure 1 (panels a and b) shows that under HS, wheat plants are significantly affected,
causing a substantial decrease of leaf area (36%) and plant dry mass (51%). On the other
hand, the plants treated exogenously either with NO or with H2S, independently or in com-
bination, both under optimal or stress conditions, the leaves presented significantly higher
values of leaf area and dry mass. It is remarkable that the highest values in comparison to
untreated plants were observed in plants grown under optimal conditions and treated only
with SNP, but also in plants under HS treated simultaneously with NO and H2S where leaf
area and dry mass increased by 30% and 40%, respectively.
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Figure 1. (a) Leaf area and (b) plant dry mass in wheat (Triticum aestivum L. var. WH 542) leaves treated with SNP (100 µM)
and/or NaHS (200 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress at 30 days after sowing (DAS). Data are
presented as treatments mean± SE (n = 4). Data followed by the same letter are not significantly different by least significant
difference (LSD) test at (p < 0.05). SNP, sodium nitroprusside; NaHS, sodium hydrosulfide.

Figure 2 illustrates the analysis of Net photosynthesis (panel a), stomatal conductance
(panel b), Intercellular CO2 concentration (panel c), chlorophyll content (panel d), maxi-
mum PSII activity (panel e), and Rubisco activity (panel f) in wheat leaves of untreated
or heat-stressed plants treated or not with SNP (100 µM) and/or NaHS (200 µM) in alone
or in combination. In all cases, these parameters have similar patterns because they were
downregulated by HS, however, they experimented with a significant increase when the
plants were treated exogenously either with NO or with H2S, independently or in combi-
nation, both under optimal conditions or under stress. Moreover, the highest values, in
comparison to untreated plants, were observed in plants grown under optimal conditions
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treated only with SNP or NaHS, but also in plants under HS treated simultaneously with
NO and H2S.
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Figure 2. (a) Net photosynthesis. (b) Stomatal conductance. (c) Intercellular CO2 concentration.
(d) Chlorophyll content. (e) Maximum PSII activity. (f) Rubisco activity in wheat (Triticum aestivum L.
var. WH 542) leaves treated with SNP (100 µM) and/or NaHS (200 µM) in the presence (40 ◦C) or
absence (25 ◦C) of heat stress at 30 days after sowing (DAS). Data are presented as treatments mean
± SE (n = 4). Data followed by the same letter are not significantly different by LSD test at (p < 0.05).
SNP, sodium nitroprusside; NaHS, sodium hydrosulfide.

Figure 3 displays the glucose (Glc) content in wheat leaves of plants exposed to the
same conditions described previously. Heat stress increased Glc content by 46%. However,
the SNP and NaHS application caused a slight but significant decrease of Glc content by
16% and 14%, respectively, in comparison to the wheat plants under non-stress conditions.
In the presence of HS, the decrease in Glc content by SNP and NaHS was significantly equal
to each other compared to heat-stressed plant suggesting that both effectively lowered Glc
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content under HS. However, the combined application of SNP and NaHS decreased Glc
content by 37% in comparison to heat-stressed plants.
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Figure 3. Glucose content in wheat (Triticum aestivum L. var. WH 542) leaves treated with SNP
(100 µM) and/or NaHS (200 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress at 30 days
after sowing (DAS). Data are presented as treatments mean ± SE (n = 4). Data followed by the
same letter are not significantly different by LSD test at (p < 0.05). DW, dry weight; SNP, sodium
nitroprusside; NaHS, sodium hydrosulfide.

Figure 4 shows the NO and H2S content in wheat leaves of plants exposed to the
previously mentioned conditions. Both metabolites showed similar pattern with an increase
in all the assayed conditions, in comparison with untreated plants. The highest values
were observed under HS being the content of 2.3- and 1.9-fold higher for NO and H2S,
respectively (Figure 4a,b). It is remarkable that under HS, plants treated with both NO and
H2S showed lower values in the content of both molecules in comparison to plants treated
only with one of these molecules.
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Figure 4. (a) Nitric oxide and (b) H2S content in wheat (Triticum aestivum L. var. WH 542) leaves treated with SNP (100 µM)
and/or NaHS (200 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress at 30 days after sowing (DAS). Data are
presented as treatments mean ± SE (n = 4). Data followed by the same letter are not significantly different by LSD test at
(p < 0.05). SNP, sodium nitroprusside; H2S, sodium hydrosulfide. FW, fresh weight.
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Figure 5 displays the content of H2O2 (panel a) and TBARS (panel b), this last one
being a recognized marker of oxidative damages of lipids. Both parameters show also a
similar pattern against the different treatments described previously. Under HS, there is a
significant increase, in comparison to untreated plants, being 2.3- and 2.5-fold higher for
H2O2 and TBARS, respectively. The exogenous application of SNP or NaHS of heat stressed-
plants triggers a drastic diminishing in the content of both H2O2 and TBARS. However, the
simultaneous application of both compounds causes the maximum effects, which diminish
the content of 76% and 68% for H2O2 and TBARS, respectively, in comparison to heat
stressed-plants.
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Figure 5. (a) H2O2 and (b) TBARS content in wheat (Triticum aestivum L. var. WH 542) leaves treated with SNP (100 µM)
and/or NaHS (200 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress at 30 days after sowing (DAS). Data are
presented as treatments mean ± SE (n = 4). Data followed by the same letter are not significantly different by LSD test at
(p < 0.05). SNP, sodium nitroprusside; NaHS, sodium hydrosulfide. FW, fresh weight.

Catalase and SOD are considered the first line of defence against an increase of ROS.
Figure 6 (panels a and b) show the activity of both enzymes in leaves of wheat plants
exposed to the different conditions. Again, a similar pattern is observed in the activity of
both antioxidant enzymes. In all the assayed experimental conditions, an increase in both
enzymatic activities in comparison to unstressed wheat plants was found. However, the
maximum activity increase was obtained in heat-stressed plants treated simultaneously,
with NaHS and SNP being the activity higher at 69% and 142% for catalase and SOD,
respectively, in comparison to control plants (Figure 6).

As part of the analysis of the potential interrelationship between NO and H2S in the
mechanism of tolerance of wheat plants under HS but the exogenous application of SNP
and NaHS, all the enzymatic and non-enzymatic components of the ascorbate-glutathione
cycle were also studied. Figure 7 shows the activity of APX (panel a), MDAR (panel b),
DHAR (panel c), and GR (panel d). Similarly, to the observed profile of catalase and
SOD activities, all the enzymatic components displayed an increase of its activity with all
treatments in comparison to untreated wheat plants. However, the higher increase was
observed in heat stressed-plants treated simultaneously with SNP and NaHS being this
increase of 273% for APX, 39% for DHAR, 43% for MDAR, and 179% for GR. On the other
hand, Figure 8 (panels a to f) illustrates the content of the non-enzymatic components
of the ascorbate-glutathione cycle in wheat leaves. The AsA content was diminished by
17% under HS, but in the other experimental conditions showed a significant increase,
being the leaves of stressed-plants treated simultaneously with SNP and NaHS where the
AsA content was higher (26%) in comparison to unstressed plants. In the case of reduced
GSH, the content was higher in all treatments in comparison to unstressed plants, being
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also the leaves of stressed-plants treated simultaneously with SNP and NaHS where the
GSH content was higher (73%). In the case of the content of oxidized forms (DHA and
GSSG), the pattern was similar. Thus, under HS, the DHA content showed a slight increase
(13%), but in the case of GSSG content, the increase was very significant (195%). In the
case of the ratio of AsA/DHA and GSH/GSSG, the pattern was similar with a significant
decrease under HS, but with an increase in the other experimental conditions. Again, the
maximum ratio of both was found in leaves of stressed-plants treated simultaneously with
SNP and NaHS.

We found that the combined application of SNP and NaHS maximally alleviated HS,
and this was because of the synergistic effect of NO and H2S on each other. However,
application of cPTIO to SNP plus NaHS plus HS plants decreased the PN by 7.4% compared
to control. Supplementation of HT to the combined SNP and NaHS treatment under HS
decreased PN by 20.5%, which was greater than the decrease caused by cPTIO treatment,
suggesting that the effect of NO was perhaps mediated via H2S. However, inhibitor of SNP
and NaHS when applied together to SNP plus NaHS treated heat subjected plants resulted
in a decreasing PN and brought it to the level of heat-treated plants, decreasing it by 35.2%
compared to control.

The combined application of cPTIO and HT to SNP and NaHS treated HS plants
reversed the effect of SNP and NaHS on plant growth and Glc content which was signifi-
cantly equal to the HS plants, substantiating the coordinated role of NO and H2S in the
protection of photosynthesis and growth via inhibiting Glc-mediated photosynthetic re-
pression. Increased Glc content was decreased by both SNP and NaHS, but the application
of their combined inhibitor reversed the alleviation and Glc-repression was again observed.
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Figure 6. (a) Catalase activity and (b) superoxide dismutase (SOD) activity in wheat (Triticum aestivum L. var. WH 542)
leaves treated with SNP (100 µM) and/or NaHS (200 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress at 30 days
after sowing (DAS). Data followed by the same letter are not significantly different by LSD test at (p < 0.05). SNP, sodium
nitroprusside; NaHS, sodium hydrosulfide.

The decrease in H2O2 content that was observed in SNP and NaHS treated plants
under HS was reversed when the inhibitor of SNP and NaHS was applied. Both cPTIO
and HT when applied individually increased the H2O2 content compared to control. While
cPTIO application brought the H2O2 level to control, it was HT application that increased it
over control, but still it was below that of HS plants. However, on the combined application
of HT and cPTIO, we observed that H2O2 increased significantly and came to the level of
heat-stressed plants. Thus, both SNP and NaHS have their role in mitigating heat stress,
but their action is rather dependent instead of being independent of each other (Table 1).
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Table 1. H2O2 content (nmol g−1 FW), Glc (glucose content, mg g−1 DW), PN (net photosynthesis, µmol CO2 m−2 s−1), and
PDM (plant dry mass, g plant−1) in leaves of wheat (Triticum aestivum L. var. WH 542) plants treated with SNP (100 µM)
and/or NaHS (200 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress at 30 days after sowing (DAS). Data are
presented as treatments mean ± SE (n = 4). Data followed by same letter are not significantly different by LSD test at
(p < 0.05). cPTIO, 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide. DW, dry weight. H2O2, hydrogen
peroxide. HT, hypotaurine. SNP, sodium nitroprusside. NaHS, sodium hydrosulfide.

Treatment H2O2 Glc PN PDM

Control 17.5 ± 0.51 c 3.7 ± 0.18 c 12.2 ± 0.791 b 0.97 ± 0.031 b
Heat stress 39.4 ± 0.96 a 5.9 ± 0.25 a 7.1± 0.574 d 0.44 ± 0.017 d

Heat stress + SNP + NaHS 9.3 ± 0.36 d 3.0 ± 0.14 d 18.2 ± 1.102 a 1.61 ± 0.039 a
Heat stress + SNP + NaHS + cPTIO 19.8 ± 0.68 c 3.9 ± 0.19 c 11.3 ± 0.684 b 0.82 ± 0.025 b

Heat stress + SNP + NaHS + HT 30.5 ± 0.81 b 4.8 ± 0. 21 b 9.7± 0.629 c 0.64 ± 0.191 c
Heat stress + SNP + NaHS + cPTIO + HT 41.6 ± 0.99 a 5.7 ± 0.24 a 7.9± 0.628 d 0.49 ± 0.018 d
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Figure 7. Activity of the ascorbate-glutathione cycle enzymes in wheat (Triticum aestivum L. var. WH 542) leaves treated with
SNP (100 µM) and/or NaHS (200 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress at 30 days after sowing (DAS).
(a) Ascorbate peroxidase (APX) activity. (b) Monodehydroascorbate reductase (MDAR) activity. (c) Dehydroascorbate
reductase (DHAR) activity. (d) Glutathione reductase (GR) activity. Data are presented as treatments mean ± SE (n = 4).
Data followed by the same letter are not significantly different by LSD test at (p < 0.05). Asc, ascorbate; SNP, sodium
nitroprusside; NaHS, sodium hydrosulfide.
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Figure 8. Content of non-enzymatic antioxidants of the ascorbate-glutathione cycle in leaves of wheat (Triticum aestivum L.
var. WH 542) plants treated with SNP (100 µM) and/or NaHS (200 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat
stress at 30 days after sowing (DAS). (a) Ascorbate (AsA). (b) Dehydroascorbate (DHA). (c) Ratio AsA/DHA. (d) Reduced
glutathione (GSH). (e) Oxidised glutathione (GSSG). (f) Ratio GSH/GSSG. Data are presented as treatments mean ± SE
(n = 4). Data followed by same letter are not significantly different by LSD test at (p < 0.05). DW, dry weight. SNP, sodium
nitroprusside. NaHS, sodium hydrosulfide.

4. Discussion

Wheat is a staple food in the majority of the countries. It represents 30% of world grain
production and contributes 50% to the world grain trade and 20% of calories consumed per
capita [49]. It is adversely affected by heat and drought [50–52] and a decline of 4.1–6.4%
in global wheat yield by the mid of 21st century is predicted due to increase in global
temperature by 1 ◦C, while its demand, due to increasing population, is expected to increase
by 60%. In India and China alone, a decrease of 8.0% and 3.0%, respectively, in wheat yield
is expected due to a 1 ◦C rise in global mean temperature. Thus, temperature stress is
hazardous for wheat growth, and measures should be adopted to reduce the impact of heat
stress. Pan et al. [53] identified differential expression of several circular RNAs (circRNAs)
in Arabidopsis under HS, and they differentially regulated the expression of defence-related
genes through modulation of salicylic acid and NO signalling pathways. Expression of
chloroplastic heat shock protein (Hsp) under HS was reported to protect the thermolabile
photosystem II [54].

Among various signalling molecules, NO is gaining attention due to its effectiveness
as a stress buster. It functions in heat stress signalling and acts upstream of AtCaM3 modu-
lating HS transcription factor, DNA-binding activity, and Hsp accumulation [55]. However,
the impact of NO as a potential signalling molecule depends on its concentration. NO and
H2S are two important gaseous signalling molecules that regulate each other’s actions,
and H2S might work upstream or downstream of NO depending upon its involvement
in processes like stomatal closure or under abiotic stress, respectively [18]. In the present
study, the impact of HS on wheat plants in terms of reduction in photosynthesis and growth
and the involvement of NO and H2S in palliating the stress were analysed.
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4.1. Heat Triggers Severe Stress and Glucose (Glc) Accumulation Which are Significantly Palliated
by the Simultaneous Exogenous Application of NO and H2S

HS (40 ◦C) affects negatively wheat growth parameters (leaf area and dry mass) and
reduces photosynthesis activity. However, all these parameters are significantly palliated
by NO and H2S treatment, either when they were applied separately or together. However,
when NO was supplemented with H2S maximum alleviation in photosynthetic parameters
was found with increased content of Chl, Rubisco activity, maximum efficiency of PSII, PN,
gs, and Ci. These results are in good agreement with previous ones, where NO increases
photosynthetic rate and biomass of Spinacia oleracea [56] via affecting the chloroplast
ultrastructure in flax leaf blades [57]. Ozfidan-Konakci et al. [58] found that in wheat plants
under cobalt stress, exogenous NaHS or SNP regulates growth, Rubisco activity, water
content, and AsA-GSH cycle.

Under heat stress accumulation of Glc was observed, which negatively influenced
photosynthesis and growth. An early report showed that a high Glc accumulation leads
to lower orthophosphate concentrations in the stroma, which may also lower the Rubisco
activity [59]. Later, Bowes [60] showed that the carbohydrate accumulation triggered a
decreased photosynthetic activity, either for the feedback inhibition of the RuBP/Pi regen-
eration capacities or by chloroplast disruption. Tholen et al. [61] reported that ethylene
insensitivity resulted in greater Glc sensitivity, which negatively influenced Rubisco con-
tent and photosynthetic capacity of tobacco. In this study also, with an enhanced Glc level
under HS, there was a reduction in photosynthesis with reduced Rubisco activity, but both
exogenous NO and H2S helped in reducing this repression, probably by promoting growth
via reduction of oxidative stress.

High sugar is reported to inhibit photosynthesis and growth, while at lower levels
increase photosynthetic potential [62]. Thus, those signalling molecules that can divert the
accumulated Glc for better utilization under stress so that feedback inhibition on photosyn-
thesis is released is crucial for heat tolerance. In this regard, Sehar et al. [29] reported that
NO reverses the photosynthetic repression by Glc under salt stress by reducing both Glc
sensitivity and bringing the stress ethylene to an optimal level, which regulated stomatal
conductance, photosynthetic activity, proline synthesis, and antioxidant metabolism to
alleviate salt stress. Chen et al. [30] reported a decrease of Glc content in the NaHS-treated
plants compared with the control plants both under drought and re-watering conditions.

Uchida et al. [63] reported that SNP supplementation increase the expression of
sucrose-phosphate synthase and other stress-related genes that subsequently enhanced
quantum yield for pigment system II and growth compared to control plants under salt
stress. High temperature disturbs the chl biosynthesis and damages the photosynthetic ap-
paratus by causing the grana stacks to swell up followed by ion leakage from leaf cells [64].
The increased Chl content in NO, H2S, and combined treatment are also responsible for
increased photosynthesis in HS plants. Nitric oxide has been reported to enhance Chl
biosynthesis and reduces Chl degradation [65]. This action of NO is dependent on its
close relation to iron metabolism, which has a direct correlation with Chl biosynthesis and
plant productivity. SNP is reported to promote the uptake, translocation, and internal
availability of iron in plants [65–67]. Similar to NO, H2S also regulates photosynthesis
under abiotic stress. Chen et al. [11] explored the role of H2S in photosynthesis regulation
and found that H2S increases the Rubisco activity and modulates the expression of genes
involved in photosynthesis and thiol redox modification. H2S modulates the expression of
those genes which are involved in the process of photosynthate formation and thiol redox
modifications, thus controlling photosynthesis [68].

Thus, we can summarise that similar to the reported studies on the photosynthetic
repression by Glc, we found enhanced Glc accumulation under HS which was reduced
by the application of either H2S and NO, but being higher this effect when they were
applied simultaneously, suggesting the involvement of both molecules in decreasing Glc
sensitivity and enhancing its utilization for promoting growth. Li et al. [69] reported that
Glc is responsible for inducing stomatal closure, which is dependent on ROS and NO
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production. Several studies have shown growth and photosynthetic responses of plants
under individual treatments of NO, H2S, and Glc under salt stress, but to our knowledge,
the mechanism of interaction between how plants respond to the interactive effects of NO
and H2S to reduce Glc accumulation for heat stress alleviation is new.

4.2. HS Triggers the Content of Endogenous NO and H2S

Previous reports indicate that under HS there is an increase in the endogenous con-
tent of either NO [69] or H2S [70]. In our experimental conditions, an increase of both
NO and H2S content was also observed, which is in good agreement with these reports.
Complementary studies have also suggested that the exogenous application of NO can in-
crease heat tolerance [71]. Furthermore, the combined exogenous addition of NO and H2S
synergistically boosts the synthesis and function of each other [13,18,72]. Kaya et al. [25]
reported that under cadmium stress, both NO and H2S generation increases, and sup-
plementation of H2S and NO exogenously further increases their content. Furthermore,
the simultaneous application with the NO scavenger cPTIO with SNP or NaHS receiving
plants significantly reduced NO generation and Cd tolerance, suggesting NO involvement
in Cd-stress tolerance. However, application of the H2S scavenger hypotaurine to HS and
NaHS receiving wheat plants reversed the NO generated with NaHS treatment, but was
not as effective with SNP on endogenous NO levels.

Christou et al. [73] found that HS increases NO levels, and exogenous H2S donor
results in inducing the accumulation of heat shock protein (HSP) in a NO-dependent
manner. They reported that the exogenous application of either SNP or H2S increased NO
generation in heat-stressed plants. The increase in NO generation with H2S suggests a
positive relationship between them. Contrary to the above studies, in the present study,
the maximum NO and H2S content was observed under HS, and supplementation of SNP
and/or H2S decreased the production of NO and H2S. A similar decrease in NO content
was reported under salt stress by NO supplementation compared to salt stress alone [29,74].
It is found that NO or H2S added to heat-treated plants decreased oxidative stress by
increasing antioxidant metabolism. This resulted in lesser NO evolution in plants treated
with heat and NO and/or H2S compared with HS alone. It has been reported that while at
high concentrations, cellular production of NO causes extensive cellular damage, at low
levels it is involved as a signal molecule in many important physiological processes [75].
On supplementation of SNP and NaHS, these molecules act as signalling molecules that
activated the AsA-GSH cycle enzymes and antioxidative metabolism that scavenged the
H2O2 content decreasing oxidative stress. When the oxidative stress was decreased, the
content of NO and H2S also decreased. In fact, the homeostasis of NO/RNS has been
reported to play an important role in plants acclimation to HS by neutralizing the excessive
oxidative and nitrosative injury in plants. Thus, NO overproduction or S-nitrosothiols
(SNOs) accumulation seems to be associated with increased heat sensitivity, due to nitro-
oxidative stress, lipid peroxidation, protein tyrosine nitration, and oxidative damage to
proteins and nucleic acids [76–79]. Therefore, NO dose is an important factor regarding its
ameliorative property. The collected data show that endogenous NO accumulates under
biotic and abiotic stresses, where NO is considered as an important signalling molecule
and as a major tolerance factor against oxidative stress [33,80]. The increase in NO by SNP
supplementation is expected, but NaHS supplementation also increased NO formation.
Similarly, SNP increased H2S formation under HS. It was the combined application of H2S
and NO that caused maximum NO and H2S generation. Ref. [25] reported that perhaps
H2S increases NO synthesis and in turn is tightly regulated by NO. All these data support
the close relationship between NO and H2S.

4.3. NO and H2S Trigger a General Increase of Antioxidant System Which Palliate the Oxidative
Stress induced by HS

AsA-GSH cycle plays an important role in the scavenging of H2O2 and reducing oxida-
tive stress [27]. In wheat plants subjected to HS, the activity of all enzymatic components
of AsA-GSH cycle increased. However, the stimulation of this antioxidant system was
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not sufficient to palliate the HS induced-oxidative stress. Combined supplementation of
NO and H2S under heat stress maximally enhanced the AsA-GSH metabolism together
with the activity of CAT and SOD. This resulted in the scavenging of H2O2 to reduce
oxidative stress. Tiwari and Yadav [81] reported the importance of the AsA–GSH system
in managing redox metabolism under HS in maize. They suggested that the enzymatic and
non-enzymatic component of AsA-GSH cycle play a key role in ROS homeostasis in cells,
thus minimizing the oxidative stress in plants. Among the maize genotypes, the tolerant
genotype showed better adaptability to HS due to enhanced activity of the enzymes of
AsA-GSH cycle. Khan et al. [82] reported that NO-induced H2S alleviated the negative
effects of osmotic stress on wheat seedlings by enhancing the activities of APX and GR.
Both endogenous NO and exogenous NO were equally effective in regulating the activity
of AsA-GSH cycle in Agropyron cristatum [83]. In wheat seedlings, H2S acted upstream of
NO in the regulation of APX and GR activity by water stress [27]. Shan et al. [84] reported
that in wheat seedlings under heat stress, exogenous H2S alleviated oxidative damage by
regulating the AsA-GSH cycle.

In the AsA-GSH cycle, APX functions to oxidise AsA into MDA, which is dispropor-
tionate into AsA and DHA. The DHA formed is reduced to AsA by the enzyme DHAR
which accepts an electron from two molecules of GSH, converting it into GSSG. Thus, the
reduction of DHA to AsA occurs via oxidation of GSH to GSSG. There is the occurring
interplay between the reduced and oxidised form that is essential to maintain the redox
state in the cell. The GSSG, the oxidised form of GSH, has to be reduced to maintain the
redox balance, and GR plays the mediator enzyme in this function of reducing GSSG to
GSH by an NADPH-dependent reaction. Higher AsA and GSH content with reduced DHA
and GSSG content with greater DHAR and GR activities help to maintain the reduced GSH
level and redox state (GSH/GSSG, AsA/DHA) with combined NO and H2S treatment [85].
The enzyme APX has been reported to undergo PTM by both S-nitrosation and persulfida-
tion, which increases the activity of this enzyme [12,18,86]. Here, the enhanced activity of
APX was observed by NO and H2S, and maximally by their combined application. Besides
APX, catalase is also subjected to PTM, both S-nitrosation and persulfidation [26,87]. Both
NO and H2S inhibited CAT activity and complemented or antagonized each other in regu-
lating H2O2 content by regulating the antioxidant enzymes [25]. Increased SOD activity
with combined NO and H2S treatment reduced the H2O2 content together with APX and
CAT activity. Contradictory to the present study, the combination of NaHS and SNP were
not able to reduce lipid peroxidation more than their individual treatment in Cd-stressed
bermudagrass [21].

H2S and NO both are involved in reducing oxidative stress and in combination, they
maximally alleviated stress. Both H2O2 and TBARS content that were increased under HS
were significantly and equally reduced by supplementation of either NO or NaHS to HS
treated plants, however, the combined application of NO with H2S under HS maximally
reduced their content. This shows the potentiality of combined treatment in stress mit-
igation. Antioxidant enzymes such as SOD, CAT, guaiacol peroxidase, and enzymes of
the AsA-GSH cycle play a major role in detoxifying free radicals and H2O2 production
during stress [88]. Valivand and Amooaghaie [89] reported that NaHS supplementation to
Cucurbita pepo L. exposed to Ni stress reduced the electrolyte leakage and H2O2 content.
Min et al. [90] reported that under HS, in wheat seedlings, application of NaHS reduced
the heat-induced oxidative stress by lowering H2O2 and MDA content and enhancing the
antioxidative enzymes. In rice exposed to HS, SNP application was capable of reducing the
oxidative stress by decreasing H2O2 and electrolyte leakage content and enhancing pho-
tosynthetic potential [91]. It has been reported that when NO is supplemented with H2S,
it alleviated the heat-stress induced oxidative stress by reducing ROS generation, which
was more efficient than the NO single treatment [6]. It is remarkable that under HS all
the wheat enzymatic antioxidant systems (SOD, catalase, and ascorbate glutathione cycle)
were upregulated to palliate the oxidative damage. However, the exogenous application
of both NO and H2S reinforced the upregulation of these antioxidant systems supporting
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the beneficial effects of these compounds. It is well known that NO and H2S can exert
a regulatory function of proteins through PTMs such as tyrosine nitration, S-nitrosation,
and persulfidation. Multiple reports are showing that some of these PTMs can exert either
up- or downregulation in the activity of these proteins. For example, APX activity is
upregulated by S-nitrosation and persulfidation [12,86], but it is downregulated by tyrosine
nitration. However, catalase activity is downregulated by these three PTMs mediated by
NO and H2S [26,92]. This information could be contradictory in part with the results found
in our experimental conditions, however, it should be remarked that these studies were
done under in vitro conditions using the purified proteins without a cellular environment.
In the cells, redox conditions are more complete and the thiol group of cysteine could be
targeted by different PTMs including S-nitrosation, persulfidation, S-glutathionylation,
or sulfenation that can compete with each other depending on the cellular redox state of
the cell [20]. Therefore, it could be difficult to compare results obtained under in vitro
condition with that obtained in whole plants where multiples factors are involved.

5. Conclusions

Heat stress is detrimental to plant photosynthesis and growth due to a ROS over-
generation that disturbs plants’ redox homeostasis. Figure 9 displays a summary of the
main negative effects triggered by HS in wheat leaves and how the exogenous application of
NO and H2S can reverse/palliate these damages. The simultaneous exogenous application
of NO and H2S significantly palliate the negative effects of HS by enhancing AsA-GSH
metabolism. The AsA-GSH cycle effectively detoxifies excess H2O2 produced during
HS and enhances the AsA/DHA and GSH/GSSG ratio to maintain the cellular redox
state. It also functions in reducing the Glc-mediated photosynthetic repression. Under HS,
excess Glc reduces photosynthesis by various mechanisms including negative feedback
mechanism and stomatal closure. Under HS, both NO and Glc can induce stomatal closure
and supplementation of NO as SNP reduced the stress NO content to reduce Glc-mediated
stomatal closure and photosynthesis. Therefore, it could be concluded that the action of the
exogenous NO is mediated via H2S under HS for promoting photosynthesis and growth,
and their combined application is beneficial in combating heat stress.

Antioxidants 2021, 10, x FOR PEER REVIEW 17 of 21 
 

nitration. However, catalase activity is downregulated by these three PTMs mediated by 
NO and H2S [26,92]. This information could be contradictory in part with the results found 
in our experimental conditions, however, it should be remarked that these studies were 
done under in vitro conditions using the purified proteins without a cellular environment. 
In the cells, redox conditions are more complete and the thiol group of cysteine could be 
targeted by different PTMs including S-nitrosation, persulfidation, S-glutathionylation, or 
sulfenation that can compete with each other depending on the cellular redox state of the 
cell [20]. Therefore, it could be difficult to compare results obtained under in vitro condi-
tion with that obtained in whole plants where multiples factors are involved. 

5. Conclusions 
Heat stress is detrimental to plant photosynthesis and growth due to a ROS over-

generation that disturbs plants’ redox homeostasis. Figure 9 displays a summary of the 
main negative effects triggered by HS in wheat leaves and how the exogenous application 
of NO and H2S can reverse/palliate these damages. The simultaneous exogenous applica-
tion of NO and H2S significantly palliate the negative effects of HS by enhancing AsA-
GSH metabolism. The AsA-GSH cycle effectively detoxifies excess H2O2 produced during 
HS and enhances the AsA/DHA and GSH/GSSG ratio to maintain the cellular redox state. 
It also functions in reducing the Glc-mediated photosynthetic repression. Under HS, ex-
cess Glc reduces photosynthesis by various mechanisms including negative feedback 
mechanism and stomatal closure. Under HS, both NO and Glc can induce stomatal closure 
and supplementation of NO as SNP reduced the stress NO content to reduce Glc-medi-
ated stomatal closure and photosynthesis. Therefore, it could be concluded that the action 
of the exogenous NO is mediated via H2S under HS for promoting photosynthesis and 
growth, and their combined application is beneficial in combating heat stress. 

 
Figure 9. Summary of the main effects of HS (40 °C) in wheat leaf plants untreated or treated exog-
enously with SNP (100 µM) and NaHS (200 µM) as NO and H2S donors, respectively, which palli-
ates the oxidative stress damages. 

Author Contributions: Conceptualization, N.I.; performed the experimental works, N.I.; writing—
original draft preparation, N.I., S.U., and N.A.K.; writing—review and editing, F.J.C. All authors 
have read and agreed to the published version of the manuscript. 

Figure 9. Summary of the main effects of HS (40 ◦C) in wheat leaf plants untreated or treated
exogenously with SNP (100 µM) and NaHS (200 µM) as NO and H2S donors, respectively, which
palliates the oxidative stress damages.



Antioxidants 2021, 10, 108 17 of 20

Author Contributions: Conceptualization, N.I.; performed the experimental works, N.I.; writing
—original draft preparation, N.I., S.U., and N.A.K.; writing—review and editing, F.J.C. All authors
have read and agreed to the published version of the manuscript.

Funding: N.I. is thankful to Science and Engineering Research Board (DST-SERB) for providing finan-
cial assistance in the form of National Post-Doctoral Fellowship (N-PDF, File No. PDF/2019/000770,
Diary No. SERB/F/8191/2019-2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the graph and tables
provided in the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hasanuzzaman, M.; Nahar, K.; Alam, M.M.; Fujita, M. Exogenous nitric oxide alleviates high temperature induced oxidative

stress in wheat (Triticum aestivum L.) seedlings by modulating the antioxidant defense and glyoxalase system. Austr. J. Crop Sci.
2012, 6, 1314–1323.

2. Ahmad, P.; Abdel Latef, A.A.; Hashem, A.; Abd_Allah, E.F.; Gucel, S.; Tran, L.-S.P. Nitric oxide mitigates salt stress by regulating
levels of osmolytes and antioxidant enzymes in chickpea. Front. Plant Sci. 2016, 7, 347. [CrossRef] [PubMed]

3. Sharma, A.; Soares, C.; Sousa, B.; Martins, M.; Kumar, V.; Shahzad, B.; Gagan, P.S.; Bali, A.S.; Asgher, M.M.; Bhardwaj, R.; et al.
Nitric oxide-mediated regulation of oxidative stress in plants under metal stress: A review on molecular and biochemical aspects.
Physiol. Plant. 2019, 168, 318–344. [CrossRef] [PubMed]

4. Corpas, F.J.; Palma, J.M. H2S signaling in plants and applications in agriculture. J. Adv. Res. 2020, 24, 131–137. [CrossRef]
[PubMed]

5. Aroca, A.; Gotor, C.; Romero, L.C. Hydrogen sulfide signaling in plants: Emerging roles of protein persulfidation. Front. Plant Sci.
2018, 9, 1369. [CrossRef] [PubMed]

6. Li, L.; Wang, Y.; Shen, W. Roles of hydrogen sulfide and nitric oxide in the alleviation of cadmium-induced oxidative damage in
alfalfa seedling roots. Biometals 2012, 25, 617–631. [CrossRef]

7. Shen, J.; Xing, T.; Yuan, H.; Liu, Z.; Jin, Z.; Zhang, L.; Pei, Y. Hydrogen sulfide improves drought tolerance in Arabidopsis thaliana
by microRNA expressions. PLoS ONE 2013, 8, e77047. [CrossRef]

8. Garcia-Mata, C.; Lamattina, L. Hydrogen sulphide, a novel gasotransmitter involved in guard cell signalling. New Phytol. 2010,
188, 977–984. [CrossRef]

9. Jin, Z.; Xue, S.; Luo, Y.; Tian, B.; Fang, H.; Li, H.; Pei, Y. Hydrogen sulfide interacting with abscisic acid in stomatal regulation
responses to drought stress in Arabidopsis. Plant Physiol. Biochem. 2013, 62, 41–46. [CrossRef]

10. Papanatsiou, M.; Scuffi, D.; Blatt, M.R.; García-Mata, C. Hydrogen sulfide regulates inward-rectifying K+ channels in conjunction
with stomatal closure. Plant Physiol. 2015, 168, 29–35. [CrossRef]

11. Chen, J.; Wu, F.-H.; Wang, W.-H.; Zheng, C.-J.; Lin, G.-H.; Dong, X.-J.; He, J.-X.; Pei, Z.-M.; Zheng, H.-L. Hydrogen sul-
phide enhances photosynthesis through promoting chloroplast biogenesis, photosynthetic enzyme expression, and thiol redox
modification in Spinacia oleracea seedlings. J. Exp. Bot. 2011, 62, 4481–4493. [CrossRef] [PubMed]

12. Aroca, Á.; Serna, A.; Gotor, C.; Romero, L.C. S-sulfhydration: A cysteine posttranslational modification in plant systems. Plant
Physiol. 2015, 168, 334–342. [CrossRef] [PubMed]

13. Rather, B.A.; Mir, I.R.; Sehar, Z.; Anjum, N.A.; Masood, A.; Khan, N.A. The outcomes of the functional interplay of nitric oxide
and hydrogen sulfide in metal stress tolerance in plants. Plant Physiol. Biochem. 2020, 155, 523–534.

14. Kolluru, G.K.; Yuan, S.; Shen, X.; Kevil, C.G. H2S regulation of nitric oxide metabolism. In Methods in Enzymology; Enrique, C.,
Lester, P., Eds.; Academic Press: Cambridge, MA, USA, 2015; pp. 271–297.

15. Paul, S.; Roychoudhury, A. Regulation of physiological aspects in plants by hydrogen sulfide and nitric oxide under challenging
environment. Physiol. Plant. 2019, 168, 374–393. [CrossRef] [PubMed]

16. Shivaraj, S.M.; Vats, S.; Bhat, J.A.; Dhakte, P.; Goyal, V.; Khatri, P.; Kumawat, S.; Singh, A.; Prasad, M.; Sonah, H.; et al. Nitric
oxide and hydrogen sulfide crosstalk during heavy metal stress in plants. Physiol. Plant. 2019, 168, 437–455. [CrossRef]

17. Corpas, F.J. Nitric Oxide and Hydrogen Sulfide in Higher Plants under Physiological and Stress Conditions. Antioxidants 2019,
8, 457. [CrossRef]

18. Corpas, F.J.; González-Gordo, S.; Cañas, A.; Palma, J.M. Nitric oxide and hydrogen sulfide in plants: Which comes first? J. Exp.
Bot. 2019, 70, 4391–4404. [CrossRef]

19. Fotopoulos, V.; Christou, A.; Antoniou, C.; Manganaris, G.A. Hydrogen sulphide: A versatile tool for the regulation of growth
and defence responses in horticultural crops. J. Hortic. Sci. Biotechnol. 2015, 90, 227–234. [CrossRef]

20. Corpas, F.J.; González-Gordo, S.; Palma, J.M. Nitric oxide (NO) and hydrogen sulfide (H2S) modulate the NADPH-generating
enzymatic system in higher plants. J. Exp. Bot. 2020. [CrossRef]

http://doi.org/10.3389/fpls.2016.00347
http://www.ncbi.nlm.nih.gov/pubmed/27066020
http://doi.org/10.1111/ppl.13004
http://www.ncbi.nlm.nih.gov/pubmed/31240720
http://doi.org/10.1016/j.jare.2020.03.011
http://www.ncbi.nlm.nih.gov/pubmed/32292600
http://doi.org/10.3389/fpls.2018.01369
http://www.ncbi.nlm.nih.gov/pubmed/30283480
http://doi.org/10.1007/s10534-012-9551-9
http://doi.org/10.1371/journal.pone.0077047
http://doi.org/10.1111/j.1469-8137.2010.03465.x
http://doi.org/10.1016/j.plaphy.2012.10.017
http://doi.org/10.1104/pp.114.256057
http://doi.org/10.1093/jxb/err145
http://www.ncbi.nlm.nih.gov/pubmed/21624977
http://doi.org/10.1104/pp.15.00009
http://www.ncbi.nlm.nih.gov/pubmed/25810097
http://doi.org/10.1111/ppl.13021
http://www.ncbi.nlm.nih.gov/pubmed/31479515
http://doi.org/10.1111/ppl.13028
http://doi.org/10.3390/antiox8100457
http://doi.org/10.1093/jxb/erz031
http://doi.org/10.1080/14620316.2015.11513176
http://doi.org/10.1093/jxb/eraa440


Antioxidants 2021, 10, 108 18 of 20

21. Shi, H.; Ye, T.; Chan, Z. Nitric oxide-activated hydrogen sulfide is essential for cadmium stress response in bermudagrass
(Cynodon dactylon (L). Pers.). Plant Physiol. Biochem. 2014, 74, 99–107. [CrossRef]

22. Singh, V.P.; Singh, S.; Kumar, J.; Prasad, S.M. Hydrogen sulfide alleviates toxic effects of arsenate in pea seedlings through
up-regulation of the ascorbate–glutathione cycle: Possible involvement of nitric oxide. J. Plant Physiol. 2015, 181, 20–29. [CrossRef]
[PubMed]

23. Kharbech, O.; Houmani, H.; Chaoui, A.; Corpas, F.J. Alleviation of Cr (VI)-induced oxidative stress in maize (Zea mays L.)
seedlings by NO and H2S donors through differential organ-dependent regulation of ROS and NADPH-recycling metabolisms. J.
Plant Physiol. 2017, 219, 71–80. [CrossRef] [PubMed]

24. Kharbech, O.; Sakouhia, L.; Massoud, M.B.; Mur, L.A.J.; Corpas, F.J.; Djebali, W.; Chaoui, A. Nitric oxide and hydrogen sulfide
protect plasma membrane integrity and mitigate chromium-induced methylglyoxal toxicity in maize seedlings. Plant Physiol.
Biochem. 2020, 157, 244–255. [CrossRef] [PubMed]

25. Kaya, C.; Ashraf, M.; Alyemeni, M.N.; Ahmad, P. Responses of nitric oxide and hydrogen sulfide in regulating oxidative defence
system in wheat plants grown under cadmium stress. Physiol. Plant. 2019, 168, 345–360. [CrossRef] [PubMed]

26. Palma, J.M.; Mateos, R.M.; López-Jaramillo, J.; Rodríguez-Ruiz, M.; González-Gordo, S.; Lechuga-Sancho, A.M.; Corpas, F.J. Plant
catalases as NO and H2S targets. Redox Biol. 2020, 34, 101525. [CrossRef] [PubMed]

27. Shan, C.; Wang, B.; Sun, H.; Gao, S.; Li, H. H2S induces NO in the regulation of AsA-GSH cycle in wheat seedlings by water
stress. Protoplasma 2020, 257, 1487–1493. [CrossRef]

28. Ahmad, P.; Ahanger, M.A.; Alyemeni, M.N.; Wijaya, L.; Alam, P. Exogenous application of nitric oxide modulates osmolyte
metabolism, antioxidants, enzymes of ascorbate-glutathione cycle and promotes growth under cadmium stress in tomato.
Protoplasma 2018, 255, 79–93. [CrossRef]

29. Sehar, Z.; Masood, A.; Khan, N.A. Nitric oxide reverses glucose-mediated photosynthetic repression in wheat (Triticum aestivum
L.) under salt stress. Environ. Exp. Bot. 2019, 161, 277–289. [CrossRef]

30. Chen, J.W.; Kuang, S.B.; Long, G.Q.; Yang, S.C.; Meng, Z.G.; Li, L.G.; Chen, Z.J.; Zhang, G.H. Photosynthesis, light energy
partitioning, and photoprotection in the shadedemanding species Panax notoginseng under high and low level of growth
irradiance. Funct. Plant Biol. 2016, 43, 479–491. [CrossRef]

31. Hewitt, E.J. Sand and Water Culture Methods Used in the Study of Plant Nutrition, 2nd ed.; Commonwealth Agricultural Bureaux;
Cambridge University Press: East Malling, UK, 1966.

32. Krishnaveni, S.; Balasubramanian, T.; Sadasivam, S. Sugar distribution in sweet stalk sorghum. Food Chem. 1984, 15, 229–232.
[CrossRef]

33. Zhou, B.; Guo, Z.; Xing, J.; Huang, B. Nitric oxide is involved in abscisic acid-induced antioxidant activities in Stylosanthes
guianensis. J. Exp. Bot. 2005, 56, 3223–3228. [CrossRef] [PubMed]

34. Xie, Y.; Zhang, C.; Lai, D.; Sun, Y.; Samma, M.; Zhang, J.; Shen, W. Hydrogen sulfide delays GA-triggered programmed cell death
in wheat aleurone layers by the modulation of glutathione homeostasis and heme oxygenase-1 expression. J. Plant Physiol. 2014,
171, 53–62. [CrossRef]

35. Okuda, T.; Matsuda, Y.; Yamanaka, A.; Sagisaka, S. Abrupt increase in the level of hydrogen peroxide in leaves of winter wheat is
caused by cold treatment. Plant Physiol. 1991, 97, 1265–1267. [CrossRef] [PubMed]

36. Dhindsa, R.H.; Plumb-Dhindsa, P.; Thorpe, T.A. Leaf senescence correlated within creased level of membrane permeability, lipid
peroxidation and decreased level of SOD and CAT. J. Exp. Bot. 1981, 32, 93–101. [CrossRef]

37. Griffith, O.W. Determination of glutathione and glutathione disulfide using glutathione reductase and 2-vinylpyridine. Anal.
Biochem. 1980, 106, 207–212. [CrossRef]

38. Fatma, M.; Masood, A.; Per, T.S.; Khan, N.A. Nitric oxide alleviates salt stress inhibited photosynthetic performance by interacting
with sulfur assimilation in mustard. Front. Plant Sci. 2016, 7, 521. [CrossRef] [PubMed]

39. Law, M.Y.; Charles, S.A.; Halliwell, B. Glutathione and ascorbic acid in spinach (Spinacia oleracea) chloroplasts. The effect of
hydrogen peroxide and of Paraquat. Biochem. J. 1983, 210, 899–903. [CrossRef] [PubMed]

40. Beyer, W.F., Jr.; Fridovich, I. Assaying for superoxide dismutase activity: Some large consequences of minor changes in conditions.
Anal. Biochem. 1987, 161, 559–566. [CrossRef]

41. Giannopolitis, C.N.; Ries, S.K. Superoxide dismutases: I. Occurrence in higher plants. Plant Physiol. 1977, 59, 309–314. [CrossRef]
42. Aebi, H. Catalase in vitro. Methods Enzymol. 1984, 105, 121–126.
43. Foyer, C.H.; Halliwell, B. The presence of glutathione and glutathione reductase in chloroplasts: A proposed role in ascorbic acid

metabolism. Planta 1976, 133, 21–25. [CrossRef] [PubMed]
44. Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol.

1981, 22, 867–880.
45. Foyer, C.H.; Dujardyn, M.; Lemoine, Y. Responses of photosynthesis and the xanthophyll and ascorbate-glutathione cycles to

changes in irradiance, photoinhibition and recovery. Plant Physiol. Biochem. 1989, 27, 751–760.
46. Hossain, M.A.; Nakano, Y.; Asada, K. Monodehydroascorbate reductase in spinach chloroplasts and its participation in regenera-

tion of ascorbate for scavenging hydrogen peroxide. Plant Cell Physiol. 1984, 25, 385–395.
47. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of

protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

http://doi.org/10.1016/j.plaphy.2013.11.001
http://doi.org/10.1016/j.jplph.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/25974366
http://doi.org/10.1016/j.jplph.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/29040900
http://doi.org/10.1016/j.plaphy.2020.10.017
http://www.ncbi.nlm.nih.gov/pubmed/33152643
http://doi.org/10.1111/ppl.13012
http://www.ncbi.nlm.nih.gov/pubmed/31343742
http://doi.org/10.1016/j.redox.2020.101525
http://www.ncbi.nlm.nih.gov/pubmed/32505768
http://doi.org/10.1007/s00709-020-01510-3
http://doi.org/10.1007/s00709-017-1132-x
http://doi.org/10.1016/j.envexpbot.2019.01.010
http://doi.org/10.1071/FP15283
http://doi.org/10.1016/0308-8146(84)90007-4
http://doi.org/10.1093/jxb/eri319
http://www.ncbi.nlm.nih.gov/pubmed/16263901
http://doi.org/10.1016/j.jplph.2013.09.018
http://doi.org/10.1104/pp.97.3.1265
http://www.ncbi.nlm.nih.gov/pubmed/16668520
http://doi.org/10.1093/jxb/32.1.93
http://doi.org/10.1016/0003-2697(80)90139-6
http://doi.org/10.3389/fpls.2016.00521
http://www.ncbi.nlm.nih.gov/pubmed/27200007
http://doi.org/10.1042/bj2100899
http://www.ncbi.nlm.nih.gov/pubmed/6307273
http://doi.org/10.1016/0003-2697(87)90489-1
http://doi.org/10.1104/pp.59.2.309
http://doi.org/10.1007/BF00386001
http://www.ncbi.nlm.nih.gov/pubmed/24425174
http://doi.org/10.1016/0003-2697(76)90527-3


Antioxidants 2021, 10, 108 19 of 20

48. Usuda, H. The activation state of ribulose 1,5-bisphosphate carboxylase in n maize leaves in dark and light. Plant Cell Physiol.
1985, 91, 455–463.

49. Akter, N.; Islam, M.R. Heat stress effects and management in wheat. A review. Agron. Sustain. Dev. 2017, 37, 37. [CrossRef]
50. Lesk, C.; Rowhani, P.; Ramankutty, N. Influence of extreme weather disasters on global crop production. Nature 2016, 529, 84–87.

[CrossRef]
51. Asseng, S.; Ewert, F.; Martre, P.; Rotter, R.P.; Lobell, D.B.; Cammarano, D.; Kimball, B.A.; Ottman, M.J.; Wall, G.W.; White, J.W.;

et al. Rising temperatures reduce global wheat production. Nat. Clim. Chang. 2015, 5, 143–147. [CrossRef]
52. Liu, B.; Asseng, S.; Müller, C.; Ewert, F.; Elliott, J.; Lobell, D.B.; Martre, P.; Ruane, A.C.; Wallach, D.; Jones, J.W.; et al. Similar

estimates of temperature impacts on global wheat yield by three independent methods. Nat. Clim. Chang. 2016, 6, 1130–1136.
[CrossRef]

53. Pan, T.; Sun, X.Q.; Liu, Y.X.; Li, H.; Deng, G.B.; Lin, H.H.; Wang, S.H. Heat stress alters genome-wide profiles of circular RNAs in
Arabidopsis. Plant Mol. Biol. 2018, 96, 217–229. [CrossRef] [PubMed]

54. Wang, Q.L.; Chen, J.H.; He, N.Y.; Guo, F.Q. Metabolic reprogramming in chloroplasts under heat stress in plants. Int. J. Mol. Sci.
2018, 19, 849. [CrossRef] [PubMed]

55. Xuan, Y.; Zhou, S.; Wang, L.; Cheng, Y.; Zhao, L. Nitric oxide functions as a signal and acts upstream of atcam3 in thermotolerance
in Arabidopsis seedlings. Plant Physiol. 2010, 153, 1895–1906. [CrossRef] [PubMed]

56. Jin, C.W.; Du, S.T.; Zhang, Y.S.; Tang, C.; Lin, X.Y. Atmospheric nitric oxide stimulates plant growth and improves the quality of
spinach (Spinacia oleracea). Ann. App. Biol. 2009, 155, 113–120. [CrossRef]

57. Batasheva, S.; Abdrakhimov, F.; Bakirova, G.; Isaeva, E.; Chikov, V. Effects of sodium nitroprusside, the nitric oxide donor, on
photosynthesis and ultrastructure of common flax leaf blades. Russ. J. Plant Physiol. 2010, 57, 376–381. [CrossRef]

58. Ozfidan-Konakci, C.; Yildiztugay, E.; Elbasan, F.; Kucukoduk, M.; Turkan, I. Hydrogen sulfide (H2S) and nitric oxide (NO)
alleviate cobalt toxicity in wheat (Triticum aestivum L.) by modulating photosynthesis, chloroplastic redox and antioxidant capacity.
J. Hazard. Mater. 2020, 388, 122061. [CrossRef]

59. Sawada, S.; Usuda, H.; Tsukui, T. Participation of inorganic orthophosphate in regulation of the ribulose-1,5-bisphosphate
carboxylase activity in response to changes in the photosynthetic source–sink balance. Plant Cell Physiol. 1992, 33, 943–949.

60. Bowes, G. Growth at elevated CO2: Photosynthetic responses mediated through Rubisco. Plant Cell Environ. 2006, 14, 795–806.
[CrossRef]

61. Tholen, D.; Pons, T.L.; Voesenek, L.A.C.J.; Poorter, H. Ethylene insensitivity results in the down-regulation of Rubisco expression
and photosynthetic capacity in tobacco. Plant Physiol. 2007, 144, 1305–1315. [CrossRef]

62. Rolland, F.; Moore, B.; Sheen, J. Sugar sensing and signaling in plants. Plant Cell 2002, 14, S185–S205. [CrossRef]
63. Uchida, A.; Jagendorf, A.T.; Hibino, T.; Takabe, T. Effects of hydrogen peroxide and nitric oxide on both salt and heat stress

tolerance in rice. Plant Sci. 2002, 163, 515–523. [CrossRef]
64. Allakhverdiev, S.I.; Kreslavski, V.D.; Klimov, V.V.; Los, D.A.; Carpentier, R.; Mohanty, P. Heat stress: An overview of molecular

responses in photosynthesis. Photosynth. Res. 2008, 98, 541–550. [CrossRef] [PubMed]
65. Kong, J.; Dong, Y.; Xu, L.; Liu, S.; Bai, X. Effects of foliar application of salicylic acid and nitric oxide in alleviating iron deficiency

induced chlorosis of Arachis hypogaea L. Bot. Stud. 2014, 55, 9. [CrossRef] [PubMed]
66. Graziano, M.; Beligni, M.V.; Lamattina, L. Nitric oxide improves internal iron availability in plants. Plant Physiol. 2002, 130,

1852–1859. [CrossRef] [PubMed]
67. Zhang, X.W.; Dong, Y.J.; Qiu, X.K.; Hu, G.Q.; Wang, Y.H.; Wang, Q.H. Exogenous nitric oxide alleviates iron-deficiency chlorosis

in peanut growing on calcareous soil. Plant Soil Environ. 2012, 58, 111–120. [CrossRef]
68. Sun, Q.; Collins, R.; Huang, S.; Holmberg-Schiavone, L.; Anand, G.S.; Tan, C.H.; Van-Den-Berg, S.; Deng, L.W.; Moore, P.K.;

Karlberg, T.; et al. Structural basis for the inhibition mechanism of human cystathionine γ-lyase an enzyme responsible for the
production of H2S. J. Biol. Chem. 2009, 284, 3076–3085. [CrossRef]

69. Li, Y.; Xu, S.; Wang, Z.; He, L.; Xu, K.; Wang, G. Glucose triggers stomatal closure mediated by basal signaling through HXK1 and
PYR/RCAR receptors in Arabidopsis. J. Exp. Bot. 2018, 69, 1471–1484. [CrossRef]

70. Li, Z.-G.; Min, X.; Zhou, Z.-H. Hydrogen Sulfide: A Signal Molecule in Plant Cross-Adaptation. Front. Plant Sci. 2016, 7, 621.
[CrossRef]

71. Parankusam, S.; Adimulam, S.S.; Bhatnagar-Mathur, P.; Sharma, K.K. Nitric Oxide (NO) in Plant Heat Stress Tolerance: Current
Knowledge and Perspectives. Front. Plant Sci. 2017, 8, 1582. [CrossRef]

72. Singh, S.; Kumar, V.; Kapoor, D.; Kumar, S.; Singh, S.; Dhanjala, D.S.; Datta, S.; Samuel, J.; Dey, P.; Wang, S.; et al. Revealing
on hydrogen sulfide and nitric oxide signals co-ordination for plant growth under stress conditions. Physiol. Plant. 2019, 168,
301–317. [CrossRef]

73. Christou, A.; Filippou, P.; Manganaris, G.A.; Fotopoulos, V. Sodium hydrosulfide induces systemic thermotolerance to strawberry
plants through transcriptional regulation of heat shock proteins and aquaporin. BMC Plant Biol. 2014, 14, 42. [CrossRef] [PubMed]

74. Jahan, B.; AlAjmi, M.F.; Rehman, M.T.; Khan, N.A. Treatment of nitric oxide supplemented with nitrogen and sulfur regulates
photosynthetic performance and stomatal behavior in mustard under salt stress. Physiol. Plant. 2020, 168, 490–510. [PubMed]

75. del Rıo, L.A.; Corpas, F.J.; Barroso, J.B. Nitric oxide and nitric oxide synthase activity in plants. Phytochemistry 2004, 65, 783–792.
[CrossRef] [PubMed]

http://doi.org/10.1007/s13593-017-0443-9
http://doi.org/10.1038/nature16467
http://doi.org/10.1038/nclimate2470
http://doi.org/10.1038/nclimate3115
http://doi.org/10.1007/s11103-017-0684-7
http://www.ncbi.nlm.nih.gov/pubmed/29177640
http://doi.org/10.3390/ijms19030849
http://www.ncbi.nlm.nih.gov/pubmed/29538307
http://doi.org/10.1104/pp.110.160424
http://www.ncbi.nlm.nih.gov/pubmed/20576787
http://doi.org/10.1111/j.1744-7348.2009.00327.x
http://doi.org/10.1134/S102144371003009X
http://doi.org/10.1016/j.jhazmat.2020.122061
http://doi.org/10.1111/j.1365-3040.1991.tb01443.x
http://doi.org/10.1104/pp.107.099762
http://doi.org/10.1105/tpc.010455
http://doi.org/10.1016/S0168-9452(02)00159-0
http://doi.org/10.1007/s11120-008-9331-0
http://www.ncbi.nlm.nih.gov/pubmed/18649006
http://doi.org/10.1186/1999-3110-55-9
http://www.ncbi.nlm.nih.gov/pubmed/28510913
http://doi.org/10.1104/pp.009076
http://www.ncbi.nlm.nih.gov/pubmed/12481068
http://doi.org/10.17221/310/2011-PSE
http://doi.org/10.1074/jbc.M805459200
http://doi.org/10.1093/jxb/ery024
http://doi.org/10.3389/fpls.2016.01621
http://doi.org/10.3389/fpls.2017.01582
http://doi.org/10.1111/ppl.13002
http://doi.org/10.1186/1471-2229-14-42
http://www.ncbi.nlm.nih.gov/pubmed/24499299
http://www.ncbi.nlm.nih.gov/pubmed/31794052
http://doi.org/10.1016/j.phytochem.2004.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15081277


Antioxidants 2021, 10, 108 20 of 20

76. Lee, U.; Wie, C.; Fernandez, B.O.; Feelisch, M.; Vierling, E. Modulation of nitrosative stress by S-nitrosoglutathione reductase is
critical for thermotolerance and plant growth in Arabidopsis. Plant Cell 2008, 20, 786–802. [CrossRef] [PubMed]

77. Chaki, M.; Valderrama, R.; Fernández-Ocaña, A.M.; Carreras, A.; López-Jaramillo, J.; Luque, F.; Palma, J.M.; Pedrajas, J.R.;
Begara-Morales, J.C.; Sánchez-Calvo, B.; et al. Protein targets of tyrosine nitration in sunflower (Helianthus annuus L.) hypocotyls.
J. Exp. Bot. 2009, 60, 4221–4234. [CrossRef]

78. Corpas, F.J.; Barroso, J.B. Nitro-oxidative stress vs oxidative or nitrosative stress in higher plants. New Phytol. 2013, 199, 633–635.
[CrossRef]

79. Gupta, K.J.; Hancock, J.T.; Petrivalsky, M.; Kolbert, Z.; Lindermayr, C.; Durner, J.; Barroso, J.B.; Palma, J.M.; Brouquisse, R.;
Wendehenne, D.; et al. Recommendations on terminology and experimental best practice associated with plant nitric oxide
research. New Phytol. 2020, 225, 1828–1864. [CrossRef]

80. Neill, S.; Barros, R.; Bright, J.; Desikan, R.; Hancock, J.; Harrison, J.; Morris, P.; Ribeiro, D.; Wilson, I. Nitric oxide, stomatal closure,
and abiotic stress. J. Exp. Bot. 2008, 59, 165–176. [CrossRef]

81. Tiwari, Y.K.; Yadav, S.K. High temperature stress tolerance in maize (Zea mays L.): Physiological and molecular mechanisms. J.
Plant Biol. 2019, 62, 93–102. [CrossRef]

82. Khan, M.N.; Mobin, M.; Zahid, A.; Siddiqui, M.H. Nitric oxide-induced synthesis of hydrogen sulfide alleviates osmotic stress in
wheat seedlings through sustaining antioxidant enzymes, osmolyte accumulation and cysteine homeostasis. Nitric Oxide 2017, 68,
91–102. [CrossRef]

83. Shan, C.; He, F.; Xu, G.; Han, R.; Liang, Z. Nitric oxide is involved in the regulation of ascorbate and glutathione metabolism in
Agropyron cristatum leaves under water stress. Biol. Plant. 2012, 56, 187–191. [CrossRef]

84. Shan, C.; Zhang, S.; Li, D.; Zhao, Y.; Tian, X.; Zhao, X.; Wu, Y.; Wei, X.; Liu, R. Effects of exogenous hydrogen sulfide on the
ascorbate and glutathione metabolism in wheat seedlings leaves under water stress. Acta Physiol. Plant. 2011, 33, 2533–2540.
[CrossRef]

85. Hasanuzzaman, M.; Bhuyan, M.; Anee, T.I.; Parvin, K.; Nahar, K.; Mahmud, J.A.; Fujita, M. Regulation of Ascorbate-Glutathione
Pathway in Mitigating Oxidative Damage in Plants under Abiotic Stress. Antioxidants 2019, 8, 384. [CrossRef] [PubMed]

86. Begara-Morales, J.C.; Sánchez-Calvo, B.; Chaki, M.; Valderrama, R.; Mata-Pérez, C.; López-Jaramillo, J.; Padilla, M.N.; Carreras,
A.; Corpas, F.J.; Barroso, J.B. Dual regulation of cytosolic ascorbate peroxidase (APX) by tyrosine nitration and S-nitrosylation. J.
Exp. Bot. 2014, 65, 527–538. [CrossRef] [PubMed]

87. Rodríguez-Ruiz, M.; González-Gordo, S.; Cañas, A.; Campos, M.J.; Paradela, A.; Corpas, F.J.; Palma, J.M. Sweet Pepper (Capsicum
annuum L.) fruits contain an atypical peroxisomal catalase that is modulated by reactive oxygen and nitrogen species. Antioxidants
2019, 8, 374. [CrossRef] [PubMed]

88. Sarker, U.; Oba, S. Catalase, superoxide dismutase and ascorbate-glutathione cycle enzymes confer drought tolerance of
Amaranthus tricolor. Sci. Rep. 2018, 8, 16496. [CrossRef]

89. Valivand, M.; Amooaghaie, R. Sodium hydrosulfde modulates membrane integrity, cation homeostasis, and accumulation of
phenolics and osmolytes in zucchini under nickel stress. J. Plant Growth Regul. 2020. [CrossRef]

90. Yang, M.; Qin, B.-P.; Ma, X.-L.; Wang, P.; Li, M.-L.; Chen, L.-L.; Chen, L.-T.; Sun, A.-Q.; Wang, Z.-L.; Yin, Y.-P. Foliar appli-
cation of sodium hydrosulfide (NaHS), a hydrogen sulfide (H2S) donor, can protect seedlings against heat stress in wheat
(Triticum aestivum) L.). J. Integr. Agric. 2016, 15, 2745–2758. [CrossRef]

91. Song, L.; Yue, L.; Zhao, H.; Hou, M. Protection effect of nitric oxide on photosynthesis in rice under heat stress. Acta Physiol. Plant.
2013, 35, 3323–3333. [CrossRef]

92. Corpas, F.J.; Barroso, J.B.; González-Gordo, S.; Muñoz-Vargas, M.A.; Palma, J.M. Hydrogen sulfide: A novel component in
Arabidopsis peroxisomes which triggers catalase inhibition. J. Integr. Plant Biol. 2019, 61, 871–883. [CrossRef]

http://doi.org/10.1105/tpc.107.052647
http://www.ncbi.nlm.nih.gov/pubmed/18326829
http://doi.org/10.1093/jxb/erp263
http://doi.org/10.1111/nph.12380
http://doi.org/10.1111/nph.16157
http://doi.org/10.1093/jxb/erm293
http://doi.org/10.1007/s12374-018-0350-x
http://doi.org/10.1016/j.niox.2017.01.001
http://doi.org/10.1007/s10535-012-0040-3
http://doi.org/10.1007/s11738-011-0746-4
http://doi.org/10.3390/antiox8090384
http://www.ncbi.nlm.nih.gov/pubmed/31505852
http://doi.org/10.1093/jxb/ert396
http://www.ncbi.nlm.nih.gov/pubmed/24288182
http://doi.org/10.3390/antiox8090374
http://www.ncbi.nlm.nih.gov/pubmed/31487955
http://doi.org/10.1038/s41598-018-34944-0
http://doi.org/10.1007/s00344-020-10101-8
http://doi.org/10.1016/S2095-3119(16)61358-8
http://doi.org/10.1007/s11738-013-1365-z
http://doi.org/10.1111/jipb.12779

	Introduction 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Leaf Crude Extracts for Enzymatic Assays 
	Glucose (Glc) Content 
	NO, H2S and H2O2 Content 
	Lipid Peroxidation 
	Non-Enzymatic Antioxidant Components 
	Enzymatic Antioxidant Systems 
	Photosynthetic Parameters 
	Leaf Area and Dry Mass Determination 
	Statistical Analysis 

	Results 
	Discussion 
	Heat Triggers Severe Stress and Glucose (Glc) Accumulation Which are Significantly Palliated by the Simultaneous Exogenous Application of NO and H2S 
	HS Triggers the Content of Endogenous NO and H2S 
	NO and H2S Trigger a General Increase of Antioxidant System Which Palliate the Oxidative Stress induced by HS 

	Conclusions 
	References

