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Various stress conditions, such as drought, salt, heavy metals, and extreme temper-
atures, have severe deleterious effects on plant growth and directly lead to a decline in
yield and quality. The exposure of plants to such abiotic stresses leads to the uncontrolled
overproduction of reactive oxygen species (ROS), which are highly toxic and can impair
proteins, lipids, and nucleic acids, ultimately resulting in oxidative stress. Scientists have
agreed that ROS are important signaling molecules involved in the regulation of gene ex-
pression during plant growth, development, and stress responses [1]. The healthy growth
of plants in response to abiotic stress is inseparable from the joint action of many metabolic
regulators, among which the behaviors of signaling molecules are universal.

Hydrogen sulfide (H,S), which was previously considered to be toxic, has now been
regarded as a burgeoning endogenous gaseous transmitter [2]. H,S plays a vital role in the
response/adaptation mechanisms to adverse environmental conditions, as well as crosstalk
with other signaling molecules, including ROS, by affecting corresponding gene expression
and subsequent enzyme activities. H»S can provoke reversible oxidative posttranslational
modification to the cysteine residues of proteins, called persulfidation, which affect the
redox status and function of the target proteins. These concepts were the basis of the Special
Issue “Hydrogen Sulfide and Reactive Oxygen Species, Antioxidant Defense, Abiotic Stress
Tolerance Mechanisms in Plants” which aims to provide the most current findings on the
function of signaling molecules, including H,S and ROS, in higher plants. This Special Issue
contains 5 reviews and 9 original research articles. All research articles mainly concentrate
on the molecular mechanism of H,S in plant acclimatization to abiotic stress regarding its
crosstalk with other signal molecules, and each of them represents an interesting approach
to this topic. The significant participation of several authors and the number of contributions
testifies to the considerable interest that the topic is currently receiving in the plant science
community. Here, we briefly summarize the contributions included in this Special Issue.

Chilling is the widespread environmental stress caused by drastic and rapid global climate
changes, severely restricting plant growth and crop production. Cucumbers (Cucumis sativus L.)
are typical cold-sensitive plants, and generally suffer chilling injury. Zhang et al. reported
on H,S’s important role in improving cucumber chilling tolerance, in which they revealed
the crosstalk among HjS, hydrogen peroxide (H2O;), and auxin and its intrinsic molec-
ular mechanism in controlling cucumber chilling tolerance [3,4]. Using a pharmacologi-
cal method, they established a causal link among the different signaling molecules and
suggested that H,O,, as a downstream signal of indole-3-acetic acid (IAA), mediates H,S-
induced chilling tolerance in cucumber seedlings [3]. Furthermore, they illustrated the
molecular mechanism by which H,S regulates chilling stress response through the regula-
tion of auxin signaling at the transcriptional level [4]. Transcriptome analyses were able
to identify a cucumber auxin response factor (ARF) gene CsARF5, which was differen-
tially expressed under H,S treatment. The overexpression of CsARF5 enhanced the cold



Int. J. Mol. Sci. 2022, 23, 9463

stress tolerance of cucumber. This is because ARF5 can directly activate the expression of
the dehydration-responsive element-binding (DREB)/C-repeat binding factor (CBF) gene
CsDREBS3, thus regulating cucumber cold stress tolerance. The regulation of the cold stress
response by the CsARF5-CsDREB3 module depended on H;S, as the application of H,S
scavenger hypotaurine blocked CsARF5-mediated chilling tolerance.

H;S also plays important role in regulating the abscisic acid (ABA) signaling pathway.
ABSCISIC ACID-INSENSITIVE 4 (ABI4) is a versatile transcription factor in ABA signaling
pathways. Zhou et al. suggest the molecular link between H,S and ABI4 through the post-
translational modifications of persulfidation during seed germination and early seedling
development [5]. They demonstrated that HyS-mediated persulfidation plays an impor-
tant role in ABI4-controlled ABA signaling in Arabidopsis. HyS-mediated persulfidation
attenuates the ABI4 degradation during seed germination. As the ABI4 level decreased
during seed germination, persulfidation-attenuated ABI4 degradation, in turn, inhibited
seed germination and seedling establishment. These results indicated that H»S has an
inhibitory effect on both the germination and postgermination growth of Arabidopsis.

Another study by Zhou et al. provided insights into the molecular mechanisms un-
derlying H,S-conferred rice drought tolerance and demonstrated that H,S-regulated rice
drought tolerance may be achieved through the persulfidation of NIA2, which is a ni-
trate reductase (NR) isoform responsible for the main NR activity [6]. They showed that
NR activity was decreased under drought stress, along with the increase in H,S content.
The persulfidation of NIA2 led to a decrease in total NR activity in rice. Furthermore,
the drought-stress-triggered inhibition of NR activity and persulfidation of NIA2 was
intensified in the rice transgenic line with the overproduction of H,S. In agreement with
these observations, mutation of NIA2 enhanced rice drought tolerance by activating the
expression of genes encoding antioxidant enzymes and ABA-responsive genes.

The critical role of HyS was also suggested for plants counteracting manganese (Mn)
stress. Hou et al. investigated the mechanism of H;S participation and alleviation of Mn
stress in Arabidopsis thaliana [7]. H,S is involved in the alleviation of Mn-induced Ara-
bidopsis seedling growth inhibition by reducing Mn?* content, reducing ROS accumulation,
and enhancing antioxidant enzyme activity. They found that the L-cysteine desulfhydrase
(AtLCD) is critical for endogenous H,S production and further regulates Arabidopsis
tolerance to Mn stress.

Interestingly, another study reported on H,S’s involvement in plant response to the
combined stress of multiple elements [8]. Mercury (Hg) is a toxic metal, even at low
levels. Se (selenium) is a beneficial micronutrient for plant growth, which, at proper
concentrations, can rescue plants from the toxicity of heavy metals, including Hg. However,
Se application with excess concentration shows a synergistic toxic effect with Hg. Using a
specific fluorescence probe, Yang et al. found that endogenous H,S could be triggered as a
defensive signal in response to the synergistic toxicity of Hg and Se in Brassica rapa. Neither
Hg nor Se worked alone. The defensive role of H,S in response to Hg and Se treatment was
evaluated by the manipulation of endogenous H;S levels, as the increase in endogenous
H,S was associated with the decrease in ROS level, followed by alleviating cell death and
recovering root growth. Such findings extend our knowledge of plant H,S in response to
multiple stress conditions.

N-acetyl-5-methoxytryptamine (melatonin) was known to act as a multifunctional
molecule to alleviate abiotic and biotic stresses. The review paper by Gu et al. is devoted to
the effects of melatonin on the plant response to heavy metal cadmium (Cd) [9]. Melatonin
activates several downstream signals, such as nitric oxide (NO), H,O,, and salicylic acid
(SA), which are required for plant Cd tolerance. The author summarizes the progress
in various physiological and molecular mechanisms regulated by melatonin in plants
under Cd stress and discussed the complex interactions between melatonin and HjS in
the acquisition of Cd stress tolerance. This will be of considerable interest to researchers
working in the field of heavy metals, and also to those investigating the crosstalk among
signaling molecules in response to abiotic stress. They also discussed the crosstalk between
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melatonin and ROS in plant abiotic stress responses [10]. Melatonin often cooperates with
other signaling molecules, such as ROS, NO, and H,S. The interaction between melatonin,
NO, H,S, and ROS orchestrates the responses to abiotic stresses via signaling networks,
thus conferring plant tolerance. Gu et al. summarize the roles of melatonin in establishing
redox homeostasis through the antioxidant system. They also reviewed the current progress
of complex interactions between melatonin, NO, H,S, and ROS in plant responses to abiotic
stresses and highlighted the vital role of respiratory burst oxidase homologs (RBOHs)
during these processes.

Plenty of achievements have been announced regarding H,S working in combination
with other signal molecules to adapt to environmental changes. In the review article of
Wang et al., the crosstalk and regulatory mechanisms of H,S and other signal molecules,
such as NO, ABA, calcium ion (Ca?*), H,O,, SA, ethylene (ETH), jasmonic acid (JA), proline
(Pro), and melatonin, have been summarized within the context of plant response to abiotic
stresses, including maintaining cellular redox homeostasis, exchanging metal ion transport,
regulating stomatal aperture, and altering gene expression and enzyme activities [11].

The review of Khan et al. not only summarizes and discusses the current under-
standing of the molecular mechanisms of HjS-induced cellular adjustments and H)S
involvement in various signaling pathways in plants but emphasizes the recent progress in
H)S-mediated protein persulfidation [12]. The authors point out that more fundamental
research is required to investigate the fate and regulation of endogenous H,S production.
The direct detection of endogenous H,S and its potential emission is still a challenge in
higher plants. By using an ion-selective microelectrode and a specific gas detector, Mufioz-
Vargas et al. measured the endogenous content of H,S and its emissions among different
plant species of agronomical and nutritional interest, including pepper fruits, broccoli,
ginger, and different members of the genus Allium, such as garlic, leek, and Welsh and
purple onion [13]. These results provide a good example for the accurate quantification of
endogenous H,S production and emissions in a plant.

H;S plays important roles in prolonging storage life and conserving the quality at-
tributes of horticultural products. Sun et al. reported that H,S’s involvement in calcium
deficiency induced the development of a bitter pit on the surface of apple peels [14]. They
found that the calcium content, ROS, and H;S production were the main differences be-
tween calcium-deficient and calcium-sufficient apple peels. Four calmodulin-like proteins
(CMLs), seven AP2/ERFs, and three bHLHs transcripts were significantly differentially
expressed in calcium-deficient apple peels. RT-qPCR and correlation analyses further re-
vealed that CML5 expression was significantly positively correlated with the expression of
ERF2/17, bHLH2, and H,S production-related genes. Therefore, the author provides a basis
for studying the molecular mechanism of postharvest quality declines in calcium-deficient
apples and the potential interaction between Ca?* and endogenous H,S.

More importantly, H,S plays an important role in plant development and senescence.
Hu et al. demonstrated that the overexpression of tomato LCD1 increased the endogenous
H,S content, and delayed dark-triggered chlorophyll degradation and ROS accumulation
in detached tomato leaves [15]. They found that increases in the expression of chlorophyll
degradation genes NYC1, PAO, PPH, SGR1, and senescence-associated genes (SAGs) dur-
ing senescence were attenuated by LCD1 overexpression, whereas Icd1 mutants showed
enhanced senescence-related parameters. In the review of Li et al., the regulation of H,S on
the root system architecture (RSA) was summarized in terms of primary root growth, lateral
and adventitious root formation, root hair development, and the formation of nodules [16].
The genes involved in the regulation of the RSA by H,S, and the relationships with other
signal pathways were also discussed. This review provides a comprehensive understanding
of the role that H,S plays in roots during development and under abiotic stress.

In conclusion, the negative consequences for crop growth and food production that
are inevitably caused by global climate changes will be a major risk in the coming decades.
This explains researchers” unprecedented interest in the fields of plant fitness, productivity,
and adaptation to adverse environmental conditions. The studies in this Special Issue add



Int. J. Mol. Sci. 2022, 23, 9463

valuable pieces to the puzzle regarding plant response to abiotic stress, and especially the
underlying regulatory mechanisms of H,S and its crosstalk with other signal molecules
involved in this process. We are confident that they will inspire further productive research.
We wish to thank all the contributors to this Special Issue and hope that it will raise interest
in, and further expand our current understanding of, plant H,S function. Nonetheless, the
current Special Issue can only cover a few parts of H,S’s function in plant biology; therefore,
we are pleased to release “Hydrogen Sulfide and Reactive Oxygen Species, Antioxidant
Defense, Abiotic Stress Tolerance Mechanisms in Plants 2.0”, to which we continue to invite
our readers to contribute.
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Abstract: Hydrogen sulfide (H,S) plays a crucial role in regulating chilling tolerance. However, the
role of hydrogen peroxide (H,O,) and auxin in H»S-induced signal transduction in the chilling stress
response of plants was unclear. In this study, 1.0 mM exogenous H,O, and 75 uM indole-3-acetic
acid (IAA) significantly improved the chilling tolerance of cucumber seedlings, as demonstrated by
the mild plant chilling injury symptoms, lower chilling injury index (CI), electrolyte leakage (EL),
and malondialdehyde content (MDA) as well as higher levels of photosynthesis and cold-responsive
genes under chilling stress. IAA-induced chilling tolerance was weakened by N, N’-dimethylthiourea
(DMTU, a scavenger of HyO,), but the polar transport inhibitor of IAA (1-naphthylphthalamic acid,
NPA) did not affect HyO»-induced mitigation of chilling stress. IAA significantly enhanced en-
dogenous H,O, synthesis, but HyO, had minimal effects on endogenous IAA content in cucumber
seedlings. In addition, the H,O, scavenger DMTU, inhibitor of HyO, synthesis (diphenyleneiodo-
nium chloride, DPI), and IAA polar transport inhibitor NPA reduced H,S-induced chilling tolerance.
Sodium hydrosulfide (NaHS) increased H,O, and IAA levels, flavin monooxygenase (FMO) activity,
and respiratory burst oxidase homolog (RBOH1) and FMO-like protein (YUCCA2) mRNA levels
in cucumber seedlings. DMTU, DPI, and NPA diminished NaHS-induced H,O, production, but
DMTU and DPI did not affect IAA levels induced by NaHS during chilling stress. Taken together,
the present data indicate that HyO, as a downstream signal of IAA mediates H,S-induced chilling
tolerance in cucumber seedlings.

Keywords: chilling stress; hydrogen sulfide; hydrogen peroxide; indole-3-acetic acid; signaling pathway

1. Introduction

Cucumbers (Cucumis sativus L.) are typical light-loving and cold-sensitive plants, but
they are mainly cultivated in solar greenhouses in northern China. When exposed to
temperatures below 10 °C, cucumber plants generally suffer chilling injury (Ai et al.) [1].
Therefore, chilling is considered as a crucial limitation to growth and yield in cucumber
production. Hydrogen sulfide (H;S) is a novel gaseous signaling molecule that plays an
important role in regulating plant growth and development and defense responses to
various abiotic stresses. Previous studies revealed that H,S upregulated the expression
levels of mitogen-activated protein kinase (MAPK) and was involved in the upregulation
of MAPK gene expression caused by cold stress [2]. The exogenous fumigation of H,S or
application of sodium hydrosulfide (NaHS, the H,S donor), can relieve multiple abiotic
stresses, such as chilling, heat, salinity, drought, hypoxia, and heavy metal toxicity [3].
We recently found that NaHS enhances the chilling tolerance of cucumber by scavenging
reactive oxygen species (ROS), increasing CO, assimilation, and upregulating the expres-
sion of cold-responsive genes [4]. Some signaling molecules, such as nitrogen monoxide
(NO), Ca®*, abscisic acid (ABA), and indol-3-acetic acid (IAA) are involved in HyS-induced
response to chilling stress in cucumber [4-7]. However, whether any other signaling
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molecules are involved in the process of H,S-induced chilling tolerance, the relationship
between these signaling molecules remains unclear.

Studies over the last decades have indicated that endogenous hydrogen peroxide
(H,0O5) is induced in plants after exposure to abiotic stress, such as low or high temperature,
heavy metals, water stress, etc. [8-10]. HO, interacts with other plant growth regulators,
such as auxins, gibberellins, cytokinins, etc. (as signaling molecules) synergistically or
antagonistically, and it mediates plant growth and development and responses to abiotic
stresses [10]. Pasternak et al. [11] suggested that the variation of PINOID gene expression
triggered by HyO; influenced the polar transport of auxin and might alter auxin home-
ostasis. The application of H,O, induced the formation of adventitious roots in Linum
usitatissimum by regulating endogenous auxin levels [12]. Zhu et al. [13] demonstrated
that ethylene and H,O; play an important role in triggering brassinosteroid-induced salt
tolerance in tomato plants. Our recent study suggests that H,O, is involved in H,S-induced
photoprotection in cucumber seedlings after exposure to chilling [14].

Auxin plays an essential role in the regulation of plant growth and development, but
information about its role under chilling stress remains limited. Previous studies have
revealed that changes in plant growth and development caused by cold stress are closely
related to the intracellular auxin gradient, which is regulated by the polar deployment and
intracellular trafficking of auxin transporters [15]. Recently, we found that IAA, a main
auxin, could increase chilling tolerance by decreasing ROS accumulation, increasing the
enzyme activities of photosynthesis and upregulating the expression of cold-responsive
genes [4]. IAA also participates in the HyS-mediated response to chilling stress in cucumber,
and it controls the H,O, in the growing part of the root [16]. Therefore, we speculate that
crosstalk may exist among HyO,, IAA, and H,S in response to chilling stress. To test
this assumption, we investigated the effect of H,O, and IAA on the ROS accumulation,
photosynthesis, and relative expression of cold-responsive genes and the role of H,O, and
IAA in HS-induced chilling tolerance in cucumber seedlings.

2. Results
2.1. HyO; Is Involved in H,S-Induced Chilling Tolerance in Cucumber

To explore the effect of exogenous HyO; on chilling tolerance in cucumber, we de-
termined the maximum photochemical efficiency of PSII (Fy /Fp,), actual photochemical
efficiency of PSII (®pgyp), chilling injury index (CI), electrolyte leakage (EL), and photosyn-
thetic rate (Pn) of cucumber seedlings, which were pretreated with different concentrations
of HyO, after exposure to 8/5 °C (day/night) for 24-72 h. As shown in Figure 1, HO,
alleviated chilling injury symptoms in cucumber seedlings, and this alleviation effect was
increased at low concentrations of H,O, but was suppressed when the concentration ex-
ceeded 1.0 mM. The Fy /Fn, ®psyp, and P, of HyO,-treated seedlings were much higher,
and the CI and EL were much lower than 0 mM H,O, (H;O) treatments. These results
reveal that HyO, improves the chilling tolerance of cucumber seedlings, and its effect is
concentration dependent. Thus, we use 1.0 mM H,O; in further experiments.
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Figure 1. Effect of H,O, on the chilling tolerance of cucumber seedlings. (a) Phenotype characterization of cucumber

seedlings pretreated with HyO, or deionized water under chilling stress (8/5 °C) for 48 h. Deionized water-treated seedlings

before chilling stress were used as the control. The experiments were repeated three times with similar results. A typical

picture is shown here. (b) Image of F, /Fm, and ®pgyy in seedlings before (control) and after chilling stress for 24 h. The false

color code depicted at top of the image represents the degree of photoinhibition at PSII. (c) CI of seedlings before (control)
and after chilling stress for 72 h. (d) EL of seedlings before (control) and after chilling stress for 48 h. (e) Pn of seedlings
before (control) and after chilling stress for 24 h. Two-leaf stage cucumber seedlings were foliage sprayed with 0, 0.01, 0.1,
1.0, 2.0 and 3.0 mM H,O, solution for 24 h and subsequently were exposed to 8/5 °C (day/night). The data represent the
mean + SD of three biological replicates. Different letters indicate significant differences (p < 0.05), according to Duncan’s

new multiple range test.

We previously demonstrated that 1.0 mM NaHS markedly increased endogenous
H,0, accumulation, and HyS-induced HyO, plays an important role in CO;, assimilation
and photoprotection in cucumber [14,17]. Consistent with previous results, we found that
NaHS induced endogenous H,O, production. However, both N, N’-dimethylthiourea
(DMTU, a H,O;, scavenger) and diphenyleneiodonium chloride (DPI, a H,O, synthesis
inhibitor) markedly inhibited the H,S-induced increase in H,O, biosynthesis and Respira-
tory burst oxidase homolog (RBOH1) mRNA abundance in seedlings under chilling stress
(Figure 2a,b). NaHS obviously decreased the CI and EL and increased F /Fr, and ®pgyy,
but the NaHS-induced decrease in CI and EL or increase in Fy /F, and ®pgjj in stressed
seedlings were weakened by DMTU and DPI (Figure 2c—e). Therefore, we speculate that
H,0; is involved in the H,S-induced response to chilling stress.

2.2. HyOy Participates in IAA-Induced Chilling Tolerance in Cucumber

Our previous study demonstrated that IAA acts as a downstream signaling molecule
and is involved in HyS-induced chilling tolerance in cucumber seedlings [4]. To explore the
interactions of H,S, IAA, and H,O; in response to chilling stress, we studied the interaction
between H,O, and IAA in the chilling stress response in cucumber. We first measured the
EL, CI, and malondialdehyde (MDA) content in cucumber seedlings pretreated with 75 uM
IAA, 1.0 mM Hy0O,, 5.0 mM DMTU + 75 uM IAA, 50 uM 1-naphthylphthalamic acid (NPA,
a polar transport inhibitor of IAA) + 1.0 mM H,0O,, or deionized water, after exposure
to 8/5 °C for 48-72 h. Seedlings pretreated with IAA and H,O, showed remarkably
lower EL, CI, and MDA content than HyO-pretreated seedlings during chilling stress
(Figure 3a—c). The decrease in EL, CI, and MDA content in IAA treatment was blocked
by DMTU, but the values in H,O, pretreated seedlings were not significantly affected by
the IAA polar transport inhibitor NPA. The IAA- and H,O; pretreated seedlings exhibited
distinctly less damage caused by chilling. The effects of IAA in mitigating in chilling
damage in cucumber seedlings was weakened by DMTU, but NPA had minimal effect on
H,Os-induced remission of chilling damage (Figure 3d).
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Figure 2. Effects of DMTU and DPI on H,S-induced HyO; content, RBOHI mRNA abundance, and chilling tolerance in
cucumber. (a) HyO, content in seedlings before (control) and after chilling stress for 9 h; (b) mRNA abundance of RBOH1
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