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Abstract: Photosynthesis is a pivotal process that determines the synthesis of carbohydrates required
for sustaining growth under normal or stress situation. Stress exposure reduces the photosynthetic
potential owing to the excess synthesis of reactive oxygen species that disturb the proper functioning
of photosynthetic apparatus. This decreased photosynthesis is associated with disturbances in
carbohydrate metabolism resulting in reduced growth under stress. We evaluated the importance
of melatonin in reducing heat stress-induced severity in wheat (Triticum aestivum L.) plants. The
plants were subjected to 25 ◦C (optimum temperature) or 40 ◦C (heat stress) for 15 days at 6 h time
duration and then developed the plants for 30 days. Heat stress led to oxidative stress with increased
production of thiobarbituric acid reactive substances (TBARS) and hydrogen peroxide (H2O2) content
and reduced accrual of total soluble sugars, starch and carbohydrate metabolism enzymes which
were reflected in reduced photosynthesis. Application of melatonin not only reduced oxidative
stress through lowering TBARS and H2O2 content, augmenting the activity of antioxidative enzymes
but also increased the photosynthesis in plant and carbohydrate metabolism that was needed to
provide energy and carbon skeleton to the developing plant under stress. However, the increase in
these parameters with melatonin was mediated via hydrogen sulfide (H2S), as the inhibition of H2S
by hypotaurine (HT; H2S scavenger) reversed the ameliorative effect of melatonin. This suggests
a crosstalk of melatonin and H2S in protecting heat stress-induced photosynthetic inhibition via
regulation of carbohydrate metabolism.

Keywords: oxidative stress; starch; total soluble sugars; antioxidative enzymes; hypotaurine

1. Introduction

Heat stress is an emerging issue due to global rise in temperature which will ad-
versely affect plants’ growth, photosynthesis, crop production and sustainability [1–3].
Hassan et al. [1] reported that heat stress harshly impacted the growth and quality of plant,
ecosystem as well as food security. The expansion in the world’s temperature because
of anthropogenic activities is the significant worry for mankind [2], as this will lead to
major losses in crop production worldwide [3]. The photosynthetic ability of plants gets
disturbed by the enhanced production of reactive oxygen species (ROS) under high temper-
ature [4]. ROS adversely affect enzyme activity and membrane fluidity, resulting in altered
growth and development of plants and yield loss [1]. The plants exposed to heat stress
exhibit altered carbohydrate metabolism through modulation in expression of the involved
genes [5]. Transgenic plants with higher levels of sugars/sugar alcohols like mannitol,
fructans, trehalose and raffinose are tolerant to different stresses [5]. Plants accelerate
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inherent different strategies for better stress tolerance. More recently the role of melatonin
in heat stress tolerance has been explored [6–9].

Melatonin is a pleiotropic signal molecule that is known to maintain balance between
the different physiological processes and protection of plants besides numerous abiotic
stresses responses [10,11] both through endogenous manipulation or exogenous applica-
tion [8,12–14]. It works as an antioxidative molecule to scavenge ROS [15] and protects
photosynthesis [16]. It is referred to work by means of an antioxidant that regulates abiotic
stress tolerance [14]. Melatonin changes the cell layer penetrability arbitrated through
ion transporters, which regulates the stomatal opening and closing in plants. Melatonin
improves photosynthetic capacity of plants and upgrades the photosystem (PS) I and PS
II, incites higher nitrogen and chlorophyll content and higher substance of dissolvable
proteins and Rubisco [14,17]. Melatonin improved antioxidant system for enhancing toler-
ance to high temperature in tomato [18,19] and in wheat [9] by increasing transcription of
stress-responsive genes that helped in enduring photosynthetic machinery and increasing
resistance to heat stress. In view of its diverse roles, melatonin is considered as a regulator
of several processes [14,20]. Moreover, melatonin shows interaction with different phy-
tohormones and signalling molecules [17,21]. He and He [22] have reported melatonin
and nitric oxide (NO) may actuate different plant physiological responses through their
association under both normal or stress conditions and hydrogen sulfide (H2S) communi-
cates with ROS and NO influencing the two ROS and responsive nitrogen species (RNS)
uptake [23,24]. Mukherjee and Bhatla [25] found that both H2S and melatonin ameliorated
salt stress mediated decrease in tomato growth and exogenous melatonin modulated early
H2S signalling.

Hydrogen sulfide is the third important gasotransmitter that regulates various physio-
logical responses under stress and plays an important role in the damaging effect of heat
stress [4]. It directs germination, development, senescence and plays protective role in
plants [26]. Furthermore, it can diffuse to various cells parts and maintain equilibrium the
antioxidant system pools by providing sulfur to cells or changing osmolytes levels, malonal-
dialdehyde substance or mechanism of H2S biosynthesis and enzymes of antioxidants [27].
Yang et al. [28] found that H2S played an important role in combating heat stress and
sodium hydrosulfide (NaHS)-pretreated seedlings (a H2S donor) reduced oxidative stress
via enhancement in the activity and gene expression level of antioxidant enzymes along
with soluble sugar levels and H2S in wheat. In Spinacia oleracea seedlings, H2S stimulates
chloroplast biogenesis for the improvement of photosynthesis and the gene expression of
photosynthetic enzymes and thiol redox modification [29].

During study of the photosynthetic process under heat stress, it is equally important
to gather knowledge on the metabolism of carbohydrates under stress. Starch plays an
important role in the tolerance of different abiotic stress [30], and works as a source-sink
relations modulator [31]. Starch degradation is activated under stress and contributes to
sugar accumulation [32,33]. Sugars may likewise aggregate from photosynthesis or on
account of reduced demand, under development constraint of stress [30]. In transgenic
plants with suppressed sucrose synthase expression, Zrenner et al. [34] in potato tubers
and Tang and Sturm [35] in carrot taproots found reduced starch accumulation supporting
connection between sucrose synthase and starch synthesis. Plants remobilize starch to
afford carbon and energy under abiotic stress to reduce photosynthesis, but sugar released
by starch degradation derived metabolites to support plant development, in addition to
functioning as an osmoprotectant to mitigate stress adversities [36]. Exogenous NO and
H2S enhanced photosynthesis and reduced the glucose-arbitrated photosynthetic repres-
sion in wheat under heat stress [4]. The work of Dawood and El-Awadi [37] on Viciafaba,
and Wei et al. [11] on soybean elaborated that melatonin supplementation increased car-
bohydrates accumulation that helped in salt tolerance. Several studies report that besides
acting as an antioxidant, melatonin manages worked in-related genes, comprising the
metabolism of carbohydrate/fatty and amino acids [11,38,39].
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The present study was initiated to find how modulation of antioxidative enzymes
and carbohydrate accumulation was related to the impact of melatonin and alleviation
of heat stress and consequent upon the changes in plants growth and photosynthesis.
Evolution of H2S was also estimated and the relationship between melatonin and H2S
for heat tolerance in wheat was worked out. Wheat was chosen because it is one of the
most important crops worldwide contributing to 20% of the total calories and proteins in
the human intake [40]. It contributes 30% to the world grain production and 50% to the
world grain trade [41]. Wheat plants are reported to suffer heat stress [4]. Even 1 ◦C rise in
temperature could decrease global wheat production by 6% [42] that could lead to loss in
grain yield [43,44]. There is high demand for wheat, but the crop is susceptible to climate
change [45]. Therefore, it is required to work out its tolerance strategies under heat stress.

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

The present investigation was executed on wheat (Triticum aestivum L. cultivar WH 542)
obtained from National Seeds Corporation, New Delhi, India. The method followed by
Iqbal et al. [4] was adopted to carry out the experiment.

The details of the process adopted for experimentation and procedures for determina-
tions are given in Supplementary File S1.

2.2. Treatments

Plants were subjected to heat stress by exposing them for 6 h to 40 ◦C temperature
daily during afternoon. The heat treatment was given after seedling emergence with
2–3 leaves and at 10 days after seed sowing. Heat treatment was maintained for 15 days
at the same time and for the same duration. After the heat stress treatment, plants were
allowed to grow at 25 ◦C (optimum temperature) for 5 days. The sampling time was
30 days. In the morning, the plants were supplemented with Hoagland (nutrient solution)
on alternate days. Throughout the experimental period the untreated control plants were
provided an optimum temperature of 25 ◦C. A hand sprayer was used to supply 100 µM
melatonin on foliage to both heat treated or control plants at 5 days after heat stress or
15 days after seeding. A Tween-20 (0.01%) was added with both melatonin and control.
To substantiate the role of H2S in melatonin-mediated heat tolerance, we applied 100 µM
hypotaurine as H2S scavenger in all treatments and for all parameters studied. It was also
applied at 15 days after the sowing. All concentrations taken are backed by the research of
Kaya et al. [46,47]. Four replications were taken for each treatment.

2.3. Measurement of Growth and Photosynthetic Parameters

To measure dry weight of plants, the plants were pulled out with the root, washed
to remove soil and dried on blotting paper. These plants were kept in oven at 80 ◦C till a
constant weight was obtained and weighed for dry mass determination. Leaf area was
obtained through the use of leaf area meter (LA211 Systronics, New Delhi, India).

Gas exchange photosynthetic parameters (stomatal conductance, net photosynthetic
rate, and intercellular CO2 concentration) were measured with infrared gas analyzer
(CID-340, Photosynthesis System, Bio Science, Camas, WA, USA) in the full expanded
upper leaves. During the measurement photosynthetically active radiation (PAR) was
780 µmol m−2 s−1 and atmospheric CO2 concentrations was 390 ± 5 µmol mol−1 (i.e., at
light saturating intensity).

SPAD chlorophyll meter (502 DL PLUS Spectrum Technologies, Plainfield, IL, USA)
was used to determine chlorophyll content in the whole leaves. For chlorophyll fluores-
cence measurement, we used Junior-PAM chlorophyll fluorometer (Heinz Walz, GmbH,
Effeltrich, Germany).
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2.4. Determination of H2S, H2O2 and TBARS Content

The process demonstrated by Xie et al. [48] was used for measuring leaf H2S content.
The generation of methylene blue from dimethyl-phenylenediamine in HCl was used for
estimation of H2S content with slight modification.

The procedure adapted by Okuda et al. [49] was followed for the leaf H2O2 content
determination. Peroxidase was added to initiate the reaction and the absorbance increase
was noted at 590 nm.

Lipid peroxidation was done by estimating thiobarbituric acid reactive substance
(TBARS) content through the method of Dhindsa et al. [50] and reported in Iqbal et al. [4].

2.5. Assay of Antioxidant Enzymes

The superoxide dismutase (SOD) activity was measured adopting Giannopolitis
and Ries [51] and Beyer and Fridovich [52] method. To assay catalase (CAT), ascorbate
peroxidase (APX) and glutathione reductase (GR) the method used was Aebi [53], Foyer
and Halliwell [54] and Nakano and Asada [55], respectively, with little modifications. The
complete process is given earlier in the study of Fatma et al. [56].

2.6. Determination of Enzymes Involved in Carbohydrate Metabolism

Rubisco (EC 4.1.1.39) activity was determined using the method described by Usuda [57].
The reaction was started by addition of enzyme extract to the assay medium followed
by conversion of 3-phosphoglycerate to glycerol 3-phosphate and, at this stage, NADH
oxidation at 30 ◦C at 340 nm was monitored. Protein was estimated with bovine serum
albumin as standard.

Activity of sucrose phosphate synthase enzyme (EC 2.4.1.14), sucrose synthase enzyme
(EC 2.4.1.13), and soluble acid invertase was assayed adopting the method of Kalwade and
Devarumath [58]. The activity of ADP-Glucose pyrophosphorylase was determined by
the method of Kleczkowski et al. [59]. The pyrophosphorolytic activity of ADP-Glucose
pyrophosphorylase was monitored by observing the increase in absorbance at 340 nm
during the conversion of NADP to NADPH at 340 nm.

2.7. Determination of Starch, Sucrose and Total Soluble Carbohydrate

Starch estimation was done using the method described by Kuai et al. [60], while total
soluble sugars and sucrose content were measured adopting the procedure of Xu et al. [61].

2.8. Statistical Analysis

Analysis of data was done statistically through analysis of variance (ANOVA) by SPSS 17.0
suggested for Windows. The data are represented as treatment mean with (±) SE (n = 4).
Least significant difference (LSD) was calculated for the significant data at p < 0.05. Bars
showing the same letter are not significantly different by LSD test at p < 0.05.

3. Results
3.1. Melatonin Improves Growth and Photosynthesis under Heat Stress via H2S

We examined growth and photosynthesis parameters in wheat leaves treated with
melatonin alone or in combination with heat stress in order to evaluate melatonin response
under stress conditions. Substantial reductions were observed in leaf area and plant dry
mass of plants by 32.8% and 52.5%, under heat stress in comparison to control. The
application of melatonin individually increased plant dry mass by 62.6% and leaf area by
37.3% compared to control. The negative effect of heat stress on plant growth was altered
with individual use of melatonin in heat stressed plants. The application of melatonin
under heat stress proved more effective in increasing leaf area and plant dry mass by
21.7% and 43.4%, respectively, compared to control plants (Figure 1). Supplementation
of hypotaurine to melatonin and heat- stressed plants resulted in reduction in leaf area
and growth significantly equal to heat stress again emphasizing that melatonin action
in protecting growth under heat stress was H2S dependent. Hypotaurine treatment to
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heat-stressed plants also reduced leaf area and plant dry mass which were even below the
control emphasizing the importance of H2S in heat tolerance.

Figure 1. Leaf area and plant dry mass of wheat (Triticum aestivum L. var. WH 542) at 30 days after
sowing (DAS). Plants were treated with melatonin (100 µM) and/or HT (100 µM) in the presence
(40 ◦C) or absence (25 ◦C) of heat stress. Data are presented as means ± SE (n = 4). Data followed by
the same letter are not significantly different by LSD test at p < 0.05. HS, heat stress; HT; hypotaurine.

Heat stress declined net photosynthetic rate, stomatal conductance, intercellular CO2
concentration by 31.2%, 38.4% and 29.5%, respectively, in comparison to control. In contrast,
melatonin increased net photosynthetic rate, stomatal conductance and intercellular CO2
concentration by 18.7%, 38.1% and 22.8% under no stress, and 11.7%, 17.5% and 10.4%,
respectively, under heat stress in comparison with the untreated control plants (Figure 2).

Similarly, chlorophyllcontent and maximum quantum yield efficiency of PS II were
also increased by 17.9% and 26.7%, respectively, with melatonin under heat stress compared
to control. The maximal increase was obtained with the melatonin alone in comparison
to control. The results showed that melatonin strongly reduced the negative outcome of
heat stress and improved the photosynthetic parameters (Figure 3). Heat stress decreased
Rubisco activity by 39.4%, while melatonin supplementation increased it by 20.2% under
no stress and by 4.4% under heat stress conditions.
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Figure 2. Net photosynthesis, intercellular CO2 concentration, stomatal conductance of wheat
(Triticum aestivum L. var. WH 542) leaves at 30 days after sowing (DAS). Plants were treated with
melatonin (100 µM) and/or HT (100 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress.
Data are presented as means ± SE (n = 4). Data followed by the same letter are not significantly
different by LSD test at p < 0.05. HS, heat stress; HT; hypotaurine.
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Figure 3. Maximum quantum yield efficiency of PS II, chlorophyll content and Rubisco activity of
wheat (Triticum aestivum L. var. WH 542) leaves at 30 days after sowing (DAS). Plants were treated
with melatonin (100 µM) and/or HT (100 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress.
Data are presented as means ± SE (n = 4). Data followed by the same letter are not significantly
different by LSD test at p < 0.05. HS, heat stress; HT; hypotaurine.

The importance of H2S in heat stress tolerance was evident from the observation
that heat stress and hypotaurine treatment reduced all the photosynthetic characteristics.
Photosynthetic characteristics were reduced under heat stress, but when hypotaurine was
given to heat treated plants greater reduction in photosynthetic characteristics was noted.
This suggests that H2S might act as a signalling molecule to initiate adaptation under
heat stress. Hypotaurine treatment to heat-stressed plants reduced net photosynthetic
rate by 31.8%, stomatal conductance by 22.8%, intercellular CO2 concentration by 17.6%,
chlorophyll content by 17.6%, maximum quantum yield efficiency of PS II by 36.4% and
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Rubisco activity by 23.9% in comparison to heat stress treatment.Melatonin was thus
efficient in enhancing plants photosynthetic potential under heat stress, but hypotaurine
treatment reduced increases in these photosynthetic parameters even in the presence of
melatonin. This suggests the role of H2S in melatonin mediated photosynthetic protection
under heat stress.

3.2. Involvement of H2S in Melatonin-Induced Reduction of Oxidative Damage Caused by Heat
Stress via Increasing Antioxidant Systems

Exogenous melatonin was supplemented on heat-stressed wheat plants to evaluate its
effect on management of oxidative stress. Heat stress led to significant increases in H2O2
and TBARS content by 2.6 and 2.3-times, respectively, over the control. Melatonin mitigated
the oxidative damage caused by heat stress by decreasing H2O2 and TBARScontent by
21.8% and 16.4%, respectively, as compared to control (Figure 4), and when compared to
heat stressed plants, we found that H2O2 content was reduced by 70.7% and TBARS by
64.1%. Melatonin alone maximally reduced oxidative stress with H2O2 content reduction
by 33.7% and TBARS by 32.7% compared to control. Hypotaurine, H2S scavenger, reduced
the ameliorative effect and we observed that the contents of H2O2 and TBARS were
significantly equal to heat stressed plants suggesting the importance of H2S in melatonin-
mediated reduction in oxidative stress.

Figure 4. Content of H2O2 and TBARS in wheat (Triticum aestivum L. var. WH 542) leaves at 30 days
after sowing (DAS). Plants were treated with melatonin (100 µM) and/or HT (100 µM) in the presence
(40 ◦C) or absence (25 ◦C) of heat stress. Data are presented as means ± SE (n = 4). Data followed by
the same letter are not significantly different by LSD test at p < 0.05. H2O2, hydrogen peroxide; HS,
heat stress; HT; hypotaurine; TBARS, thiobarbituric acid reactive substances.

The effect of melatonin was also examined on antioxidant defense system under heat
stress. Heat stress increased CAT, GR, APX and SOD by 25.4%, 95.3%, 70.9% and 46.7%
respectively, compared to control plants. However, exogenous application of melatonin
to non-stressed plants increased the activity of CAT by 31.1%, APX by 109.3% and GR by
79.7%, and also augmented the SOD activity by 59.8% compared with control. Melatonin en-
hanced CAT, APX, GR and SOD activities 44.3%, 160%, 94% and 80.7%, respectively, in heat
stressed plants compared to control (Figure 5). The role of H2S in antioxidative signalling
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is evident in heat stressed plants treated with hypotaurine which reduced the activity of
antioxidative enzymes. It may be suggested that H2S induces the antioxidative defense
under stress which was not sufficient to scavenge excess ROS. On reduction of H2S with
the supplementation of hypotaurine to melatonin-treated heat stressed plants, a reduction
in the antioxidative enzymes activities was observed signifying that melatonin needs H2S
signalling for initiating antioxidative enzymes mediated defense responses.Heat stressed
plants treated with hypotaurine showed the highest reduction in antioxidative enzymes ac-
tivity when H2S content was reduced by 56.3% compared to heat stress alone.Hypotaurine
caused a lesser reduction of 39.4% in the H2S content in the melatonin and heat stressed
treated plants, however, the reduction in H2S resulted in reduction in the activity of an-
tioxidative enzymes. Probably treatments resulting in higher H2S had higher activity of
antioxidative enzymes.

Figure 5. Activity of superoxide dismutase, ascorbate peroxidase, catalase and glutathione reductase
of wheat (Triticum aestivum L. var. WH 542) leaves at 30 days after sowing (DAS). Plants were treated
with melatonin (100 µM) and/or HT (100 µM) in the presence (40 ◦C) or absence (25 ◦C) of heat stress.
Data are presented as means ± SE (n = 4). Data followed by the same letter are not significantly
different by LSD test at p < 0.05. APX, ascorbate peroxidase; CAT, catalase; GR, glutathione reductase;
HS, heat stress; HT; hypotaurine; SOD, superoxide dismutase.

3.3. Melatonin Enhances H2S under Heat Stress

Heat stress enhanced H2S levels by 1.5-times compared with control plants. Exoge-
nously applied melatonin further increased H2S in plants over control (Figure 6). However,
the result was more significant with melatonin under heat stress by the evolution of leaf
H2S by 74.5% compared to the control. These results indicate that melatonin-generated
H2S was involved in the reduction of oxidative stress. Treatment with hypotaurine to heat
stressed plants decreased H2S by 34.0% compared to control and 56.3% compared to heat
stress. Plants supplemented with melatonin and treated with hypotaurine under heat stress
showed lowering in H2S by 8.5% compared to control, 39.4% compared to heat stress and
47.6% compared to melatonin and heat stress treatment.
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Figure 6. Content of H2S in wheat (Triticum aestivum L. var. WH 542) leaves at 30 days after sowing
(DAS). Plants were treated with melatonin (100 µM) and/or HT (100 µM) in the presence (40 ◦C) or
absence (25 ◦C) of heat stress. Data are presented as means ± SE (n = 4). Data followed by the same
letter are not significantly different by LSD test at p < 0.05. HS, heat stress; HT; hypotaurine.

3.4. Involvement of H2S in Melatonin-Induced Alteration of Soluble Sugars and Sucrose Content

Heat stress decreased the content of total soluble sugar by 7.2% compared with the
control. Conversely, melatonin treatment either alone or under heat stress increased the
total soluble sugar in comparison with the control. Melatonin increased the soluble sugar
content by 22.8% under non stress and by 11.2% under heat stress conditions. Thus,
melatonin treatment under heat stress was beneficial to plants adaptation to environmental
changes and increased the soluble sugar content. These soluble sugar contents are used
to analyze the defensive ability of wheat against stress responses. In the presence of H2S
scavenger, we observed a decrease in soluble sugars which was significantly equal to heat
stress plants even in the presence of melatonin signifying that melatonin increased soluble
sugars under heat stress via H2S.

The sucrose content was found to increase under heat stress by 2.7-times compared to
the control. Exogenous melatonin enhanced sucrose content both under no stress or heat
stress but in both the cases it was lower than heat-stressed plants. On hypotaurine treatment
to heat treated melatonin supplemented plants, a decline in the content of sucrose below
the level of control was noted and melatonin mediated increase was not observed. This
suggests that melatonin requires H2S for its action on carbohydrate metabolism (Figure 7).
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Figure 7. Activity of sucrose phosphate synthase, sucrose synthase, soluble acid invertase and sucrose content in wheat
(Triticum aestivum L. var. WH 542) leaves at 30 days after sowing (DAS). Plants were treated with melatonin (100 µM)
and/or hypotaurine (HT, 100 µM) in the presence of (40 ◦C) or absence (25 ◦C) of heat stress. Data are presented as
means ± SE (n = 4). Data followed by the same letter are not significantly different by LSD test at p < 0.05. HS, heat stress;
HT; hypotaurine.

3.5. Requirement of H2S for Melatonin-Induced Effects on the Enzymes Activity in Sucrose
Synthesis and Metabolism in Leaves

Heat stress had significant effects on the activities of sucrose synthase, sucrose phos-
phate synthase, soluble acid invertase related to sucrose synthesis and cleavage (Figure 8).
The activity of sucrose phosphate synthase increased by 45.8%, while adecrease in sucrose
synthase by 26.7% and soluble acid invertase by 10.0% was observed in comparison to the
control. The treatment of melatonin under non stress plants increased sucrose phosphate
synthase by 21.2% compared to control though the increase was considerably equal to
heat-stressed plants. Maximum sucrose phosphate synthase activity was noted with heat
stress plants supplemented with melatonin. Activity of sucrose synthase decreased by
7.8% and acid invertase by 16.5% compared to control under heat stress, while melatonin
improved it both under heat stress or no stress conditions. The content of sucrose could
be increased by improving sucrose phosphate synthase activity of plants, and provide
explanation of the result of increase in sugar transport.
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Figure 8. Total soluble sugars, activity of ADP-Glucose phosphorylase and starch content in wheat
(Triticum aestivum L. var. WH 542) leaves at 30 days after sowing (DAS). Plants were treated with
melatonin (100 µM) and/or hypotaurine (HT, 100 µM) in the presence of (40 ◦C) or absence (25 ◦C)
of heat stress. Data are presented as means ± SE (n = 4). Data followed by the same letter are not
significantly different by LSD test at p < 0.05. HS, heat stress; HT; hypotaurine.

Reduction of H2S by hypotaurinereduced the increase in sucrose synthesis and degra-
dation enzymes and the decrease was comparable or lower than heat treated plants even
in the presence of melatonin. Thus, H2S has a major role in affecting melatonin-mediated
sucrose synthesis enzymes under heat stress. Reduction of H2S by 56.3% with hypotaurine
to heat alone treated plants also reducedsucrose synthesis. The aim of using hypotaurine to
heat treatment was to substantiate the role of H2S in heat tolerance and melatonin enhanced
H2S evolution and mediation of tolerance, which was again reduced with hypotaurine
suggesting melatonin action in heat tolerance to be mediated by H2S.
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3.6. Effect of H2S in Melatonin-Induced Starch Accumulation and the Related Enzyme
ADP-Glucose Phosphorylase

The effect of melatonin on starch accumulation and ADP-Glucose phosphorylase was
examined in photosynthetic tissue of wheat plants under non stress and stress states. Heat
stress decreased both accrual of starch and the activity of ADP-Glucose phosphorylase
enzyme by 37.2% and 20.3%, respectively, compared to control. However, starch accu-
mulation was increased by 18.6% in plants treated with melatonin alone and by 7.8% in
plants treated with melatonin plus heat stress, as compared to control (Figure 8). Similarly,
the activity of ADP-Glucose phosphorylase enzyme was increased by melatonin in non-
stressed plants by 15.5%, while an increase of 7.5% was observed with melatonin under
heat stressed plants in comparison to control. Application of hypotaurine reduced the
melatonin-induced increase in both starch and ADP-Glucose phosphorylase activity under
heat stress.Hypotaurine further decreased starch and ADP-Glucose phosphorylase activity
when provided to heat alone treatment compared to heat stress.

4. Discussion

Plants initiate several mechanisms such as stimulation of antioxidant system, accu-
mulation of osmolytes or secondary metabolites, heat shock proteins to resist the harmful
effect of heat stress through maintenance of cellular homeostasis and repair of damaged
membranes and proteins. These mechanisms are associated with production of various
hormones and signalling molecules that help in adapting to heat-induced adversities.
Kaya et al. [46] reported that interactive effect of H2S and NO resulted in reducing ox-
idative stress and cadmium uptake by enhancing the antioxidative enzyme system and
mineral nutrients uptake. At low concentration, H2S affects plant development and growth
by playing a major role in abiotic and biotic stress responses [27,62]. Hydrogen sulfide has
gained much attention because it is a vital mode of sulfur metabolism in organisms and
has increased special significance owed to its signalling properties, besides the essentiality
of S requirement is known under both abiotic and biotic stress [63]. Under conditions of
stress when ROS accumulation causes oxidative stress, the increased H2S helps in reduc-
ing the ROS via enhancing the non-enzymatic and enzymatic ways. In our study also
H2S evolution increased under heat stress which might have signalled for increase in
antioxidative mechanism because reduction of H2S by hypotaurin decreased antioxidative
enzymes, photosynthesis, and growthunder heat stress. The rescue mechanism of H2S also
involves signal that regulates stomatal movement, increases GSH, redox ratio, along with
GSH-associated genes expression under chilling stress [64]. H2S relates through H2O2 and
was found to upregulate ascorbate-glutathione cycle which acted as the downstream signal
for H2S regulation on ROS [65,66]. Exogenous H2S application on plant seedlings was
reported to inhibit oxidative stress by reducing the MDA activity, electrolyte leakage and
proline [66,67] and protected photosynthesis and stablized the chloroplast structure [68].
Under heat stress accumulation of H2S has been reported which could be associated with
the acquisition of stress tolerance in plants [69,70]. Besides, exogenously applied H2S can
induce cross-adaptation to multiple stresses, indicating its potential as a signal molecule in
cross-adaptation in plants [70,71].

The interaction of H2S with various other signalling molecules has also been reported.
Hydrogen sulfide with Ca2+ and CaM effectively alleviated heat-induced damage to plants
via increasing the H2S accumulation [72] and H2S-induced heat tolerance required Ca2+

transport toward cytoplasm then intracellular CaM coordinates it [73]. Methylglyoxal
(MG) which resembles H2S contributes in abiotic stress response and application of MG
and/or NaHS enhanced maize seedlings response to heat stress and both showed positive
interaction [74]. A crosstalk of H2S signals with carbon monoxide, salicylic acid (SA),
abscisic acid (ABA), and ethylene has also been reported [75–78], and these are found to
prompt H2S-producing enzymes activation and endogenous H2S accretion under high-
temperature stress. Hydrogen sulfide interacts with ethylene under osmotic stress [79],
with ABA for closure of stomata [78], with NO for heat tolerance [4] with SA for lead
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tolerance [47], with H2O2 and brassinosteroid (BR) for stomatal closure [80] and with
melatonin for salt and iron deficiency tolerance [46].

While undergoing various studies we found that melatonin interaction with H2S
under heat stress has not been worked out, although antioxidants and photosynthesis
are shown to be influenced with H2S application. We still do not know how H2S affects
carbohydrate metabolism under heat stress and its relationship with melatonin. Melatonin
is known as a biopromoter as it regulates numerous physiological methods and improves
heat stress resistance in plants [81,82]. It is a small molecular weight indoleamine hormone
explicitly being measured as a candidate phytohormone due to its various responses under
biotic and abiotic stresses. Its level increases upon plant’s exposure to abiotic stresses
and it scavenges ROS molecules and enhances activity of antioxidant enzyme, content of
metabolite, photosynthetic efficiency and regulates stress transcription features and other
metabolites and signalling molecules [83]. However, the information on how melatonin
regulates carbohydrate metabolism and photosynthesis in heat stress in wheat and its
interplay with H2S in this mechanism is scanty. In the present study, melatonin enhanced
plants’ photosynthetic potential by increasing carbohydrate accumulation with enhanced
antioxidative enzymes activity. The influence of melatonin was found to be dependent on
H2S evolution as evidenced that the reduction of H2S reducedphotosynthesis and growth
in wheat.

Similar responses in reduction of all studied photosynthetic traits were observed when
H2S was reduced with hypotaurine under heat stress showing H2S signalling under heat
stress as an adaptation strategy against heat adversities on plants.

4.1. Melatonin Increases H2S Evolution in Wheat under Heat Stress

Exogenous application of melatonin further increased H2S evolution which was
induced under heat stress. Previous studies have reported that heat stress induces H2S
evolution [4]. The interrelationship between melatonin and H2S has been stated in some
researches. Kaya et al. [46] found that melatonin imparted resistance to join deficiency of
iron and salt-stress which was intervened through both NO and H2S. These molecules
went about as downstream signal molecule in melatonin actuated resilience. Exogenous
melatonin treatment under salt stress modulated the endogenous H2S level and absolutely
upregulated the L-cysteine desulfhydrase activity under salt stress in tomato seedlings [25].
Turk and Erdal [84] studied that melatonin application enhanced mineral element content
in cold-stressed plants. Among studied nutrients, sulfur level also increased by melatonin
under stress which acts as a building block of proteins, enzymes and vitamins. Sulfide is
an important intermediate in sulfur metabolism and the amount of H2S released has been
correlated with sulfate supply to the plants [71]. When hypotaurinewas supplemented to
heat stressed plants with or without melatonin, reduction in H2S level was observed and
more reduction in plants under heat stress and without melatonin. With lower level of H2S
detected in heat stressed and hypotaurine treated plants, we observed greater reduction in
all the parameters in heat stress and hypotaurine treatment.

4.2. Melatonin Decreases Heat Stress-Induced Oxidative Stress by Enhancing the Antioxidative
Machinery: The Effect Mediated by H2S

In this research, heat stress was found to increase oxidative stress supported by in-
creased TBARS and H2O2 content which was reduced by the supplementation of melatonin.
Melatonin supplementation increased the activity of antioxidative enzymes (CAT, SOD,
APR, GR) which scavenges the excess generated ROS to reduce oxidative stress. Enhanced
activity of antioxidative enzymes detoxifies excess ROS and reduces oxidative stress.
Catalase activity increased under heat stress and more increase occurred with melatonin
treatment under heat stress. Catalase and peroxidises play important role in regulating the
level of intracellular H2O2 and convert it into H2O regenerating NADP+ that helps plant
under stress conditions [85]. Increase in CAT activity was found under heat stress in wheat;
and heat tolerance in wheat genotypes was directly linked with the percent enhancement in
antioxidantive enzymes including CAT, SOD and guaiacol peroxidase [86]. Reports suggest
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that melatonin mediates several enzymes expression that detoxify excess H2O2 such as,
CAT, glutathione/ascorbate reductases, peroxidases in addition to peroxiredoxins [17,87]
and balances the ROS/RNS level through antioxidant action. Either endogenous or ex-
ogenous supplied melatonin induces its own synthesis presenting melatonin as a specific
regulator, an anti-stress manager and a plant master regulator [88,89]. Siddiqui et al. [90]
reported that melatonin induces photosynthetic enzymes, antioxidative system, proline
metabolism and carbohydrate level under salt stress. Since supplementation of melatonin
increases H2S therefore, it was thought that melatonin action was via H2S. Kaya et al. [46]
have studied crosstalk among H2S and NO in melatonin-induced salt stress tolerance in
pepper. NaHS pretreatment enhances cellular viability and was found to decrease MDA
accumulation and electrolyte leakage [73]. H2S diminishes the harmful effect of oxidative
stress under heat stress [75]. In our study, we found that SOD, CAT, APX, GR activity
amplified in stress and more increase was received with melatonin, but 47.6% reduction
of H2S activity with hytotaurine in melatonin and heat stress treatment reduced the in-
crease in antioxidative enzymes that was observed in melatonin and heat-stressed plants.
Similarly, Iqbal et al. [4] reported that H2S enhances antioxidative enzymes activity and
ascorbate-glutathione cycle to scavenge excess ROS and reduce oxidative stress in wheat
under heat stress. Although not much has been discussed on the interaction between
melatonin and H2S under heat studies, various studies support for a regulatory interaction
either directly or indirectly. The relationship of melatonin, H2S and NO was considered
in regulation of fruit ripening [91] and under salt stress by Kaya et al. [46]. However, the
present reported study is the first onepertaining to melatonin and H2S under heat stress in
wheat where melatonin increased the H2S generation to scavenge excess ROS by increasing
the antioxidative enzymes activity.

4.3. Impact of Melatonin on Photosynthesis and Carbohydrate Metabolism under Heat Stress:
Reversal of the Effect by H2S Scavenger

Heat stress affects the process of photosynthesis [4,92] by altering the activities of
enzymes in metabolism of carbon and it also affects sucrose synthesis and starch accumu-
lation by modulating explicit genes of the carbohydrate metabolism pathway [93]. The
reduction in photosynthetic efficiency could be attributed to reduced activity of the Calvin
cycle enzymes comprising Rubisco [94]. We found decreased Rubisco activity under heat
stress which was restored by melatonin application. Reduction in chlorophyll content also
leads to reduced photosynthesis probably due to increased chlorophyllase activity [95].
In the present study, the impact of melatonin was observed in reducing heat-induced
photosynthetic reduction. Heat-stress reduced the content of chlorophyll, Rubisco activ-
ity in addition to efficiency of PSII and reduced stomatal conductance, intercellular CO2
concentration and net photosynthesis. However, melatonin supply increased Rubisco,
chlorophyll content and photosynthetic traits which were reduced by application of H2S
scavenger suggesting the involvement of H2S in melatonin-induced increase in photosyn-
thesis under heat stress. Individually both melatonin and H2S are reported to enhance
photosynthesis but here we found melatonin effect to be mediated by H2S. Melatonin
supplementation was found to increase photosynthesis efficiency by elevating Rubisco and
fructose bisphosphatase enzyme activities under heat stress in tomato seedlings [96].

We observed that heat stress led to a decrease in accumulation of starch content and
total soluble sugar. Exposure of plants to heat stress can be harmful to the starch synthesis
enzymes activity and starch content [97]. In several studies, ADP-Glucose pyrophospho-
rylase activity in maize, wheat, barley and rice were repressed under heat stress which
reduced starch biosynthesis [97,98]. The present work reveals that the activity of ADP-
Glucose pyrophosphorylase, one of the core rate limiting starch biosynthesis enzymes
decreased in heat-stressed plants. Conversely, study also suggests that heat stress primes
to rise in content of carbohydrates that helps to uphold cell turgor, helps in cell layers’
stabilization and prevents deterioration of protein [99]. Melatonin supplementation in
sugar starved suspension cells of Nicotiana tabacum L. line Bright Yellow played regulatory
role in carbohydrate metabolism byincreasing starch content through diverting the cell
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metabolism on gluconeogenesis whichled to carbohydrate synthesis from nonsugar precur-
sors, like amino acids [100]. In response to stress melatonin improves plants photosynthetic
ability [101,102].

Soluble sugar acts as a signalling molecule that controls growth and metabolic pro-
cesses and defence linked genes to regulate plant growth [103,104]. Thus, enhanced sugar
accumulation is required for potential tolerance of plants and we observed rise in sucrose
under heat stress which was reduced by melatonin supplementation when the stress was
relieved and photosynthesis and starch increased. The degradation of starch under heat
stress was supported by reduced ADP-Glucose phosphorylase activity then increased
sucrose phosphate synthase and sucrose synthase activity which helped in utilization of
sugars for plant growth. Melatonin led to enhancement of starch and sucrose content to
alleviate heat induced oxidative stress by maintaining an osmotic balance and providing
energy and food for growth. These actions of melatonin were blocked by H2S scavenger
which supported the role of H2S in increasing carbohydrate accumulation under heat stress.

Heat tolerance requires the accumulation of sugars in plants and availability of carbo-
hydrate (glucose and sucrose), is a significant physiological attribute for the resistance to
heat [105]. They reported decreased carbohydrate content under heat stress that was more
in heat-susceptible genotype compared to tolerant one. In our study, the content of total
soluble sugar decreased in heat stress, but by supplementation of melatonin under heat
stress sugar accumulation increased. Figure 9 highlights the important changes that occur
in the carbohydrate metabolism under heat stress. It may be said that plants under heat
stress increase their sucrose content by favouring the degradation of starch. The conversion
of sucrose to starch is reduced with reduced activity of ADP-Glucose phosphorylase but
increased sucrose phosphate activity increases sucrose content. We observed that the
activity of invertase and sucrose synthase reduced which resulted in reduced total soluble
sugars, also with reduced starch content. The interconversion of starch-sugar in leaf is
necessary for the tolerance in plants to abiotic stress [106].

Figure 9. Influence of heat stress and melatonin on carbohydrate metabolism. Red arrow shows de-
crease and black arrow shows increase. Double headed arrow shows regulation in both the direction.
Black thick arrow shows more increase. SPS, sucrose phosphate synthase; ADP-GP, ADP-Glucose
phosphorylase; AI, acid invertase; SuSy, sucrose synthase; UDP-G, uridine diphosphate glucose.
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Enhanced sucrose phosphate synthase activity under temperature stress helps in
shifting the carbon grade starch to sucrose synthesis [107]. Melatonin increased the activity
of sucrose synthase and invertase under heat stress thus leading to increased mobiliza-
tion of carbon source to demanding sink. Increased expression of sucrose phosphate
synthase genes is reported to increase heat tolerance. Melatonin was found to effect
sucrose-phosphate synthase and sucrose synthase by either protein activation or gene
transcriptions and increased invertase activity by decreasing invertase inhibitor gene ex-
pression and thus affected growth [108]. Lafta and Lorenzen [109] reported that at high
temperatures, improvement in the sucrose phosphate synthase genes expression reasons
upsurge in the sucrose synthesis that improves tolerance of plants under slight heat stress.
Alike result was seen in our study by increased sucrose and sucrose phosphate synthase ac-
tivity in heat stress. Sucrose phosphate synthase activity further increased with melatonin
treatment under heat stress, however, sucrose content decreased on melatonin treatment
compared to heat-stressed plants although they were greater than control. The reason for
this could be the utilization of sucrose with melatonin for plants growth and development
with the release of stress. Khan et al. [106] reported increased sucrose content to be aligned
with decreased starch content under salt stress in tomato seedling roots. They found the
effect of K+ in salt stress alleviation was mediated by H2S through its effect on carbohydrate
metabolism and antioxidative defense system. The melatonin-induced increase in carbohy-
drate was reduced when hypotaurine was supplemented with melatonin suggesting that
this carbohydrate accumulation by melatonin require H2S for its action under heat stress.

The increase in invertase activity with melatonin helps in heat tolerance and this
increase was mediated through H2S. Siddiqui et al. [90] stated that melatonin alleviated salt
stress through osmoregulation via increasingthe content of total soluble carbohydrate and
proline and upregulated carbohydrate metabolism. Increased invertase activity enhanced
sucrose transport and was found to improve heat tolerance [73].

Hydrogen sulfide was found to increase glucose utilization under heat stress in wheat
and decreased heat-induced reduction in photosynthesis [4]. NaHS treatment to S. oleracea
leaves increased accumulation of glucose and sucrose though it was lower than control;
nevertheless, trehalose and fructose contents considerably increased above the control
suggesting the role of trehalose and fructose in drought tolerance. Increased photosynthesis
and PSII efficiency in S. oleracea under drought stress on H2S supplementation was due to
modulation of sugar metabolism [69]. Ye et al. [74] found that H2S increases photosynthesis
by promoting Rubisco activity plus photosynthetic electron transport increases chlorophyll
biosynthesis. It also modulates Fv/Fm ratio, chlorophyll content together with net pho-
tosynthetic rate, stomatal conductance, and transpiration rate [65,110]. Khan et al. [106]
reported that potassium and endogenous H2S regulated sugar metabolism for initiating
adaptive responses under salinity stress. Hydrogen sulfide was found to alleviate salt
stress and increased sucrose synthase, sucrose phosphate synthase, invertase activity and
decreased starch content.

Although not much study has been done on the role of H2S in regulating carbohydrate,
here we observed that the reduction of H2S by 47.6% by its scavenger resulted in decreased
melatonin function on carbohydrate content suggesting the notion that melatonin effect
on carbohydrate is via H2S. Taken together, our studyshows the importance of H2S in
melatonin-induced heat stress tolerance through enhancing carbohydrate metabolism un-
der heat stress. It may be emphasized that melatonin modulated carbohydrate metabolism
under heat stress to regulate tolerance of heat and caused reduction in oxidative stress and
anincrease in antioxidative metabolism via H2S. Possibly, melatonin functions upstream of
H2S in inducing heat stress signalling response. Such study of regulation of carbohydrate
metabolism by H2S in heat stress is not reported till date and this explores the possibility of
H2S application as heat stress mitigator in plants. In order to make the concept clear, a dia-
grammatic representation of the effect of melatonin and H2S on carbohydrate metabolism
under heat stress is given (Figure 9).
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5. Conclusions

Heat stress affects carbohydrate metabolism and reduces photosynthesis. However,
we observed increase in H2S under heat stress which could have signalled for increase in
antioxidative enzymes and it was found that 56.3% scavenging H2S by hypotaurine reduced
antioxidative enzymes activity and further lowered photosynthesis and growth. However,
there was an increase in sucrose upon heat treatment which was again a defense strategy
against stress, and it was observed that hypotaurine inhibited this increase in heat stressed
plants. This suggests that H2S plays an essential role in inducing heat tolerance. Melatonin
supplementation either alone or under heat stress was found to increase H2S evolution
substantially and promoted growth. This study emphasised that melatonin helps the
plants under heat stress by not only decreasing the oxidative stress through enhancement
in antioxidative enzymes activity but also increases photosynthesis and growth through
anincrease in the carbohydrate utilization to support growth under adverse conditions.
This effect of melatonin was found to be mediated via H2S and reductionof H2S inhibited
melatonin-mediated increase in heat tolerance by inhibiting the activity of antioxidative
enzymes, photosynthesis and carbohydrate metabolism in wheat suggesting of downward
signalling of H2S in melatonin-induced heat tolerance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10091778/s1, Material and methods details: plant material and growth conditions,
leaf crude extracts for enzymatic assays, Determination of H2S, H2O2 and TBARS content, deter-
mination of Rubisco activity, determination of Starch and total soluble sugars and sucrose con-
tent, estimation of activity of sucrose synthase, sucrose phosphate synthase, acid invertase and
UDP-glucose phosphorylase.

Author Contributions: Conceptualization: N.I., N.A.K.; Investigation and data curation: N.I., M.F.,
S.U.; Microscope analysis: A.S., I.D.; Biochemical analysis: M.F., H.G.; Physiological analysis: H.G.,
N.I., M.F.; Original draft preparation: N.I., N.A.K.; Editing and content improvement: N.A.K., A.S.,
I.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

Acknowledgments: NI is thankful to DST-SERB (NPDF) for providing financial assistance (PDF/2019/
000770) and NAK is thankful to the University Grant Commission, New Delhi (F.19-219/2018(BSR)
and the council of Scientific and Industrial Research, New Delhi (38(1473)/19/EMRII) for financial
assistance for research on heat stress tolerance mechanisms.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Hassan, M.U.; Chattha, M.U.; Khan, I.; Chattha, M.B.; Barbanti, L.; Aamer, M.; Iqbal, M.M.; Nawaz, M.; Mahmood, A.; Ali,

A.; et al. Heat stress in cultivated plants: Nature, impact, mechanisms, and mitigation strategies—A review. Plant Biosys. 2021,
155, 211–234. [CrossRef]

2. Ohama, N.; Sato, H.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Transcriptional regulatory network of plant heat stress response.
Trends Plant Sci. 2017, 22, 53–65. [CrossRef] [PubMed]

3. Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Huang, J. Crop production under drought and heat stress:
Plant responses and management options. Front. Plant Sci. 2017, 8, 1147. [CrossRef]

4. Iqbal, N.; Umar, S.; Khan, N.A.; Corpas, F.J. Nitric oxide and hydrogen sulfide coordinately reduce glucose sensitivity and
decrease oxidative stress via ascorbate-glutathione cycle in heat-stressed wheat (Triticum aestivum L.) Plants. Antioxidants 2021, 10,
108. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/plants10091778/s1
https://www.mdpi.com/article/10.3390/plants10091778/s1
http://doi.org/10.1080/11263504.2020.1727987
http://doi.org/10.1016/j.tplants.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27666516
http://doi.org/10.3389/fpls.2017.01147
http://doi.org/10.3390/antiox10010108
http://www.ncbi.nlm.nih.gov/pubmed/33466569


Plants 2021, 10, 1778 19 of 22

5. Xalxo, R.; Yadu, B.; Chandra, J.; Chandrakar, V.; Keshavkant, S. Alteration in carbohydrate metabolism modulates thermotolerance
of plant under heat stress. In Heat Stress Tolerance in Plants: Physiological, Molecular and Genetic Perspectives; Wani, S.H., Kumar, V.,
Eds.; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2020; pp. 77–115.

6. Zhao, N.; Sun, Y.; Wang, D.; Zheng, J. Effects of exogenous melatonin on nitrogen metabolism in cucumber seedlings under high
temperature stress. Plant Physiol. Commun. 2012, 48, 557–564.

7. Liang, D.; Gao, F.; Ni, Z.; Lin, L.; Deng, Q.; Tang, Y.; Xia, H. Melatonin improves heat tolerance in kiwifruit seedlings through
promoting antioxidant enzymatic activity and glutathione S-transferase transcription. Molecules 2018, 23, 584. [CrossRef]

8. Li, Z.G.; Xu, Y.; Bai, L.K.; Zhang, S.Y.; Wang, Y. Melatonin enhances thermotolerance of maize seedlings (Zea mays L.) by
modulating antioxidant defense, methylglyoxal detoxification, and osmoregulation systems. Protoplasma 2018, 256, 471–490.
[CrossRef]

9. Buttar, Z.A.; Wu, S.N.; Arnao, M.B.; Wang, C.; Ullah, I.; Wang, C. Melatonin suppressed the heat stress-induced damage in wheat
seedlings by modulating the antioxidant machinery. Plants 2020, 9, 809. [CrossRef]

10. Zhang, H.J.; Zhang, N.A.; Yang, R.C.; Wang, L.; Sun, Q.Q.; Li, D.B.; Guo, Y.D. Melatonin promotes seed germination under high
salinity by regulating antioxidant systems, ABA and GA 4 interaction in cucumber (Cucumis sativus L.). J. Pineal Res. 2014, 57,
269–279. [CrossRef]

11. Wei, W.; Li, Q.T.; Chu, Y.N.; Reiter, R.J.; Yu, X.M.; Zhu, D.H.; Chen, S.Y. Melatonin enhances plant growth and abiotic stress
tolerance in soybean plants. J. Exp. Bot. 2015, 66, 695–707. [CrossRef]

12. Posmyk, M.M.; Janas, K.M. Melatonin in plants. Acta Physiol. Plant. 2009, 31, 1. [CrossRef]
13. Shi, H.; Jiang, C.; Ye, T.; Tan, D.X.; Reiter, R.J.; Zhang, H.; Chan, Z. Comparative physiological, metabolomic, and transcriptomic

analyses reveal mechanisms of improved abiotic stress resistance in bermudagrass [Cynodon dactylon (L). Pers.] by exogenous
melatonin. J. Exp. Bot. 2014, 66, 681–694. [CrossRef] [PubMed]

14. Nawaz, K.; Chaudhary, R.; Sarwar, A.; Ahmad, B.; Gul, A.; Hano, C.; Anjum, S. Melatonin as master regulator in plant growth,
development and stress alleviator for sustainable agricultural production: Current status and future perspectives. Sustainability
2021, 13, 294.

15. Tang, D.X.; Manchester, L.C.; Reiter, R.J.; Qi, W.B.; Karbownik, M.; Calvo, J.R. Significance of melatonin in antioxidative defense
system: Reactions and products. Neurosignals 2000, 9, 137–159.

16. Varghese, N.; Alyammahi, O.; Nasreddine, S.; Alhassani, A.; Gururani, M.A. Melatonin positively influences the photosynthetic
machinery and antioxidant system of Avena sativa during salinity stress. Plants 2019, 8, 610. [CrossRef]

17. Arnao, M.B.; Hernández-Ruiz, J. Melatonin in its relationship to plant hormones. Ann. Bot. 2018, 121, 195–207. [CrossRef]
18. Martinez, V.; Lopez-Delacalle, M.; Rodenas, R.; Mestre, T.C.; Garcia-Sanchez, F.; Rubio, F.; Nortes, P.A.; Mittler, R.; Rivero, R.M.

Tolerance to stress combinations in tomato plants: New insights in the protective role of melatonin. Molecules 2018, 23, 535.
[CrossRef]

19. Ding, F.; Wang, M.; Liu, B.; Zhang, S. Exogenous melatonin mitigates photoinhibition by accelerating non-photochemical
quenching in tomato seedlings exposed to moderate light during chilling. Front. Plant Sci. 2017, 8, 244. [CrossRef]

20. Sun, C.; Liu, L.; Wang, L.; Li, B.; Jin, C.; Lin, X. Melatonin: A master regulator of plant development and stress responses. J. Integr.
Plant Biol. 2021, 63, 126–145. [CrossRef]

21. Kaya, C.; Okant, M.; Ugurlar, F.; Alyemeni, M.N.; Ashraf, M.; Ahmad, P. Melatonin-mediated nitric oxide improves tolerance to
cadmium toxicity by reducing oxidative stress in wheat plants. Chemosphere 2019, 225, 627–638. [CrossRef]

22. He, H.; He, L.F. Crosstalk between melatonin and nitric oxide in plant development and stress responses. Physiol. Plant. 2020,
170, 218–226. [CrossRef]

23. Hancock, J.T.; Whiteman, M. Hydrogen sulphide signaling: Interactions with nitric oxide and reactive oxygen species. Ann. N. Y.
Acad. Sci. 2016, 1365, 5–14. [CrossRef]

24. Hancock, J.H. Hydrogen sulfide and environmental stresses. Environ. Exp. Bot. 2019, 161, 50–56. [CrossRef]
25. Mukherjee, S.; Bhatla, S.C. Exogenous melatonin modulates endogenous H2S homeostasis and l-cysteine desulfhydrase activity

in salt-stressed tomato (Solanum lycopersicum L. var. cherry) seedling cotyledons. J. Plant Growth Regul. 2020. [CrossRef]
26. Li, Z.G.; Xiang, R.H.; Wang, J.Q. Hydrogen sulfide—Phytohormone interaction in plants under physiological and stress conditions.

J. Plant Growth Regul. 2021. [CrossRef]
27. Pandey, A.K.; Gautam, A. Stress responsive gene regulation in relation to hydrogen sulfide in plants under abiotic stress. Physiol.

Plant. 2020, 168, 511–525. [CrossRef] [PubMed]
28. 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 application 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]

29. Chen, J.; Wu, F.H.; Wang, W.H.; Zheng, C.J.; Lin, G.H.; Dong, X.J.; Zheng, H.L. Hydrogen sulphide 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]

30. Thalmann, M.; Santelia, D. Starch as a determinant of plant fitness under abiotic stress. New Phytol. 2017, 214, 943–951. [CrossRef]
31. MacNeill, G.J.; Mehrpouyan, S.; Minow, M.A.; Patterson, J.A.; Tetlow, I.J.; Emes, M.J.; Raines, C. Starch as a source, starch as a

sink: The bifunctional role of starch in carbon allocation. J. Exp. Bot. 2017, 68, 4433–4453. [CrossRef]

http://doi.org/10.3390/molecules23030584
http://doi.org/10.1007/s00709-018-1311-4
http://doi.org/10.3390/plants9070809
http://doi.org/10.1111/jpi.12167
http://doi.org/10.1093/jxb/eru392
http://doi.org/10.1007/s11738-008-0213-z
http://doi.org/10.1093/jxb/eru373
http://www.ncbi.nlm.nih.gov/pubmed/25225478
http://doi.org/10.3390/plants8120610
http://doi.org/10.1093/aob/mcx114
http://doi.org/10.3390/molecules23030535
http://doi.org/10.3389/fpls.2017.00244
http://doi.org/10.1111/jipb.12993
http://doi.org/10.1016/j.chemosphere.2019.03.026
http://doi.org/10.1111/ppl.13143
http://doi.org/10.1111/nyas.12733
http://doi.org/10.1016/j.envexpbot.2018.08.034
http://doi.org/10.1007/s00344-020-10261-7
http://doi.org/10.1007/s00344-021-10350-1
http://doi.org/10.1111/ppl.13064
http://www.ncbi.nlm.nih.gov/pubmed/31916586
http://doi.org/10.1016/S2095-3119(16)61358-8
http://doi.org/10.1093/jxb/err145
http://www.ncbi.nlm.nih.gov/pubmed/21624977
http://doi.org/10.1111/nph.14491
http://doi.org/10.1093/jxb/erx291


Plants 2021, 10, 1778 20 of 22

32. Yano, R.; Nakamura, M.; Yoneyama, T.; Nishida, I. Starch-related alpha-glucan/water dikinase is involved in the cold-induced
development of freezing tolerance in Arabidopsis. Plant Physiol. 2005, 138, 837–846. [CrossRef] [PubMed]

33. Thalmann, M.; Pazmino, D.; Seung, D.; Horrer, D.; Nigro, A.; Meier, T.; Santelia, D. Regulation of leaf starch degradation by
abscisic acid is important for osmotic stress tolerance in plants. Plant Cell 2016, 28, 1860–1878. [CrossRef] [PubMed]

34. Zrenner, R.; Salanoubat, M.; Willmitzer, L.; Sonnewald, U. Evidence of the crucial role of sucrose synthase for sink strength using
transgenic potato plants (Solanum tuberosum L.). Plant J. 1995, 7, 97–107. [CrossRef] [PubMed]

35. Tang, G.Q.; Sturm, A. Antisense repression of sucrose synthase in carrot (Daucus carota L.) affects growth rather than sucrose
partitioning. Plant Mol. Biol. 1999, 41, 465–479. [CrossRef] [PubMed]

36. Krasensky, J.; Jonak, C. Drought, salt, and temperature stress-induced metabolic rearrangements and regulatory networks. J. Exp.
Bot. 2012, 63, 1593–1608. [CrossRef]

37. Dawood, M.G.; El-Awadi, M.E. Alleviation of salinity stress on Viciafaba L. plants via seed priming with melatonin. Acta Biol.
Colomb. 2015, 20, 223–235.

38. Su, X.; Fan, X.; Shao, R.; Guo, J.; Wang, Y.; Yang, J.; Guo, L. Physiological and iTRAQ-based proteomic analyses reveal that
melatonin alleviates oxidative damage in maize leaves exposed to drought stress. Plant Physiol. Biochem. 2019, 142, 263–274.
[CrossRef] [PubMed]

39. Yang, J.; Zhang, C.; Wang, Z.; Sun, S.; Zhan, R.; Zhao, Y.; Li, M. Melatonin-mediated sugar accumulation and growth inhibition in
apple plants involves down-regulation of fructokinase 2 expression and activity. Front. Plant Sci. 2019, 10, 150. [CrossRef]

40. Shiferaw, B.; Smale, M.; Braun, H.J.; Duveiller, E.; Reynolds, M.; Muricho, G. Crops that feed the world 10. Past successes and
future challenges to the role played by wheat in global food security. Food Secur. 2013, 5, 291–317. [CrossRef]

41. Akter, N.; Islam, M. Heat stress effects and management in wheat: A review. Agron. Sustain. Dev. 2017, 37, 37. [CrossRef]
42. Asseng, S.; Foster, I.A.N.; Turner, N.C. The impact of temperature variability on wheat yields. Global Change Biol. 2011, 17,

997–1012. [CrossRef]
43. Bennett, D.; Izanloo, A.; Reynolds, M.; Kuchel, H.; Langridge, P.; Schnurbusch, T. Genetic dissection of grain yield and physical

grain quality in bread wheat (Triticum aestivum L.) under water-limited environments. Theor. Appl. Genet. 2012, 125, 255–271.
[CrossRef]

44. Yu, Q.; Li, L.; Luo, Q.; Eamus, D.; Xu, S.; Chen, C.; Wang, E.; Liu, J.; Nielson, D. Year patterns of climate impact on wheat yields.
Int. J. Climatol. 2014, 34, 518–528. [CrossRef]

45. Schmidt, J.; Claussen, J.; Wörlein, N.; Eggert, A.; Fleury, D.; Garnett, T.; Gerth, S. Drought and heat stress tolerance screening in
wheat using computed tomography. Plant Methods 2020, 16, 15. [CrossRef]

46. Kaya, C.; Higgs, D.; Ashraf, M.; Alyemeni, M.N.; Ahmad, P. Integrative roles of nitric oxide and hydrogen sulfide in melatonin-
induced tolerance of pepper (Capsicum annuum L.) plants to iron deficiency and salt stress alone or in combination. Physiol. Plant.
2020, 168, 256–277. [CrossRef] [PubMed]

47. Kaya, C. Salicylic acid-induced hydrogen sulphide improves lead stress tolerance in pepper plants by upraising the ascorbate-
glutathione cycle. Physiol. Plant. 2021, 173, 8–19. [PubMed]

48. Xie, Y.; Zhang, C.; Lai, D.; Sun, Y.; Samma, M.K.; 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]

49. 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]

50. 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]

51. Giannopolitis, C.N.; Ries, S.K. Superoxide dismutases: I. Occurrence in higher plants. Plant Physiol. 1977, 59, 309–314. [CrossRef]
52. 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]
53. Aebi, H. Catalase in vitro. Meth. Enzymol. 1984, 105, 121–126.
54. 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]
55. Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol.

1981, 22, 867–880.
56. Fatma, M.; Asgher, M.; Masood, A.; Khan, N.A. Excess sulfur supplementation improves photosynthesis and growth in mustard

under salt stress through increased production of glutathione. Environ. Exp. Bot. 2014, 107, 55–63. [CrossRef]
57. Usuda, H. The activation state of ribulose 1, 5-bisphosphate carboxylase in maize leaves in dark and light. Plant Cell Physiol. 1985,

26, 1455–1463.
58. Kalwade, S.B.; Devarumath, R.M. Functional analysis of the potential enzymes involved in sugar modulation in high and low

sugarcane cultivars. Appl. Biochem. Biotechnol. 2013, 172, 1982–1998. [CrossRef]
59. Kleczkowski, L.A.; Villand, P.; Luthi, E.; Olsen, O.; Priers, J. Insensitivity of barley endosperm ADP glucose pyrophosphorylase to

3-phosphoglycerate and orthophosphate regulation. Plant Physiol. 1993, 101, 179–186. [CrossRef] [PubMed]

http://doi.org/10.1104/pp.104.056374
http://www.ncbi.nlm.nih.gov/pubmed/15894744
http://doi.org/10.1105/tpc.16.00143
http://www.ncbi.nlm.nih.gov/pubmed/27436713
http://doi.org/10.1046/j.1365-313X.1995.07010097.x
http://www.ncbi.nlm.nih.gov/pubmed/7894514
http://doi.org/10.1023/A:1006327606696
http://www.ncbi.nlm.nih.gov/pubmed/10608657
http://doi.org/10.1093/jxb/err460
http://doi.org/10.1016/j.plaphy.2019.07.012
http://www.ncbi.nlm.nih.gov/pubmed/31330393
http://doi.org/10.3389/fpls.2019.00150
http://doi.org/10.1007/s12571-013-0263-y
http://doi.org/10.1007/s13593-017-0443-9
http://doi.org/10.1111/j.1365-2486.2010.02262.x
http://doi.org/10.1007/s00122-012-1831-9
http://doi.org/10.1002/joc.3704
http://doi.org/10.1186/s13007-020-00565-w
http://doi.org/10.1111/ppl.12976
http://www.ncbi.nlm.nih.gov/pubmed/30980533
http://www.ncbi.nlm.nih.gov/pubmed/32613611
http://doi.org/10.1016/j.jplph.2013.09.018
http://doi.org/10.1104/pp.97.3.1265
http://doi.org/10.1093/jxb/32.1.93
http://doi.org/10.1104/pp.59.2.309
http://doi.org/10.1016/0003-2697(87)90489-1
http://doi.org/10.1007/BF00386001
http://www.ncbi.nlm.nih.gov/pubmed/24425174
http://doi.org/10.1016/j.envexpbot.2014.05.008
http://doi.org/10.1007/s12010-013-0622-3
http://doi.org/10.1104/pp.101.1.179
http://www.ncbi.nlm.nih.gov/pubmed/8278493


Plants 2021, 10, 1778 21 of 22

60. Kuai, J.; Liu, Z.; Wang, Y.; Meng, Y.; Chen, B.; Zhao, W.; Zhou, Z.; Oosterhuis, D.M. Waterlogging during flowering and boll
forming stages affects sucrose metabolism in the leaves subtending the cotton boll and its relationship with boll weight. Plant Sci.
2014, 223, 79–98. [CrossRef] [PubMed]

61. Xu, W.; Cui, K.; Xu, A.; Nie, L.; Huang, J.; Peng, S. Drought stress condition increases root to shoot ratio via alteration of
carbohydrate partitioning and enzymatic activity in rice seedlings. Acta Physiol. Plant. 2015, 37, 9. [CrossRef]

62. Luo, S.; Calderon-Urrea, A.; Jihua, Y.U.; Liao, W.; Xie, J.; Lv, J.; Tang, Z. The role of hydrogen sulfide in plant alleviates heavy
metal stress. Plant Soil 2020, 449, 1–10. [CrossRef]

63. González-Gordo, S.; Palma, J.M.; Corpas, F.J. Appraisal of H2S metabolism in Arabidopsis thaliana: In silico analysis at the
subcellular level. Plant Physiol. Biochem. 2020, 155, 579–588. [CrossRef] [PubMed]

64. Liu, F.; Zhang, X.; Cai, B.; Pan, D.; Fu, X.; Bi, H.; Ai, X. Physiological response and transcription profiling analysis reveal the role
of glutathione in H2S-induced chilling stress tolerance of cucumber seedlings. Plant Sci. 2020, 291, 110363. [CrossRef] [PubMed]

65. Mostofa, M.G.; Saegusa, D.; Fujita, M.; Tran, L.S.P. Hydrogen sulfide regulates salt tolerance in rice by maintaining Na+/K+

balance, mineral homeostasis and oxidative metabolism under excessive salt stress. Front. Plant Sci. 2015, 6, 1055. [CrossRef]
[PubMed]

66. Shan, C.J.; Zhang, S.L.; Ou, X.Q. The roles of H2S and H2O2 in regulating AsA-GSH cycle in the leaves of wheat seedlings under
drought stress. Protoplasma 2018, 255, 1257–1262. [CrossRef]

67. Da-Silva, C.J.; Modolo, L.V. Hydrogen sulfide: A new endogenous player in an old mechanism of plant tolerance to high salinity.
Acta Bot. Bras. 2018, 32, 150–160. [CrossRef]

68. Liu, H.; Wang, J.; Liu, J.; Liu, T.; Xue, S. Hydrogen sulfide (H2S) signaling in plant development and stress responses. Abiotech
2021, 1, 1–32.

69. Chen, J.; Shang, Y.T.; Wang, W.H.; Chen, X.Y.; He, E.M.; Zheng, H.L.; Shangguan, Z. Hydrogen sulfide-mediated polyamines and
sugar changes are involved in hydrogen sulfide-induced drought tolerance in Spinacia oleracea seedlings. Front. Plant Sci. 2016, 7,
1173. [CrossRef]

70. Li, Z.G. Hydrogen sulfide: A multifunctional gaseous molecule in plants. Russ. J. Plant Physiol. 2013, 60, 733–740. [CrossRef]
71. Calderwood, A.; Kopriva, S. Hydrogen sulfide in plants: From dissipation of excess sulfur to signaling mole cule. Nitric Oxide

2014, 41, 72–78. [CrossRef]
72. Li, Z.G.; Long, W.B.; Yang, S.Z.; Wang, Y.C.; Tang, J.H.; Wen, L.; Min, X. Endogenous hydrogen sulfide regulated by calcium is

involved in thermotolerance in tobacco Nicotiana tabacum L. suspension cell cultures. Acta Physiol. Plant. 2015, 37, 219. [CrossRef]
73. Li, Z.G.; Gong, M.; Xie, H.; Yang, L.; Li, J. Hydrogen sulfide donor sodium hydrosulfide-induced heat tolerance in tobacco

(Nicotiana tabacum L.) suspension cultured cells and involvement of Ca2+ and calmodulin. Plant Sci. 2012, 185, 185–189. [CrossRef]
74. Ye, X.Y.; Qiu, X.M.; Sun, Y.Y.; Li, Z.G. Interplay between hydrogen sulfide and methylglyoxal initiates thermotolerance in maize

seedlings by modulating reactive oxidative species and osmolyte metabolism. Protoplasma 2020, 257, 1415–1432. [CrossRef]
[PubMed]

75. Li, Z.G.; Gu, S.P. Hydrogen sulfide as a signal molecule in hematin-induced heat tolerance of tobacco cell suspension. Biol. Plant.
2016, 60, 595–600. [CrossRef]

76. Li, Z.G.; Jin, J.Z. Hydrogen sulfide partly mediates abscisic acid-induced heat tolerance in tobacco (Nicotiana tabacum L.)
suspension cultured cells. Plant Cell Tiss. Org. 2016, 125, 207–214. [CrossRef]

77. Li, Z.; Xie, L.R.; Li, X.J. Hydrogen sulfide acts as a downstream signal molecule in salicylic acid-induced heat tolerance in maize
(Zea mays L.) seedlings. J. Plant Physiol. 2015, 177, 121–127. [CrossRef] [PubMed]

78. Chen, S.; Jia, H.; Wang, X.; Shi, C.; Wang, X.; Ma, P.; Li, J. Hydrogen sulfide positively regulates abscisic acid signaling through
persulfidation of SnRK2.6 in guard cells. Mol. Plant 2020, 13, 732–744. [CrossRef]

79. Jia, H.; Chen, S.; Liu, D.; Liesche, J.; Shi, C.; Wang, J.; Li, J. Ethylene-induced hydrogen sulfide negatively regulates ethylene
biosynthesis by persulfidation of ACO in tomato under osmotic stress. Front. Plant Sci. 2018, 9, 1517. [CrossRef]

80. Ma, Y.; Shao, L.; Zhang, W.; Zheng, F. Hydrogen sulfide induced by hydrogen peroxide mediates brassinosteroid-induced
stomatal closure of Arabidopsis thaliana. Funct. Plant Biol. 2020, 48, 195–205. [CrossRef]

81. Jahan, M.S.; Shu, S.; Wang, Y.; Hasan, M.; El-Yazied, A.A.; Alabdallah, N.M.; Guo, S. Melatonin pretreatment confers heat
tolerance and repression of heat-induced senescence in tomato through the modulation of ABA-and GA-mediated pathways.
Front. Plant Sci. 2021, 12, 381. [CrossRef] [PubMed]

82. Ahammed, G.J.; Xu, W.; Liu, A.; Chen, S. Endogenous melatonin deficiency aggravates high temperature-induced oxidative stress
in Solanum lycopersicum L. Environ. Exp. Bot. 2019, 161, 303–311. [CrossRef]

83. Shafi, A.; Singh, A.K.; Zahoor, I. Melatonin: Role in abiotic stress resistance and tolerance. In Plant Growth Regulators, Signalling
under Stress Conditions; Aftab, T., Hakeem, K.R., Eds.; Springer: Berlin/Heidelberg, Germany, 2021; pp. 239–273.

84. Turk, H.; Erdal, S. Melatonin alleviates cold-induced oxidative damage in maize seedlings by up-regulating mineral elements
and enhancing antioxidant activity. J. Plant Nutr. Soil Sci. 2015, 178, 433–439. [CrossRef]

85. Sairam, R.K.; Deshmukh, P.S.; Shukla, D.S. Tolerance to drought and temperature stress in relation to increased antioxidant
enzyme activity in wheat. J. Agron. Crop Sci. 1997, 178, 171–177. [CrossRef]

86. Gupta, N.K.; Agarwal, S.; Agarwal, V.P.; Nathawat, N.S.; Gupta, S.; Singh, G. Effect of short-term heat stress on growth, physiology
and antioxidative defence system in wheat seedlings. Acta Physiol. Plant. 2013, 35, 1837–1842. [CrossRef]

http://doi.org/10.1016/j.plantsci.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24767118
http://doi.org/10.1007/s11738-014-1760-0
http://doi.org/10.1007/s11104-020-04471-x
http://doi.org/10.1016/j.plaphy.2020.08.014
http://www.ncbi.nlm.nih.gov/pubmed/32846393
http://doi.org/10.1016/j.plantsci.2019.110363
http://www.ncbi.nlm.nih.gov/pubmed/31928658
http://doi.org/10.3389/fpls.2015.01055
http://www.ncbi.nlm.nih.gov/pubmed/26734015
http://doi.org/10.1007/s00709-018-1213-5
http://doi.org/10.1590/0102-33062017abb0229
http://doi.org/10.3389/fpls.2016.01173
http://doi.org/10.1134/S1021443713060058
http://doi.org/10.1016/j.niox.2014.02.005
http://doi.org/10.1007/s11738-015-1971-z
http://doi.org/10.1016/j.plantsci.2011.10.006
http://doi.org/10.1007/s00709-020-01516-x
http://www.ncbi.nlm.nih.gov/pubmed/32474849
http://doi.org/10.1007/s10535-016-0612-8
http://doi.org/10.1007/s11240-015-0939-4
http://doi.org/10.1016/j.jplph.2014.12.018
http://www.ncbi.nlm.nih.gov/pubmed/25727780
http://doi.org/10.1016/j.molp.2020.01.004
http://doi.org/10.3389/fpls.2018.01517
http://doi.org/10.1071/FP20205
http://doi.org/10.3389/fpls.2021.650955
http://www.ncbi.nlm.nih.gov/pubmed/33841479
http://doi.org/10.1016/j.envexpbot.2018.06.006
http://doi.org/10.1002/jpln.201400476
http://doi.org/10.1111/j.1439-037X.1997.tb00486.x
http://doi.org/10.1007/s11738-013-1221-1


Plants 2021, 10, 1778 22 of 22

87. Sharif, R.; Xie, C.; Zhang, H.; Arnao, M.B.; Ali, M.; Ali, Q.; Muhammad, I.; Shalmani, A.; Nawaz, M.A.; Chen, P.; et al. Melatonin
and its effects on plant systems. Molecules 2018, 23, 2352. [CrossRef]

88. Arnao, M.B.; Hernández-Ruiz, J. Isphytomelatonin a new plant hormone? Agronomy 2020, 10, 95. [CrossRef]
89. Arnao, M.B.; Hernández-Ruiz, J. Melatonin as a regulatory hub of plant hormone levels and action in stress situations. Plant Biol.

2020, 23, 7–19. [CrossRef]
90. Siddiqui, M.H.; Alamri, S.; Al-Khaishany, M.Y.; Khan, M.N.; Al-Amri, A.; Ali, H.M.; Alsahli, A.A. Exogenous melatonin

counteracts NaCl-induced damage by regulating the antioxidant system, proline and carbohydrates metabolism in tomato
seedlings. Int. J. Mol. Sci. 2019, 20, 353. [CrossRef] [PubMed]

91. Mukherjee, S. Recent advancements in the mechanism of nitric oxide signaling associated with hydrogen sulfide and melatonin
crosstalk during ethylene-induced fruit ripening in plants. Nitric Oxide 2019, 82, 25–34. [CrossRef] [PubMed]

92. Salvucci, M.E.; Crafts-Brandner, S.J. Relationship between the heat tolerance of photosynthesis and the thermal stability of
Rubisco activase in plants from contrasting thermal environments. Plant Physiol. 2004, 134, 1460–1470. [CrossRef]

93. Ruan, Y.L.; Jin, Y.; Yang, Y.J.; Li, G.J.; John, S.B. Sugar input, metabolism, and signaling mediated by invertase: Roles in
development, yield potential, and response to drought and heat. Mol. Plant 2010, 3, 942–955. [CrossRef]

94. Sharkey, T.D. Effects of moderate heat stress on photosynthesis: Importance of thylakoid reactions, rubisco deactivation, reactive
oxygen species, and thermotolerance provided by isoprene. Plant Cell Environ. 2005, 28, 269–277. [CrossRef]

95. Todorov, D.T.; Karanov, E.N.; Smith, A.R.; Hall, M.A. Chlorophyllase activity and chlorophyll content in wild and mutant plants
of Arabidopsis thaliana. Biol. Plant. 2003, 46, 125–127. [CrossRef]

96. Jahan, M.S.; Shu, S.; Wang, Y.; Chen, Z.; He, M.; Tao, M.; Sun, J.; Guo, S. Melatonin alleviates heat-induced damage of tomato
seedlings by balancing redox homeostasis and modulating polyamine and nitric oxide biosynthesis. BMC Plant Biol. 2019, 19, 414.
[CrossRef] [PubMed]

97. Dong, S.; Beckles, D.M. Dynamic changes in the starch-sugar interconversion within plant source and sink tissues promote a
better abiotic stress response. J. Plant Physiol. 2019, 234, 80–93. [CrossRef]

98. Thitisaksakul, M.; Jiménez, R.C.; Arias, M.C.; Beckles, D.M. Effects of environmental factors on cereal starch biosynthesis and
composition. J. Cereal Sci. 2012, 56, 67–80. [CrossRef]

99. Abdelrahman, M.; Burritt, D.J.; Gupta, A.; Tsujimoto, H.; Tran, L.S.P. Heat stress effects on source–sink relationships and
metabolome dynamics in wheat. J. Exp. Bot. 2020, 71, 543–554. [CrossRef] [PubMed]
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